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TC  Crystallization temperature 

Tg  Glass transition temperature  

Tl  Liquidus temperature 

Tm  Melting temperature 

TN  Nucleation temperature 

TNC  Nucleation/crystallization temperature 

To  Onset of peak crystallization temperature 

Tp  Exothermic peak temperature (from DTA curves) 

Trg  Reduced glass transition temperature 

Ts  Softening temperature 

t  Time 

U  Growth rate  
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v  DTA heating rate 

Vm  Molar volume of the crystal phase 

W*  Thermodynamic  

w2  Criterion of Glass Forming Ability 

x  Crystallized fraction volume 

α  Absorption coefficient   

2  Criterion of Glass Forming Ability 

ΔGD  Kinetic free energy  

ΔTo  Supercooled liquid region  

Δw  Full-width 

ΔG  Bulk free energy change per mole in crystallization  

γ  Criterion of Glass Forming Ability 

σ  Crystal-liquid interfacial free energy per unit area 

θ  Contact angle 
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General introduction 

Modern science and technology constantly require new materials with special 

properties to achieve magnificent innovations. This development centers on the 

improvement of scientific and technological fabrication and working procedures. That 

means rendering them economically more favorable, and better in quality. In this context, 

the development of materials with the excellent mechanical, optical and ability to inhibit 

bacterial growth has been of great interest in recent years due to their potential use in 

everyday products. In this sense, glasses and glass ceramics (GCs) are interesting 

alternatives due to their high chemical durability, structural possibility, forming ability, 

hardness and transparency. They can be used as worktops, surface of implants, touch screens, 

bathroom and kitchen surfaces, pharmaceutical and cosmetic bottles etc. [1–4]. 

Among the different glass ceramic (GC) systems, the most commercially successful is 

the Li2OAl2O3SiO2, Lithium-aluminosilicate (LAS) system, and the MgOAl2O3SiO2, 

Magnesium-aluminosilicate (MAS) system. The LAS system is of particular importance 

from a technological viewpoint. Over the past three decades, much attention has been paid 

to the crystal phases and properties of this material due to their excellent thermo-physical 

properties [5–7]. Otherwise, MAS system was also attracted great attention owing to its good 

mechanical properties [8,9]. However, it still has many disadvantages, such as high cost of 

machining and high melting temperature, which limit its development. The addition of MgO 

to the LAS system, forming a Li2OMgOAl2O3SiO2 (LMAS) system which helps to 

decrease the crystallization temperature and, lower the batch material cost [10], had been 

rarely studied [11,12]. In addition, since the nucleation and crystallization of these systems 

are complicated, the progress in developing these kinds of glass ceramics has been rather 

slow. Different nucleating agents are normally employed being TiO2, ZrO2, F and P2O5 the 

most frequently used to increase the crystalline phases in GC systems. It is well known that 

additions of P2O5 to certain silicate glass compositions promote volume nucleation and GC 

formation and markedly increases the crystal nucleation rate [13]. In addition, the presence 

of fluorine in the base glass (BG) enhances phase separation, reduces the crystallizing 

temperature, refines the microstructure and improves the physical and mechanical properties 

of the GCs [14,15]. The fluorine content variation has a significant influence on the 

crystallization kinetics as well as crystal morphology [16]. Crystallization is accomplished 

by subjecting appropriate glasses to a carefully regulated heat-treatment schedules resulting 



General introduction 

 

3 

 

in the nucleation and growth of crystal phases within the glass [17]. The variety of crystalline 

phases in LMAS and MAS materials leads to a wide variation in thermal and mechanical 

properties. Beside the latter properties, glass and glass ceramic materials are also a special 

class of biocide materials developed with keen interest due to the extended duration of their 

bactericide action. One method of developing biocide properties in these materials consists 

of incorporating metallic ions capable of eliminating bacteria (bactericide elements) into the 

glass structure. Among those metallic ions, antibacterial property of silver ions (Ag) were 

known since ancient times [18] and can be gained to the glasses either by doping Ag ions to 

the glass network (their biocidal action is then much longer lasting, since they are released 

progressively as the glass dissolves) or coating metal oxides to the glass surface (their effect 

is then limited in time, since they may be progressively washed-out) [19]. 

Pointing out the need for further research in the strategies to treat contamination, this 

work is focused on the development of an antibacterial glass ceramic that could be used for 

medical and kitchenware applications. This study was carried out with an effort to show that 

LMAS and MAS glass ceramics can be new candidate materials for biological applications 

besides their excellent thermo-physical, optical and mechanical properties. Through the 

single stage heat treatment of these materials, so as to guarantee the maximum nucleation of 

the base glass and to limit growth of nuclei, we expect to simultaneously obtain high 

transmittance for these glass ceramics. We have selected silver to obtain biocide coatings, a 

simple and low-cost method to obtain silver dispersed nanoparticles attached to the surface 

of base glass and glass ceramic. The biocide activity of the coatings was studied against 

Escherichia coli (Gram-negative bacteria).  

The main objectives of this research are: 

i. To elaborate glass ceramics in the MAS and LMAS systems by controlled 

crystallization 

ii. To study the effect of heat-treatment on the crystallization of both systems 

iii. To study the nucleation and crystallization mechanism of glass ceramics 

through kinetic characterization  

iv. To study the effect of nucleating agents (P2O5 and F) on the crystallization 

kinetics and mechanical properties of both glass ceramics 
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v. To study the optical and mechanical properties of the produced MAS and 

LMAS glass ceramics  

vi. To study the biocide activity of these glass ceramics after silver coating 

vii. To compare the different properties of the base glasses (BGs) with those of the 

corresponding glass ceramics 

The dissertation contents are divided into five sections based on the outcomes of the 

experimental results and discussions from this study, including an introduction section, three 

chapters and a conclusion section in comparison of the results obtained for both glass 

ceramic systems.  

A brief description of each chapter is presented here. 

Chapter I presents relevant literature with a focus on MAS and LMAS glass ceramic 

materials. The study on the kinetics of a glass by non-isothermal method was explained. In 

addition, the fabrication techniques (nucleation and crystal growth) and the different 

properties and application of glass ceramics were also reviewed. 

Chapter II presents the details of the fabrication works used, encompasses preparation of 

base glasses and the corresponding glass ceramics. The experimental techniques used, 

including characterization of base glasses and glass ceramics as well as thermal, structural 

and microstructural measurements as determined by means of differential thermal analysis 

(DTA), Hot-stage microscopy (HSM), dilatometrie, X-ray diffraction (XRD), Field emission 

scanning electronic microscopy (FE-SEM), Raman and Fourier-Transform Infrared (FTIR) 

spectroscopies, are also presented here. The measurements of optical, mechanical and 

biological properties of base glasses and the corresponding glass ceramics of both systems 

were also performed. 

Chapter III presents the different results obtained from the different characterization 

methods of LMAS and MAS base glasses and the corresponding glass ceramic and their 

discussion. The influence of the chemical composition, nucleating agents (P2O5 and F) and 

heat-treatments on the characteristics of the obtained glass ceramics are also reported and 

discussed. The obtained optical, mechanical and physical properties and their relationship 

with structural changes are also discussed. The crystallization kinetics of both systems are 

studied. Moreover, a comparison of the different properties of the base glasses with those of 

the corresponding glass ceramics is reported. 
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Chaptre I: Glass ceramic 

I.1 Introduction 

The literature survey in this chapter presents an overview of the processing of glass 

ceramics. The relationships between the properties of glass ceramics and their constitutions are 

also covered, with particular focus on glass ceramics of MgOAl2O3SiO2 (MAS) and 

LiO2MgOAl2O3SiO2 (LMAS) systems. This chapter also provides a comprehensive review 

on the history of glass ceramic materials with the emphasis on the relationships between 

thermo-mechanical properties, phases and microstructure. 

I.2 Historical 

Glass ceramics are polycrystalline solids prepared by the controlled crystallization of 

glasses. Crystallization is accomplished by subjecting suitable glasses to a carefully regulated 

heat-treatment schedules which result in the nucleation and growth of crystal phases within the 

glass [6]. 

If the French chemist Réaumur [20] in the 18th century was the first to be interested in 

the crystallization of glasses in order to make porcelain, it is the American Stanley Donald 

Stookey [21] who accidentally discovered glass ceramic in 1953. Stookey at the time was not 

primarily interested in ceramics. He was preoccupied in precipitating silver particles in glass in 

order to achieve a permanent photographic image. He was studying as host glasses lithium 

silicate compositions. The story is that the young researcher at Corning Glass Works, meant to 

anneal a piece of glass sample (a lithium silicate) in order to precipitate silver particles (meant 

to form a permanent photographic image) in a furnace at 600 °C. He accidentally overheated 

the glass to about 900 °C due to a programming error of the furnace. Surprisingly, he observed 

a white material that had not changed in shape. He immediately recognized it as a ceramic, 

evidently produced without distortion from the original glass article. A second serendipitous 

event then occurred. He dropped the sample accidentally, and it sounded more like metal than 

glass. He then realized that the ceramic he had produced had unusual strength [22,23]. In a 

further research effort he found that similar results may be obtained by using special additives, 

so-called nucleating agents, instead of the photo-nucleation process [24,25]. 

Stookey recalled that lithium alumino-silicate crystals had been reported with very low 

thermal expansion characteristics. He soon found that silver or other colloidal metals are not 
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effective in nucleation of these alumino-silicate crystals. He, therefore, tried adding titania as a 

nucleating agent in alumino-silicate glasses and discovered it to be amazingly effective. Strong 

and thermal shock-resistant glass ceramics were then developed commercially within a year or 

two of this work with well-known products, such as rocket nose cones and Corning Ware 

cookware resulting [21]. More recently, glass ceramic processing has been greatly extended to 

include non-silicates and even non-oxide compositions, and to include the preparation of the 

precursor glasses by sol-gel technique, chemical vapor deposition, and other means of 

production of the base glasses are possible [26].  

Numerous researchers have investigated the crystallization of glasses, and many 

functional glass ceramics have been developed commercially so far [27,28]. One strong 

motivation for the development of glass ceramics is to improve mechanical properties of base 

glasses, e.g., improvements of hardness and fracture toughness of glasses due to the design and 

control of the microstructure of glass ceramics. Another attractive motivation is to develop new 

optical, electrical, and magnetic active glass related materials through the crystallization of 

glasses. For example, various glass ceramics exhibiting second harmonic generation (SHG) and 

ferro-electricity have been developed so far [29–32]. Although the development of glass 

ceramics is complicated and time consuming, the wide spectrum of their chemical synthesis is 

useful for achieving different properties [23]. 

I.3 Definition 

Glass ceramic materials are fine grained polycrystalline solid containing residual glass 

phase. The precursor glass is melted, quenched and shaped, then is thermally converted into a 

composite material with a crystalline phase dispersed within a glass matrix [33]. Glass ceramics 

always contain a residual glassy phase and one or more embedded crystalline phases, with 

widely varying crystallinity ranging from 0.5 % to 99.5 %, most frequently 30–70 %. The new 

crystals produced in this way grow directly in the glass phase, and at the same time slowly 

change the composition of the remaining glass. 

The main advantages of glass ceramics are that, in principle they can be produced by any 

glass forming technique, their nano- or micro-structure can be designed for a given application, 

they have zero or very low porosity, and the desired properties can be combined, including very 

low thermal expansion coefficient with transparency in the visible wavelength range, for 

instance, for cooking ware, or very high strength and toughness with translucency, 

biocompatibility chemical durability, and relatively low hardness, for instance, for dental 
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applications [6,23,34]. For all these reasons, glass ceramics have found numerous applications, 

from domestic products to high-tech areas, such as large telescopic mirrors, substrates of hard 

disks, and bones substitutions. 

I.4 Factors of design of glass ceramics 

According to W. Höland and G.H. Beall [35] « Microstructure is of equal importance to 

composition ». In the design of glass ceramics, the two most important factors are composition 

and microstructure. This feature is the key to most mechanical and optical properties, and it can 

promote or diminish the characteristics of key crystals in glass ceramics [36]. The development 

of a glass ceramic generally takes place in three stages [37]: 

i) choice of the composition of the base glass to obtain the desired crystalline phase; 

ii) synthesis of the parent glass by a melting process (+ possible quenching) and then 

shaping (mold); 

iii) Crystallization of the glass, the heat-treatment will be chosen according to the 

mechanism of crystallization engaged and the desired microstructure. 

I.4.1 Composition of parent glasses 

The bulk chemical composition controls the ability to form a glass and determines its 

degree of workability. It also determines whether internal or surface nucleation can be achieved. 

The choice of composition may be limited by the desired glass forming process, which requires 

a glass of specific stability towards devitrification, as indicated by its liquidus-viscosity 

relationship [6]. 

I.4.2 Preparation of parent glass 

Glasses are made by heating together a mixture of raw materials at a sufficiently high 

temperature to permit the material to react with one another and to encourage the escape of gas 

bubbles from the melt; this latter is referred to as refining the glass. The refining stage is 

followed by cooling the glass to its working temperature. The simplest shaping operation 

available to the glass maker is that of casting. During the shaping of glass, internal stresses are 

produced due to the presence of temperature gradient within the glass during cooling, and these 

stresses must be removed by annealing or they make result in fracture of the glass. The stresses 
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are relaxed due to viscous flow and the glass is then cooled at a sufficiently slow rate to prevent 

the establishment of large temperature gradients within it. 

I.4.3 Crystallization 

The heat-treatment process is a critical stage in the production of a glass ceramic and must 

be carefully controlled to ensure that the desired types and proportions of crystals are formed. 

The term crystallization actually refers to a combination of two processes: nucleation and 

crystal growth [38]. Nucleation and crystallization can be described as the thermal and kinetic 

processes which allows the formation from a structurally disordered phase, a stable solid phase 

with a regular ordered geometry [39]. 

Microstructure, which includes the geometric arrangement of the crystalline phases and 

the distribution of the residual glass, can be made to complement or take advantage of the 

properties of particular phases. Complete transparency in polycrystalline silicate ceramics 

depends on a microstructure with particles well below the wavelength of light, and thus far this 

has only been achieved in highly efficiently nucleated glass ceramics [6]. Microstructure plays 

a key role in determining the ultimate properties of glass ceramic materials. A wide variety of 

microstructural configurations can result from tailoring both composition and thermal 

treatment. Either surface nucleation/crystallization or internal nucleation or a combination of 

both can be used to design a glass ceramic with the desired properties [36].  

Most types of microstructures that form in glass ceramics cannot be produced in any other 

material. The glass phases may themselves demonstrate different structures. Furthermore, they 

may be arranged in the microstructure in different morphological ways. Crystal phases possess 

an even wider variety of characteristics. They may demonstrate special morphologies related to 

their particular structures, as well as considerable differences in appearance depending on their 

mode of growth.  

I.5 The glass ceramic process  

The glass may be partially devitrified, either by heat-treatment or by irradiation with a 

pulsed femtosecond laser [40–42], or by the joint use of a UV laser and heat-treatment [43]. 

The most common method, which is also the one we will use, is devitrification by heat-

treatment. The glass ceramic process comprises the preparation of a homogeneous glass, the 

shaping of the glass to produce the required articles and, finally, the application of a controlled 

heat-treatment process to convert the glass into microcrystalline glass ceramic. 
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I.5.1 The heat-treatment process 

Two processes cause a phase separation in glassy systems: 

i) The nucleation / crystal growth process; 

ii) The process of spinodal decomposition. 

Size, dispersion state, chemical composition, and morphology (i.e., droplet type or spinodal 

type) of phase separated regions vary with the chemical composition of base glasses and heat-

treatment conditions, and thus a deep understanding of phase separation in a given glass is 

required for the design and control of the crystallization of glasses [44,45].  

I.5.1.1 Nucleation / crystal growth process 

The scientific basis for the crystallization of undercooled liquids were established by 

Tamman [46], whose investigations showed the existence of two mechanisms involved in 

“devitrification”, namely (Figure I-1): i) Nucleation of embryos, germes, and nucleus and, ii) 

Growth of crystals over the former particles. 

