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 The purpose of this research was to study the effect of fluorapatite variation on thermal 
behaviors, crystalline phases, microstructures, mechanical properties, machinability and 
chemical solubility of the mica-based glass-ceramics. The glass-ceramics in the glass system of 
SiO2-Al2O3-MgO-MgF2-SrCO3-CaCO3-CaF2 and P2O5 were produced by variation of 
fluorapatite content between 3.0-5.0 mol% and called GCF3.0-5.0, respectively. 
 
 The results were found that the higher the fluorapatite content, the lower the glass 
transition and peak crystallization temperatures. Furthermore, the increasing fluorapatite content 
influences to the crystalline structures of both calcium-mica and fluorapatite. All of the glass-
ceramics revealed mainly plate-like calcium-mica and needle-like fluorapatite structures on 
surfaces whereas the plate-like structure was mainly shown in bulks. Mechanical properties such 
as biaxial flexural strength, Vickers hardness and fracture toughness in each of glass-ceramics 
heated at different temperatures were presented that almost all of heat-treated glass-ceramics of 
Tp1 gave the values higher than those of Tp2. The biaxial flexural strength, fracture toughness 
and chemical solubility values of all glass-ceramics would be suitable as core ceramics for 
dental restorations according to International Standard ISO 6872:2008(E). In addition, the 
coefficient of thermal expansion of the glass-ceramics was found close to that of the restorative 
materials. In this research, the most suitable type of glass-ceramics as a dental restorative 
material was GCF3.5 heat-treated at Tp1. However, its appearance for more aesthetic is required. 
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 = the total number of nuclei per unit volume 

NB = the bulk nuclei formed during the DTA run  

NBOs = nonbridging oxygens  

NaCaPO4 = sodium calcium phosphate 

NH = the bulk nuclei formed during the previous heat treatment of  

                                nucleation  

Na2O = sodium oxide 

NaOH = sodium hydroxide 

NS = the sum of the surface nuclei  

P = the total load causing fracture  

PbO2 = lead oxide 

P2O5 = phosphorus pentoxide 

PMMA = polymethylmethacrylate  

rpm = round per minute 

r1  = the radius of support circle  

r2  = the radius of loaded area  

r3  = the radius of specimen  

s = second 

σ = the maximum center tensile stress  

SEM = scanning electron microscope 

SiF4 = silicon tetrafluoride 

SiO2 = silicon oxide 

SrCO3 = strontium carbonate 
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LIST OF ABBREVIATIONS (Continued) 

 

t = time 

T = temperature 

Tg = glass transition temperature  

Tm = melting temperature 

tn = time of the nucleation heat treatment  

Tp = peak crystallization temperature 

Tp
*
 = the peak crystallization temperature of the sample  

ThO2 = thorium oxide 

TiO2 = titanium oxide 

ΔT = the change in temperature over which ΔL is measured 

UTM = universal testing machine  

  = Poisson’s ratio 

V2O5 = vanadium oxide 

w = the thermodynamic to nucleation 

XRD = x-ray diffractometer 

Yb2O3 = ytterbium oxide 

ZnO = zinc oxide 

ZrO2 = zirconium oxide 



DEVELOPMENT OF MICA-BASED GLASS-CERAMICS WTH 

FLUORAPATITE VARIATION FOR RESTORATIVE DENTAL 

APPLICATIONS 

 

INTRODUCTION 
 

 Biomaterials have been very important for a medication because they have 

been used for replacement of tissues or organs in the human body. Metals, polymers, 

ceramics and composites are produced as biomaterials that each material has 

difference of properties (Hench and Wilson, 1993). Therefore, selection of 

biomaterials being suitable with applications is necessary.  
 

In dentistry, teeth are an important part for coarse digestion because they play 

the role in tearing, scraping, and chewing food. In addition, they allow for clear 

pronunciation. Thus, teeth loss leads to less efficiency of digestive system, low self-

esteem and personality (Pinasco et al., 2007). Restorative dental materials were 

extensively studied in recently to carry out new materials that have suitability on 

dental applications such as in-lays, on-lays, veneers and crowns. Materials like 

metals, amalgam alloys, cements, glass ionomers, ceramics and resin composites have 

been used for dental restorations (Powers and Sakaguchi, 2006).  However, glass-

ceramics, one type of ceramics, are significant adequate materials for these 

applications because of their mechanical properties for example high strength and 

wear resistance. Furthermore, they are biocompatibility with the oral environment, 

aesthetic near to natural human teeth and appreciated fabrication techniques (Höland 

and Beall, 2006). According to these advantages, they are developed for marketing 

such as Ceravital
®

 KGS, Cerabone
®

 A-W and Bioverit
® 

(Liu et al., 2008).  
 

One of the most popular glass-ceramics for dental applications is mica-based 

glass-ceramics. Mica structure is plate-like structure affecting on excellent 

machinability which are tailored to be patient of demand and high fracture toughness. 

Although their advantages are great, they are unfortunately low mechanical properties 

(Habelitz et al., 1997). Thus, the production of mica-based glass-ceramics for 

dentistry needs to improve their mechanical properties. 
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In previous works, fluorapatite crystals always exhibited a particle-like 

morphology while it was needle-like in human bones and teeth (Liu et al., 2007). 

Höland described the mechanism for the nucleation and crystallization of needle-like 

fluorapatite in leucite glass-ceramics that the nucleation of apatite was initiated by a 

heterogeneous reaction of NaCaPO4 and an interface reaction of glass droplet-glass 

matrix and the mechanism of crystal growth of needle-like fluorapatite was diffusion 

controlled (Höland et al., 1999). The higher amount of needle-like fluorapatite 

crystals to the glass-ceramics affected to increase mechanical properties owing to 

their structure like fibres (Xiang et al., 2007). In addition, these crystals are one of 

compositions of teeth which possessing a good biocompatibility with body (Barth et 

al., 2007) and a good bioactivity in vivo (Feng et al. and Bogdanov et al., 2008). 

Therefore, it was believed that mica based glass-ceramics were able to be improved 

by addition of needle-like fluorapatite. The aim of this study is to investigate the 

effect of fluorapatite on microstructure, mechanical properties, thermal properties, 

chemical solubility and machinability of mica-based glass-ceramics to develop the 

glass-ceramics for restorative dental applications. 

 

The results of the research which are the development of the restorative dental 

material would be contributed to the knowledges and experiences on glasses and 

glass-ceramics as well as a reduction of imported dental materials from abroad.  

 

 

 



OBJECTIVES 

 

1. To develop the mica-based glass-ceramics with variation of fluorapatite 

contents for restorative dental applications. 

 

2. To study the relationship among the chemical compositions, the 

microstructures, the mechanical properties, the chemical solubility and the 

machinability of mica-based glass-ceramics with a variation of fluorapatite content. 

 

 

 



LITERATURE REVIEW 

 

1. Restorative dental materials   

 

 The dentistry treatment which is allowing biomaterials to replace and 

reconstruct teeth so that they maintain the original shapes and functions is called a 

dental restoration (Höland et al., 2006). There are two categories of dental 

restorations: direct and indirect restorations. For direct restorations or plastic material 

restorations, they are placed into a prepared oral cavity, gets hard directly and 

adaptation in the patient’s mouth that are consisted of dental amalgam or filling, glass 

ionomers and resin ionomers or white fillings. On the other hand, indirect restorations 

which include inlays, onlays, crowns, bridges and veneers are the technique of 

fabricating the material restoration outside the mouth and then the material is inserted 

into well prepared cavity in the mouth. However, the indirect restoration consumes 

more time and more expense than the direct restoration does since the former consists 

of a more complex layer (Pinasco et al., 2007). 

 

          

(a) (b) (c) (d) 

 

Figure 1  Schematic of dental restoration: (a) inlay, (b) onlay, (c) crown, (d) brigde. 

 

Source: Anonymous (2000) 

 

1.1 Metals and amalgam alloys 

  

       Metals are used for restorations because of the ease to polish and to clean 

for low bacterial plaque, high resistance to brittle fracture and high impact strength. 
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Most applications of metals can be used as in the dental posterior and roots due to 

esthetics reasons. The interesting metals of restoration are gold and amalgam which is 

a complex material of silver (Ag), tin (Sn), copper (Cu), palladium (Pd) and mercury 

(Hg) for filling. Even though gold possesses high corrosion resistance, it is 

complexity of preparation, long time consuming and very expensive. 

 

 

 

Figure 2  Clinical application for inlay and onlay restorations with amalgam fillings. 

 

Source: Höland et al. (2006) 

 

In terms of filling with amalgam, consisting of silver, tin and mercury, it is 

popular because of high stresses and corrosion, rapid preparation and low cost. 

Although mercury is one of the components of amalgam, it does not harm the patient, 

the dentist and the environment. From its advantages mentioned in above, this 

material has still been used for dental restorations (Powers and Sakaguchi, 2006). 

 

1.2 Composite resins 

 

For soft materials, polymer selected to be used for dental restorative 

applications is polymethylmethacrylate (PMMA) which is a result from polymerized 

methylmethacrylate monomers. Owing to shrinkage during the polymerization, it 

causes gaps between a filling and a tooth. Hence food and bacteria can insert into the 

gap which cause the decay of teeth. Furthermore, a coefficient of thermal expansion 

of PMMA is higher than that of dentine ten times. When a patient takes hot and cold 

food or drink, the filled polymer which contacts the different temperatures will 

expand more than tooth does. These incidents lead to leakages of interface area 
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between an enamel and the filling. Because polymers possess low compressive and 

tensile strengths and poor wear resistance; hence its application for dental restoration 

is not so interesting (Pinasco et al., 2007). 

 

Subsequently, new materials called composite resins or polymer-ceramics 

composites were developed by replacement of dimethacrylate monomers. These new 

materials present low shrinkage, rapid hardening, and high strength but their thermal 

expansion is much more than that of teeth. Ceramic constituents used in this kind of 

material are inert such as SiO2 and Al2O3 in order to improve strength and wear 

resistance as well as to reduce the shrinkage (Whitters et al., 1999). These particles 

cannot bond to the polymer. Therefore, silane bonding agent is used as a coupling 

agent to promote bonding between polymer and ceramic particles. Even if degree of 

shrinkage reduces, it is still limited in clinical dentistry (Pinasco et al., 2007). 

 

1.3 Glass ionomers 

 

Glass ionomers (GICs) or glass-polyalkanoate cements result from the 

reaction between a glass and an aqueous polyacid such as polyacrylic acid and 

copolymer of acrylic and maleic acid. The properties of GICs are adhesion, fluoride 

release, good biocompatibility, sensitivity to moisture and brittleness. In order to 

improve the compressive and tensile strength, they are added tartaric acid. For 

restorations, they are applied for a hard tissue repair rather than the dentistry on 

account of biocompatibility and strength. 

 

The improvement of properties of GICs is practiced by adding metals such 

as silver-tin alloy or stainless steel to absorb mechanical stress and reduce brittleness. 

These materials are called cermets or metal-reinforced cements. However, they shrink 

during the polymerization. 
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1.4 Ceramics 

 

Materials for all-ceramic restorations use a wide variety of crystalline 

phases as reinforcing agents. They can be classified according to the processing 

techniques and the major crystalline phases. Several processing techniques are 

available for fabricating all-ceramic restorations such as sintering, heat-pressing, slip-

casting and machining. 

 

Table 1  Core materials for dental restorations. 

 

Brand name Main compositions Processing 

IPS Empress  Leucite Pressing 

IPS Empress CAD Leucite CAD/CAM 

IPS Empress2  Lithiumdisilicate Pressing 

IPS e. max Press Lithiumdisilicate Pressing 

IPS e. max CAD Lithiumdisilicate CAD/CAM 

IPS e. max Ceram Fluorapatite Sintering 

IPS d.SIGN Leucite and fluorapatite Sintering 

Dicor Mica Casting 

Dicor MGC Mica CAD/CAM 

 

Source: Ban (2008); Höland et al. (2006) 
 

1.4.1 Sintered all-ceramic materials 

 

The aluminous core ceramic is a typical example of strengthening 

by dispersion of a crystalline phase in glassy matrix because alumina has a high 

modulus of elasticity (350 GPa) and high fracture toughness (3.5 to 4 MPa·m
0.5

). The 

core containing alumina is fired on a platinum foil and veneered with matched 

thermal expansion porcelain. These porcelains have flexural strength of 

approximately 139 MPa and shear strength of 145 MPa. 

 



 

 

Figure 3  Representative of veneer restoration with porcelain. 

 

Source:  Höland and Beall (2002) 

          

           Porcelain crowns were developed in the early 1900s. They, 

containing of feldspathic or aluminous, are superior esthetics, resistance to abrasion 

and excellent shade stability. However, they are limited because of their difficulty of 

polishing the surface after an occlusal adjustment and resulted in wear of opposing 

teeth. Furthermore, their thermal expansions are not matching with alloying 

frameworks which led to failures and fractures during cooling. This problem is solved 

by addition of high expansion leucite into feldspar glass called a feldspathic porcelain. 