 

Figure I-1 From glass to glass ceramic: (a) Nuclei formation, (b) crystal growth on nuclei,              

and (c) glass ceramic microstructure [23] 

However, the general theories on nucleation and crystallization in glasses were 

established between 1960 and 1980 due to the importance for controlling these phenomena in 

the production of the glass ceramic materials [17,47]. Thus, a nondesirable defect in glasses has 

been transformed in a powerful mechanism to obtain ceramic materials with technologically 

useful properties by using the glass processing and the careful stages of the nucleation and 

crystallization carried out from the original glass. 
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Nucleation generally takes place at a temperature slightly higher than the glass transition 

temperature (Tg), followed by crystal growth at a higher temperature depending on the 

composition. These two steps can take place separately or an overlap between them might 

occur. The crystallization process can be controlled in terms of the dependence of the nucleation 

and growth rates on temperature. 

a) Nucleation  

Nucleation is a decisive factor for controlled crystallization. If no nuclei are present, 

crystal growth cannot occur and the material will form a glass. Even if some nuclei are present, 

but no growth has occurred, the extremely small size and low volume fraction of the nuclei 

prevents their detection, so that the solid is, for all practical purposes, still a glass [38]. However, 

crystallization can be understood simply by using Classical Nucleation Theory (CNT) which 

allows a physical approach to understand easily the main processes. Gibbs published in 1876 a 

seminal paper on the thermodynamic description of equilibrium between phases [48]. The 

kinetics aspect of the transformations was still very poorly understood until Arrhenius 

formulated the notion of activation energy in 1889. Further, CNT was developed by Volmer 

and Weber [49] in 1926, then modified in 1935 by Becker and Döring [50] whose gave the 

theory the current form. The CNT theory is based on two hypotheses [37]: 

i) It is considered that a nucleus, regardless of its size, can be considered with the 

macroscopic entity. This means the same properties (including thermodynamic), 

the same structure, the same composition and the same density; 

ii) The nuclei formed are of spherical shape with a radius r and, a flat-type interface, 

to minimize the surface energy. 

The nucleation of crystalline phases in glasses can take place following two types of 

mechanisms, namely [39,51]: 

i) Homogeneous nucleation, when the nuclei are originated from their own melt 

composition, generally having the same chemical composition as the precipitated 

crystalline phase. 

ii) Heterogeneous nucleation, when the crystals are nucleated over particles or 

interfaces foreign to the melt, such as impurities or interfaces (melt-air, melt-

crucible walls, etc. 
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Homogeneous nucleation corresponds to the transformation of a nuclei from a metastable 

state (glass) to a more stable state (crystal), favored by the lower volume free energy of the 

crystal state compared to that of the liquid state (Figure I-2a). However, heterogeneous 

nucleation leads to a reduction in the surface energy (Figure I-2b). The model for heterogeneous 

nucleation is an adaptation of the CNT through two types of changes. The first amendment is 

geometrical: nuclei that grow on substrate have no longer the form of complete spheres but are 

treated as spherical caps. A complete wet surface by the supercooled liquid promotes 

nucleation.  

                 

Figure I-2 Energy diagram comparing: a) the homogeneous nucleation and b) the heterogeneous 

nucleation which is favored by a low surface energy barrier [37] 

According to CNT theory, the rate of homogeneous steady state crystal nucleation (I) in 

a one-component supercooled liquid is related to absolute temperature T by the well-known 

expression: 

𝐼 = 𝐴 exp[− 𝑊∗ + ∆𝐺𝐷 𝑘𝑇⁄ ]                                                                                                   (I.1) 

where W* and ΔGD are the thermodynamic and kinetic free energy barriers to nucleation 

respectively and k the Boltzmann constant. The pre-exponential factor A may be expressed as 

𝐴 = 2𝑛𝑣𝑉1 3⁄ (𝑘𝑇 ℎ⁄ )(𝜎 𝑘𝑇⁄ )1 2⁄                                                                                               (I.2) 

where nv is the number of atoms of the crystallizing component phase per unit volume of the 

liquid, V the volume per formula unit, σ the crystal-liquid interfacial free energy per unit area 

and h Planck’s constant. 

The thermodynamic barrier W* required for a spherical nucleus with critical radius r* to cross 

the energy barrier is given by: 

 

Homogeneous nucleation Heterogeneous nucleation 
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𝑊∗ = 16𝜋𝜎3 𝑉𝑚
2 3∆𝐺2⁄                                                                                                            (I.3) 

𝑟∗ = −2𝜎𝑉𝑚 ∆𝐺⁄                                                                                                                       (I.4) 

where ΔG is the bulk free energy change per mole in crystallization, Vm the molar volume of 

the crystal phase and r* is the minimum size that a nucleus must reach to be stable and able to 

grow to give a crystal.  

On the other hand, heterogeneous nucleation is due to the fact that the driving force for 

forming the nuclei starting from the nucleation sites is higher than that of the parent glass. This 

introduces the term of contact angle θ between the substrate (or catalyst) and the melt.  

Therefore, the wettability is defined by the contact angle θ between the nucleus and the surface 

for heterogeneous nucleation (θ = 0 for a perfect contact; θ = π for contact reduced to a point 

with the flat substrate) [52]. For low contact angle, surface energy will be lower and the 

nucleation rate will therefore be greater (Figure I-3) [37]. For heterogeneous nucleation: 

i) The heterogeneous nucleation rate is always smaller than the homogeneous 

nucleation rate; 

ii) The same critical radius r* exists for both homogeneous and heterogeneous 

nucleation processes; 

iii) The contact angle (θ) plays a major role in the determination of heterogeneous 

nucleation rate. 

The CNT theory exhibits limitations due to disagreements between its predictions and real 

experimental data for certain systems. However, up to date, there is still no comprehensive 

theory for describing the whole crystallization process.  

 

Figure I-3 Growth of a nucleus (crystal) on a surface favoring heterogeneous nucleation (substrate): 

a) low values of θ promote nucleation and b) large values of θ limit nucleation  

Substrate Substrate 

Crystal 

Liquid 

a) b) 



Chapter I: Glass ceramic 

 

14 

 

b) Nucleating agents 

Some glass compositions are self-nucleating, but, more commonly, certain components 

known as nucleating agents are added to the batch to promote phase separation and internal 

nucleation. The nucleating agents melt homogeneously into the glass but promote very fine 

scale phase separation on reheating [28]. The addition of nucleating agents facilitates 

heterogeneous nucleation. These agents are introduced in the melts in small quantities, creating 

discontinuities in the glassy lattice. Stookey developed a wide range of glass compositions 

which contained titanium dioxide as the nucleating agent. The use of metallic phosphates to 

promote the controlled crystallization of glasses was discovered by McMillan and co-workers 

in Great Britain [17]. Nucleating agents can be classified as shown in Table I-1. 

The addition of metallic (Au, Ag, Pt, Pd, etc. in ionic form) or non-metallic nucleating 

agents (TiO2, ZrO2, P2O5, Ta2O5, WO3, fluorides, etc.) can favor a volume crystallization 

process [53,54] with a large nucleation rate. In this case, a controlled crystalline growth will 

make it possible to obtain numerous crystals with a limited size leading to diverse optical and 

mechanical applications. The amounts of nucleating agents required are variable from one 

system to another. They are typically of the order of 2.0 to 8.0 mol% in the case of oxides and 

less than 1 mol% in the case of colloids. These additions make it possible to obtain a high 

nucleation rate (up to more than 106 μm-3) which, coupled with controlled crystal growth, may 

lead to improved or innovative optical and mechanical properties [37]. 

Table I-1 Classification of nucleating agents [39] 

Metallic colloids 
 Colloids formed into the glass: Cu 

 Introduced colloids: Pt, Ag 

Oxides 
 By valence changes: TiO2, MoO3, V2O5 

 By charge decompensation in the glassy lattice: P2O5 

halides F 

Glass in glass phase separation  
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c) Crystal growth 

Nucleation is followed by one or more high temperature treatments to promote 

crystallization of the primary phase or phases and development of the desired microstructure. 

The growth process continues until neighboring crystals impinge, creating a highly crystalline 

body with a small amount of residual glass, or until the residual glass is depleted in the crystal 

forming components. Certain glass ceramics are specifically designed to possess a 

microstructure of uniformly dispersed, nonimpinging crystals in a matrix of continuous residual 

glass [28]. Nucleation and crystal growth depend on temperature and can display a greater or 

lesser overlap in temperature. 

d) Two-step crystallization process  

This method is applied when the curves of nucleation and growth rates, as a function of 

temperature, have a limited overlap (as shown in Figure I-4). The crystallization heat-treatment 

comprises two steps: 

 The first corresponds to the nucleation step and is carried out around TN, corresponding 

to the maximum nucleation rate (generally TN is slightly greater than Tg), where TN is 

the nucleating temperature and, Tg is the glass transition temperature. 

 The second consists of a phase of crystalline growth and is carried out at a higher 

temperature, around TC, which corresponds to the maximum of the crystalline growth 

rate, where TC is the crystallization temperature. 

This two-step process is preferred when strong crystallization is desired (large and large 

crystals) [29]. 

        

Figure I-4 Glass crystallization process in two-steps: (left) heat-treatment cycle, and (right) 

nucleation and crystal growth rate in dependence on temperature 



Chapter I: Glass ceramic 

 

16 

 

e) Single-step heat-treatment  

The one-step crystallization process is a simplification of the previous two-step process. 

If it is desired to generate a maximum of nano-crystals, the crystalline growth step is then 

strongly restricted, or even deleted. It is particularly adapted when the curves of nucleation and 

growth rates as a function of temperature have a large overlap (as shown in Figure I-5). In this 

case, the nucleation and the growth are carried out at one and the same temperature step. This 

TNC temperature corresponds to the optimal nucleation / crystal growth rate). 

           

Figure I-5 Glass crystallization process in one-step: (left) heat-treatment cycle, and (right) nucleation 

and crystal growth rate in dependence on temperature 

I.5.1.2 Spinodal decomposition: 

The morphology developed by spinodal decomposition will be quite different from that 

due to nucleation and growth. The spinodal decomposition produces a composite material with 

a second phase separated as a highly connected sponge structure in contrast with the classical 

nucleated glass in which are embedded small spherical crystallites. The most important 

parameter affecting the morphology of phase separation is the composition of the liquid. Both 

phases will gradually and continually change in composition until they reach the compositions 

of the equilibrium liquids. Most importantly, both phases will have a high degree of 

connectivity, so that continuous pathways through the material exist for each phase [38,55,56]. 

The crystallized portion generally represents more than 70% of the total volume of the material. 

The resulting microstructure consists of a uniform dispersion of small interconnected coherent 

particles as in a spongy structure [56], the region beneath the spinodal boundary is sometimes 

referred to as the interconnected region [38]. 
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Figure I-6 Representation of the morphology of a glass ceramic resulting from:                                

(left) nucleation/growth process or (right) spinodal decomposition [38] 

The two processes of devitrification of glass are distinct and lead to glass ceramic of 

different morphology, which is illustrated in Figure I.6. Similarly, the choice of a suitable 

nominal composition [9,28] or modified by the addition of a demixing initiator (fluoride, 

phosphate, etc. [6,57–59]) can generate a bimodal phase separation with the presence of 

nodules. This demixing can be of nucleation/growth type (demixing in the form of spheres) or 

of spinodal type (entanglement of domains). During crystallization, the size of the crystals will 

then be at most equal to the size of the demixed zones. The size of the nodules being dependent 

on the composition of the glass and the conditions of synthesis, there again the morphology and 

the size of the crystals are controllable. During crystallization, the size of the crystals will then 

be at most equal to the size of the demixed zones. The size of the domains being dependent on 

the composition of the glass and the conditions of synthesis. 

I.6 Transformation kinetics  

The kinetics of crystal nucleation and growth are of crucial importance in determining 

the glass forming abilities (GFA) of melts. They also determine the glass forming systems 

which are suitable to be converted into glass ceramics by controlled heat-treatment. 

I.6.1 Structural relaxation 

Structural relaxation is a general phenomenon occurring when a glass is maintained at a 

temperature below its glass transition temperature (Tg). The fragility index (FI) was firstly 

proposed by Angell [60] in order to characterize the structural relaxation. Glass forming liquids 

that exhibit an approximately Arrhenius temperature dependence of the viscosity are defined as 
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strong-glass formers and those, which exhibit a non-Arrhenius behavior are declared fragile-

glass former [61]. The index, FI, is considered a kinetic property since it is related to the 

variation of the glass viscosity near Tg so the determination of FI must be ideally performed 

through viscosity measurements. Nevertheless, these type of measurements are in general 

extremely difficult when the inorganic glasses present strong crystallization tendencies or high 

melting temperatures [62]. An elegant approach to overcome this issue is the employment of 

indirect methods based in differential thermal analyses [63–65]. Among these methods, 

probably the most used one is the Kissinger method that can be expressed as in equation [64]: 

𝑙𝑛 (
𝑇𝑔

2

𝑣
) =

𝐸𝑔

𝑅𝑇𝑔
+ 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡                                                                                                     (I.5) 

where Eg is the activation energy of glass transition which takes into account the molecular 

motion and rearrangement of atoms around Tg. 

The FI  index calculated from the DTA measurements (FI-DTA) can be expressed as a 

function of both Eg and Tg according to [66,67]: 

𝐹𝐼−𝐷𝑇𝐴 =
𝐸𝑔

𝑅 𝑇𝑔 𝑙𝑛10
                                                                                                                      (I.6) 

The reported values of FI varies widely within the range comprised between FI = 14.97 for 

strong glasses and FI = 200 for fragile glasses  [68]. Nevertheless, the use of equation (I.5) 

together with the DTA data instead of using the viscosity measurements could lead in some 

errors in the determination of the correct FI values. However, Zheng et al. [69] demonstrated 

that the differences between the Tg values as obtained by either one or the other technique are 

completely equivalents just by taking into account that the Tg data obtained by DTA can be 

used if the following equation is employed: 

𝐹𝐼−𝑣𝑖𝑠 = 1.289 (𝐹𝐼−𝐷𝑇𝐴 − 𝐹𝐼−0) +  𝐹𝐼−0                                                                                 (I.7) 

where FI-vis is the correct fragility (FI = FI-vis ) determined from viscosity measurements and FI-

0 is the reference fragility corresponding to a pefect strong glass which exhibits an Arrhenius 

behaviour (FI-0 =14.97). 
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I.6.2 Glass Forming Ability and Glass Stability 

Glass formation requires prevention of formation of the equilibrium crystalline phase 

when the melt is cooled below the freezing temperature. This involves either complete 

suppression of the formation of the crystal nuclei or suppression of growth of the tiny crystalline 

phase that has formed. The ability of a melt to form a glassy phase on solidification has been 

termed the glass-forming ability (GFA). GFA, as related to the ease of devitrification, is very 

crucial for understanding the underlying mechanism of amorphization. A very large number of 

parameters have been proposed to explain the formation and thermal stability of glasses, since 

the first attempt by Turnbull [70] in 1969, to reflect the relative GFA among bulk metallic 

glasses. It indicates the urgent need of a reliable parameter to estimate the GFA.  

The continued efforts in this direction, in the recent past, has led to an agreement that a 

good GFA criterion should consider the two major aspect of glass formation, namely the 

stability of the liquid phase and its resistance to crystallization. The stability of liquid, which is 

in turn related mainly to the short-range chemical and structural ordering of atoms in the molten 

state and the thermodynamic stability of the liquid, may be measured at two conditions: 

equilibrium state and metastable state. The other aspect, the resistance to crystallization, as 

namely glass stability (GS), is primarily determined by the relative thermodynamic and kinetic 

stability (determined by nucleation and growth of crystalline phase) of the solid amorphous 

phase as compared to crystalline phases [60]. This indicates that if a supercooled liquid phase 

can be stabilized and precipitation of the competing crystalline phases is suppressed, the 

possibility of formation of glass is increased. Therefore, both of these aspects of amorphization 

need to be taken into account as far as the GFA is concerned [71,72]. A list of various GFA and 

GS criteria, based on characteristic temperatures include liquidus temperature (Tl), glass 

transition temperature (Tg), the onset of crystallization temperature (To), the crystallization 

temperature (Tp) and the melting temperature (Tm), has been given in Table I.2. 