Feldspathic porcelain consisting of leucite as a reinforcing phase is available for the 

sintering fabrication. The added leucite leads to increasing of flexural strength and 

compressive strength of the feldspathic porcelain (Powers and Sakaguchi, 2006).  

 

           Glass-ceramics are obtained from a wide variety of compositions, 

performing a wide range of mechanical and optical properties which depend on the 

nature of the crystalline phases nucleating and growing within the glass. The major 

crystalline phases of glass-ceramics interesting of dental restoration are mica, 

hydroxyapatite, fluorapatite and lithia. Dicor is a mica-based machinable glass-

ceramic. The machinability of this glass-ceramic is the presence of a tetrasilicic 

fluoromica (KMg2.5Si4O10F2) as the main phase. In the glass-ceramic, arrangement of 

the mica crystals is interlocking microstructure effecting on fracture resistance of 

glass-ceramics and their random orientation makes fracture propagation equally 

difficult in all directions. 
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Figure 4  Crystal structure of fluorophlogopite (K/NaMg3AlSi3O10F2) mica. 

 

Source: Habelitz et al. (1997) 

 

Hydroxyapatite or fluorapatite phases occurring in glass-ceramics 

are interesting for dental restorations. Fluorapatite, as a thermally more stable phase in 

comparison to hydroxyapatite, offers increased possibilities in preparing the glass-

ceramics by the convenient melting and crystallization processes. Moreover, 

fluorapatite is also composition of bones and teeth especially dental enamel 

(Mojumdar et al., 2004). Höland (Höland et al., 1999) studied the mechanisms of 

nucleation and controlled crystallization of fluorapatite in glass-ceramics of the SiO2-

Al2O3-K2O-CaO-P2O5 system.  The two mechanisms were important for formation of 

needle-like fluorapatite in a fluoroapatite-leucite glass-ceramic. The first mechanism 

was the nucleation by a heterogeneous reaction of primary crystals of NaCaPO4 and 

an interface reaction of glass droplet-glass matrix and the second was the crystal 

growth which was a controlled diffusion process of needle-like apatite. Seiichi 

(Seiichi et al., 2001) discussed the crystallization process of fluorapatie and calcium-

mica glass-ceramics, in which the mica crystals formed interlocking microstructure 

and fine apatite were dispersed on the surface of the mica crystals. Furthermore, the 

fluorapatite content influenced on bioactivity in mica-based glass-ceramics (Xiang et 

al., 2007).  
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1.4.2 Heat-pressed all-ceramic materials 

 

Heat pressing is also called high temperature injection molding. The 

technique is an application of external pressure to sinter and shape ceramic at high 

temperature. Thus, this processing helps avoiding large pores and promoting a good 

dispersion of crystalline phases within the glassy matrix. However, the main 

disadvantages are the high cost of the equipment and low strength compared with 

other all-ceramic processes (Powers and Sakaguchi, 2006). 

 

 It was the seventh Mc Lean and O’ Brain developed glass-ceramic 

base on leucite (KAlSi2O6 or K2O·Al2O3·4SiO2) by using this technique which were 

suitable for single unit restoration such as inlay, onlay and veneering of metal 

frameworks. IPS Empress is commercial name of this type glass-ceramic being 

translucency, high strength approximate 150-180 MPa, fracture toughness (KIC) about 

1.3 MPam
1/2

, chemical durability and aesthetic (Conrad et al., 2007). Ceramics are 

heated between 1150
°
 and 1180

°
C as well as pressed under 0.3 to 0.4 MPa into a 

refractory mold made by the lost wax technique in automatic press furnace (Powers 

and Sakaguchi, 2006).  

 

 

 

Figure 5  Clinical application for inlay and onlay restorations with IPS Empress   

                fillings. 

 

Source: Höland et al. (2006) 

 

In order to enable glass-ceramics which in fabrication of dental 

bridges especially three-unit bridges, the strength and toughness of these materials 

have to be increased. Lithium disilicate (Li2Si2O5) glass-ceramics are suitable for the 
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restorative dental applications presented in IPS Empress2. However, this type of 

glass-ceramic is not suitable for machining technique including CAD/CAM methods 

because of both high brittleness and content of crystals which greater than 60 vol% 

(Höland et al., 2008). A ceramic material that can be heat-pressed on a zirconia 

endodontic post contains lithium phosphate (Li3PO4) as a main crystalline phase. The 

outstanding property of this glass-ceramic is a good esthetic. 

 

 
 

Figure 6  Three-unit dental bridge consisting of a lithium disilicate framework (IPS  

                 Empress2) veneered with fluoroapatite containing glass-ceramic. 

 

Source: Höland et al. (2006) 

 

1.4.3 Slip-cast all-ceramic materials 

 

Slip casting is a fabrication technique by the condensation of an 

aqueous slip on a refractory die. The porosity of the refractory die absorbs water from 

the slip by capillary action after that it is fired at high temperature. 

 

   An alumina-based slip is applied into a gypsum refractory die, fired 

at 1100
°
C for 4 hours so that the alumina duplicates the die shape and infiltrated 

during a second firing at 1150
°
C for 4 hours. The example of the alumina-based 

ceramic is In-Ceram being slip-cast aluminous porcelain. The flexural strength of the 

alumina-based material is about 450 MPa. This technique is adequate for dentistry 

due to the presence of densely packed alumina particles and the lack of porosity 

(Denry, 1996). 
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1.4.4 Machinable all-ceramic materials 

 

Machinable ceramics can be milled to form restorations using 

CAD/CAM (computer aided design/computer aided machining) technology. After the 

tooth is prepared, it is scanned to computer. The restoration is designed with the aid of 

computer and then is machined from ceramic blocks by a computer as a milling 

machine controller. For the whole process of milling, it takes only a few minutes. One 

of advantages of this technology is for dentists and patients. Although the CAD/CAM 

system is convenient, it is very expensive and poor marginal accuracy, with gap 

values of 100 to 150 µm. However, using resin cements to bond with restorations may 

compensate for poor marginal fit (Powers and Sakaguchi, 2006). 

 

                      
(a)                          (b) 

 

Figure 7  Scheme representation of (a) restorative material design with Computer  

                Aided Design (CAD) and (b) machining of a restorative material with  

                Computer Aid Machine (CAM). 

 

Source: Smyth (2007)  

 

Recently, software of the CAD/CAM known as the Cerec system 

used with several materials is IPS Empress Pro CAD, Vita Mark II and Dicor MGC. 

IPS Empress Pro CAD contains the same major crystalline phases as IPS Empress. 

Vita mark II possesses the sanidine (KAlSi3O8) phase as a major crystalline phase 

within a glassy matrix. The presence of sanidine explains the lack of translucency of 

this material. Dicor MGC is a machinable glass-ceramic similar to Dicor presenting 

mica crystals as the main crystalline phase (Denry, 1996). 
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Figure 8  Representation of ceramics blocks. 

 

Source: Anonymous (2008) 

   

2. Glass 
 

A glass is an anisotropic material made from the melt of inorganic materials at 

high temperature. When the compositions are melted and cooled, a glass possesses a 

rigid condition without crystal because its construction is a random network (Happer, 

2001) as shown in Figure 9(a). The atomic arrangements in the glass are similar to 

those in solid except that there is no long-range order. 

 

                                

(a) (b) 

 

Figure 9  Schematics of (a) random network glassy form and (b) ordered crystalline  

                form. 

 

Source: Kingery et al. (1991) 
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2.1 Oxide form 

 

Criteria for the formation of oxide glasses were developed by W. H.  

Zacharisen in 1932 who suggested four rules for the formation of an oxide to form a 

glass as following:- 

 

1. Each oxygen ion is linked to not more than two cations. 

2. Cations bonded to four oxygen ions. 

3. Oxygen polyhedral share corners, and not edges or faces. 

4. At least three corners of each polyhedron are shared. 

 

 

 

Figure 10  Schematic of the structure of a sodium silicate glass. 

 

Source: Kingery et al. (1991) 

 

In practice, a forming of oxides such as SiO2, GeO2 and B2O3 is triangles 

or tetrahedra and cations such as alkali and alkali earth ions forming as coordination 

of polyhedron have been termed network formers. Alkali ions form with silicate 

glasses easily and are supposed to occupy random positions distributed through the 

structure. When oxygen cations connect two silicon tetra hedra at corners, they are 
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called the bridging oxygens (BOs). Some oxygens linked to only one silicon are 

called the nonbridging oxygen (NBOs). If oxygens, is a bivalent ions, connect to only 

one silicon ion resulted in one negative charge, which is satisfied by a univalent 

positive ion in the spaces.  

 

When considering glass structure, oxides which form glasses classify three 

types of oxide in terms of their functions in glass structure. Network former oxides 

are able to build up the continuous skeleton of glass in three-dimensional random 

network. Examples of this type are B2O3, SiO2, GeO2, P2O5, V2O5 and As2O5. Other 

oxides such as Li2O, Na2O, K2O, CaO, BaO, ZnO, CdO, Ga2O3, In2O3 and PbO2 play 

the role network modifiers which cations of these oxides occupied the space in the 

network formed oxides. Intermediate oxides such as BeO, Al2O3, TiO2, ThO2 and 

ZrO2 were termed intermediates. These oxides can take part in glass network which 

make a high quantities glass. 

 

2.2 Glass formation 

 

Solidification behavior of glass differs from those of crystal solid. This 

may be understood by examining specific volume-temperature relationship for glass 

and crystal given as Figure 11. 

 

 

 

Figure 11  Specific volume-temperature relationship of liquid, glass and crystal. 

 

Source: Kingery et al. (1991) 
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      The liquid of glass is formed which is greater volume. On cooling the 

liquid, it will either recrystallize to form an ordered solid which is the decreased 

volume called a crystal or produce an amorphous solid called a glass. For the 

amorphous former, if the liquid is cooled, the viscosity increases. The volume of the 

liquid decreases at about the same rate as above the melting point until there is a 

decrease at a range of temperature called the glass transition range. Point on the curve 

which is initial change of the slope called glass transition temperature (Tg). After the 

atomic configurations of the liquid affect decreasing of a volume and the liquid 

becomes solid-like (Harper, 2001). Furthermore, volume depends on the cooling rate. 

The fast cooling rate is brought to a glass having a volume higher than that of slower 

rate because a reduced relaxation time generates the high density glass (Kingery et al., 

1991). 

 

2.3 Atomic arrangements in glass 

 

2.3.1 Structure of silica glass 

 

The arrangement of silica in glass is tetrahedron comprising a  

silicon ion bond to four oxygens. Each of the oxygens, one negative charge, satisfies 

the four positive charges on the silicon which leaves one oxygen to form a corner 

shared with an adjacent silicon. Thus this acting as a bridging oxygen (BO) is sharing 

at the corner to allow three angles. The Si-O-Si bond angles are continuously and 

randomly distributed between 120 and 180° and have a maximum probability at 144°. 

 

2.3.2 Structure of alkali and alkali earth silicate glass 

 

The addition of an alkali oxide such as sodium oxide (Na2O) and 

potassium oxide (K2O) to silica glass breaks up a bond and creates nonbridging 

oxygens (NBOs) as follows: 

 

[O]3Si-O-Si[O]3  +  Na2O  =  [O]3Si-O-Na
+
  +  Na

+
 
-
O-Si[O]3                   (1) 



 

17 
when an alkali earth oxide such as CaO is added to silica glass, it plays the role the 

same as the alkali oxide and produces two NBOs. On account of bivalence of alkali 

earth, the bridge with alkali earth ion is stronger than that with alkali ion. 

 

2.3.3 Structure of boric oxide, borate and borosilicate glasses 

 

Boric oxide (B2O3) is a glass former oxide being better than silica. It 

is a reactant of producing borate (BO3
3-

) triangles in glass. When the addition of alkali 

or alkali earth oxides to borosilicate glass, they results in the formation of BO4
-

tetrahedra.  

 

2.3.4 Structure of phosphate glasses 

 

Phosphate glasses are composed of oxygen tetrahedral. Since P 

(phosphorus) is a pentavalent ion, only three of four oxygens are bonded with 

adjacent tetrahedral. The other oxygen is connected to the P with double bond. With 

additions of modifier oxides, the molecules break up to form linear chains and sheet-

like structures. 