It was concluded that a single parameter cannot satisfactorily explain the GFA of a 

system. Different parameters were able to give a strong correlation for different systems. All of 

these parameters should be giving similar results, but they do not. The majority of the 

parameters have relevance and validity only in some cases [73]. So, the GFA parameters, 

usually measured with a differential thermal analysis (DTA) or a differential scanning 

calorimetry (DSC), still remain room for further investigations.  
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Table I-2 Summary of the quantitative criteria proposed to evaluate the GFA and the GS 

Parameter Equation Reference Numbering 

Reduced glass transition temperature 𝑇𝑟𝑔 = 𝑇𝑔 𝑇𝑚⁄  [70] (I.8) 

Supercooled liquid region ∆𝑇𝑜𝑔 = 𝑇𝑜 − 𝑇𝑔 [74] (I.9) 

α  
𝛼 =

𝑇𝑜

𝑇𝑙
=

∆𝑇𝑜𝑔

𝑇𝑙
+

𝑇𝑔

𝑇𝑙
 [75] (I.10) 

2  
𝛽2 =

𝑇𝑜𝑇𝑔

(𝑇𝑙 − 𝑇𝑜)2
 [76] (I.11) 

γ  
𝛾 =

𝑇𝑜

𝑇𝑔 + 𝑇𝑙
 [77] (I.12) 

γm  
𝛾𝑚 =

2𝑇𝑜 − 𝑇𝑔

𝑇𝑙
 [78] (I.13) 

2  𝑤2 =
𝑇𝑔

2𝑇𝑜 − 𝑇𝑔
−

𝑇𝑔

𝑇𝑙
 [79] (I.14) 

  
𝛽 =

𝑇𝑜

𝑇𝑔
+

𝑇𝑔

𝑇𝑙
 [75] (I.15) 

  
𝛿 =

𝑇𝑜

𝑇𝑙 − 𝑇𝑔
 [80] (I.16) 

  
 =

∆𝑇𝑜𝑔

𝑇𝑜
+

𝑇𝑔

𝑇𝑙
 [81] (I.17) 

  
𝜑 = 𝑇𝑟𝑔(

∆𝑇𝑜𝑔

𝑇𝑔
)0.143 [82] (I.18) 

Hrubÿ parameter 
𝐾𝐻 =

𝑇𝑜 − 𝑇𝑔

𝑇𝑚 − 𝑇𝑜
 [83] (I.19) 

S  
𝑆 =

(𝑇𝑝 − 𝑇𝑜)(𝑇𝑜 − 𝑇𝑔)

𝑇𝑔
 [84] (I.20) 
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I.6.3 Crystallization Kinetic and Mechanisms 

Crystallization kinetic parameters, providing the crystallization mechanism of a glass 

[85], include the activation energy of crystallization Ec, the crystal growth index n (the Avrami 

exponent) and the morphology index m (which depends on the dimensionality of the crystal 

growth). The activation energy Ec reflects the sensitivity of a glass to temperature variation and 

thus affects the controllability of a crystallization process, and the n and m reflect the 

crystallization mechanism.  

The standard theory of transformation kinetics via nucleation and crystal growth is 

developed by Johnson and Mehl and Avrami and Kolmogorov [86–88]. Therefore, this theory 

is called the JMAK theory. JMAK transformation kinetics describes the extent to which a 

material is transformed during a certain phase transformation, as a function of temperature and 

time. The JMAK equation is universal and applicable to glass ceramics [37]. 

𝑥 = 1 − 𝑒𝑥𝑝 (−(𝐴𝑡)𝑛)                                                                                                        (I.21) 

with 

𝐴 = 𝐴0 𝑒𝑥𝑝(−
𝐸𝑐

𝑅𝑇𝑝
)                                                                                                               (I.22) 

Where x is the volume fraction crystallized, n depends on both the growth mechanism and the 

dimensionality of the crystal, A is the Arrhenian pre-exponential factor depending on the 

temperature, t is the time, A0 is the frequency factor, R is the gas constant and, Tp is the 

crystallization temperature. 

The different kinetic analyses are based on non-isothermal experiments such as those 

carried out by DTA. The Kissinger [64,89] equation is widely applied to calculate the 

crystallization activation energy Eck which can be obtained from the heating rate dependence 

of the crystallization peak temperature according to the equation: 

𝑙𝑛 (
𝑣

𝑇𝑝
2) =

−𝐸𝑐𝑘

𝑅 𝑇𝑝
+ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡                                                                                                 (I.23) 

where v is the DTA heating rate. 

In a similar manner, Ozawa [90,91] proposed a modified form of the Kissinger’s equation. 

According to Ozawa model, the change of ln(1/Tp
2) with v is negligibly small compared to the 

change of ln(v) and therefore, the Kissinger’s equation must be written as: 
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𝑙𝑛(𝑣) = −1.0516 
𝐸𝑐𝑜

𝑅𝑇𝑝
+ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡                                                                                     (I.24) 

where Eco is the activation energy for crystallization from the Ozawa method.  

Another method that may be used for determining the activation energy and 

crystallization parameters, is that of Augis and Bennett [92,93]. They have proposed the 

following equation: 

𝑙𝑛 (
𝑣

𝑇𝑝−𝑇0
) =

−𝐸𝑐𝑎𝑏

𝑅.𝑇𝑝
+ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡                                                                                             (I.25) 

where Ecab is the activation energy for crystallization from the Augis and Bennett method and, 

To is the onset temperature. The differences between Tp and To are taken into account [94]. 

When the Ecab is known, the Augis and Bennett method also leads to the determination of the 

Avrami parameter n: 

𝑛 =
2.5 𝑅 𝑇𝑝

2

∆𝑤 𝐸𝑐𝑎𝑏
                                                                                                                        (I.26) 

where Δw is the full-width of the exothermic peak (Pk) at half-maximum intensity. As evident 

in equation (I.26), higher Δw values result in smaller n values, and vice versa.  

Matusita and Sakka [95] have stated that equation (I.23) is valid only if crystal growth 

occurs on a fixed number of nuclei and have suggested a modified form of the Kissinger 

equation as: 

𝑙𝑛 (
𝑣𝑛

𝑇𝑝
2) = −𝑚

𝐸𝑐𝑚𝑠

𝑅.𝑇𝑝
+ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡                                                                                               (I.27) 

where Ecms is the activation energy for crystallization from the Matusita–Sakka method. As it 

can be observed, this equation takes into consideration the two parameters, n and m that 

characterize the crystallization growth mechanism and the activation energy. 

Furthermore, Xu et al. [96] have demonstrated that for most oxide-glass systems that Ec 

and Eck are related by the equation: 

𝐸𝑐 =
𝑛

𝑚
 𝐸𝑐𝑘                                                                                                                             (I.28) 
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Table I-3 Determination of the activation energies for crystallization: values for numerical 

parameters n and m; after Matusita et al. [95,97,98] 

Crystallization mechanism n m 

Bulk crystallization with a constant number of nuclei (i.e. the 

number of nuclei is independent of the heating rate) 

Three-dimensional growth of crystals 

Two-dimensional growth of crystals 

One-dimensional growth of crystals 

Bulk crystallization with an increasing  number of nuclei (i.e. the 

number nuclei is inversely proportional to the heating rate) 

Three-dimensional growth of crystals 

Two-dimensional growth of crystals 

One-dimensional growth of crystals 

Surface crystallization 

 

 

3 

2 

1 

 

 

4 

3 

2 

1 

 

 

3 

2 

1 

 

 

3 

2 

1 

1 

For m = n, when crystallization occurs on a fixed number of nuclei, Eck = Ec. Thus, for 

crystal growth that occurs on a fixed number of nuclei, the analysis of DTA data by the 

Kissinger model, equation (I.23) yields the correct value of Ec. When the number of nuclei 

changes during the DTA measurements, we have the option to use equation (I.21) or we can 

determine Eck from equation (I.23) and then multiply this term by n/m to obtain the correct 

activation energy. The parameter m is related to n through the crystallization mechanism 

process and, can take on various values as summarized in Table I.3. 

I.7 Glass compositions for glass ceramic production 

Depending upon chemical composition, a large number of glasses with different chemical 

and physical properties can be prepared. The purpose of this section is to discuss practical 

examples of glass ceramics derived from LMAS and MAS systems. 
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I.7.1 Glass ceramics derived from the MgOAl2O3SiO2 system 

Magnesium aluminum silicate glass ceramic belongs to technologically important 

materials. They are known for their excellent microwave properties [99,100], good mechanical 

properties [101–105], e.g., Young’s moduli [101], hardness [101,102,106] mechanical 

strengths [102,107] and good thermal properties like thermal shock resistance, thermal stability 

[108] and lower thermal expansion coefficient [105]. It has high transparency [109,110] and 

good chemical stability [111]. Hence, glass ceramics in this system offer a large variety of novel 

fields of application, e.g. for electronic packaging devices [103,112], as millimeter-wave 

dielectrics [113,114] or as hard disk substrates [115], for armor application [116]. It is used in 

the production of proto-type components, used in medicines for the axles of mechanisms 

providing energy for implanted cardio-stimulators and are also used in the production of 

welding jets or as holders for welded components [117,118]. MAS glasses seem to be a very 

promising laser host material with respect to high power applications [119]. 

The distinctive properties of glass ceramic systems arise from the formation of a major 

crystalline phase, tailored by the choice of the composition of the base glass as well as by the 

crystallization procedure [120]. This gives the material designer many options to meet the 

requirements of a product idea. The preparation of these materials is of special importance. The 

development of MAS glass ceramics has been carried out by following two approaches: 

sintering route [121], and glass route [122]. In the first approach, controlled crystallization is 

carried out on a pre-shaped compacted sample through surface nucleation. On the other hand, 

in glass route we first prepare glassy material in desired shapes and sizes and then carry out the 

controlled crystallization by following special heating schedule through a process of bulk 

nucleation. 

The effects of chemical composition, especially the addition of nucleating agents, such 

as TiO2, ZrO2, CeO2, La2O3, Y2O3, P2O5  and the alkali oxides on the structure and properties 

of glass ceramics, have been widely investigated by many researchers [103,109,123–127]. In 

many glass ceramics system, more than one kind of nucleating agents are used to obtain 

optimum microstructure and properties. As to MAS glass ceramics, the most important 

nucleating agents are TiO2 [125] and ZrO2 [126,127], or a combination of both [128].  
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Figure I-7 SiO2Al2O3MgO phase diagram indicating the parent glass composition of Corning 

cordierite glass ceramic [23] 

The ternary phase diagram in Figure I-7 shows the composition of the three basic 

components, SiO2, Al2O3, and MgO of the bulk glass. During the crystallization process, crystal 

phases such as cordierite (2MgO2Al2O35SiO2), cristobalite (SiO2), forsterite (2MgOSiO2), 

mullite (3Al2O32SiO2), spinel (MgOAl2O3), and enstatite (MgOSiO2) can be produced in 

some materials [129], and which depend on the percentage of MgO or Al2O3 during the 

preparation of those glass ceramics. A small amount of residual glass matrix lies between the 

crystal phases.  

The precipitation of crystal phases depend on the cooling regime and the initial 

composition of the base glass. In addition, due to the high concentrations of SiO2 and Al2O3, 

the MAS glasses present high melting temperatures and viscosities, which make them difficult 

to prepare [110,130]. Some fluxes, like alkali oxides, have been introduced to reduce the 

melting temperature. At the same time, it also brought some unexpected effects, such as loss of 

transparency and large thermal expansion coefficient. However, a high content of MgO lowers 

the temperature of crystallization [131]. Moreover, crystal growth was markedly affected by 

small changes in composition and, as a consequence the mechanical properties of the material 

were also affected. 

Glass ceramics with a primary crystal phase of cordierite, Mg2Al4Si5O18, are of great 

commercial importance. The first glass ceramics of this type were developed at the Corning 
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Glass Works [6,21]. Subsequently, further glass ceramics of this basic type were developed. 

Cordierite glass ceramics are distinguished for their special properties such as high mechanical 

strength, low dielectric constant, low thermal expansion coefficient, good thermal stability, and 

thermal shock resistance [132]. However, enstatite is found in three structural polymorphs: 

orthorhombic forms protoenstatite and orthoenstatite, and the monoclinic form clinoenstatite. 

G. H. Beall [133] successfully developed glass ceramics featuring an enstatite MgSiO3, primary 

crystal phase in the ternary SiO2Al2O3MgO system with small amounts of Al2O3. This crystal 

phase demonstrated very interesting properties during the cooling of the glass ceramics, such 

as high flexural strength and high fracture toughness. Moreover, nanocrystalline and transparent 

glass ceramics with the orthosilicate forsterite (Mg2SiO4) as the major crystalline phase were 

developed by [134]. More particularly, the glass ceramic have a small crystal size to make the 

glass ceramic material optically transparent and were doped with chrome (Cr). In order to 

achieve a fine grained glass ceramic based on forsterite, it was deemed necessary to produce a 

glass displaying amorphous phase separation where one of the phases is highly enriched in 

MgO. In addition, MAS glass ceramics containing spinel and quartz solid solution, have good 

mechanical properties, high transparency and good chemical stability [110,111,135]. 

I.7.2 Glass ceramics derived from the Li2OMgOAl2O3SiO2 system 

Ternary Li2OAl2O3SiO2 system is widely applied in glass ceramic production due to 

their low coefficient of thermal expansion (CTE), good dielectric properties, excellent thermal 

shock resistance and high transparency [7,136,137]. MAS system was also attracted great 

attention owing to its good mechanical properties. However, it still has many disadvantages, 

such as high cost and high melting temperature, which limit its development. However, during 

last years, more complex systems like Li2OMgOAl2O3SiO2 and CaOMgOAl2O3SiO2 

(CMAS) are gaining scientific and technological interest. In contrast with it, LMAS system has 

a relatively low expansion coefficient, lower melting temperature and lower material cost due 

to the Mg2+ doping [9,138]. Different oxides like Na2O, K2O, CaO, B2O3 and ZnO can form 

part of the LMAS system thus rendering different properties.  

At the same time, different nucleating agents are normally employed being TiO2, ZrO2, F 

and P2O5 the most frequently used to increase the crystalline phases in this LMAS and other 

glass ceramic systems. The crystallization of some glasses in LMAS system has been studied 

as a function of the thermal treatment temperature without and with TiO2 additions used as 

nucleating agent. Prior to crystallization there exists a wide development of phase separation. 
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The main crystalline phases precipitated in LMAS glasses were -spodumene and -cordierite 

[39]. Shennawai et al. [139] have studied the effect of nucleating agent like TiO2 and ZrO2 on 

the nature of the crystalline phases developed in LMAS glass matrix. TiO2 and ZrO2 were found 

to decrease the expansion coefficient of the investigated glasses. However, the use of a mixture 

of the TiO2, ZrO2 and F nucleating agents in the same glass ceramic has demonstrated to present 

a synergistic effect on the crystallization mechanism of spodumene-willemite-diopside glasses 

[140]. In the work of El-Shennawi et al. [141], the crystallization behaviour of some LMAS 

glasses with and without the nucleation catalysts TiO2 and ZrO2 was investigated. The study 

indicated that the parent glass composition, nucleating agents used, and the crystallization 

parameters, determine the crystalline phase constitution and microstructures of the resultant 

materials; leading in some cases to ultra-fine glass ceramic microstructures. In addition, doping 

B2O3 or P2O5 in the LMAS system can promote phase separation and crystallization of glasses. 

With the B2O3 or P2O5 addition, the size of spherical phase separation droplet increased and the 

crystallization temperature of LMAS glass ceramics decreased [142]. The mainly crystalline 

phase were β-quartz solid solution (s.s) (Li2Al2Si3O10), lithium silicate (Li2SiO3) and forsterite 

(Mg2SiO4). Besides, adding B2O3 or P2O5 in LMAS system increased the thermal expansion 

coefficient.  

Recently, LMAS glass ceramics was used as the interlayer to join SiC coated 

carbon/carbon (C/C) composites and LAS glass ceramics [143,144]. Carbon/carbon (C/C) 

composites are applied successfully in aeronautic and astronautic fields as the ideal high 

temperature structure materials for their excellent mechanical properties at high temperature. 

Joining of these two materials is a possible way to benefit from the functional features given by 

LAS glass ceramics as well as the favorable mechanical properties given by C/C composites 

[145]. Results show that both the Mg content and microhardness decreased gradually from the 

SiC side to the LAS glass ceramics side in the gradient LMAS interlayer. The thermal expansion 

coefficient of LMAS glass ceramics increased with the increase of Mg content. The gradient 

LMAS interlayer could effectively improve the distribution of process-induced thermal stress 

in the joint, relieve the mismatch of CTE between SiC transition layer and LAS glass ceramics 

and increase the bonding strength of the joint [145]. 

Due to the complexity in the study of the crystallization mechanisms attributed to the use 

of these complex nucleating agents in the LMAS system, they have been rarely studied and in 
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the few reports found in the literature, such agents are used in very low concentrations 

[146,147]. 

I.8 Properties and applications 

Glass ceramics have been shown to feature favorable thermal, chemical, biological, and 

dielectric properties, generally superior to metals and organic polymers in these areas. 

Moreover, glass ceramics also demonstrate considerable advantages over inorganic materials, 

such as glasses and ceramics. This wide range of applications reflects the variety of properties 

that can be obtained with glass ceramics playing on the composition of the base glass, the nature 

of the crystallizing phases and the material microstructure. Glass ceramic products display 

generally a combination of several specific properties difficult to obtain with a glass or a 

ceramic. Such properties are, for example, a high thermal resistance associated to a zero thermal 

expansion (case of glass ceramic cooktops) or a good mechanical strength associated with 

translucency (case of the glass ceramics used for dental restoration).  

I.8.1 Thermal Properties 

A particular advantage in the production of glass ceramics is that products demonstrating 

almost zero shrinkage can be produced. These specific materials are produced on a large scale 

for industrial, technological, and domestic applications (e.g., kitchenware). 

Materials with a wide range of thermal expansion coefficient can be obtained (-4 to 

12×10-6 K-1). In particular, it is possible to obtain materials with zero or negative expansion. 

This is the case when crystalline phases with negative thermal expansion are precipitated. The 

thermal expansion of the material is the weighted average of the expansion of the different 

crystalline phases and of the residual glass [148]. Stookey developed the first strong and thermal 

shock resistant white alumino-silicate glass ceramic called Pyroceram (Corning Glass Works, 

USA). This material was the first to be marketed for use as household crockery; it was also 

called Corning Ware cookware in 1959 [23,34]. Its zero thermal expansion coefficient made 

this material interesting for other applications, too. Whether subjected to different high 

temperatures over various lengths of time or rapid and repeated switching on and off of the 

cooking temperature, the shape and size of the cooking surface remain unchanged. 
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I.8.2 Optical Properties 

Since glass ceramics are non-porous and usually contain a glass phase, they demonstrate 

a high level of translucency and in some cases even high transparency. Furthermore, it is also 

possible to produce very opaque glass ceramics, depending on the type of crystal and the 

microstructure of the material. Glass ceramics can be produced in virtually every color. 

Fluorescence, both visible and infrared, and opalescence in glass ceramics are also important 

optical characteristics. 

Numerous studies have been devoted to the development of glass ceramics for optics and 

even photonics. These materials have applications in the fields of communications and solar 

energy. Highly transparent glass ceramics are distinguished from parent glass by better 

mechanical performance and in active optics, particularly due to the segregation of optical 

dopants in crystallites [149,150]. The preservation of the transparency in the visible range 

during crystallization conventionally requires a homogeneous distribution of nanometric 

crystals (much smaller than the incident light wavelength, typically < 50 nm) within the glass 

ceramic or the refractive index of the crystals has to be equal to that of the residual glass. It then 

requires a strong nucleation in volume uniformly distributed in the material followed by a 

limited crystal growth. These transparent materials can present a high crystalline fraction 

(exceeding, for example, more than 80% in volume). This requires the precipitation of a very 

large number of nuclei [151,152].  

I.8.3  Biological Properties 

Among the applications in the development of glasses and glass ceramics in biology, the 

production of biocidal materials, that is to say able of limiting the proliferation of viruses, 

bacteria and fungi on their surface, or even of eliminating them, will be maintained. Classically, 

glasses can be used as carriers for nanoparticles with well-known bactericidal properties, such 

as copper or silver nanoparticles [153]. These nanoparticles are either supported on the surface 

of the glass (their effect is then limited in time, since they may be progressively washed-out), 

or included inside hydro-soluble glass [19,154] (their biocidal action is then much longer 

lasting, since they are released progressively as the glass). Porous glass ceramics in the 

Li1+xAlxTi2-x(PO4)3 system with a silver concentration gradient (crystalline phase AgTi2(PO4)3 

on the surface, and LiTi2(PO4)3:Al in volume) have been also prepared, and show interesting 

bacteriostatic properties [155]. These glass ceramics, either intrinsically biocidal or carriers of 
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biocidal nanoparticles, may be used as particles, coatings on the surfaces to be treated (surface 

of implants, or also glazes on tiles in hospitals, etc). Their potential applications are numerous. 

But, apart from a few exceptions [156], the properties of glass ceramics potentially arising from 

these systems remain mostly unexplored, which opens a potentially wide field of studies. 

I.8.4  Mechanical Properties 

Glass ceramics can be produced as machinable materials represents an additional 

advantage [157,158]. In other words, by first processing the glass melt, a primary shape is given 

to the material. Next, the glass ceramic is provided with a relatively simple final shape by 

drilling, milling, grinding, or sawing. Furthermore, the surface characteristics of glass ceramics, 

for example, roughness, polishability, luster, or abrasion behavior, can also be controlled. In 

addition, its toughness and hardness are superior to those of glass, because crack propagation, 

which is very fast in a fragile material such as glass, will be stopped or deflected by crystallites 

[159]. 

Depending on the microstructure of the material, very variable mechanical properties can 

be observed. Glass ceramics therefore have better mechanical properties than glasses. Examples 

of their applications include: 

 Glass ceramics based on canasite (a chain silicate of formula K2Na4Ca5Si12O30F4) 

or lithium disilicate (Li2Si2O5) have a microstructure consisting of an 

entanglement of needle-like crystals which leads to exceptional tensile strengths 

and tenacity [23,133,159]. 

 Glass ceramics of Ca5(PO4)3F from SiO2Al2O3P2O5CaOCaF2 system and 

which are used as bone prostheses and for dental reconstructions, have been 

studied for their biocompatibility and good mechanical properties [160,161]; 

 Glass ceramics based on SiO2Al2O3CaOZrO2TiO2 are studied for the 

storage of radioactive waste, due to their good mechanical resistance [162]. These 

glass ceramics have a crystallized phase of composition CaZrTi2O7 (zirconolite), 

which incorporates very well some radioactive ions such as minor actinides (Np, 

Am, Cm). 
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Chaptre II:  Experimental procedures and characterization 

techniques 

II.1 Purpose of work 

The main purpose of this research was to synthesis glass ceramics which possess excellent 

mechanical properties and high biocide. Our aim was also to investigate the possible role of 

P2O5 in the Li2OMgOAl2O3SiO2 and MgOAl2O3SiO2 glass ceramic systems in order to 

achieve the improvement of excellent mechanical, optical and biological properties. In this 

chapter, the different experimental techniques used throughout the thesis work are detailed. 

These mainly include base glasses and the corresponding glass ceramics synthesis procedures, 

their thermal characterization, using differential thermal analysis (DTA) and hot-stage 

microscopy (HSM) and their structural characterization, using Field emission scanning electron 

microscopy (FE-SEM), X-ray powder diffraction (XRD), Raman spectroscopy and Fourier 

Transform Infrared spectroscopy (FTIR). In addition, mechanical properties, using dilatometry, 

micro-indentation, and flexion, have been described. Moreover, crystallization kinetics have 

been determined. In this study, a paint mixture (silver salt, clays, water and Arabic rubber) has 

been prepared and applied on the glass ceramic surface in order to investigate the effect of silver 

ions on the ion release ability and antibacterial activity of the obtained glass ceramics. 

II.2 Preparation of glass ceramic samples 

II.2.1 Glass ceramics derived from LMAS system 

The starting raw materials were SiO2 (purity > 99%), Al2O3 (purity > 99%), TiO2 (purity 

99.9%), P2O5 (purity > 98%), cryolite (Na3AlF6), MgCO3, Na2CO3, Li2CO3 and zirconium 

silicate (ZrSiO4, purity 99 %). The detailed nominal compositions of these glass ceramics are 

given in Table II-1. Base glass batches of 100 g with desired compositions were in the form of 

fine powders that were well mixed using a mixer (TURBULA-system Schatz).The mixer is a 

three dimensional shaker/mixer for fast and homogeneous mixing of powder substances for 1 

h. The different batches were prepared with similar compositions (SiO2, Al2O3, F, etc.) and 

increasing P2O5 concentration (1.03.0 mol%) and, an additional base glass was prepared 

without P2O5 in order to analyze the effect of this nucleating agent in the crystallization 

mechanism. The obtained base glasses have been labelled in accordance with their respective 

P2O5 contents (mol%), i.e.,GP1GP3. 
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Table II-1 Nominal compositions (mol%) of the LMAS glass ceramics 

 SiO2 Al2O3 Li2O MgO TiO2 F Na2O ZrO2 P2O5 

GP0 54.92 5.09 10.01 15.06 5.00 6.28 1.47 2.17 / 

GP1 53.93 5.06 10.01 15.04 5.02 6.26 1.47 2.19 1.02 

GP2 52.99 5.07 10.00 15.07 5.05 6.25 1.45 2.17 1.95 

GP3 52.78 4.95 09.58 15.01 4.98 6.26 1.41 2.09 2.94 

II.2.2 Glass ceramics derived from MAS system 

The samples of Magnesium aluminum silicate (MAS) glass ceramic with different P2O5 

content were prepared by mixing SiO2 (purity 100%), Al2O3 (purity > 99%), MgCO3, MgF2, 

P2O5 (purity>98%), K2CO3 and H3BO3. The glass ceramic sample without P2O5 content (MP0) 

was prepared as a reference sample. The concentration of P2O5 was varied from 1.0, 2.0 and 

3.0 mol% for MP1, MP2 and MP3 samples, respectively. The detailed nominal compositions 

of these glass ceramics are given in Table II-2. 

Table II-2 Nominal compositions (mol%) of the MAS glass ceramics 

 SiO2 Al2O3 K2O MgO B2O3 MgF2 P2O5 

MP0 40.08 8.73 5.56 22.08 1.50 22.04 / 

MP1 38.35 8.84 5.63 22.37 1.52 22.33 0.95 

MP2 36.77 8.95 5.70 22.63 1.54 22.59 1.82 

MP3 35.15 9.05 5.76 22.90 1.56 22.86 2.72 

II.2.3 Elaboration of base glasses 

After mixing the different batches, they were calcined in a platinum crucible at 900 °C 

for 3 h (10 °C/min). For MAS glass ceramic system, MgF2 was added to the calcined charge 

then mixed again for 1 h. The melting of the last charge was carried out in a Platinum (Pt) 

crucible at about 1600 °C in an electrically heating furnace (10 °C/min) and held for 2 h for 

complete homogenization. The molten charge was poured in a preheated copper molds and so 

formed glasses (Figure II-1). The photographs of as-prepared samples are as shown in Figure 
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II-2. To ensure a good homogeneity, the obtained BGs were ground and melted once again for 

two additional hours.  

          

a) Furnace for melting                                             b) Poured onto pre-heated copper molds 

Figure II-1 Elaboration of base glasses 

    

Figure II-2 Photographs of the obtained base glasses (left: GP0 and right: MP3) 

The as-prepared glasses were annealed immediately at 550 °C for 4 h and then were 

slowly cooled (2 °C/min) to room temperature in a programmed manner in the aim to eliminate 

thermal residual stresses, since the outer surface cooled at a faster rate than the inner surface 

(Figure II-3). The annealed glasses were observed through a strain viewer (light polarizer) to 

detect the presence and location of stresses and any flaws or imperfections that may have caused 

premature failure. It may be mentioned that annealing is one of the important steps. If it is not 

carried out properly, the cracks are developed on glassy parts, which would further increase 

during crystallization. 
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Figure II-3 Annealing process 

As-prepared glasses (LMAS and MAS) were ground using an agate mortar and sieved 

through a 50 mesh to obtain glass powder for those analysis that need such particle size for 

being carried out. 

II.2.4 Fabrication of samples 

The annealed glass blocks were cut into pieces to about 2 mm thickness with a cutting 

machine (Buehler, IsoMet 4000, unear precision saw). The homogeneously samples (20×20×2 

mm3) were polished using polisher machine (Buehler-Beta, Grinder/Polisher) in preparation for 

characterization. All samples were first grounded with 320 grit silicon carbide (SiC) abrasive 

paper to ensure flatness. Samples were then polished gradually using carbide abrasive paper for 

68 minutes at the following intervals: 600 grit SiC, 1200 grit SiC, 2500 grit SiC, 4000 grit SiC 

and finally 3µ diamond disk. Samples were then rinsed with ultrasonic waves using ultrasonic 

cleaning instrument (FALC, HK7200). Figure II-4 shows the resulted polished LMAS samples. 

 

Figure II-4 The obtained polished samples (GP1: left and GP2: right) 
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II.2.5 Synthesis of glass ceramics 

Heat-treatment of samples was carried out according to the thermal analysis results. In 

order to promote nucleus formation in the glass structure it is useful to choose a temperature 

higher than the transition temperature (Tg) as the nucleation temperature. It is well known that 

nucleation is usually held a period of time at a temperature corresponded to viscosity of 1011 to 

1012 P, according to the preliminary estimate, the optimum nucleation temperature lies between 

Tg and Tg+50 °C [17]. Therefore, in order to obtain glass ceramic samples containing 

microcrystals and also in the aim to keep transparency of the glass, the obtained samples are 

subjected to a controlled crystallization in one stage nucleation/crystallization (NC). In present 

investigation, (Tg+ 50 °C) was chosen as the NC temperature of the glass for the time of 3 hours, 

using a programmable resistance-heating furnace. Figure II-5 shows the thermal protocol for 

the elaboration of glass ceramic. Glass ceramic samples were heat treated 3 h at TNC with a 

heating rate of 10 °C/min. The obtained GCs were referred to as GP0GCGP3GC for LMAS 

system and MP0GCMP3GC for MAS system. 

 

Figure II-5 Synthesis of glass ceramics 

II.2.6 Silver stain coating 

Silver stain coating was obtained following the traditional techniques described in [163]. 

In order to study the biocide activity, we have used AgNO3 as Ag salt, arabic rubber as 

agglomerate and a commercial clay (Kaolin).  

Prepared slurries contained 16 wt% of AgNO3 (Merck, analytical grade), 48 wt% of a 

commercial clay and 36 wt% of a mixture of arabic rubber and water (Henkel). All the slurries 

were obtained by mixing the different components during 20 min under vigorous stirring. After 
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that, medieval glass substrates were painted on only one side. They were dried at room 

temperature for 2 h then heat treated at 500 °C for different time 2, 4 and 8 h. A heating rate 

cycle of 2 °C/min for heating and 1 °C/min for cooling was used. Finally, GC painted substrates 

were washed with distilled water then rinsed with ultrasonic waves to remove any residual 

slurry. The painted GCs were referred to as GP0Ag2GP0Ag8 for LMAS system and 

MP0Ag2MP0Ag8 for MAS system, in accordance with the heat-treatment time used for the 

silver stain coating. Figure II-6 shows photographs of the sample GP1 after different treatment. 

                                                 

Figure II-6 Photographs of the sample GP1 after different treatments 

II.3 Analysis 

II.3.1 Chemical composition analysis 

The chemical compositions of the obtained glasses were determined using an X-ray 

fluorescence instrument with the analysis curve IQ+ (XRF, Philips, Magic Pro, USA). A weight 

of 20 mg of powdered specimen was used. 

II.3.2 Thermal Analysis 

II.3.2.1 Dilatometric measurements 

Dilatometric measurements (Netzsch instrument) were performed using a heating rate of 

5 °C/min and specimens with dimensions 5×5×10 mm3 to investigate the thermal expansion 

coefficient (TEC) of the base glass and the glass ceramic specimens over the temperature range 

of 30–1200 °C using silica as probe in an inert (Ar) atmosphere. LMAS and MAS glass ceramic 

samples have been treated 4 h at the temperature of the main peak of crystallization extracted 

from DTA curves. 

II.3.2.2 Hot-Stage Microscopy 

The sintering behavior of the glass powders was investigated by hot-stage microscopy 

(HSM). An EM201 (Leica) instrument equipped with a CCD camera (Sony) was used from 

GP1 GP1Ag2 GP1GC 

Nucleation/ 

Crystallization 

Silver stain 

painting 
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room temperature to 1300 °C with a heating rate of 10 °C/min under flowing air. The HSM 

software calculates the percentage of decrease in height, width and area of the sample images. 

The digital photographs were automatically recorded and analyzed with an image analysis 

system during heating. A very small specimen (2 mm diameter and 3 mm height) made up of 

powder material was used to minimize the effects of temperature gradients inside the sample. 

Hot-stage microscopy is also a suitable technique for studying the behavior of glass viscosity 

in relation to temperature. The temperatures corresponding to the characteristic viscosity points 

such as first shrinkage (TFS), maximum shrinkage (TMS), softening (TS), ball (TB), half ball 

(THB), and flow (TF) were obtained from the photographs taken during the HSM experiments 

following Scholze’s definition [164–166]. The latter temperatures correspond to glass 

viscosities of 109.1, 107.8, 106.3, 105.4, 104.1 and 103.4 P, respectively. 

II.3.2.3 Differential thermal analysis 

Thermal analysis measurements were performed on an appropriate instrument (DTA, TA 

Instruments, SDT Q600, USA). For all measurement, a weight of 20 mg powdered specimen 

was placed in a Pt crucible and heated from 25 to 1300 °C at a heating rate of 10 °C/min in the 

air atmosphere. 

a) Transformation kinetics  

The study of crystallization kinetic of the considered samples was performed under non-

isothermal measurements, using a differential thermal analysis (DTA, TA Instruments, SDT 

Q600, USA). Typically, 20 mg of each glass sample powder (< 50 µm) was heated from 25 to 

1300 °C at different heating rates (2, 5, 10 and 20 °C/min) in air atmosphere. The different 

glasses were crushed and sieved to different particle sizes (50100, 100200, 200500 and 

5001000 m) and analyzed at 10 °C/min to estimate the dimensionality growth mechanism at 

each particle size. In all cases, a Pt crucible was used. 