 

3. Glass-ceramics 

 

Glass-ceramic materials developed by S.D. Stookey of Corning glass working 

in USA are crystalline solids (McMillan, 1979). They are prepared by heat treatment 

of glass being capable of formation of nuclei and growth of crystalline phases in the 

glass because there are compositions of nucleating agents. Generally, they consist of a 

large proportion, typically 95 to 98 vol% of fine crystals which are smaller than 1 

micron with a small amount of residual glass phase (Kingery et al., 1991). Due to the 

amorphous structure of glass, the glass contains nucleating agents to form nuclei and 

growth crystal. The most commonly used nucleating agents are TiO2, ZrO2 and P2O5.  
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3.1 Nucleating agents 

 

The role of nucleating agents is a crystallization catalyst and reduces 

conditions during melting of glass. Crystallization process is divided into two parts: 

nucleation and crystal growth. In case of the former process, it creates embryos and 

they are capable of developing spontaneously into particles of the stable phase which 

are known as nuclei. Nucleation may be homogeneous or heterogeneous. 

Homogeneous nucleation occurs the nuclei much more difficulty in the interior of a 

uniform substance. Heterogeneous nucleation occurs much more often than 

homogeneous nucleation. The oxides used as nucleating agents are, for example, 

TiO2, Yb2O3, La2O3, CeO2, V2O5, P2O5 and CaF2 (McMillan, 1984).  

 

3.2 Theoretical of evaluating optimum nucleation temperature and time by 

Differential Thermal Analysis 

 

It was in 1981 that A. Marotta et al. studied to estimate the devitrification 

of Li2O-2SiO2 glass by DTA. They said that the total number of nuclei per unit 

volume (N) was the sum of the surface nuclei (NS), the bulk nuclei formed during the 

DTA run (NB) and the bulk nuclei formed during the previous heat treatment of 

nucleation (NH) as following equation: 

 

HBS NNNN                                                   (2) 

 

NS is the proportional to the specific surface of the sample, NB is the 

reciprocal of the heating rate (β) and NH is related to time of the nucleation heat 

treatment (tn) by:  

 

b

nH tIN )(                                                             (3)             

 

where b is a constant related to the nucleation mechanism. The rate constant (I) for 

nucleation in a super-cooled liquid is given by 
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






 


RT

Ew
AI nexp                                                  (4) 

 

where w  and nE are the thermodynamic and the kinetic barriers to nucleation, 

respectively, as well as A is a constant. 

 

Equation 4 is found that the nucleation rate corresponds exponentially to 

the temperature which this relationship shown in Figure 12. 

 

 

 

Figure 12  Relationship between the nucleation rate and temperature of Li2O-2SiO2  

                   glass. 

 

Source: Marotta et al. (1981) 

 

The glass heated by DTA appears an exothermic peak on the DTA curve 

indicated that the formation of crystalline is given in Figure 13. For Johnson-Mehl- 

Avrami (JMA) equation, it describes a relationship between the degree of 

crystallization ( ) and time (t) as given in 

 
nkt)exp(1                                                      (5)  
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Figure 13  Crystallization peak of Li2O-2SiO2 glass detected by DTA. 

 

Source: Marotta et al. (1981) 

 

where n is a parameter corresponded to crystallization mechanism and crystal shape 

as well as  k is the rate constant related to the absolute temperature (T) by Arrhenius 

equation. 

 

k  









RT

E
N cexp                                                  (6) 

 

The number of nuclei of glass crystallized at above the temperature of high nucleation 

rate cannot change during the crystallization process. The DTA curve in Figure 13, 

the T deflection from the baseline is at each temperature (T) proportional to the 

reaction rate dtd / . When T equals to Tp, the T  deflection has a null temperature.  

 

0











dt

d

dT

d

dT

Td 
                                             (7) 

                                                       kt = 1  when  T = Tp                                              (8) 

 

Equation 8 is taken into Equation 6 and presumed that time of heating at each 

temperature is proportional to the reciprocal of the heating rate as presented by 
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
p

c

TR

E
N

1
lnln  constant.                                    (9) 

 

For the DTA runs at the same heating rate of samples,  , NB and NS are 

constant. Therefore, the total number of nuclei per unit volume is the sum of a 

constant nuclei number (N0) and the bulk nuclei formed during the previous heat 

treatment of nucleation (NH) which depends on the temperature and time of the heat 

treatments. 

 

HNNN  0                                                     (10) 

 

N are replaced in Equation 9. 

Therefore,                                    210

1
ln c

T
cNN

p

H                                          (11) 

where c1 and c2 are constants. 

 

Due to the low specific of the bulk sample, it is assumed that N0 << NH. 

The difference between the peak crystallization temperature of the sample (Tp
*
) and 

those of nucleated sample (Tp) can be expressed in 
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* ln cNcTT Hpp                                           (12) 

 

where c3 and c4 are constants. 

 

If the samples are held for the same time at different nucleation 

temperature, the data of Tp
*
-Tp are plotted as shown in Figure 14. 

 

This plot shows the same shape and maximum at the same temperature of 

the curve in Figure 12. To determine optimum time of nucleation, if the samples are 

held for the same temperature at different times, the data of Tp
*
-Tp are plotted as 

shown in Figure 15. 
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Figure 14  Tp
*
-Tp plotted as a function of temperature of heat treatment of Li2O- 

                  2SiO2 glass. 

 

Source: Marotta et al. (1981) 

 

 

 

 

Figure 15  Tp
*
-Tp plotted as a function of time of heat treatment of Li2O-2SiO2 glass. 

 

Source: Marotta et al. (1981) 
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3.3 Procedure of the preparation of glass-ceramics 

 

The steps used in processing a glass-ceramic body are illustrated in Figure 

16. The glass material is melted and formed at high temperature around 1250° to 

1600°C, depending upon the glass compositions and then often cooled to annealing 

temperature. For nucleation step, nucleating agents are active to produce the initial 

nuclei. In order to grow up the crystals, the material is heated to crystallization 

temperature and held at the temperature. 

 

 

Figure 16  Schematic of heat-treated profile of glass-ceramic. 

 

3.4 Applications of glass-ceramics 

 

Utilization of glass-ceramics are present for, e.g., mechanical engineering 

as production pipes, valves and seals, electronic engineering as manufacturing high 

temperature insulator, capacitor as well as part of spaceship (McMillan, 1979). 

Moreover, they have been used to replace the bone and teeth which are damaged.  

 

4. International Standard ISO 6872:2008(E) (ISO 6872:2008(E), 2008) 

 

ISO 6872:2008(E) indentifies the requirements and the test methods for dental 

ceramic materials for fixed all-ceramic and metal-ceramic restorations and prostheses. 
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4.1 Type and class identifications 

 

 Dental ceramic materials are designated in two types. Type   includes 

ceramic products which are provided as powders, pastes or aerosols. Type II includes 

all other forms of ceramic products. Moreover, each type of ceramic products is 

divided into classes according to their applications. Therefore, these ceramic materials 

produced in this study are identified as type II.  

 

4.2 Tests of mechanical and chemical properties 

 

      Ceramic materials used for dental restorations need to consider their 

mechanical properties. Because they are used to replace in the mouth, they should be 

tested for chemical solubility test. Mechanical and chemical properties of the ceramic 

materials recommended in ISO 6872:2008(E) are present in Table 2.    
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Table 2  Classification of ceramics for dental restoration as ISO 6872:2008(E) with  

               recommended mechanical and chemical properties. 

 

Class Clinical indications 

Properties 

Flexural 

strength 

(MPa) 

Fracture 

toughness  

(MPa·m
1/2

) 

Chemical 

solubility 

(µg·cm
-2

) 

1 

a) Aesthetic ceramic for coverage of 

a metal or a ceramic substructure*. 

b) Aesthetic-ceramic: single-unit 

anterior prostheses, veneers, 

inlays, or onlays. 

>50 >0.7 <100 

2 

a) Aesthetic-ceramic: adhesively 

cemented, single-unit, anterior or 

posterior prostheses. 

>100 >1.0 <100 

b) Adhesively cemented, substructure 

ceramic* for single-unit anterior or 

posterior prostheses. 

>100 >1.0 <2000 

3 

Aesthetic-ceramic: non-adhesively 

cemented, single-unit, anterior or 

posterior prostheses. 

>300 >2.0 <100 

4 

a) Substructure ceramic* for non-

adhesively cemented, single-unit, 

anterior or posterior prostheses. 
>300 >3.0 <2000 

b)   Substructure ceramic* for three- 

      unit prostheses not involving  

      molar restoration. 

5 
Substructure ceramic* for three-unit 

prostheses involving molar restoration. 
>500 >3.5 <2000 

6 
Substructure ceramic* for prostheses 

involving four or more units. 
>800 >5.0 <100 

 

*Remarks:  

For definitions of “substructure ceramic” for a dental restoration referred in Table 2, it 

is explained in ISO 6872:2008(E) as followings:-   

3.1.16 substructure (core) dental ceramic: dental ceramic which provides a supporting 

substructure which one or more layers of dental ceramic or dental polymer material 

are applied, either partially or totally, to form a dental restoration or prostheses. 



MATERIALS AND METHODS 

 

Materials 

 

1. Chemicals 

1.1 Magnesium Fluoride (MgF2) : Granules about 1.25 mm, Merck 

1.2 Silicon Dioxide (SiO2) :  99.865%, Fluka 

1.3 Aluminum Oxide (Al2O3) :  99.695%, Fluka  

1.4 Strontium Carbonate (SrCO3) :  98.4% Aldrich 

1.5 Calcium Carbonate (CaCO3) : 99.0%, BDH  

1.6 Calcium Fluoride (CaF2) :  97%, BDH  

1.7 Magnesium Oxide (MgO) :  98%, Merck 

1.8 Phosphorous Pentoxide (P2O5) : >97%, Fluka 

1.9 Acetic acid (CH3COOH) : 99.8% analytical grade, Merck 

1.10 Sodium hydroxide (NaOH) :  

1.11 Hydrofluoric acid (HF) : 48%, BDH 

1.12 Distilled water  

 

2. Materials and Machines for Glass-Ceramic Productions 

2.1 Polypropylene bottles 

2.2 Analytical balance 

: Denver Series TB-403 with a readability of 0.001 g, Germany  

2.3 Glove box  

2.4 Roller 

2.5 Alumina crucibles 

2.6 Platinum crucibles 

2.7 Stainless steel tank 

2.8 Sieve mesh: 10
#
, 18

#
, 170

#
 and 325

#
  

2.9 Carbon mould: inner diameter = 20 mm, height = 100 mm 

2.10 Flame retardant coat 

2.11 Heat resistant gloves 

2.12 Heat and light resistant mask 



2.13 Tongs 

2.14 Goggles 

2.15 Acid resisting gloves 

2.16 Dust resisting mask 

2.17 Electric furnaces: Nabertherm, Germany and Linn, England 

2.18 Hot oven: ESPEC, series PH-101, Japan 

2.19 Ultrasonic cleaner : Kerry, England 

2.20 Low speed cutter : Imptech series PC10, South Africa 

2.21 Polishing machine : Imptech series 101, South Africa 

2.22 Abrasive paper No. 800,1000, 1200 and 2500 

2.23 Diamond pastes 3 µm   

2.24 Alumina powder 1 µm 

2.25 Volume metric flask 100 mL 

2.26 Measuring pipette 2 mL 

2.27 Bubble 

2.28 Dropper  

2.29 Cellulose thimbles 

2.30 Extractor 

 

3. The Instruments for Analysis 

3.1 Differential Thermal Analyser (DTA): Perkin Elmer Series DTA7, 

Germany 

3.2 X-ray Diffractometer (XRD): Philips series X’Pert, the Netherlands 

3.3  Scanning Electron Microscope (SEM) and Energy Dispersive 

Spectroscopy: Phillips Series XL30 & EDAX, the Netherlands 

3.4 Micro Hardness Tester: Shimadzu series HMV-2000, Japan 

3.5 Universal Testing Machine (UTM): Houndsfield Series 50KN, 

England 

3.6 Dilatometer: Netzsch Series DIL 402 PC, Germany 

3.7 Computerized Numerical Controller (CNC): DECKEL Series FP4A, 

Germany 

3.8 Optical microscope and image analyzer: Nikon series ECLIPSE ME 

600, Japan 
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3.9 Vernier caliper: Mitutoyo, Japan 

 

Methods 

 

1. Experimental Preparation 

 

1.1 Glass preparation 

 

The glass compositions consisted of SiO2, Al2O3, SrCO3, MgO, MgF2, 

CaCO3, CaF2, and P2O5 were weighed and collected in a clean plastic bottle. The 

compositions of fluorapatite forming in each glass-ceramic were given in Table 3. In 

order to homogenize the compositions, the bottle was rolled for 2 hours and then all 

chemicals were poured into an alumina crucible which was covered with an alumina 

lid to avoid volatility of components such as silicon tetrafluorine (SiF4) (McMillan, 

1979).  

 

Table 3  Varied fluorapatite composition of the glass (g). 

 

Glass-ceramics CaF2 CaCO3 P2O5 

GCF3.0 0.52 5.97 2.82 

GCF3.5 0.60 6.87 3.25 

GCF4.0 0.67 7.76 3.67 

GCF4.5 0.75 8.62 4.07 

GCF5.0 0.82 9.46 4.47 

 

They were melted in the furnace at 1420°C for an hour with a heating rate 

of 10 °C/min. The melted glass was quenched in water at room temperature to obtain 

the glass frit. The frit was dried, ground and sieved to distinguish size for subsequent 

experiments. Aperture sizes of sieve used in this experiment were 2 mm (10
#
 mesh), 1 

mm (18
#
 mesh), 90 µm (170

#
 mesh) and 45 µm (325

#
 mesh). 
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1.2 Preparation for thermal behaviors analysis 

 

The glass transition, peak crystallization and melting temperatures of each 

glass were analyzed by differential thermal analysis (DTA). The sub 45 µm frit 

powder was weighed 55 mg into a platinum crucible. α-alumina was used as a 

reference in this experiment. The powder was heated to 1200 °C with a heating rate of 

10°C/min. When it was fully heated in the machine, DTA curve of each glass was 

shown the glass transition (Tg), peak crystallization (Tp) and melting (Tm) 

temperatures. If the curve appears several peak crystallizations or melting 

temperatures, they were identified as Tp1, Tp2 and Tp3 or Tm1, Tm2 and Tp3, 

respectively. 

 

 

 

Figure 17  Differential thermal analyzer. 

 

For determination of glass transition, the main parameters used to 

characterize the glass transition are shown in Figure 17.  It need to know the 

temperature range from Tg,i (initial Tg) to Tg,f (finish Tg). Characterization of these 

temperatures is difficult to give clear instructions for their measurement. The situation 

is improved by consideration extrapolated onset-temperature (Tg,e) and half-step 

temperature (Tg,1/2) related to Cp change. The use of the latter meaningful as this 

temperature is better the second characteristic quantity of the glass transition, Cp 

change. (Höhne et al., 2003) 



 

 

Figure 18  Definition of the most frequently used conventional quantities for  

                  characterization of the glass transition. 

 

Source: Höhne et al. (2003) 

 

1.3 Fabrication of glass rod 

 

The frits were re-melted at the previous condition in a furnace while 

another furnace was heated to warm a carbon mould at annealing temperature which 

was determined by DTA. Then the melted glass was poured into the mould that 

inclined about 45 degree in order to get rid of chase the bubbles. The carbon mould 

with glass inside was annealed to release internal stress for 1.30 hours and cooled 

down to room temperature in the furnace. Finally, a clear transparent glass rod was 

taken out from the carbon mould. 

 

1.4 Preparation for optimum nucleation temperature of glass-ceramics 

 

According to the research of Marotta et al. in 1981, optimum nucleation 

temperature of glass-ceramic was determined by using DTA. Each of sub 45 µm glass 

was heated up to temperature of Tg and soaked at this temperature for an hour after 

that it was heated to 1000°C and cooled down in the furnace. The diagram showed a 

new Tp which was called Tp
*
. In this research, the new diagram appeared 2 Tp

*
, the 

30 



 

31 
peaks were identified Tp1

*
 and Tp2

*
, respectively. In order to repeat the previous 

procedures, the soaking temperatures were changed from Tg to Tg-30, Tg-15, Tg+15 

and Tg+30, respectively. Then the graph in figure 19 was plotted between Tp
*
 - Tp and 

those different five temperatures, drew two lines from plotted data and then the 

intersection of two lines were found. A vertical line was drawn from the intersection 

to meet the X-axis and the optimum nucleation temperature of the glass-ceramic was 

determined. 

 

 

 

Figure 19  Determination of the optimum nucleation temperature of glass-ceramics. 

 

1.5 Preparation for optimum nucleation time of glass-ceramics 

 

The optimum nucleation time had been examined the same procedure as 

the optimum nucleation temperature. The sample was heated to the optimum 

nucleation temperature, held at this temperature for half an hour and heated to 1000
°
C. 

The diagram showed Tp
*
. The characteristic of the curve was the same as that of the 

analysis in 1.4.  The experiment was repeated but the soaking times were varied as 1, 

2, 4 and 10 hours, respectively. The graph was plotted between Tp
*
 - Tp and those 

different times. Consequently, two lines were drawn and the intersection of two lines 

is the optimum nucleation time. 
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Figure 20  Determination of the optimum nucleation time of glass-ceramics. 

 

1.6 Heat treatment 

 

Because each glass had to be transformed into a glass-ceramic, the glass 

rod was heated from the room temperature to the optimum nucleation temperature and 

held for the optimum nucleation time. Then it was heated to the crystallization 

temperature which is higher than its Tp for 20°C, soaked at the same time as the 

optimum nucleation time and cooled down to room temperature in the furnace. 

 

2. Properties testing 

 

2.1 Biaxial fractural strength   

 

The glass-ceramic rod was cut in shape of disks with a thickness of 2.5 

mm by a high precision diamond cutter. The glass-ceramic of each batch was tested 

for 10 specimens. Both sides of disks were ground with 800, 1000, 1200 and 2500 grit 

abrasive paper and polished with 3 micron diamond paste and 1 micron alumina 

powder, respectively. The finished disk showed absolutely scratch free under an 

optical microscope. 
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Figure 21  Universal testing machine. 

 

For the biaxial flexural strength of the glass-ceramics, it could be 

examined by a universal testing machine (UTM) at a constant displacement rate of 0.1 

mm/min. A 1000 N load cell was used. The thickness and diameter of the specimen 

were measured in order to calculate the strength. The specimen was placed on 

supporting circle being three balls and covered with a plastic sheet to ensure that the 

load was evenly distributed over the all loading surface. 

 

A calculation of the strength of biaxial flexural strength is given in equation 13 as 

followings: 
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Where 

 is the maximum center tensile stress (MPa) 

 P is the load at fracture (N) 
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In which 

 is Poisson’s ratio. If the value for the ceramic concerned is not known, use  

       Poisson’s ratio = 0.25 

r1 is the radius of support circle (mm) 

r2 is the radius of loaded area (mm) 

r3 is the radius of specimen (mm) 

d  is the specimen thickness at fracture origin (mm) 

 

2.2 Hardness 

 

The parts of the specimen broken from the flexural strength testing were 

used for a Vickers hardness testing. The testing was used a load of 0.5 kg and a 

loading time of 15 s. 

 

 

 

Figure 22  Vickers microhardness tester. 
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The Vickers hardness was calculated by the Vickers equation: 

 

                                                      
2

8544.1
d

P
HV                                                    (16) 

 

where 

P is the applied load (kg) 

d is the mean length of diagonals of the indentation (mm). 

 

 

 

Figure 23  Schematic indentation of Vickers hardness. 

 

Source: McColm (1990)   

 

2.3 Fracture toughness 

 

A calculation of fracture toughness can be obtained by using the full 

Charles and Evans equation (McColm, 1990) as in equation 17. 
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Where 

VH is the Vickers hardness (MPa) 

a    is the half diagonal of the indentation (m) 

c    is the half distance between the opposite crack tips (m) 
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Figure 24  Schematic representation of Vickers indent fracture system, showing  

                  characteristic c and a dimensions of crack. 

 

Source : Scherrer et al. (1998). 

 

2.4 Microstructure 

 

The glass-ceramics were observe bulk and surface by hitting the glass-

ceramics which have size more than 2 mm and cleaned them with an ultrasonic 

cleaner to remove the residue. The cleaned glass-ceramics were separated into two 

parts. One part was coated gold with the sputtering technique and the other part was 

immersed in 10 vol% hydrofluoric acid solution for 25 s then cleaned and also coated 

gold. 

 

 

 

Figure 25  Scanning electron microscope. 
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2.5 Crystalline phase 

 

The crystalline phases in the glass frits and glass–ceramics obtained were 

determined by X-ray powder diffraction (XRD) analysis and were interpreted on the 

basis of IDCC (International Centre of Diffraction Data). In this experiment, 

diffractometer with Cu Kα radiation was used to measure the diffraction angles 2θ 

ranged from 5 to 80 with step size of 0.05 and a count time per step of 0.5 s 

 

 

 

Figure 26  X-rays diffractometer. 

 

2.6 Coefficient of thermal expansion 

 

The coefficient of thermal expansion can be examined by a dilatometer. 

The glass-ceramic rods were cut that have length more than 30 mm and width more 

than 10 mm. Perform an expansion measurement of the test specimen at 10°C/min 

between 25°C and 500°C. For each of the specimens was determined the linear 

expansion coefficient between 25°C and 400°C by referring to plotted curves. 
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L
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                                                         (18) 

 

Where 

L0  =  the overall length of material in the direction being measure 
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ΔL = the change in length of material in the direction being measure 

ΔT = the change in temperature over which ΔL is measured 

 

2.7 Machinability 

 

The prepared glass-ceramics, thickness 2.0 mm, were drilled by 

Computerized Numerical Controller (CNC) using a 3.0 mm hard alloy with speed of 

630 rpm and feed rate of 19 mm/min. 

 

2.8 Chemical solubility 

 

According to International Standard ISO 6872:2008(E), specimens were 

washed with distilled water, dried at 150°C for four hours and weighed. They were 

measured lengths, widths and thicknesses to calculate the total surface area in 

centimeters. Subsequently, they were placed in the interred glass-bottomed thimble 

and extracted with 4% (V/V) acetic acid solution by refluxing for 16 hours. Then the 

specimens in the thimble were washed with distilled water, dried at 150°C for four 

hours and reweighed. Chemical solubility was examined by calculating the mass loss 

in micrograms per square the surface area. The others solutions were used for testing, 

e.g., have 0.1M sodium hydroxide (NaOH) and distilled water. 
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RESULTS AND DISCUSSION 

 

 The experiments were set in the laboratory and were categorized into 3 parts 

for example, 1) thermal properties 2) microstructures and crystalline phases and 3) 

mechanical properties such as biaxial flexural strength, Vickers hardness, fracture 

toughness, machinability, coefficient of thermal expansion and chemical solubility. 

 

1. Thermal Properties   

 

1.1 Glass transition, peak crystallization and melting temperature   

 

The effect of the variation of chemicals for fluorapatite, e.g., CaCO3, CaF2 

and P2O5 on the thermal behaviors of the glasses in the SiO2-Al2O3-MgO-MgF2-

SrCO3-CaCO3-CaF2 and P2O5 system is indicated by DTA resulted in Figure 27. Each 

of the DTA curves shows a glass-transition temperature, two exothermic and several 

endothermic peaks. On account of more than one peak of both exothermic and 

endothermic peaks, the former are named Tp1 and Tp2, respectively, and the latter 

called Tm1, Tm2, Tm3 and Tm4, respectively. Exothermic peak identifies the constructed 

bond temperature to form crystals. On the other hand, endothermic peak indicates the 

degrade bond temperature of crystals. Tg of the glasses appeared a temperature range 

of 618-627 °C. The first and the second peak crystallization temperatures appeared a 

temperature range of 757-783 and 864-889 °C, respectively. Several melting 

temperatures appeared in a range of 1043-1186°C. 
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Figure 27  DTA curves of the glasses: (a) GCF3.0, (b) GCF3.5, (c) GCF4.0,  

                  (d) GCF4.5, (e) GCF5.0. 

 

 The values of thermal behaviors of all glasses were given in Table 4. The 

Tg, Tp1 and Tp2 decreased with the increasing fluorapatite content from 3.0 to 5.0 

mol%, in agreement with the previous study (Rafferty et al., 2000). It was believed 

that the increasing chemicals, especially CaF2, for fluorapatite affect to the reduction 

of those temperatures. Because the fluorine ion, a radius of 1.36 Å, is very close in 

size to the oxygen ion, a radius of 1.40 Å, so that a fluorine ion can replace a oxygen 

ion in the glass network without causing a disturbance in the arrangement of other 

ions. The fluorine ion is monovalent, however, the overall replacement must be of two 

fluorine ions for each oxygen ion to ensure electroneutrality. Generally, incorporation 

of the fluoride ion in silicate glasses results in the substitution of strong Si-O-Si 

linkages by weak Si-F linkages; consequently, the glass network structures are 

weakened. This effect is reflected in decreased viscosity of glasses (McMillan, 1979).  
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Table 4  Thermal behaviors of all the glasses (°C). 

 

Glass-ceramics Tg Tp1 Tp2 Tm1 Tm2 Tm3 Tm4 

GCF3.0 627 783 889 1043 1070 1148 1186 

GCF3.5 627 778 886 1048 1070 1140 1181 

GCF4.0 625 777 881 1051 1085 1147 1179 

GCF4.5 622 765 870 1050 1096 1170 1177 

GCF5.0 618 757 864 1049 1091 1164 1175 

 

      The crystallization peak characteristics of Tp1 and Tp2 are broad, it may be 

presumed that there are formations of various crystal phases at the temperatures due 

to several melting points shown in the DTA curves.  