The DTA curves have been used to determine the crystallization mechanisms, include the 

activation energy of crystallization Ec, the Avrami exponent n and the morphology index m 

through analysis of the exothermic peaks at different heating rates. The glass transition (Tg), 

crystallization (Tp) and melting (Tm) temperatures were determined from the DTA curves. The 

glass forming abilities of melts, the glass stability and the structural relaxation were calculated 

using the different temperatures extracted from the DTA curves. 
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II.3.3 Microstructural analysis 

II.3.3.1 X-ray diffraction 

To study the microstructure development of glass ceramics, heat-treatment of LMAS 

glass powders was carried out at 650, 700, 750, 800 and 840 °C for 1 h and, of MAS glass 

powders at 700, 750, 800, 850, 900 and 950 °C for 1 h. The crystalline phases formed at 

different temperature were detected by X-ray diffraction (XRD, D8 Advance, Bruker Corp., 

Germany) at room temperature. Data were recorded in 2θ range of 1070 °. The developed 

phases were identified by JCPDS numbers (Joint Committee on Powder Diffraction Standards), 

ICDD-PDF database (International Centre for Diffraction Data). 

II.3.3.2 Field Emission Scanning Electron Microscopy 

The morphology of the crystalline phases developed after heat-treatment was examined 

by field emission scanning electron microscopy (FE-SEM, Hitachi 4700, Japan). Fractured 

surfaces were etched with a 5 % hydrofluoric acid (HF) solution for 15 s for both glass ceramic 

systems samples, then rinsed with distilled water and then with alcohol until removed all HF. 

Next, they were placed in an ultrasonic bath at room temperature for 15 minutes and finally 

were dried at 50 °C. This etching procedure was necessary to partially remove the glassy phase, 

thereby enhancing the image contrast between the crystalline and glassy phases under FE-SEM. 

After that, the samples were gold-coated, using gold sputter instrument (EMSCOPE SC500), 

to increase the conductivity of the surfaces and prevent charge build-up by the electrons, before 

been observed in the FE-SEM. The layer deposited nearly evenly coats the surface of the 

specimen, faithfully reflecting the surface morphology. The FE-SEM was operating at 20 kV 

with backscattered electrons. The sample surface is scanned with an electron beam, while a 

monitor displays the information that interests us on the basis of the detectors available. 

II.3.4 Structural analysis 

II.3.4.1 Raman spectroscopy 

Room temperature Raman spectra were recorded using a Raman spectrometer (Renishaw, 

UK) with a 50 mW internal Argon laser source at an excitation wavelength of 514 nm. All 

measurements were made in a back scattering geometry, using a 50× microscope objective lens. 

The spectra were averaged over 50 scans. 
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II.3.4.2 Fourier Transform Infrared Spectroscopy and Attenuated Total 

Reflectance 

The structure of the glass samples was studied using Fourier Transform Infrared (FTIR) 

spectroscopy. The FTIR absorption spectra were recorded with a Perkin Elmer spectrometer 

(FTIR system, spectrum BX). Potassium bromide (KBr) pellets were used to record the FTIR 

spectra of the glass samples. Powders, being examined by Infrared Spectroscopy, in 

transmission mode, are generally prepared by grinding with KBr powder. The latter must be of 

spectroscopic grade purity, and be spectroscopically dry. The powder sample, approx 1.8 mg, 

and KBr, approx. 300 mg, must be grounded to reduce the particle size until crystallites can no 

longer be seen and it becomes somewhat “pasty” and sticks to the agate mortar. The mixture is 

then pressed, using a hydraulic press, into a disk. The spectrum quality is affected by the quality 

of the disk. The flatness of the baseline is dependent on the particle size and dispersion of the 

sample in the KBr powder. The spectra were recorded in a wave number range of 4004000 

cm-1. 

During Attenuated Total Reflectance (ATR) analysis, the sample is kept in contact with 

a diamond crystal allowing total internal reflection. An infrared ray arrives at the diamond 

crystal where the material under study has been placed. The internal reflection of the ray in the 

crystal gives rise to an evanescent wave which, at each reflection, continues beyond the surface 

of the crystal and penetrates the sample over about 1 μm. The penetration depth depends on the 

wavelength, the angle of incidence of the beam on the crystal, and the nature of the crystal. 

Spectra are thus obtained (curves of absorbance vs. wavenumber) that have absorption peaks 

characteristic of the functions present at the glass sample surface. The spectra were recorded in 

the wavenumber range of 6004000 cm-1. 

II.3.5 Mechanical analysis 

II.3.5.1 Hardness 

In this study, nano-indentation was used to test mechanical properties, including the 

hardness (Hv) and the elastic modulus (E) in the glass ceramic material. Two components (30 

wt.% resin and 12 wt.% hardener) were well mixed and stirred for a couple of minutes without 

introducing too many air bubbles. Then, the mixture has been left to rest for 2 minutes and 

poured carefully over the specimens with a standard diameter. Most specimens are small 

coupons of about 10 mm size. The indentation will be performed on the top surface of the 
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specimen. This requires a grinding/polishing procedure that will yield a smooth and flat surface. 

After that, the well-polished specimens were subjected to a diamond pyramid indenter (Vickers) 

under an optimum load of 500 mN for glass ceramic and base glass samples. The holding time 

after an indent was 10 s. Data were obtained using at least 10 indentations on each specimen 

and the average of this was used to calculate the hardness and the Young’s modulus. The error 

reported being the standard deviation in the measurements. 

II.3.5.2 Bending test 

Three-point bending tests were performed for the determination of modulus of rupture 

(σ). A span length of 12 mm and a crosshead speed of 0.5 mm/min were used for all tests in a 

universal test machine (MicroTest, .EM1/50/FR). Flexural strength (three-point bending) of the 

glass ceramics was measured with parallelepiped samples (20×10×2 mm3) in an ambient 

atmosphere. All samples were rinsed with ultrasonic waves using ultrasonic cleaning 

instrument (FALC, HK7200) before the test. 

II.3.6 Optical analysis 

II.3.6.1 Transparency 

The optical transmission and reflection spectra were recorded by using a spectrometer 

UV-Visible (UV-Vis, Perkin Elmer Lambda 950) in the wavelength range of 1001000 nm at 

room temperature.  

II.3.6.2 Color parameters 

From the obtained transmission and reflection spectra, color parameters have been 

calculated using the International Commission on Illumination (usually abbreviated CIE for its 

French name, commission internationale de l'éclairage) according to illuminant C (CIE 1931, 

corresponding to the spectral distribution of medium solar light for cloudy sky) and Observer 

10 ° [163]. CIELAB color space (also known as CIE L*a*b* or sometimes abbreviated as 

simply “Lab” color space) expresses color as three values: L*, a* and b*. In most cases of 

colorimetric study, we are looking for a more significant color gap than the color itself. The L* 

coordinate is a measure of the lightness-darkness of the specimen. The greater the L*, the lighter 

the specimen. The a* coordinate is a measure of the chroma along the red/green axis. A positive 

a* relates to the amount of redness, and a negative a* relates to the greenness of a specimen. 

The b* coordinate is a measure of the chroma along the yellow/blue axis. That is, a positive b* 

https://www.sciencedirect.com/topics/engineering/modulus-of-rupture
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relates to the amount of yellowness; a negative b* relates to the amount of blueness of the 

specimen. To decrease the possible deviations of the color values, the measurement of each 

specimen was repeated 3 times and averaged. The same operator made all measurements. 

II.3.6.3 Refractive index 

The refractive indexes (nD) of the base glasses and glass ceramics were measured with an 

Abbe refractometer (ATAGO, model DR-A1) with a spectral line of sodium (589.3 nm). By 

very simple operation that needs only to set the boundary line of refraction at the cross hairs, 

the refractometer directly indicates a measured value of refractive index. Ten measurements 

were made on each sample and averaged at the ambient temperature of 22±02 °C. 

II.3.7 Bacterial analysis 

The antibacterial activity of samples was performed using Escherichia coli (E. coli) 

ATCC 25922 (Ec 25922), as gram negative bacteria. All the strains were kept frozen at 80 °C 

until the experiments were performed. The bacterial adhesion experiments on doped glass 

ceramic specimens were performed following the protocol adapted from previous studies 

[167,168]. The test was used to quantify the bacteria adhesion on the surfaces through the count 

of bacteria colonies forming units (CFU). Each sample was washed and vortexed for 15 s at 

3000 rpm in pure distilled water (B. Braun, Melsungen, Germany) before this experiment was 

performed. Bacteria were inoculated in tryptic soy broth (bioMérieux, Marcy-l’Étoile, France) 

at 37 °C for 24 h. After culture, bacteria were centrifuged at 3500 rpm for 10 min at 22 °C. 

Supernatant was discarded, and the pellet was washed three times with sterile 0.9 % NaCl saline 

solution (SS) (B. Braun, Melsungen, Germany). Bacteria were then suspended and diluted in 

SS, reaching 108 CFU/ml bacterial solution, and 5 ml of this solution was incubated onto doped 

GC specimens in a sterile non-treated six-well plate (Thermo Fisher Scientific, MA, USA) at 

37 °C for 90 min in order to allow adhesion in a static model. These experimental conditions 

allowed detection of a better bacterium/GC interaction. After incubation, samples were washed 

three times with SS to remove unattached bacteria, as described in the literature [169]. Finally, 

samples were then stained for 2 min with a Live/Dead Bac Light bacterial viability kit (Thermo 

Fisher Scientific, MA, USA) and rinsed with sterile water.  

Different photographs (×40 magnification) were taken with a DM 2000 fluorescence 

microscope (Leica Microsystems, Wetzlar, Germany) for some samples. All photographs were 

taken using the same microscopy conditions (290- to 450-ms exposure time, 10.1× optical gain, 

https://www.sciencedirect.com/topics/engineering/spectral-line
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1.25 saturation level, and gamma of 10.00). The percentage of the total surface with adhered 

bacteria as well as the percentages of dead and live bacteria were calculated and analyzed by 

using ImageJ software (National Institutes of Health, Bethesda, MD, USA).  

At the end of the growing period, cells were removed by centrifugation and the release of 

silver to the fermentation broth was determined by inductively coupled plasma (ICP). 

 



 

 

 

 

 

 

 

 

 

 

Chapter III: 

Results and discussion 

 



Chapter III: Results and discussion 

 

45 

 

Chaptre III: Results and discussion 

III.1 Chapter preamble 

In this chapter, the results obtained from the chemical, structural, optical, mechanical and 

biological testing of LMAS and MAS base glasses and the corresponding glass ceramic are 

presented and discussed. The influence of the chemical composition of the base glasses, the 

effect of a single nucleating agent (F) and double nucleating agents (P2O5 and F) and heat-

treatments on the characteristics of the obtained glass ceramics are also reported and discussed. 

The crystallization kinetics of these systems are explained. 

III.2 LMAS glass ceramic 

III.2.1 Chemical analysis results 

For all the investigated compositions, melting at 1600 °C for 2 h was sufficient to obtain 

bubble-free, homogeneous glasses. The experimental chemical concentrations of these glasses 

analyzed by XRF are given in Table III-1. In fact, during the fusion process of the glass mixture 

in the platinum crucible at 1600 °C, Fluoride loss can occur which will change the proportions 

of components given in Table II-1. It is known that fluoride losses occur during melting of 

silicate glasses [170], which is attributed to the high temperatures involved in the glass 

fabrication process. It should be noted that high temperature (~1600 °C) was needed for 

homogenization of the molten glass and even was required to obtain enough viscosity to cast it. 

In addition, the high Al2O3 content and the absence of F in GP2 sample is attributed to the use 

of an Aluminum crucible during the melting procedure, and then, their effect on the 

crystallization of LMAS glass ceramic was studied. Moreover, negligible changes were 

observed in the chemical composition of the base glasses after melting the glass batch. 

Table III-1 Chemical compositions (mol%) of the obtained LMAS base glasses                                                 

(Al/Li =Al2O3/Li2O and Si/Al = SiO2/Al2O3) 

 Li2O MgO Al2O3 SiO2 CaO Na2O TiO2 ZrO2 F P2O5 Al/Li Si/Al 

GP0 

GP1 

GP3 

GP2 

10.95 

11.28 

11.91 

09.28 

15.16 

15.00 

14.71 

13.40 

05.32 

05.31 

05.20 

16.38 

58.21 

57.41 

55.42 

50.56 

0.34 

0.33 

0.34 

0.30 

1.51 

1.82 

1.52 

1.39 

5.40 

5.37 

5.15 

4.79 

2.20 

2.13 

2.07 

1.98 

0.86 

0.49 

0.51 

0.00 

0.00 

0.81 

3.12 

1.87 

0.48 

0.47 

0.44 

1.76 

10.94 

10.81 

10.65 

03.08 
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III.2.2 Differential thermal analysis results 

Figure III-1 shows the DTA thermograms of the obtained base glasses where different 

exothermic peak temperatures corresponding to the formation of several crystalline phases can 

be observed. 

 

Figure III-1 DTA curves of the LMAS specimens at the heating rate of 10 °C/min 

It is noticed that all the DTA curves exhibit similar trends with a small endothermic signal 

around 600 °C corresponding to the glass transition temperature, Tg. DTA curve of the GP2 

sample has only one exothermic peak in the same temperature range, although the asymmetry 

toward high temperatures indicates the presence of a crystallization peak of low intensity. There 

were three exothermic peaks for the GP3 glass. The main exothermic peak was detected at 837 

°C and two weak exothermic peaks at 756 and 771 °C. Adding P2O5 to the basic glass did not 

change the endothermic peak greatly; however, it increased the main exothermic peak 

temperature from 750 to 837 °C (Table III-2). 

Table III-2 crystallization peak temperatures and transition temperature (°C) of the obtained LMAS 

specimens from the DTA curves 

 Tg  Tp1 Tp2 Tp3 

GP0 

GP1 

GP3 

GP2 

615 

624 

625 

628 

733 

736 

756 

764 

750 

760 

771 

787 

774 

780 

837 

/ 

400 600 800 1000 1200

T
p1

T
p2

H
ea

t 
fl

o
w

 (
W

/g
)

Temperature (°C)

GP2

GP3

GP1

GP0T
g

T
p3



Chapter III: Results and discussion 

 

47 

 

In contrast, for the samples GP2 with high Al2O3 concentration, the main exothermic peak 

appears between two smaller ones but, in the sample of high P2O5 concentration, such main 

peak changes and appears as at the high temperature one. These results show the effect of P2O5 

as a crystallization promoter. 

III.2.2.1 Transformation kinetics 

a) Structural relaxation 

The calculation of the Eg values from equation (I.5) is carried out by fitting the data shown 

in Figure III-2 to a straight line. Table III-3 collects the Eg, FI-DTA and FI-vis values obtained for 

the LMAS glasses studied in this work and calculated for the 5 °C/min heating rate. Eg values 

are in the range of silicate glasses with an Al2O3 molar concentrations varying between 0 and 

20 % [69]. From the calculated Eg values, the FI-DTA and FI-vis indexes are obtained by using 

equation (I.6) and equation (I.7).  

 

Figure III-2 ln (v/Tg
2) vs. 1000/Tg plots of viscous flow in the different glasses transition range  

As observed in Table III-3, the FI values of the studied BGs are higher than the values 

reported for vitreous silica which is close to 19 [62,171]. The higher values of the Eg yield to 

the higher values of FI. The obtained glasses can be considered as strong glasses since all FI 

values are higher than the silica glass (FI = 19).  
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Table III-3 Fragility indexes 

 Eg (kJ.mol-1) FI-DTA FI-vis 

GP0 

GP1 

GP3 

GP2 

426 

483 

403 

424 

25.03 

28.10 

23.33 

24.48 

27.94 

31.89 

25.75 

26.23 

It is also observed that Eg and FI increase only with the addition of a small amount of 

P2O5 (1.0 mol%) to the glass composition but if more P2O5 is added the inverse will happen. 