 

1.2 Optimum nucleation temperature and time 

 

The important parameters of the nucleation and crystallization steps to 

transform a glass into a glass-ceramic are suitable temperatures and times for the heat 

treatment process as well as the effective nucleating agents. The resultant data on 

Appendix Table A1-A10 were used for optimum nucleation temperature 

determination of all glasses. 

 

The whole of data are plotted as graphs in order to analyze optimum 

nucleation temperature as given in Appendix Figure A76-A85 and concluded in Table 

5. It is found that the optimum nucleation temperature shows a tendency of increase 

of both Tp1 and Tp2 with the increase of fluorapatite content because induction of CaO, 

CaF2 and P2O5 contents enhance to high crystal phase formations in the glass-

ceramics. 
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Table 5  Optimum nucleation temperatures of all glass-ceramics (°C). 

 

Glass-ceramics Tp1 Tp2 

GCF3.0 616 634 

GCF3.5 629 634 

GCF4.0 646 653 

GCF4.5 639 655 

GCF5.0 640 626 

 

The data of optimum nucleation time are presented in Appendix Table 

A11-A20 and Appendix Figure A86-A95. Consequently, most of the optimum 

nucleation time is 2 hours. Optimum nucleation times at the different peak 

temperature are concluded in Table 6.  

 

Table 6  Optimum nucleation times of all glass-ceramics (hour). 

 

Glass-ceramic Tp1 Tp2 

GCF3.0 2 2 

GCF3.5 2 2 

GCF4.0 3 2 

GCF4.5 2 2 

GCF5.0 2 2 

 

1.3 Heat treatment 

 

The resultant glass-ceramics are successfully heat-treated because of no 

cracks. In Figure 28, it shows representatives of glasses before and after heat 

treatment. When the glasses are heat-treated, they become glass-ceramics which 

possess more opacity.  In addition, the heat-treated glass-ceramics at Tp1 appear more 

translucent than those at Tp2. This result is able to identify that the crystallized glass-

ceramics at Tp2 had more degree of crystallization than those at Tp1, confirmed by 



 

43 
characterization of microstructures and crystalline phases by SEM and XRD, 

respectively. 

 

   

(a) (b) (c) 

 

Figure 28  Representatives of (a) a glass rod (b) a glass-ceramic heat-treated at Tp1   

                           and (c) a glass-ceramic heat-treated at Tp2 of GCF4.0. 

 

2. Characteristics of Crystalline Phases and Microstructures  

 

2.1 Crystalline phases 

 

The all glasses and glass-ceramics were characterized crystalline phases by 

XRD. The XRD patterns of as-received glasses appeared hump peaks indicated that 

they were only amorphous structures. Thus, there were not crystalline phases in the 

glasses. On account of the glasses consisting of nucleating agents such as MgF2, CaF2 

and P2O5, they presented crystalline phases when they were heat-treated as results in 

Figure 29 and 30. 

 

For the crystallized glass-ceramics at Tp1, they were found calcium-mica 

(Ca0.5Mg3AlSi3O10F2, 25-0155), fluorapatite (Ca10(PO4)6F2, 83-0537) as the major 

crystalline structures. In addition, calcium aluminum silicate (Al3Ca0.5Si3O11, 46-

0744), forsterite (Mg2SiO4, 71-1083), magnesium silicate (MgsiO3,80-0573), 

anorthite (CaAl2 Si2O8, 03-0559), strontium oxide (SrO, 48-1477), silicon oxide 
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(SiO2, 82-1556) and stishovite (SiO2, 82-1646) were the minor crystalline structures 

of those.  

While the components of fluorapatite were increasing, the intensity of 

identified fluorapatite and anorthite peaks increased also. However, it seemed some 

peaks such as calcium-mica, mica, forsterite to reduce the intensity until GCF4.0. 

When the fluorapatite contents were greater than GCF4.0, e.g. 4.5 and 5.0, those 

peaks were shown a little change in a rise in intensities because fluorapatite and 

calcium-mica phases resulted from the varied chemicals e.g. CaF2 and P2O5. 

McMillan and Hench explained that CaF2 and P2O5 played the role as nucleating 

agents of fluorapatite crystals. Moreover, CaCO3 and CaF2 are components to form 

calcium-mica crystals (McMillan, 1979, Hench and Wilson, 1993). 

 

     Crystalline phases of the heat-treated glass-ceramics of at Tp2 as illustrated 

in Figure 30 possess as same as those at Tp1 but higher intensities than those of at Tp1. 

This difference was described again in the next place. When the varied components 

increased, the peaks arise clearly such as fluorapatite, calcium-mica, mica, forsterite 

and anortite. However, some peaks could not be interpreted which were named 

unknown.  
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Figure 29  XRD patterns of heat-treated glass-ceramics at Tp1 of GCF:  (a) 3.0,  

                  (b) 3.5, (c) 4.0, (d) 4.5, (e) 5.0. 

 

 

 

Figure 30  XRD patterns of heat-treated glass-ceramics at Tp2 of GCF: (a) 3.0, (b) 3.5,  

                  (c) 4.0, (d) 4.5, (f) 5.0. 
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Figure 31  XRD patterns of GCF3.0: (a) as-received glass, (b) heat-treated glass- 

                  ceramic at Tp1, (c) heat-treated glass-ceramic at Tp2.  

 

 

 

Figure 32  XRD patterns of GCF3.5: (a) as-received glass, (b) heat-treated glass- 

                  ceramic at Tp1, (c) heat-treated glass-ceramic at Tp2.  
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Figure 33  XRD patterns of GCF4.0: (a) as-received glass, (b) heat-treated glass- 

                  ceramic at  Tp1, (c) heat-treated glass-ceramic at Tp2. 

 

 

 

Figure 34  XRD patterns of GCF4.5: (a) as-received glass, (b) heat-treated glass- 

                  ceramic at Tp1, (c) heat-treated glass-ceramic at Tp2.  
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Figure 35  XRD patterns of GCF5.0: (a) as-received glass, (b) heat-treated glass- 

                  ceramic at Tp1, (c) heat-treated glass-ceramic at Tp2.  

 

If it was considered in terms of differences of the intensity of the crystalline 

phases of the same composition at the different heat-treated temperature the XRD 

patterns were illustrated in Figure 31-35. Each of the temperatures for the heat 

treatment of glass-ceramics consisted of many phases which correspond to 

assumption in the DTA results. The intensities of peaks of at Tp2 were found rather 

stronger than those of at Tp1 because the crystalline phases in the glass-ceramics 

crystallized at Tp2 were incorporated into those at Tp1. Furthermore, the numbers of 

peaks of a Tp2 were observed more obviously than those of Tp1, especially at the 

2 positions of at 47.94, 49.46 and 50.66. Therefore, the heat-treated glass-ceramics 

at Tp2 possessed the higher degree of crystallinity than those at Tp1 corresponding to 

the physical characterization. 
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2.2 Microstructures 

 

The microstructures of glass-ceramics were investigated by SEM. The 

bulk microstructures of all samples are given in Figure 36-45. They were found 

feather-like structures in no etching and plate-like structures in with etching by 

10%HF. This morphology is a characteristic of calcium-mica crystals formed highly 

interlocking (Xiang et al., 2007). The increased chemicals for the fluorapatite 

formation affected the volume and size of crystalline phases. For this research, the 

more chemical compositions, the larger both the volume and size of crystals. In 

addition, the heat treatment temperature influenced also the microstructure of glass-

ceramics. It was observed that the glass-ceramics heat-treated at higher temperature 

showed larger crystal size and denser interlocking than those at the lower temperature.  

 

 For the microstructures on the surface, there were needle-like and angular 

crystals, known as fluorapatite and likely calcium-mica, sparsely clustered on glass-

ceramics in Figures 46-50. It was explained that CaCO3 played the role of a glass 

former in calcium-mica formation whereas CaF2 and P2O5 play the role of nucleating 

agents accelerating and inducing the formation of fluorapatite and calcium-mica 

phases [5,6]. Hence, GCF3.0 possessed more less amounts of crystals and higher 

aspect ratios than those of other glass-ceramics. The temperature difference of heat 

treatment affects also the microstructures of bulk. 
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Figure 36  Bulk microstructures of GCF3.0 heat-treated at Tp1 (a) no etching and  

                  (b) etching with HF, 5,000X. 

 

    
 

 Figure 37  Bulk microstructures of GCF3.0 heat-treated at Tp2 (a) no etching and  

                   (b) etching with HF, 5,000X. 

 

    
 

Figure 38  Bulk microstructures of GCF3.5 heat-treated at Tp1 (a) no etching and  

                  (b) etching with HF, 5,000X. 
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Figure 39  Bulk microstructures of GCF3.5 heat-treated at Tp2 (a) no etching and  

                  (b) etching with HF, 5,000X. 

 

    

 

Figure 40  Bulk microstructures of GCF4.0 heat-treated at Tp1 (a) no etching and  

                  (b) etching with HF, 5,000X. 

 

    

 

Figure 41  Bulk microstructures of GCF4.0 heat-treated at Tp2 (a) no etching and  

                   (b) etching with HF, 5,000X. 
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Figure 42  Bulk microstructures of GCF4.5 heat-treated at Tp1 (a) no etching and  

                  (b) etching with HF, 5,000X. 

 

    

 

Figure 43  Bulk microstructures of GCF4.5 heat-treated at Tp2 (a) no etching and  

                   (b) etching with HF, 5,000X. 

 

    

 

Figure 44  Bulk microstructures of GCF5.0 heat-treated at Tp1 (a) no etching and  

                   (b) etching with HF, 5,000X. 
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Figure 45  Bulk microstructures of GCF5.0 heat-treated at Tp2 (a) no etching and  

                  (b) etching with HF, 5,000X. 

 

    

 

Figure 46  Surface microstructures of etched with HF GCF3.0 heat-treated at (a) Tp1  

                   and (b) Tp2 20,000X. 

 

     

 

Figure 47  Surface microstructures of etched with HF GCF3.5 heat-treated at (a) Tp1  

                   and (b) Tp2, 20,000X. 
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Figure 48  Surfacemicro structures of etched with HF GCF4.0 heat-treated at (a) Tp1  

                   and (b) Tp2, 20,000X. 

 

     

  

Figure 49  Surface microstructures of etched with HF GCF4.5 heat-treated at (a) Tp1  

                   and (b) Tp, 20,000X  

 

     

 

Figure 50  Surface microstructures of etched with HF GCF5.0 heat-treated at (a) Tp1 

and (b) Tp2, 20,000X. 
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3. Characterized Properties 

 

3.1 Mechanical properties 

 

      In general, it is known that a finer particle size results in higher strength 

(Grossman, 1978). In this research, the higher content of fluorapatite influenced 

initially increasing of mechanical properties such as the biaxial flexural strength, 

Vickers hardness and fracture toughness but they were gradually declined as shown in 

Figure 51-53, respectively. For the bulk microsturctures observation, it was found that 

the difference of fluorapatite content affected the increased crystalline size. Structures 

of that phase consist of layer which forms of silica and alumina, producing triple layer 

unit structures and giving a negative charge. This charge is balanced by addition of 

calcium cations atom that links the layer with double bond. Between the two layers, 

these calcium ions hold the triple layers together with ionic bonding forces. Although 

the interlayer bonds provided by the balancing cations are stronger than those by van 

der Waals forces, they are still weaker than the bonding with the units. Hence, the 

calcium-mica possesses the easy cleavage (Gallagher and Brown, 2003).  Therefore, 

the biaxial flexural strength, hardness and fracture toughness values of glass-ceramics 

have a tendency to decrease.  
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Figure 51  Biaxial flexural strength of all glass-ceramics heat-treated at Tp1 and Tp2. 

 

 

 

Figure 52  Vickers hardness of all glass-ceramics heat-treated at Tp1 and Tp2. 
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Figure 53  Fracture toughness of all glass-ceramics heat-treated at Tp1 and Tp2. 

 

    In addition, the increasing of crystallization temperatures influenced the 

reducing of all three properties due to the rise of several crystalline phases, especially 

the calcium-mica.  

 

Table 7  Mechanical properties of all-ceramic dental restorations. 

 

Core materials 

 

Flexural strength 

(MPa) 

Hardness 

(GPa) 

Fracture toughness 

(MPa·m1/2
) 

Enamel 65-75 - 1 

Dentine 16-20 - 2.5 

Dicor 152 3.5 2.5 

Empress 2 400 5.3 3.3 

In-Ceram Alumina 500 11.5 3.9 

Procera Zirconia Y-TZP 1121 - 10 

 

Source:  Ironside and Swain (1998); Ban (2008) 
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     According to ISO 6872:2008(E) classifying ceramics for clinical 

indications, the entire data of the strength and the fracture toughness of mica-based 

glass-ceramics were accepted as dental ceramic type II class 2 as a substructure 

ceramic for single-unit anterior or posterior prostheses, e.g., inlays, onlays, crowns 

and veneers. In addition to the mechanical properties of glass-ceramics were near to 

all-ceramic materials for dental restoration, especially Dicor glass-ceramic. 

 

3.2 Machinability 

 

The machinability of mica glass-ceramics depends on the volume content 

of mica crystals and the degree of crystal interlocking. The higher the aspect ratio, the 

lower the volume fraction of mica phase (Grossman, 1978). In addition, the aspect 

ratio has to be high enough to cause a high degree of interlocking. It is required 

containing as little as 1/3 by volume of crystal to attain machinability (Brodkin et al., 

2003). For the drilling test, all prepared glass-ceramics based on calcium-mica 

crystals could be machined thorough into the specimens shown in Figure 54. The 

aspect ratio of mica crystal increases with the increase of crystallization temperature, 

resulting in an interconnected microstructures (Yu et al., 2006). 
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Figure 54  Drilling test for the heat-treated glass-ceramics after heat-treated at Tp1 (above line) and at Tp2 (below line):  

                  (a) and (f) of GCF3.0, (b) and (g) of GCF3.5, (c) and (h) of GCF4.0, (d) and (i) of GCF4.5, and (e) and (j) of GCF5.0.

a b c d e 

f g h i j 
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3.3 Coefficient of thermal expansion   

 

The coefficient of thermal expansion (CTE) is totally important for 

applications such as using combination with other materials. For glass-ceramic 

materials, the thermal expansion depends on their type and content of crystalline 

phases (Strnad, 1986).  

 

 

 

Figure 55  Coefficient of thermal expansion of all glass-ceramics. 

 

From XRD results, the degree of crystallinity of the glass-ceramics is induced 

when the chemical compositions of fluorapatite and crystallization temperature of 

heat treatment increase. The consequent results presented in Figure 55 are found that 

an increase in amount of fluorapatite compositions enhances a rise of CTE values. In 

addition, the higher temperatures of heat treatment affect also CTE.  
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Table 8  Coefficient of thermal expansion of restorative materials (x10

-6
, K

-1
). 

 

Material Coefficient of thermal expansion 

Dicor 7.2 

In-Ceram alumina  7.4 

Empress 2  10.6 

Procera Zirconia Y-TZP  10.4  

 

Source: Ban (2008) 

  

3.4 Chemical solubility 

 

      Generally, the chemical solubility of glass-ceramic materials is affected by 

the composition of the crystalline phases and by the composition and the number of 

residual glass phases as well as its morphology. Alkali metal ions are much more 

stable in the crystalline phase than in the residual glass phase. Therefore, the residual 

glass phases in glass-ceramic materials should not contain high concentrations of 

alkali oxides so that they have good chemical resistance (Strnad, 1986). In addition, 

chemical stability of glass-ceramics is able to be improved by alkali earth oxides such 

as MgO and CaO due to the increased volume of crystalline phases (McMillan, 1979). 
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Figure 56  Chemical solubility of all glass-ceramics in 4%(v/v) acetic acid. 

 

 

 

Figure 57  Chemical solubility of all glass-ceramics in distilled water. 

 

 



 

63 

 

 

Figure 58  Chemical solubility of all glass-ceramics in 0.1 M sodium hydroxide. 

       

 In Figures 56-58, it is found that the glass-ceramics are capable of resisting 

in the distilled water, based and acidic environment, respectively. Moreover, the 

chemical solubility depends upon the fluorapatite contents and heat treatment 

temperatures. CaO resulted from thermal decomposition of CaCO3 is one of the 

components of formation of the fluorapatite content in glass-ceramics, therefore, the 

more added components of CaCO3, the higher chemical durability of glass-ceramics. 

These results were related to the research of Taruta (Taruta et al., 2001). At the same 

compositions, the higher temperatures of heat-treatment enhances the lower chemical 

solubility since they contain a larger amount of the degree of crystallinity as 

comparing with the lower temperatures of those. 

 

        Normally, the chemical solubility of the core ceramic materials must be 

less than 2000 µg·cm
-2

 and that of the body ceramic materials contacting directly with 

the oral environment should be less than 100 µg·cm
-2

 (ISO 6872, 2008) as show in 

Table 2. Therefore, all glass-ceramics in this research are acceptable according to ISO 

6872:2008(E) as core ceramics considering in terms of chemical solubility.  
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Figure 59  Schematic of a dental restorative material. 

 

Source: Anonymous (2007)



CONCLUSIONS AND RECOMMENDATIONS 

 Conclusions 

 

The main crystalline phases of the prepared glass-ceramics possessed 

fluorpatite and calcium mica, which were confirmed with XRD and SEM results. The 

mechanical and chemical properties of all glass-ceramics in this experiment were 

acceptable by ISO 6872:2008(E) as dental ceramic type II class 2 as a substructure 

ceramic for single-unit anterior or posterior prostheses. From the results of 

mechanical properties and chemical solubility, all glass-ceramics could be used for 

dental restorations as core materials, especially GCF3.5 heat-treated at Tp1. However, 

it needs to be developed further in order for similarity to natural human teeth. 

 

  

Recommendation 

 

Because all glass-ceramics could be machined by drilling without difficulties, 

it is possible to fabricate further with CAD/CAM techniques.  
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Appendix A  

Optimum nucleation temperature and time results 
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Appendix Figure A1  Crystallized GCF3.0 hold at Tg-30 °C for 1.0 hour. 

 

 

 

Appendix Figure A2  Crystallized GCF3.0 hold at Tg-15 °C for 1.0 hour. 

 

   
 

Appendix Figure A3  Crystallized GCF3.0 hold at Tg °C for 1.0 hour.           
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Appendix Figure A4  Crystallized GCF3.0 hold at Tg+15 °C for 1.0 hour. 

 

 

 

Appendix Figure A5  Crystallized GCF3.0 hold at Tg+30 °C 1.0 for hour.      

                                                               

 

 

Appendix Figure A6  Crystallized GCF3.0 hold at optimum nucleation of Tp1 for 0.5  

                                     hours. 
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Appendix Figure A7  Crystallized GCF3.0 hold at optimum nucleation of Tp1 for 1.0  

                                     hours.                                   

 

 

 

Appendix Figure A8  Crystallized GCF3.0 hold at optimum nucleation of Tp1 for 2.0  

                                     hours. 

 

 

 

Appendix Figure A9  Crystallized GCF3.0 hold at optimum nucleation of Tp1 for 4.0  

                                     hours. 
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Appendix Figure A10  Crystallized GCF3.0 hold at optimum nucleation of Tp1 for 10  

                                       hours. 

 

 

 

Appendix Figure A11  Crystallized GCF3.0 hold at optimum nucleation of Tp2 for  

                                       0.5 hours. 

 

 

 

Appendix Figure A12  Crystallized GCF3.0 hold at optimum nucleation of Tp2 for  

                                       1.0 hours. 
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Appendix Figure A13  Crystallized GCF3.0 hold at optimum nucleation of Tp2 for  

                                       2.0 hours. 

                                        

 

 

Appendix Figure A14  Crystallized GCF3.0 hold at optimum nucleation of Tp2 for  

                                       4.0 hours. 

                                        

 

 

Appendix Figure A15  Crystallized GCF3.0 hold at optimum nucleation of Tp2 for 10  

                                       hours. 
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Appendix Figure A16  Crystallized GCF3.5 hold at Tg-30°C for 1.0 hour. 

 

 

 

Appendix Figure A17  Crystallized GCF3.5 hold at Tg-15°C for 1.0 hour. 

                                        

 

 

Appendix Figure A18  Crystallized GCF3.5 hold at Tg°C for 1.0 hour. 
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Appendix Figure A19  Crystallized GCF3.5 hold at Tg+15°C for 1.0 hour. 

 

                                

 

Appendix Figure A20  Crystallized GCF3.5 hold at Tg+30°C for 1.0 hour. 

                                        

                                

 

Appendix Figure A21  Crystallized GCF3.5 hold at optimum nucleation of Tp1 for  

                                       0.5 hours. 
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Appendix Figure A22  Crystallized GCF3.5 hold at optimum nucleation of Tp1 for  

                                       1.0 hours. 

                                        

 

 

Appendix Figure A23  Crystallized GCF3.5 hold at optimum nucleation of Tp1 for  

                                       2.0 hours. 

                                        

 

 

Appendix Figure A24  Crystallized GCF3.5 hold at optimum nucleation of Tp1 for  

                                       4.0 hours. 
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Appendix Figure A25  Crystallized GCF3.5 hold at optimum nucleation of Tp1 for 10  

                                       hours. 

                                        

 

 

Appendix Figure A26  Crystallized GCF3.5 hold at optimum nucleation of Tp2 for  

                                       0.5 hours. 

                                        

 

 

Appendix Figure A27  Crystallized GCF3.5 hold at optimum nucleation of Tp2 for  

                                       1.0 hours. 



 

82 

 

 

Appendix Figure A28  Crystallized GCF3.5 hold at optimum nucleation of Tp2 for  

                                       2.0 hours. 

                                        

 

 

Appendix Figure A29  Crystallized GCF3.5 hold at optimum nucleation of Tp2 for  

                                       4.0 hours. 

                                        

 

 

Appendix Figure A30  Crystallized GCF3.5 hold at optimum nucleation of Tp2 for 10  

                                       hours. 
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Appendix Figure A31  Crystallized GCF4.0 hold at Tg-30
°
C for 1.0 hour. 

                                        

 

 

Appendix Figure A32  Crystallized GCF4.0 hold at Tg-15°C for 1.0 hour. 

                                        

 

 

Appendix Figure A33  Crystallized GCF4.0 hold at Tg
°
C for 1.0 hour. 
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Appendix Figure A34  Crystallized GCF4.0 hold at Tg+15
°
C for 1.0 hour. 

                                        

 

 

Appendix Figure A35  Crystallized GCF4.0 hold at Tg+30
°
C for 1.0 hour. 

                                        

 

 

Appendix Figure A36  Crystallized GCF4.0 hold at optimum nucleation of Tp1 for  

                                       0.5 hours. 
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Appendix Figure A37  Crystallized GCF4.0 hold at optimum nucleation of Tp1 for  

                                       1.0 hours. 

                                        

 

 

Appendix Figure A38  Crystallized GCF4.0 hold at optimum nucleation of Tp1 for  

                                       2.0 hours. 

                                        

 

 

Appendix Figure A39  Crystallized GCF4.0 hold at optimum nucleation of Tp1 for  

                                       4.0 hours. 
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Appendix Figure A40  Crystallized GCF4.0 hold at optimum nucleation of Tp1 for 10  

                                       hours. 

                                        

 

 

Appendix Figure A41  Crystallized GCF4.0 hold at optimum nucleation of Tp2 for  

                                       0.5 hours. 

                                        

 

 

Appendix Figure A42  Crystallized GCF4.0 hold at optimum nucleation of Tp2 for  

                                       1.0 hours. 
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Appendix Figure A43  Crystallized GCF4.0 hold at optimum nucleation of Tp2 for  

                                       2.0 hours. 

                                        

 

 

Appendix Figure A44  Crystallized GCF4.0 hold at optimum nucleation of Tp2 for  

                                       4.0 hours. 

                                        

 

 

Appendix Figure A45  Crystallized GCF4.0 hold at optimum nucleation of Tp2 for 10  

                                       hours. 

                                        

 



 

88 

 

 

Appendix Figure A46  Crystallized GCF4.5 hold at Tg-30
°
C for 1.0 hour. 

                                        

 

 

Appendix Figure A47  Crystallized GCF4.5 hold at Tg-15
°
C for 1.0 hour. 

                                        

 

 

Appendix Figure A48  Crystallized GCF4.5 hold at Tg
°
C for 1.0 hour. 
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Appendix Figure A49  Crystallized GCF4.5 hold at Tg+15
°
C for 1.0 hour. 

                                        

 

 

Appendix Figure A50  Crystallized GCF4.5 hold at Tg+30
°
C for 1.0 hour. 

                                        

 

 

Appendix Figure A51  Crystallized GCF4.5 hold at optimum nucleation of Tp1 for  

                                       0.5 hours. 
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Appendix Figure A52  Crystallized GCF4.5 hold at optimum nucleation of Tp1 for  

                                       1.0 hours. 

                                        

 

 

Appendix Figure A53  Crystallized GCF4.5 hold at optimum nucleation of Tp1 for  

                                       2.0 hours. 