Variations of Eg and FI can be explained on the basis of structural changes due to the 

introduction of phosphorus atoms. Although P2O5 generally acts as a nucleation agent to induce 

crystallization in aluminosilicate glasses containing Li, Mg, etc., it is also known that such 

effect strongly depends upon the Al/Li ratio [172]. For Al/Li < 0.2, P2O5 acts as a nucleating 

agent leading to an easy bulk crystallization and therefore the glass tends to be fragile whereas, 

if Al/Li > 0.7 P2O5 acts as a glass structure stabilizer improving the rigidity of the glass network, 

i.e. leading to a stronger glass [172]. According to the chemical compositions provided in Table 

III-1 and results of Table III-3, the studied glasses containing F present Al/Li ratios between 0.2 

and 0.7 but they can be considered as strong glasses because their FI values are closer to 19 

than to 200. However, these results present some discrepancies because of the random variation 

with the P2O2 and Al2O3 content in the glasses. In order to discern these variations, the glass 

stability parameters are then further considered. 

b) Glass Forming Ability and Glass Stability  

Table III-4 collects the 2, , KH and S values obtained for the LMAS glasses studied in 

this work. The results recorded in Table III-4 show that the addition of P2O5 to the LMAS base 

glasses leads to an increase in , KH and a decrease in 2, which is translated to an increase in 

the GFA and GS of the glasses. The absence of F and the existence of higher Al2O3 content in 

the GP2 glass confers to this glass the major stability. It is also noticed that the S values do not 

follow any trend like the other three parameters so we cannot extract any correlation or 

conclusion. This problem may arise because the S parameter takes into account both the Tp 

values and the corresponding difference between Tp and To, and the studied glasses present 

several crystallization peaks so, it is difficult to analyze. 
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Table III-4 GS and GFA parameters (calculated as an average for the four heating rates) 

 2  KH S 

GP0 

GP1 

GP3 

GP2 

0.27 

0.27 

0.25 

0.21 

3.14 

3.26 

3.95 

4.07 

0.12 

0.12 

0.14 

0.21 

3.46 

2.98 

4.42 

2.65 

c) Crystallization kinetic and mechanism 

Crystallization peak temperatures have been determined by a deconvolution procedure, 

assuming that every peak presents a mixed GaussianLorentzian (50 %50 %) shape because 

this was the better fitting obtained. From these fitting peak positions (temperatures, Tp), 

fullwidths (w) and intensities of the peaks were obtained. 

  

  

Figure III-3 DTA curves of the LMAS glasses at different heating rates: (a) 5, (b) 10, (c) 15              

and (d) 20 °C/min 
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Table III-5 Characteristic temperatures (°C) from the DTA Curves 

Sample Heating rate (°C/min) Tg Tp1 Tp2 Tp3 

GP0 

05 

10 

15 

20 

607 

615 

619 

628 

697 

733 

741 

752 

723 

750 

756 

766 

751 

777 

780 

789 

GP1 

05 

10 

15 

20 

616 

624 

629 

635 

699 

735 

737 

754 

734 

759 

764 

775 

758 

778 

782 

789 

GP3 

05 

10 

15 

20 

619 

625 

635 

640 

733 

746 

771 

781 

751 

760 

781 

789 

808 

825 

832 

838 

GP2 

05 

10 

15 

20 

624 

628 

635 

644 

740 

753 

760 

770 

763 

778 

788 

794 

/ 

Figure III-3 shows  the DTA curves of each glass heated at different rates, where the 

crystallization peaks can be well observed. The temperatures of glass transition and 

crystallization peaks values are presented and collected in Table III-5. 

Data of Table III-5 show that Tg and Tp are increasing as P2O5 increases. These results are 

consistent with several works that have shown that additing P2O5 [173,174] or both F and P2O5 

[175] to some MAS and LAS glasses increase both Tg and Tp. In the literature, it is also 

described that if the concentration of Li2O is higher than that of MgO, the addition of P2O5 or 

F lead to a decrease of Tg and Tp  [15,57,146]. 



Chapter III: Results and discussion 

 

51 

 

According to Table III-1, the Al/Li ratio influences Tg and Tp in the sense that if this ratio 

is less or close to 0.2, the P2O5 acts as a nucleation promoter leading to a decrease of Tg and Tp; 

but if the ratio is higher than 0.7 then P2O5 acts as glass stabilizer increasing these characteristic 

temperatures [176]. Results of Table III-1 and Table III-5 show that Al/Li ≥ 0.2 for all the 

studied glasses and the effect of the addition of P2O5 induce a stabilization of the glass network.  

Kissinger plots for the different studied LMAS BGs at different heating rates using the 

temperature of the main peak are shown in Figure III-4. Figure III-5 shows the plot of ln(v) vs. 

1000/Tp. Figure III-6 shows the plot ln(v/(Tp-To)) vs. 1000/Tp  from which the Ecab has been 

obtained. In addition, the value of Eco can be obtained from the slope of the equation (1.24) and 

Figure III-7 shows the plot ln(vn/Tp
2) vs. 1000/Tp. The different plots for each sample of the 

different studied LMAS specimens are shown in appendix A. 

The DTA curves present two or three peaks at different heating rates. Therefore, the Ec, 

n and m values have been determined for each peak of the studied glasses. The differences in 

the Ec values determined by different methods may be attributed to the different approximations 

that have been adopted while arriving at the final values from them, but, in most cases, the 

results are very close and the discussion of the crystallization kinetics can be carried out by 

taking average values of each parameter. The values of Ec for crystallization calculated by 

different methods and the values of Avrami exponent n and the m parameter are given in Table 

III-6 and Table III-7, respectively. 

 

Figure III-4 Kissinger plot: ln(v/Tp
2) vs. 1000/Tp  
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Figure III-5 Ozawa plot:ln(v) vs. 1000/Tp  

 

Figure III-6 Augis & Bennett plot: ln(v/(Tp-T0)) vs. 1000/Tp 

 

Figure III-7 Matusita & Sakka plot: ln (vn /Tp
2) vs. 1000/Tp  

0,88 0,90 0,92 0,94 0,96 0,98 1,00 1,02

1,6

2,0

2,4

2,8

3,2

r
2
=0,89

r
2
=0,98

r
2
=0,92

r
2
=0,98

 l
n

(v
)

 1000/T
p

 GP0

 GP1

 GP3

 GP2

 

Linear fitting

0,88 0,90 0,92 0,94 0,96 0,98 1,00

-14

-12

-10

-8

-6

-4

-2

r
2
=0,92

r
2
=0,98

r
2
=0,89

r
2
=0,98

 1000/T
p

 ln
(v

 /
T

P
-T

0
)

 GP0

 GP1

 GP3

 GP2

 

Linear fitting

0,90 0,92 0,94 0,96 0,98 1,00

-10

-8

-6

-4

-2

r
2
=0,92

r
2
=0,89

r
2
=0,98

r
2
=0,98

 l
n

(v
n
/T

2 p
)

 1000/Tp

 GP0

 GP1

 GP3

 GP2

 

Linear fitting



Chapter III: Results and discussion 

 

53 

 

Table III-6 Activation energies (kJ/mol) of each exothermic peak for the studied LMAS spicemens 

 
GP0 

 

GP1 
 

GP3 
 

GP2 

Pk1 Pk2 Pk3 Pk1 Pk2 Pk3 
 

Pk1 Pk2 Pk3 

 

Pk1 Pk2 

Kissinger 

Ozawa 

Augis & Bennett 

Matusita & Sakka 

190 

196 

199 

195 

258 

262 

252 

285 

303 

305 

316 

422 

 

192 

198 

204 

180 

282 

285 

284 

342 

379 

377 

388 

336 

 

239 

244 

256 

221 

313 

314 

332 

319 

375 

374 

395 

431 

 

352 

356 

374 

378 

386 

358 

381 

342 

The activation energies of Table III-6 are in the range of 200–400 kJ/mol as correspond 

to LAS and MAS glass ceramic materials [177]. It is clear that for the glass with 5 mol% of 

Al2O3, Ec values increase with Tp indicating that it is necessary a higher temperatures to induce 

crystal growth. However, in the glass with 16 mol% of Al2O3 and although the two 

crystallization peaks appear at temperatures close to the low temperature peaks of the other 

glasses with lower Al2O3 concentration, the Ec values for such two crystallization peaks are 

very close the one of the high temperature peak of low Al2O3 glasses, and this result is due to 

the effect of Al2O3 limiting the mobility of the crystal forming cations [178]. The effect of P2O5 

on the crystallization kinetics of LAS and MAS glasses has been extensively studied 

[146,178,179]. P2O5 is considered as a crystallization promoter due to its nucleating role. 

However, it has recently shown that such role depends on the composition of the BG, if K2O 

and Al2O3 are replaced by P2O5, the activation energy for the crystallization decreases [178]. 

The parameters, n and m in this study are considered to be n = m, as is obvious from Table 

III-7. Therefore, in accordance to Donald [180] Matusita and Sakka [95], the crystallization 

mechanism is mainly of bulk type with a constant number of nuclei, although the specific values 

depends on the amount of F, P2O5 and Al2O3 in the BGs. It is observed that BGs containing F 

present a different behavior than those without it as shown in GP2 sample. For the F containing 

BGs, the addition of P2O5 leads to a decrease of the n and m values for the first and second 

peaks, while for the third peak n and m increase. This result indicates that the incorporation of 

P2O5 leads to a homogeneous crystallization mechanism for the three peaks and mainly with 

two and three dimensional growth of crystals. On the other hand, for the GP2 glass without F 

the n and m values correspond to bulk crystallization with two and one dimensional growth of 

crystals. 
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Table III-7 n and m parameters for the studied samples (n and m calculated from equation (I.26) and 

equation (I.27), respectively) 

 GP0  GP1  GP3  GP2 

Pk1 Pk2 Pk3 Pk1 Pk2 Pk3 Pk1 Pk2 Pk3 
 

Pk1 Pk2 

n 

m 

2.9 

2.9 

4.2 

4.5 

1.4 

1.3 

 2.7 

2.6 

3.5 

3.6 

1.7 

1.7 

 1.8 

1.7 

2.9 

2.9 

2.2 

2.2 

 2,1 

2.0 

0,9 

0.8 

According to the results of Table III-7, the crystallization mechanism could be considered 

as a bulk one but when the amount of P2O5 increases it tends to be surface type. It would be 

necessary to add a concentration of ~5.0 mol% of P2O5 for a real surface crystallization of these 

type of glass ceramic (as shown in Figure III-8). 

 

Figure III-8 The plot of the Avrami, n, parameter vs. P2O5 content 

In order to confirm the dimensionality growth mechanism, Ray and Day [181] proposed 

a simple and rapid method to identify and distinguish surface from bulk crystallization. This 
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2/Δw will decrease and, on the contrary, for bulk 

crystallization they will increase. DTA plots for BG samples GP0, GP1, GP3 and GP2 of 

different particle size (50100, 100200, 200500 and 5001000 µm) are shown in Figure III-

9. In all the BGs, it is observed the same crystallization peaks, but, in the case of the GP0 and 

GP3 BGs, a new peak appears at temperatures of 760 and 820 °C, respectively. The kinetic 
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that it increases in intensity with the particle size indicating that the crystallization mechanisms 

is of bulk type. The rest of the crystallization peaks for these and other samples have been 

analyzed by the method described by Ray and Day [181].  

  

  

Figure III-9 DTA plots of the studied samples for different particle sizes: (a) 50100, (b) 100200, (c) 

200500 and (d) 5001000 µm 

 

Figure III-10 Plots of Tp
2/Δw vs. average of particle size (dp) for the main crystallization peak of each 

sample 
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Figure III-10 presents the evolution of the Tp
2/Δw for the main representative peaks of 

each glass. It is observed that the evolution of Tp
2/Δw with the particle size varies from one 

glass to another and, in the case of the GP3 that presents two main peaks both give different 

evolution. In this GP3 glass while the peak at 775 °C shows a decrease Tp
2/Δw with the particle 

size, the one at 838 °C shows an increase. In general it could be said that the evolution of Tp
2/Δw 

with the particle size is an appropriate method for obtaining a conclusion about the 

crystallization mechanism or for distinguishing between surface and bulk crystallization types. 

This result has just been described by Marques et al. [182] when analyzing the crystallization 

of lithium disilicate glasses. 

III.2.3 Identification of crystalline phases 

The XRD patterns of different specimens GP0, GP1, GP3 and GP2 treated in the range 

650840 °C are shown in Figure III-11, Figure III-12, Figure III-13 and Figure III-14, 

respectively. GP0 and GP1 base glass samples present the amorphous characteristics of the 

glassy state. Moreover, there is no crystalline material detected in the sample GP0 or GP1 

heated at 650 °C for 1 h, suggesting no precipitation of crystalline phase in those specimens. In 

addition, diffraction peaks start to emerge against the amorphous background after heating at 

700 °C.  

For the GP0 specimen, hexagonal lithium aluminum silicate (LixAlxSi1-xO2, JCPDS No. 

00-040-0073) was the main crystal at 700 and 750 °C for a certain period of time though the 

content was little. A similar lithium aluminum silicate phase was reported by Xingzhong et al. 

[147] in glasses containing 18 Al2O368 SiO24 Li2O (mol%) with different nucleating agents 

at a heating at temperatures between 790 and of 830 °C and by Ananthanarayan et al. [137] in 

glasses of 14 Al2O372 SiO214 Li2O (mol%) with 1.1 (mol%) P2O5 as nucleating agent at 

temperatures comprised between 600 to 925 °C. However, a large amount of -spodumene 

(LiAlSi2O6, JCPDS No. 00-035-0797) have been precipitated and became the main crystal at 

higher temperatures 800 and 840 °C. The formation of -spodumene has been reported in 

numerous works in a wide range of compositions and for multiple nucleating agents. When 

TiO2 is used, -spodumene appears at temperatures as high as 820 °C [183] but the addition of 

P2O5 seems to delay the formation this phase, as occurs in our materials [184]. In another study 

[185], by adding 8.0 wt% of MgF2, a phase separation in the base glass occurs and leads to the 

formation of a primary crystal phase of MgF2, which in turn promotes the formation of spherical 

-spodumene crystals. 
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Figure III-11 XRD patterns of GP0 specimen treated at: (a) BG, (b) 650, (c) 700, (d) 750, (e) 800 and 

(f) 840 °C 

 

Figure III-12 XRD patterns of GP1 specimen treated at: (a) BG, (b) 650, (c) 700, (d) 750, (e) 800 and 

(f) 840 °C 
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of different crystalline phases like the lithium aluminum silicate  and -spodumene, with the 

increasing of the heating temperature indicating the growth up of the crystallized particles. 

Moreover, the Enstatite (MgSiO3, JCPDS No. 00-022-0714) and the -spodumene were 

precipitated at 750 °C and 800 °C, respectively, in GP1 and GP3 samples. Compared the 

different XRD diffractograms of the same sample treated at different temperatures, very small 

2-displacements were found at 2627 °, which might be attributed to the additions of P2O5 in 

the glass ceramic, as well as a possible residual stress effect in the specimens [186]. 

 

Figure III-13 XRD patterns of GP3 specimen treated at: (a) BG, (b) 650, (c) 700, (d) 750, (e) 800 and 

(f) 840 °C 

 

Figure III-14  XRD patterns of GP2 specimen treated at: (a) BG, (b) 650, (c) 700, (d) 750, (e) 800 

and (f) 840 °C 
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For the GP2 glass ceramic with high Al2O3 content and without F as nucleating agent, 

lithium aluminum silicate is the main crystalline phase with a very small amount of -

spodumene was found. The latter results indicate that F is necessary for the crystallization of-

spodumene. Guo et al. [187] have shown that a small fluorine concentration in a glass improves 

the crystallization of -spodumene and decreases the crystallization temperature about 110 °C 

lower than that containing no-fluorine, being this crystallization even more promoted in the 

presence of both P2O5 and fluorine [188]. 

In all cases and under identical experimental conditions, the intensity of the major 

diffraction peaks, LixAlxSi1-xO2, increases with the increase of P2O5 concentration which 

indicates the influence of this nucleating agent in the crystallization reactions. The intensity of 

lithium aluminum silicate diffraction peaks tend to increase also with increasing heat-treatment 

temperature for the sample nucleated with P2O5. As it is observed from Figures III-12 and III-

13, the -spodumene peaks present lower intensities as the P2O5 concentration increased. 

In accordance to these data, and from the results presented in Table III-1, Table III-2 and 

Figure III-1, three exothermic crystallization peaks were found in the thermograms of the 

glasses with F which is in line with the three crystalline phases appearing in the XRD of Figure 

III-11, Figure III-12, Figure III-13 and Figure III-14. But in the specimen GP2, just two peaks 

were found in the thermogram and just two crystalline phases emerged in the XRD 

diffractograms. Thus, it must be assumed that each peak corresponds to a given crystalline 

phase. The above commented results imply that fluorine and P2O5 are nucleating agents that 

favor the formation of -spodumene while P2O5 mainly favors the formation of the lithium 

aluminum silicate phase. 

III.2.4 Microstructure development 

Figure III-15 shows the morphologies of the MLAS glasses treated at 750 °C for 1h, 

which were etched in a 5 % HF solution for 15 s. It is observed, from the presence of some 

crystals with a globular shape, assigned to the LixAlxSi1-xO2 crystals. Crystal size was estimated 

using the Scherrer equation [189]. The crystal sizes are about 31, 30 and 29 nm for GP0, GP1 

and GP3 glass ceramic specimens, respectively.  
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Figure III-15 FE-SEM micrographs of (a) GP0, (b) GP1 and (c) GP3 specimens treated at 750 °C for 

1h. Insets: Micrographs of the same samples in higher magnification 

 

Figure III-16 FE-SEM micrographs of GP2 treated at 750 °C for 1 h  

In the sample GP2, aggregated large particles with range of sizes 200400 nm were 

precipitated uniformly (Figure III-16). The large particles were composed of fine particles with 

average size of 24 nm according to the Scherrer equation. 