                                        

 

 

Appendix Figure A54  Crystallized GCF4.5 hold at optimum nucleation of Tp1 for  

                                       4.0 hours. 
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Appendix Figure A55  Crystallized GCF4.5 hold at optimum nucleation of Tp1 for 10  

                                       hours. 

                                        

 

 

Appendix Figure A56  Crystallized GCF4.5 hold at optimum nucleation of Tp2 for  

                                       0.5 hours. 

                                        

 

 

Appendix Figure A57  Crystallized GCF4.5 hold at optimum nucleation of Tp2 for  

                                       1.0 hours. 
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Appendix Figure A58  Crystallized GCF4.5 hold at optimum nucleation of Tp2 for  

                                       2.0 hours. 

                                        

 

 

Appendix Figure A59  Crystallized GCF4.5 hold at optimum nucleation of Tp2 for  

                                       4.0 hours. 

                                        

 

 

Appendix Figure A60  Crystallized GCF4.5 hold at optimum nucleation of Tp2 for 10  

                                       hours. 
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Appendix Figure A61  Crystallized GCF5.0 hold at Tg-30
°
C for 1.0 hour. 

                                        

 

 

Appendix Figure A62  Crystallized GCF5.0 hold at Tg-15
°
C for 1.0 hour. 

                                        

 

 

Appendix Figure A63  Crystallized GCF5.0 hold at Tg
°
C for 1.0 hour. 
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Appendix Figure A64  Crystallized GCF5.0 hold at Tg+15
°
C for 1.0 hour. 

                                        

 

 

Appendix Figure A65  Crystallized GCF5.0 hold at Tg+30
°
C for 1.0 hour. 

                                        

 

 

Appendix Figure A66  Crystallized GCF5.0 hold at optimum nucleation of Tp1 for  

                                       0.5 hours. 
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Appendix Figure A67  Crystallized GCF5.0 hold at optimum nucleation of Tp1 for  

                                       1.0 hours. 

                                        

 

 

Appendix Figure A68  Crystallized GCF5.0 hold at optimum nucleation of Tp1 for  

                                       2.0 hours. 

                                        

 

 

Appendix Figure A69  Crystallized GCF5.0 hold at optimum nucleation of Tp1 for  

                                       4.0 hours. 

                                        



 

96 

 

 

Appendix Figure A70  Crystallized GCF5.0 hold at optimum nucleation of Tp1 for 10  

                                       hours. 

                                        

 

 

Appendix Figure A71  Crystallized GCF5.0 hold at optimum nucleation of Tp2 for  

                                       0.5 hours. 

                                        

 

 

Appendix Figure A72  Crystallized GCF5.0 hold at optimum nucleation of Tp2 for  

                                       1.0 hours. 
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Appendix Figure A73  Crystallized GCF5.0 hold at optimum nucleation of Tp2 for  

                                       2.0 hours. 

                                        

 

 

Appendix Figure A74  Crystallized GCF5.0 hold at optimum nucleation of Tp2 for  

                                       4.0 hours. 

                                        

 

 

Appendix Figure A75  Crystallized GCF5.0 hold at optimum nucleation of Tp2 for 10  

                                       hours. 
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Appendix Table A1  Data of optimum nucleation temperature determination of  

                                    heated GCF3.0 at Tp1. 

 

Temperature with  

hold on 1 hour  (°C) 
Tp1 Tp1

*
 Tp1

*
-Tp1 

Tg-30  
782.944 784.39 1.446 

Tg-15  
782.944 785.366 2.422 

Tg  
782.944 786.341 3.397 

Tg+15  
782.944 782.764 -0.18 

Tg+30  
782.944 780.976 -1.968 

 

Appendix Table A2  Data of optimum nucleation temperature determination of  

                    heated GCF3.0 at Tp2. 

 

 Temperature with  

hold on 1 hour (°C) 
Tp2 Tp2

*
 Tp2

*
-Tp2 

Tg-30  
899.479 890.732 -8.747 

Tg-15  
899.479 891.707 -7.772 

Tg  
899.479 892.683 -6.796 

Tg+15  
899.479 892.764 -6.715 

Tg+30  
899.479 891.87 -7.609 

 

Appendix Table A3  Data of optimum nucleation temperature determination of  

                    heated GCF3.5 at Tp1. 

 

 Temperature with  

hold on 1 hour (°C) 
Tp1 Tp1

*
 Tp1

*
-Tp1 

Tg-30 777.583 771.963 -5.62 

Tg-15 777.583 777.103 -0.48 

Tg 777.583 781.288 3.705 

Tg+15 777.583 780.488 2.905 

Tg+30 777.583 779.512 1.929 
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Appendix Table A4  Data of optimum nucleation temperature determination of  

                                    heated GCF3.5 at Tp2. 

 

  Temperature with  

hold on 1 hour (°C) 
Tp2 Tp2

*
 Tp2

*
-Tp2 

Tg-30 876.024 873.171 -2.853 

Tg-15 876.024 874.146 -1.878 

Tg 876.024 877.073 1.049 

Tg+15 876.024 877.873 1.849 

Tg+30 876.024 876.098 0.074 

 

Appendix Table A5  Data of optimum nucleation temperature determination of  

                    heated GCF4.0 at Tp1. 

 

 Temperature with  

hold on 1 hour (°C) 
Tp1 Tp1

*
 Tp1

*
-Tp1 

Tg-30  776.890 774.869 -2.023 

Tg-15  776.890 775.952 -0.94 

Tg  776.890 776.664 -0.228 

Tg+15  776.890 778.174 1.282 

Tg+30  776.890 776.323 -0.569 

 

Appendix Table A6  Data of optimum nucleation temperature determination of  

                    heated GCF4.0 at Tp2. 

 

Temperature with  

hold on 1 hour (°C) 
Tp2 Tp2

*
 Tp2

*
-Tp2 

Tg-30  776.890 879.251 -2.163 

Tg-15  776.890 879.532 -1.882 

Tg  776.890 879.977 -1.437 

Tg+15  776.890 882.159 0.745 

Tg+30  776.890 879.783 -1.631 
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Appendix Table A7  Data of optimum nucleation temperature determination of  

                                    heated GCF4.5 at Tp1. 

 

 Temperature with  

hold on 1 hour (°C) 
Tp1 Tp1

*
 Tp1

*
-Tp1 

Tg-30  765.489 763.446 -2.043 

Tg-15 765.489 765.854 0.365 

Tg 765.489 766.770 1.281 

Tg+15 765.489 767.750 2.261 

Tg+30 765.489 767.166 1.677 

 

Appendix Table A8  Data of optimum nucleation temperature determination of  

                    heated GCF4.5 at Tp2. 

 

Temperature with  

hold on 1 hour (°C) 
Tp2 Tp2

*
 Tp2

*
-Tp2 

Tg-30 870.894 867.210 -3.684 

Tg-15 870.894 867.539 -3.355 

Tg 870.894 867.982 -2.912 

Tg+15 870.894 868.726 -2.168 

Tg+30 870.894 868.454 -2.44 

 

Appendix Table A9  Data of optimum nucleation temperature determination of  

                    heated GCF5.0 at Tp1. 

 

Temperature with  

hold on 1 hour (°C) 
Tp1 Tp1

*
 Tp1

*
-Tp1 

Tg-30 
755.521 756.976 1.455 

Tg-15 
755.521 757.301 1.780 

Tg 
755.521 757.973 2.452 

Tg+15 
755.521 758.155 2.634 

Tg+30 
755.521 757.154 1.633 
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Appendix Table A10  Data of optimum nucleation temperature determination of  

                                      heated GCF5.0 at Tp2. 

 

Temperature with  

hold on 1 hour (°C) 
Tp2 Tp2

*
 Tp2

*
-Tp2 

Tg-30 
864.390 864.030 -0.36 

Tg-15 
864.390 864.677 0.287 

Tg 
864.390 865.256 0.866 

Tg+15 
864.390 864.740 0.35 

Tg30 
864.390 864.300 -0.09 

 

Appendix Table A11  Data of optimum nucleation time determination of heated  

                      GCF3.0 at Tp1. 

 

Time (hour) Tp1 Tp1
*
 Tp1

*
-Tp1 

0.5 755.521 759.633 4.112 

1.0 755.521 761.987 6.466 

2.0 755.521 763.451 7.93 

4.0 755.521 764.688 9.167 

10.0 755.521 763.902 8.381 

 

Appendix Table A12  Data of optimum nucleation time determination of heated  

                      GCF3.0 at Tp2. 

 

Time (hour) Tp2 Tp2
*
 Tp2

*
-Tp2 

0.5 863.916 863.328 -0.588 

1.0 863.916 865.267 1.351 

2.0 863.916 866.932 3.016 

4.0 863.916 868.932 5.016 

10.0 863.916 871.845 7.929 
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Appendix Table A13  Data of optimum nucleation time determination of heated  

                                      GCF3.5 at Tp1. 

 

Time (hour) Tp1 Tp1
*
 Tp1

*
-Tp1 

0.5 778.537 779.512 0.975 

1.0 778.537 779.921 1.384 

2.0 778.537 780.488 1.951 

4.0 778.537 774.634 -3.903 

10.0 778.537 768.932 -9.605 

 

Appendix Table A14  Data of optimum nucleation time determination of heated  

                      GCF3.5 at Tp2. 

   

Time (hour) Tp2 Tp2
*
 Tp2

*
-Tp2 

0.5 874.797 875.122 0.325 

1.0 874.797 876.722 1.925 

2.0 874.797 878.668 3.871 

4.0 874.797 879.336 4.539 

10.0 874.797 880.142 5.345 

 

Appendix Table A15  Data of optimum nucleation time determination of heated  

                      GCF4.0 at Tp1. 

   

Time (hour) Tp1 Tp1
*
 Tp1

*
-Tp1 

0.5 776.892 776.759 -0.133 

1.0 776.892 776.854 -0.038 

2.0 776.892 779.203 2.311 

4.0 776.892 783.052 6.16 

10.0 776.892 781.458 4.566 
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Appendix Table A16  Data of optimum nucleation time determination of heated  

                                      GCF4.0 at Tp2. 

 

Time (hour) Tp2 Tp2
*
 Tp2

*
-Tp2 

0.5 881.414 869.144 -12.27 

1.0 881.414 873.463 -7.951 

2.0 881.414 875.475 -5.939 

4.0 881.414 876.667 -4.747 

10.0 881.414 878.455 -2.959 

 

Appendix Table A17  Data of optimum nucleation time determination of heated  

                                      GCF4.5 at Tp1. 

 

Time (hour) Tp1 Tp1
*
 Tp1

*
-Tp1 

0.5 765.489 763.902 -1.587 

1.0 765.489 767.367 1.878 

2.0 765.489 768.78 3.291 

4.0 765.489 769.756 4.267 

10.0 765.489 766.854 1.365 

 

Appendix Table A18  Data of optimum nucleation time determination of heated  

                      GCF4.5 at Tp2. 

 

Time (hour) Tp2 Tp2
*
 Tp2

*
-Tp2 

0.5 869.593 866.896 -2.697 

1.0 869.593 868.650 -0.943 

2.0 869.593 870.339 0.746 

4.0 869.593 872.247 2.654 

10.0 869.593 873.712 4.119 
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Appendix Table A19  Data of optimum nucleation time determination of heated  

                                      GCF5.0 at Tp1. 

 

Time (hour) Tp1 Tp1
*
 Tp1

*
-Tp1 

0.5 781.463 784.390 2.927 

1.0 781.463 785.366 3.903 

2.0 781.463 786.341 4.878 

4.0 781.463 785.336 3.873 

10.0 781.463 775.610 -5.853 

 

Appendix Table A20  Data of optimum nucleation time determination of heated  

                      GCF5.0 at Tp2. 

 

Time (hour) Tp2 Tp2
*
 Tp2

*
-Tp2 

0.5 889.479 891.792 2.313 

1.0 889.479 892.683 3.204 

2.0 889.479 893.659 4.180 

4.0 889.479 895.108 5.629 

10.0 889.479 897.064 7.585 
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Appendix Figure A76  Analysis optimum nucleation temperature heated GCF3.0 of  

                                       Tp1. 

                                        

 

 

 

Appendix Figure A77  Analysis optimum nucleation temperature heated GCF3.0 of  

                                       Tp2. 

 

 

 

Appendix Figure A78  Analysis optimum nucleation temperature heated GCF3.5  

                                       of Tp1. 
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Appendix Figure A79  Analysis optimum nucleation temperature heated GCF3.5 of  

                                       Tp2. 

                                        

 

 

Appendix Figure A80  Analysis optimum nucleation temperature heated GCF4.0 of  

                                       Tp1. 

 

 

 

Appendix Figure A81  Analysis optimum nucleation temperature heated GCF4.0 of  

                                       Tp2. 
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Appendix Figure A82  Analysis optimum nucleation temperature heated GCF4.5 of  

                                       Tp1. 

                                        

 

 

Appendix Figure A83  Analysis optimum nucleation temperature heated GCF4.5 of  

                                       Tp2. 

                                        

 

 

Appendix Figure A84  Analysis optimum nucleation temperature heated GCF5.0 of  

                                       Tp1. 
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Appendix Figure A85  Analysis optimum nucleation temperature heated GCF5.0 of  

                                       Tp2. 

                                        

 

 

Appendix Figure A86  Analysis optimum nucleation time heated GCF3.0 of Tp1. 

                                        

 

 

Appendix Figure A87  Analysis optimum nucleation time heated GCF3.0 of Tp2. 
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Appendix Figure A88  Analysis optimum nucleation time heated GCF3.5 of Tp1. 

                                        

 

 

Appendix Figure A89  Analysis optimum nucleation time heated GCF3.5 of Tp2. 

                                        

 

 

Appendix Figure A90  Analysis optimum nucleation time heated GCF4.0 of Tp1. 
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Appendix Figure A91  Analysis optimum nucleation time heated GCF4.0 of Tp2. 

                                        

 

 

Appendix Figure A92  Analysis optimum nucleation time heated GCF4.5 of Tp1. 

                                        

 

 

Appendix Figure A93  Analysis optimum nucleation time heated GCF4.5 of Tp2. 
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Appendix Figure A94  Analysis optimum nucleation time heated GCF5.0 of Tp1. 

                                        

 

 

Appendix Figure A95  Analysis optimum nucleation time  heated GCF5.0 of Tp2. 
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Appendix B  

Crystalline phase results 

                                     



Appendix Table B1  ICDD Powder Diffraction file No.03-0559.  

 

Angle (2θ) Intensity 

28.774 100 

36.648 50 

43.470 30 

46.281 30 

 

Appendix Table B2  ICDD Powder Diffraction file No.25-0155.  

 

Angle (2θ) Intensity 

9.110 100 

27.594 70 

29.160 15 

40.041 10 

40.416 10 
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Appendix Table B3  ICDD Powder Diffraction file No.46-0744.  

 

Angle (2θ) Intensity 

20.020 13 

22.029 13 

23.797 72 

24.440 13 

26.560 26 

27.756 100 

30.318 10 

34.967 20 

35.685 13 

38.148 5 

40.889 6 

51.545 7 

 

Appendix Table B4  ICDD Powder Diffraction file No.48-1477. 

 

Angle (2θ) Intensity 

29.970 89 

34.740 100 

62.280 18 

73.330 7 
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Appendix Table B5  ICDD Powder Diffraction file No.71-1083. 

 

Angle (2θ) Intensity 

22.569 79 

31.921 71 

35.268 80 

36.093 100 

39.208 39 

42.099 21 

46.991 3 

55.480 10 

57.375 18 

 

Appendix Table B6  ICDD Powder Diffraction file No. 80-0573. 

 

Angle (2θ) Intensity 

36.405 25 

36.926 100 

43.653 22 

53.056 30 

53.371 52 

67.481 34 
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Appendix Table B7  ICDD Powder Diffraction file No. 82-1556. 

 

Angle (2θ) Intensity 

22.656 100 

29.066 15 

33.108 19 

36.397 19 

49.693 6 

63.417 6 

 

Appendix Table B8  ICDD Powder Diffraction file No. 82-1646. 

 

Angle (2θ) Intensity 

30.617 100 

39.982 25 

45.850 36 

49.346 12 

60.828 45 

63.744 14 

69.891 7 

77.958 17 

78.206 15 

 

Appendix Table B9  ICDD Powder Diffraction file No. 83-0557. 

 

Angle (2θ) Intensity 

25.859 40 

31.912 100 

32.239 49 

33.084 67 

49.564 36 
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Appendix C  

Biaxial flexural strength, Vickers microhardness  

and fracture toughness results 
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Appendix Table C1  The biaxial flexural strength of glass-ceramics. 

  

Sample No. 

Maximum center tensile stress (MPa) 

GCF3.0 GCF3.5 GCF4.0 GCF4.5 GCF5.0 

Tp1 Tp2 Tp1 Tp2 Tp1 Tp2 Tp1 Tp2 Tp1 Tp2 

1 160.44 128.88 155.83 148.53 162.69 150.98 129.18 125.48 133.47 111.67 

2 144.54 153.36 163.60 155.19 157.90 149.29 128.76 100.93 133.25 102.65 

3 151.19 142.08 151.88 155.23 157.15 135.58 130.71 119.43 132.22 122.10 

4 135.03 145.25 157.82 149.62 157.49 145.02 125.95 126.93 128.33 123.24 

5 136.31 120.99 165.78 159.33 135.59 153.70 133.80 146.81 127.16 109.78 

6 146.97 120.57 148.79 153.00 142.09 159.49 130.23 116.05 134.62 125.50 

7 160.51 132.78 149.62 140.23 161.08 152.86 135.78 128.25 127.53 118.24 

8 152.54 147.18 163.85 164.64 167.95 147.70 138.66 134.85 133.38 115.53 

9 131.73 112.97 157.82 139.73 132.20 127.36 117.84 82.77 110.68 91.37 

10 171.10 162.35 165.78 175.93 177.33 169.74 154.93 147.84 152.79 138.76 

σAvg 148.44 136.39 157.15 153.22 155.24 149.33 131.63 124.84 131.24 116.09 

STDEV 9.70 12.37 6.73 7.36 10.86 7.05 4.15 13.51 3.04 7.75 
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Appendix Table C2  The Vickers microhardness of glass-ceramics. 

 

Sample No. 

Vickers microhardness (GPa) 

GCF3.0 GCF3.5 GCF4.0 GCF4.5 GCF5.0 

Tp1 Tp2 Tp1 Tp2 Tp1 Tp2 Tp1 Tp2 Tp1 Tp2 

1 2.44 3.06 3.50 2.33 2.80 2.75 3.12 2.57 2.80 2.61 

2 3.01 2.8 3.50 2.44 3.18 3.01 3.18 2.95 3.01 2.33 

3 3.06 3.43 3.36 3.12 3.18 3.01 3.01 2.80 2.80 2.26 

4 3.24 3.3 3.06 3.12 3.30 3.50 3.18 2.90 3.30 3.01 

5 2.61 3.5 2.95 2.70 3.43 2.80 3.24 2.70 3.18 2.29 

6 3.36 2.75 4.12 3.24 3.95 2.57 2.85 3.24 2.95 3.06 

7 3.06 2.75 3.79 3.01 3.12 2.53 3.24 2.90 2.75 2.95 

8 2.75 2.9 3.18 2.95 3.36 2.70 3.12 2.90 2.61 2.95 

9 3.24 2.29 3.50 2.90 3.18 3.06 3.06 2.57 2.85 3.12 

10 3.43 2.52 4.12 2.75 3.43 2.61 3.30 2.70 2.75 2.80 

σAvg 3.02 2.93 3.51 2.86 3.29 2.85 3.13 2.84 2.90 2.74 

STDEV 0.33 0.39 0.40 0.30 0.30 0.30 0.13 0.20 0.21 0.34 
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Appendix Table C3  The fracture toughness of glass-ceramics. 

 

Sample No. 

 

Fracture toughness (MPa·m1/2
) 

GCF3.0 GCF3.5 GCF4.0 GCF4.5 GCF5.0 

Tp1 Tp2 Tp1 Tp2 Tp1 Tp2 Tp1 Tp2 Tp1 Tp2 

1 1.34 1.59 1.6 1.1 0.9 1.29 1.27 1.64 1.27 1.09 

2 1.58 1.48 1.59 1.34 0.95 0.83 1.04 1.24 0.64 1.58 

3 1.12 1.24 1.09 1.05 1.2 1.38 1.36 1.48 1.07 1.05 

4 1.12 1.64 1.29 1.18 1.71 1.23 0.95 1.59 1.05 1.6 

5 1.02 0.83 1.18 1.58 1.27 1.42 1.36 1.26 0.82 1.34 

6 1.22 1.34 2.57 1.62 1.28 1.32 1.36 1.32 1.27 0.67 

7 0.93 1.32 1.73 1.76 1.81 0.78 1.69 1.34 0.94 1.03 

8 1.6 1.26 0.97 1.37 1.19 1.29 1.03 0.83 0.94 1.79 

9 1.61 1.31 1.54 1.5 1.65 1.63 0.68 1.44 1.3 1.64 

10 1.47 1.27 1.32 1.36 0.9 2.38 2.00 0.97 1.35 1.04 

σAvg 1.30 1.33 1.49 1.39 1.35 1.35 1.27 1.31 1.06 1.28 

STDEV 0.25 0.22 0.45 0.23 0.32 0.44 0.38 0.25 0.23 0.36 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix D  

Coefficient of thermal expansion results 
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Appendix Figure D1  Coefficient of thermal expansion of heat-treated GCF3.0 at Tp1  

                                     by dilatometer. 

 

 

 

Appendix Figure D2  Coefficient of thermal expansion of heat-treated GCF3.0 at Tp2  

                                     by dilatometer. 
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Appendix Figure D3  Coefficient of thermal expansion of heat-treated GCF3.5 at Tp1  

                                     by dilatometer. 

 

 

 

Appendix Figure D4  Coefficient of thermal expansion of heat-treated GCF3.5 at Tp2  

                                     by dilatometer
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Appendix Figure D5  Coefficient of thermal expansion of heat-treated GCF4.0 at Tp1  

                                     by dilatometer. 

 

 

 

Appendix Figure D6  Coefficient of thermal expansion of heat-treated GCF4.0 at Tp2  

                                     by dilatometer. 
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Appendix Figure D7  Coefficient of thermal expansion of heat-treated GCF4.5 at Tp1  

                                     by dilatometer. 

 

 

 

Appendix Figure D8  Coefficient of thermal expansion of heat-treated GCF4.5 at Tp2  

                                     by dilatometer. 
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Appendix Figure D9  Coefficient of thermal expansion of heat-treated GCF5.0 at Tp1  

                                     by dilatometer. 

 

 

 

Appendix Figure D10  Coefficient of thermal expansion of heat-treated GCF5.0 at  

                                       Tp2 by dilatometer. 
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Appendix E 

Chemical solubility results 
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Appendix Table E1  Chemical solubility of all glass-ceramics in 4%(v/v) acetic  

                                   acid. 

 

Sample No. Chemical solubility in 4%(v/v) acetic acid (µg·cm
-2

) 

GCF3.0 GCF3.5 GCF4.0 GCF4.5 GCF5.0 

Tp1 T p2 T p1 T p2 T p1 T p2 T p1 T p2 T p1 T p2 

1 376 1697 1839 813 1824 916 1699 440 617 475 

2 349 1685 1842 898 1753 964 1683 428 617 433 

3 335 1632 1799 825 1705 979 1703 411 665 429 

4 316 1644 1928 873 1829 942 1678 483 632 422 

5 321 1699 1772 863 1728 971 1733 442 648 421 

Avg 339 1671 1836 854 1768 954 1699 441 636 436 

STDEV 24 31 59 35 56 25 22 27 21 22 

 

 

Appendix Table E2  Chemical solubility of all glass-ceramics in distilled water. 

 

Sample No. 

Chemical solubility in water (µg∙·cm
-2

) 

GCF3.0 GCF3.5 GCF4.0 GCF4.5 GCF5.0 

T p1 T p2 T p1 T p2 T p1 T p2 T p1 T p2 T p1 T p2 

1 50 50 47 32 31 18 28 19 24 12 

2 58 42 66 52 32 28 33 22 36 5 

3 70 30 51 39 42 49 29 31 21 1 

4 71 40 50 26 25 39 40 42 28 11 

5 67 44 41 34 31 30 24 34 19 2 

Avg 63 41 51 36 32 33 31 30 25 6 

STDEV 9 7 9 10 6 12 6 9 7 5 
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Appendix Table E3  Chemical solubility of all glass-ceramics in 0.1M sodium  

                                   hydroxide. 

 

Sample No. 

Chemical solubility in 0.1M sodium hydroxide (µg·cm
-2

) 

GCF3.0 GCF3.5 GCF4.0 GCF4.5 GCF5.0 

Tp1 Tp2 T p1 T p2 T p1 T p2 T p1 T p2 T p1 T p2 

1 275 41 51 23 68 83 86 17 42 13 

2 343 28 220 96 39 39 46 31 30 14 

3 325 65 117 28 89 13 28 24 15 23 

4 267 52 174 18 54 14 9 29 22 32 

5 283 48 197 29 64 25 62 35 11 10 

Avg 298 47 152 39 63 35 46 27 24 19 

STDEV 33 14 68 32 19 29 30 7 12 9 
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