Chapter III: Results and discussion 

 

61 

 

            

            

            

Figure III-17 FE-SEM micrographs in different magnifications of (a, b) GP0, (c, d) GP1 and (e, f) 

GP3 samples treated at 755, 760 and 837 °C for 4 h, respectively 

            

Figure III-18 FE-SEM micrographs in different magnifications of the GP2 sample treated at 764 °C 

for 4 h  
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After annealing LMAS specimens at the temperature of crystallization from DTA curves 

for 4 h, two continuous phases were observed in GP0, GP1 and GP3 (as observed in Figure III-

17). It is clearly observed that, when the Al2O3 is maintained constant in the composition, all 

the glasses presented the same microstructure independently of the P2O5 content. For the GP0, 

GP1 and GP3 the crystals present a wide variety of crystal shapes with tubular, granular and 

plate-like microstructures, while for the GP2 the crystals are mainly globular or spherical-

shaped crystals (as remarked in Figure III-18). The plate-like crystals of the GC with different 

P2O5 concentration are interlocked while the globular crystals are independent one to other. 

It can seen from FE-SEM that the crystal grain size inside the glass ceramic sample is 

gradually increased with increasing P2O5 content. the crystals initially appear as a relatively 

dispersed single particle state, and slowly develop into larger-sized particles in which the crystal 

particles are in contact with each other and are tightly bonded. The distribution of these tiny 

crystals is relatively uniforme and distributed in the interior of the glass [190]. This is a spinodal 

phase separation. Due to the existence of P2O5, phosphate group will be consequentially 

separated from the silicate glass, leading to a phase separation, which plays a role in the 

nucleation and the microstructure formation of the glass ceramic [17,191,192]. On the other 

hand, separation of droplet was observed in the GP2 glass ceramic (as observed in Figure III-

18), this might be a binodal phase separation [193]. These results may indicate that the binodal 

phase separation appeared in the glass ceramic having higher Al/Li value and free of fluoride, 

while the spinodal phase separation appeared in the glass ceramic having fluoride in the 

composition. 

The introduction of both P2O5 and/or F− promotes the crystallization of LMAS glass by 

increasing the crystallization temperature, the amount of nuclei, the grain size, crystal shape 

and crystallinity [194]. In previous work [146], it is reported that the coexistence of F and P2O5 

affects the crystallization of LAS glass by “the mix-alkali” function. Complex nucleating agents 

can improve the crystallization of LAS glass by P2O5-inducing the phase separation and F−-

modifying the glass structure. 
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III.2.5 Thermal characterization 

III.2.5.1 Dilatometric results 

It is generally agreed that properties, such as the coefficient of thermal expansion, depend 

on the nature and volume of the precipitated phases, as well as the heat-treatment process [35]. 

Properties of the crystalline phases are also affected by the structure, type and composition of 

the phases developed during crystallization process and by the developing of residual glassy 

matrix. The amount of the different crystalline phases is greatly important for optimizing the 

properties of glasses, which influences the thermo-mechanical properties of the GCs [195]. The 

effect of annealing temperature on the thermal expansion was determined by dilatometry. 

LMAS samples have been treated 4 h at the main crystallization temperature for each 

composition (750, 760, 837 and 764 °C for GP0, GP1, GP3 and GP2, respectively). The curves 

of dL/L0 (%) vs. T (°C) were plotted as shown in Figure III-19. In the low-temperature region, 

between 300 and 500 °C, all the curves show a linear behaviour from where the TEC has been 

calculated. Above 500 °C, an inflexion region is remarked and followed by a new linear part 

until reaching its maximum which corresponds to the dilatometric softening point (TDS). Glass 

transition temperature was estimated from the intersection of the two linear parts. Table III-8 

presents the values Tg, TDS and TEC for all the investigated LMAS BGs and GCs.  

The thermal expansion coefficients of the investigated BGs are ranged from 7.35 × 10-6 

°C-1 to 9.47 × 10-6 °C-1. The addition of P2O5 to the glass composition led to an increase of Tg, 

TDS and TEC. However, when Al2O3 amount is increased, the opposite behaviour was observed, 

with an increase in the two characteristic temperatures and a decrease in TEC. In phosphate-

bearing glasses, it is expected that a decrease of the polymerization degree of the glassy phase 

would produce a decrease in the Tg value and an increase of the TEC [196]. The observed 

increase in of both the Tg and TEC with the phosphate content has been already observed by 

some other authors in devitrified glasses and attributed this behaviour to a phase separation and 

the obtaining of a composite TEC [197]. In the absence of a phase separation, the most plausible 

explanation for the observed behaviour is the decrease of the bond strength further enhanced 

by the formation of CaF+ structural units that provide a minor crosslinking degree in the glass 

network [197,198]. 
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Figure III-19 Dilatometric curves of LMAS samples: (a) BGs and (b) GCs 

The TEC curves shown in Figure III-19b are typical of glass ceramic materials where 

crystalline phases are embedded in a glass phase and thus, we can observe that Tg and TDS 

temperatures falls beyond the corresponding temperatures in their parent glasses (Figure III-

19a). The thermal expansion coefficient of our LMAS samples were found to vary from 

7.12×10-6 °C-1 for GP0GC and 4.25×10-6 °C-1 for GP2GC. The GP0GC presents two changes 

in the slope at about 350 °C and 525 °C. These changes indicate the presence of several crystal 

phases. The first one can be assigned to a phase transition of  to -cristobalite while the second 

one is indicative of a combination of - to -quartz transformation and - to -lithium 

aluminosilicates [199]. The presence of quartz has not been detected by XRD, we might assume 

its presence in a very slow amount. 

Table III-8 TEC, Tg, TDS of LMAS specimens 

  GP0 GP1 GP3 GP2 

Tg (°C) 
BG 572 593 601 578 

GC 747 846 815 733 

TDS (°C) 
BG 637 651 668 672 

GC 934 858 942 835 

TEC (α~300500 °C) 

±0.1 ×10-6 °C-1 

BG 8.63 8.13 9.47 7.35 

GC 7.12 5.89 5.51 4.25 
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By comparing the values collected in Table III-8, the addition of P2O5 reduces the thermal 

expansion of the GC in a great manner with respect to the parent glass, and this reduction is 

more noticed by increasing Al2O3. Tg and TDS increases in the LMAS GC. The observed results 

can be explained in terms of the crystalline phases detected in each LMAS GC material. 

Nevertheless, it must be taken into account that not only crystalline phases affect TEC but also 

the presence of the residual glass phase and its composition also influences in the structure of 

this residual glass [200]. 

The TEC values for the LMAS GC materials obtained in this work fits quite well with the 

bibliographic values [201–205]. In general, the higher glass phase content in the GC material 

the higher TEC [204,205]. Besides, the type of crystals also influences in TEC values, thus 

authors which studied -spodumene-virgilite GC, lithium silicate-lithium disilicate-quartz GC, 

lithium-magnesium-silicate-cristobalite GC and lithium-aluminosilicate-magnesium calcium 

silicate with ZrO2 reported values comprised between 4.0–5.2 × 10-6 °C-1, 9.95–14.68 × 10-6 

°C-1, 8.5 × 10-6 °C-1 and 2.2–2.7 × 10-6 °C-1, respectively [204]. For a LAS GC, the addition of 

P2O5 between 0 to 10 % leads to an increase in TEC from 4.0 to 5.1 × 10-6 °C-1 [206]. The 

results of Table III-8 show that the TEC of the LMAS GC decreases from 7.12 to 5.51 × 10-6 

°C-1 a result that must indicate that the crystallinity of the LMAS GC increases with P2O5 

addition and therefore the concentration of the residual glass phase decreases but by increasing 

the Al2O3 concentration TEC decreases [203]. 

III.2.5.2 Hot-stage microscopy results 

Using both HSM and dilatometry is a simple and fast method for determining the 

evolution of base glasses. Decrease in the area and height of the samples as a function of the 

temperature is observed from the HSM photomicrographs (as shown in appendix C). Figure III-

20 shows the variation of relative area (A/A0) of LMAS samples as a function of the temperature 

during HSM experiments. The presence of two stages during the shrinkage process indicates 

the formation of crystalline phases during heating which reduce or avoid the shrinkage process 

until they were formed. The shrinkage process appeared in the temperature range 6001100 °C, 

however the crystallization temperatures extracted from DTA curves were in the range of 

700850 °C only after the first stage. The addition of either P2O5 or Al2O3 to LMAS glass 

composition increase the beginning of shrinkage temperature while the end of shrinkage is only 

influenced by the high Al2O3 amount. 
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Figure III-20 Variation in relative area (A/A0: A0 is the initial area at room temperature, A is the area 

at defined temperature) during the HSM experiments 

Table III-9 collects the temperatures corresponding to the fixed viscosities points 

extracted from [166] at which TFS, TMS, TS, TB, THB and TF take place for the different glasses 

obtained by HSM measurements, and Tg obtained by dilatometry. TFS values show a decreasing 

tendency with increasing content of P2O5, while it increases with the increase of Al2O3 amount 

since the high Al2O3 content lowers the sintering of particles. Thus, the formation of crystalline 

phases occurs in a shorter temperature range when the content of P2O5 increases. 

Table III-9 Experimental temperatures of the fixed viscosities points during the HSM experiment 

Characteristic points 
Temperatures (°C) 
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Figure III-21 shows the logarithm of viscosity (η) versus temperature. All the different 

GCs present similar viscosity variations with temperature. For the GP0 sample, the faster 

decrease variation of η with temperature occurs in the 600800 °C temperature range whereas; 

the GP3 sample needs 725 °C to achieve the same η of 109.1. Moreover, the viscosity presents 

a slight decrease in temperature range of 8001050 °C. The TMS of the sample GP2 increased 

about 67 °C, this effect may be due to the high value of Al/Li in the composition producing an 

increase in the viscosity. 

 

Figure III-21 Viscosity curves of LMAS glasses obtained from HSM measurements 

The glasses prepared by Toplis and Dingweel [207] with Na/(Na + Al) < 0.6 showed that 

the addition of P to a glass gives an increase in the viscosity until a concentration of P2O5 about 

7.0 mol%. As occurs in our materials, all the glasses containing equivalent amounts of Al2O3 

present Tg values very close to each other but a small increase with the P2O5 concentration was 

determined. Besides, these glasses with similar Al2O3 concentration also show a temperature 

corresponding to the beginning of the shrinkage very close however, the glass labeled GP2, that 

contains a high quantity of Al2O3, shifts the TFS to the high temperature. The presence of Al2O3 

thus slows down particle sintering. For temperatures higher than 1050 °C, a rapid decrease 

variation of the viscosity with temperature occurs for all the GCs samples. As it has been clear, 

a viscosity value of 103.4 for the GP0 sample is achieved at about 1276 °C, whereas GP3 needs 

just 1173 °C to achieve a similar viscosity. The results presented here demonstrate that the 

addition of 3.0 mol% P2O5, will affect a decrease of the TF and the TS about 103 and 93 °C, 

respectively. Also, it indicates that the P2O5 decreases the viscosity of glass melts, which is in 

good agreement with the other works [206]. 
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III.2.6 Sructural analysis 

III.2.6.1 Raman results 

To understand the changes in the LMAS glass ceramic properties with the addition of 

P2O5, Raman spectra of all the glass ceramic samples treated at different temperatures were 

measured. Figure III-22 shows Raman spectra of BGs and glasses heat treated in the range 

650840 °C for 1 h. Similarly to the aluminosilicate materials, the Raman spectrum of GP0 and 

GP1 reference glasses consists of a strong band in the range of 1100850 cm-1 and a shoulder 

in the range of 850700 cm-1. The presence of broad bands corresponds to a disordered phase 

[208]. Glass modifiers ions such as alkaline or alkaline-earth oxides induce the breakage of the 

SiOSi bonds leading to a decrease in the 460 cm-1 band and an increase of the 1100 cm-1 

band [209]. The low intensity of the 500–200 cm-1 region indicates a large amount of broken 

Si–O− units because of the alkaline ions used in the glass composition (Li+ and Na+). At the 

same time the incorporation of high field-strength cations (Al3+, Zr4+, Ti4+) leads to a redshift 

of the 1100 cm-1 band indicating that these cations are forming part of a three-dimensional 

network in a four-fold coordination, probably acting as network formers [210,211]. The 

variation of the T–O–T angle (where T represents tetrahedrally coordinated network-forming 

cations such as Si, Al, Zr and/or Ti) in the glass is the responsible of the disorder and the 

corresponding broadening of the Raman bands. Moreover, the presence of Li+ in the glasses 

causes an increase in the intensity of the bands in the 1200–900 cm-1 spectral region due to the 

formation of non-bridging oxygens (NBO) in the silicate network [208,209]. 

Similarly, as occurred in the XRD patterns, the Raman spectra of the GP0 and GP1 glasses 

heat treated at 650 °C are similar to those of the base ones, despite the treatment temperature is 

above Tg. By increasing the temperature to 700 °C the Raman bands becomes broader and some 

small bands also appear. Motion of Si and O atoms in Si–O–Si bonds is shown in the spectra at 

800 cm-1 and the band tends to decrease with the depolymerization of the network i.e. with the 

formation of NBO (i.e. Si–O bonds) [208]. 
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Figure III-22 Raman spectra of different samples treated at: (a) BG, (b) 650, (c) 700, (d) 750, (e) 800 

and (f) 840 °C 

In Figure III-22, we observe an increase in the band at 800 cm-1 due to the formation of 

new Si–O–Si, Si–O–Al, Si–O–Zr or Si–O–Ti bonds in new crystalline phases. When silicate 

glasses are treated above their Tg, the spectral region 1200–1000 cm-1 increase in intensity and 

width forming an unique band as it is observed for the glasses treated at 800 and 840 °C [212]. 

The broadening of the above mentioned bands is clearer in GP1 glass than in GP0, indicating 

that the addition of low P2O5 concentrations to the LMAS composition leads to a delay the 

formation of crystalline phases, as previously observed by XRD [184]. At 840 °C these glasses 
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present well defined Raman bands located at 440, 500, 610, 650 and 685 and 950 cm-1 while 

those at 260, 340, 780 and 850 cm-1 are broad. All of these peaks must be assigned to the 

formation of different polymorphs of spodumene such as ,  and  types [211] but their low 

intensities suggest that the obtained GC materials still present an important glass phase that is 

not totally crystallized. In the spectra, the band at 500 cm-1 is attributed to -spodumene [211] 

and the bands at 650 and 680 cm-1 also can be assigned to pyroxene minerals such as enstatite 

(MgSiO3) [213]. The broad band around 1360 cm-1 appearing in the GP1 treated at 650 °C could 

be assigned to the P–O stretching vibration [214] and is the only band that could be attributed 

to the P–O bands because of its overlapping with Si–O–Si [215]. The asymmetric and 

symmetric stretching of P–O–P would appear at 620 and 1260 cm-1, respectively whereas the 

symmetric stretching of a non-bridging oxygen at 1170 cm-1. The characteristic symmetric 

stretching of the orthophosphate groups is normally found around 960 cm-1 [216]. The Li–O 

and Na–O vibrational modes are also difficult to detect because of the disorder at the Li and Na 

sites [217]. 

The incorporation of more than 3 mol% of P2O5 in GP3 produces important changes in 

the Raman spectra. Three broad and low intensity bands appear at 800, 600 and 400 cm-1 and 

another three high intensity and broad bands at 1100, 1030 and 970 cm-1 are attributed to PO 

bonds [214]. In the low-frequency region the three bands be assigned to the presence of P2O5 

in the glass structure by forming TOP bonds (were T = Si, Al, Zr or Ti) [214]. The presence 

of SiOSi and SiOM (M = Al, Mg, Zr and Ti) can influence the intensity of these bands 

[209,218]. Near 970 cm-1, P2O5-bearing glasses such as Na2OP2O5SiO2 glasses present a 

Raman band assigned to the symmetric stretching vibration of PO and POSi tetrahedral 

bonds [219], while in orthophosphate and pyrophosphate glasses this band is split in two at 957 

cm-1 and 1010 cm-1 [220]. Zirconium phosphates [221] and aluminous glasses [222] also present 

the split band but it tends to convert to a single band the P2O5 concentration increases indicating 

that at this Raman shift it can be present the P atoms in different environments (Si, Al, Zr, Ti). 

Upon heat treatment, XRD diffractograms showed small crystallization peaks at 750 °C. Raman 

spectroscopy does not detect any structural change suggesting that the samples contain a high 

quantity of glass phase. By increasing the temperature to 800 and 840 °C, the GP3GC present 

several bands at 640, 600, 430, 340 and 300 cm-1 previously assigned to different ,  and  

spodumene polymorphs [211] and enstatite [213]. The sharp peak at 957 cm-1 involves PO4
3− 

ions and can be assigned to -Li3PO4 [223]. The broadband between 1270 and 1000 cm-1 
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indicates that a glass network has been formed as it occurred in the GP0 and GP1 glasses. In 

the GP3 glass this band is not present because of the higher concentration of P2O5 [212]. 

The three main peaks at 1100, 1030 and 970 cm-1 are maintained in GP2 glass and involve 

the participation of Al3+ cations in the glass or glass ceramic structures forming SiO(Al) 

silicate tetrahedral [222]. Because of the relatively low concentration of P=O bonds, it is quite 

difficult to distinguish these structures on the tail at the right of the 1100 cm-1 band. 

III.2.6.2 FTIR results 

The FTIR absorption spectra of the BG and GC specimens containing phosphorus 

(1.03.0 mol%) are shown in Figure III-23. The spectra are shown in the range of 1400400 

cm-1, which is characteristic of the studied materials. It can be seen from Figure III-23, the 

intensity and width of the vibration band are changed with the increase of the temperature of 

heat-treatment and the vibration peaks become sharper. This indicates that the heat-treatment 

led to glass crystallization, which induced new absorption bands when the ordered crystalline 

array structure formed in the amorphous glass structure. The FTIR spectra of the different BGs 

consist of a wide and intense absorption band positioned at 1250820 cm-1, a medium band at 

600400 cm-1 and a weak broad band at 780720 cm-1. The latter band indicates the 

characteristic vibration of AlO covalent bond in AlO4 tetrahedron [224]. The band in the 

region 1250–820 cm-1 are mainly attributed to vibrations related to Si–O and Al–O stretching 

in the SiO4 and AlO4 tetrahedra [225], and could be attributed also to vibrations related to P–O 

and P–O–Si stretching in PO4 tetrahedra [226]. In this spectral region and, specifically between 

1000–850 cm-1, the vibration of the Si–O- bands also appears, i.e. the NBO formed by the 

alkaline ions (Li+ and Na+) present in these glasses and this fact leads to an increase of the 

intensity and broadness of the left-part of this intense band [227]. The Si–O and P–O stretching 

vibrations appear as a non-symmetric band which starts at about 660 cm-1 and presents a 

maximum at 790 cm-1 which is independent of the P2O5 amount but shifts to 725 cm-1 for the 

GP2. In this later glass, the presence of Si–O–Al bonds leads to a decrease of this band, 

moreover, the shoulder close to 790 cm-1 suggest the coexistence of Si–O bonds. Near 470 cm-

1, all the glasses present the bending vibrations of O–Si–O and Si–O–Si bonds. It can be 

observed that for the GP3 glass, the latter band presents a shoulder 580 cm-1 due to the high 

concentration of P2O5 in this glass it might be assigned to OPO and POSi bonds [215]. 
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Figure III-23 FTIR spectra of different LMAS specimens treated for 1 h at: (a) BG, (b) 650, (c) 700, 

(d) 750, (e) 800 and (f) 840 °C   

Compared with BGs, the infrared spectra of heated glasses show some different 

characteristics, the intensity and width of the vibration band are changed with the increase of 

the temperature of heat-treatment and some vibration peaks become sharper. This indicates that 

the heat-treatment led to glass crystallization, which induced new absorption bands when the 

ordered crystalline array structure formed in the amorphous glass structure. All spectra present 

the same features at similar heating temperatures although the only difference can be observed 

from the effect of P2O5 and Al2O3. It can be seen that absorption bands at 440 cm-1 and 765 cm-

1 shift to the low-wavenumber segment, as mentioned in the literatures [190,228]. 
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The band centered on 1000 cm-1 presents now several peaks. At 1080 cm-1, the GP0GC 

presents a maximum which shifts to 1090 cm-1 in GP3GC because of the symmetric stretching 

of SiOSi bonds. This band decreases in intensity when the Al2O3 amount increases. By 

increasing the temperature of the treatment, the peak appearing at about 1017 cm-1 shifts to 

lower wavenumber. This band is assigned to the formation of lithium aluminosilicates and -

spodumene [229]. It should be noticed also that this is the most intense band in the spectra of 

the GP2GC. Close to 1210 cm-1 for the GP0GC and GP1GC and to 1220 cm-1 for the GP3GC 

a shoulder attributed to the anti-symmetric stretching of SiOSi bonds [209] indicates the 

release of some SiO2 during the formation of -spodumene. A shoulder located at 920, 930 and 

960 cm-1 for the glasses containing 0.0, 1.0 and 3.0 mol% of P2O5, respectively, and at 900 cm-

1 for the glass with high Al2O3 tends to the disappearance as the temperature increases. On its 

side, a new band appear at 850 cm-1 for low P2O5 content and 880 cm-1 for high P2O5 content 

which is attributed to the presence of this oxide. These shoulders could be associated to AlO6 

octahedral with NBO as well to the formation of new SiOZr and SiOTi bonds because the 

SiO2 release after -spodumene crystallization. Between 740 and 780 cm-1, it appears the AlO 

covalent bond in AlO4 tetrahedron in aluminosilicates [179]. This band increases in intensity 

with both the P2O5 and Al2O3 concentrations in the glass and behaves similarly as the one 

located at 1010 cm-1 indicating that both correspond to the same crystal phase. The peak at 680 

cm-1 is associated to the one at 560 cm-1 and can also be assigned to the vibrations of silicon-

oxygen rings in Na(Si2O5) phases [230]. In addition, the presence of two new peaks at 506 cm-

1 and 560 cm-1 at low P2O5 concentration and assigned to AlO6 octahedral [231] indicates that 

the amount of this oxide influences the formation of crystalline phases such as lithium 

aluminosilicate or -spodumene [184]. For P2O5 concentrations lower that 1.0 mol% the 

formation of -spodumene is favored, while for higher P2O5 concentrations the lithium 

aluminosilicate is the main crystalline phase formed as it was observed by XRD and Raman. 

III.2.7 Mechanical properties 

III.2.7.1 Hardness 

Earlier investigation reported that the mechanical properties of glass ceramics specimens 

were highly dependent on the developed crystalline phase assemblages and microstructures 

[232]. The hardness of GC is related to both crystalline and residual glassy phases. The changes 

of the crystalline phases with temperature certainly affect the physical properties of the glass 

ceramics. Table III-10 shows the microhardness values and elastic modulus of BG and GC 
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specimens. The microhardness values of the BG samples are between 7.34 and 9.88 GPa. The 

mean values of Young's modulus of BG are in the range from 52.83 to 109.67 GPa. The largest 

Hv and the largest Young's modulus value were observed for GP2, being 9.88 and 109.67 GPa, 

respectively. The hardness value for glass ceramic specimens in this study decreases in the 

presence of fluoride content and as reported in earlier research [233], whereas no correlation 

with the P2O5 and the Hv value of the glasses has been found. 

Table III-10 Microhardness and Young’s modulus values of BG and GC samples                               

(the errors are standard deviation from mean) 

 (Gpa) GP0 GP1 GP3 GP2 

BG 
Hv 07.52 ± 0.41 08.39 ± 0.25 07.34 ± 0.16 09.88 ± 0.27 

E 52.83 ± 2.13 77.46 ± 2.42 58.48 ± 1.16 109.67 ± 3.60 

GC 
Hv 11.43 ± 0.21 11.45 ± 0.28 11.13 ± 0.27 09.59 ± 0.23 

E 118.82 ± 1.43 118.02 ± 2.90 111.14 ± 2.78 107.62 ± 1.67 

GCs possess higher Hv and E than BGs (GP0, GP1 & GP3), they are nearly equal for all 

samples, and thus the GC network becomes more rigid than in the BG. In contrast, GP2GC 

exhibit now the lowest value of Hv and E; of 9.59 and 107.63 GPa, respectively. In addition, 

GP2BG possess higher Hv and E than its corresponding GC. The slight differences encountered 

in the prepared LMAS GC may outcome from their difference microstructures and the 

crystalline phases present (Figure III.17) [233]. Large crystal size and intertwined structures 

lead to high Hv values than globular microstructure of lower crystal size and independent of 

each other. Therefore, the GP0, GP1 and GP3 GCs with high interlocking crystallinity lead to 

higher microhardness than the GP2GC which presents non-interlocking crystallinity, i.e. the 

interlocking between crystals leads to a more rigid structure that corresponds to higher Hv 

values. 

The same behavior as the one encountered in the Hv values is found in the case of E 

values. In general, for glass materials with a continuous microstructure, the elastic modulus is 

related to the chemical composition and their corresponding atomic bonding energy, packing 

density, network dimensionality and network topology (chains, rings, etc.) [234]. However, in 

the case of GC materials, the elastic modulus mostly depends on the microstructure and type of 

crystalline phases [233]. The globular structure of GP2GC causes the decrease of the E value 
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whereas the GC presenting a platelet-like crystallinity present higher E values. The delay in the 

formation of crystalline phases at the highest P2O5 concentration may be the responsible of the 

observed lower E value. 

III.2.7.2 Machinability 

The machinability parameters were evaluated by the indentation method. Baik et al. 

[118,235] introduced (μ1) the cutting energy at quasi-static state and (m) the machinability 

parameter as, 

𝜇1 = 𝐻v
2.25                                                                                                                              (III.1) 

𝑚 = 0.643 − 0.122 𝐻v                                                                                                           (III.2) 

Table III-11 shows cutting energy (μ1) and machinability parameter (m) of the respective 

BG and GC specimens, which were calculated from equation (III.1) and equation (III.2), 

respectively. According to Tables III-10 and -11, specimen has the lowest Hv value and it has 

the highest machinability parameter of (0.252) with lower cutting energy of 88.71 J.mm-3, 

indicating that GP3BG has better machinability than other samples. Hence, 3.0 mol% P2O5 BG 

has better machinable characteristics. After heat-treatment, specimen (GP2) has the lowest Hv 

and the highest m (-0.527) with lower μ1 (161.92 J.mm-3) was used, indicating that GP2 glass 

ceramic has now better machinability compared to other samples. The hardness value of the 

specimen of GP2GC is low among three examined specimens (GP0GC, GP1GC and GP3GC). 

From the comparative study of variation of fluorine in glass ceramics, it is revealed that the 

free-fluorine and high Al2O3 content glass ceramic is easy to machine compared to the different 

studied LMAS samples. 

Table III-11 The machining parameters of the investigated LMAS specimens 

  GP0 GP1 GP3 GP2 

BG 
m -0.275 -0.381 -0.252 -0.562 

µ1 (J.mm-3) 93.730 120.035 88.712 173.123 

GC 
m -0,751 -0,755 -0,715 -0,527 

µ1 (J.mm-3) 240,296 241,585 226,406 161,918 
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III.2.7.3 Flexural strength 

Figure III-24 represents the plot of the means of the measured flexural strength as a 

function of the P2O5 concentration for the four examined LMAS samples. The values of σ are 

between 127 and 194 MPa, and in the range of the literature [5,236]. The flexural strength 

reaches the maximum value of 194 MPa for the free-P2O5 sample. From the XRD analyses 

reported above, GP0 crystallized mainly on β-spodumene; while the addition of P2O5 delays its 

formation. It is noticed from the graph in Figure III-24 that the flexural strength is sensitive to 

a small addition of P2O5, because it decreases from 194 MPa in GP0 (free-P2O5 sample) to 127 

MPa in GP1. It is found before that the flexural strength of LAS glass ceramics which based 

mainly on the crystallization of β-spodumene is in the range of 100–250 MPa [185]. In addition, 

σ reaches a value of 147 MPa in GP2 (free-fluorine sample) lower than GP0 (with fluorine). 

Holland et al. [237] reported that fluorine-containing LAS glass ceramics are much stronger 

than glass ceramics of similar compositions but contain no fluorine. 

In the GP3 sample, high-strength (190 MPa) tubular and plate-like crystals can precipitate 

in the glass ceramics, while in GP2 glass ceramics the shapes of the crystals are usually typically 

spherical, yielding a strength of 147 MPa. The flexural strength determined in this study is 

significantly influenced by crystallinity and crystal shape. 

 

Figure III-24 Flexural strength as a function of P2O5 concentration 
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III.2.8 Optical properties 

III.2.8.1 Transparency 

The photographs of the polished samples are shown in Figure III-25. For all the 

investigated LMAS glasses, the colors were mainly golden yellowish for low P2O5 

concentration to brownish for the high P2O5 one. However, the color’s distribution in GP3 glass 

sample is uniform, it is blended between brown and light blue. The obtained blue color is very 

similar to the one found by Taruta et al. in lithium-mica GC having almost the same 

composition [193]. 

 

Figure III-25 Photographs showing the appearance of BGs: GP0, GP1, GP2 and GP3 from left to 

right, respectively 

The transparency of the glass ceramic samples decreased with the increase of P2O5 

concentration. The glass ceramic color is more pronounced and more brownish after 

crystallization. The origin of the darker coloration of LMAS glass ceramics in comparison with 

parent glasses may be linked to both structural and microstructural evolutions inducing for 

instance changes in the position of the d–d absorption and charge transfer bands and to light 

scattering by the small crystals formed inside the glass [28]. Generally, (ZrO2,TiO2)-doped LAS 

glass ceramics present a yellowish-brown coloration whose intensity increases with the 

crystallization rate and that is partly due to coloring elements like titanium. When the glass is 

heat-treated, various phenomena occur and the color darkens [238]. 

III.2.8.2 UV-Vis transmission spectra 

Transmittance measurements (200–1100 nm) in the ultraviolet to near infrared (NIR) 

range were performed. UV-Vis transmittance spectra of BGs and GCs are presented in Figure 

III-26. Both the two transmittance curves GP0 and GP1 are of the same characteristics. GP0, 

GP1 and GP2 remain an approximately flat line in the NIR range with high transmittance 85, 

80 and ~90 %, respectively. 
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Figure III-26 UV-Vis spectra of LMAS samples 

The optical cutoff of (GP0, GP1 and GP2) in the visible is in the region between 330340 

nm, while it is 500 nm for GP3, which explains the colors observed. However, the color’s 

distribution in GP3 glass sample is uniform. The decrease of Si/Al molar ratio in glasses caused 

an increase of the opacity [239]. 

As shown in Figure III-26, the cutoff shifts toward longer wavelengths after 

crystallization and the transmittance of the samples decreases. The decrease of transparency in 

the visible range is due to the formation of large crystals. The crystal size is a crucial influencing 

factor on the light transmittance, the scattering effect of light will be enhanced, which results 

in the reduction of light transmittance. It had been found that in LAS glass ceramics, the finer 

grain means that the higher optical transparency can be obtained [5,10,240]. As it can be seen 

from Figure III-26, the behavior of GP0GC and GP2GC spectral curves is similar. In contrast, 
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the transmittance at the blue region of GP1GC diminishes to ~10 % and causes an increase in 

color intensity which makes the GP1GC glass ceramic sample looking brown. The 

transmittance at ultraviolet spectra are at the low side, and absorption phenomena is observed. 

The ultraviolet absorption is associated with the number of BO, and absorption limit move to 

the long wavelength in the case of less BO [241].  

III.2.8.3 Optical band gap energy 

Optical band gap energy (Ev) of each sample was calculated from Tauc's plot using data 

obtained from UV-Visible spectroscopy. The relation between absorption coefficient (α) and 

incident photon energy (hv) was used as proposed by Mott and Davis [242]: 

𝛼 = 𝐾
(ℎ𝑣−𝐸v)n

ℎ𝑣
                                                                                                                      (III.3) 

Where K is a constant, and n is the index, whose value depends on the type of the transition 

taking place that as 2, 3, 1/2 and 3/2 representing indirect allowed, indirect forbidden, direct 

allowed and direct forbidden transitions, respectively. In this work, direct allowed transitions 

(n=1/2) is valid based on Tauc relations [243]. Therefore, (αhν)2 was plotted against the photon 

energy (hν). The linear portions of the obtained curves were extrapolated to have an intercept 

on the X-axis. The intercept of the obtained line divided by slope, is equal to energy band gap 

of optical transitions, as shown in Figure III-27. The values obtained for Ev are shown in Table 

III-11 for the studied samples. 

           

 Figure III-27 Schematic of band gap calculation using the Tauc plot for the studied samples: (a) BGs 

and (b) GCs 
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Figure III-26a). However, the Ev increases after crystallization in GP2GC (Figure III-26b); 

higher amount of Al2O3 in the presence of P2O5, but decreases with increasing P2O5 content in 

the presence of lower amount of Al2O3 (GP0GC, GP1GC & GP3GC) [244]. Al ions in the 

silicate network act as network former replacing the non-bridging oxygens (SiO) by the 

bridging oxygens (SiOAl) and replacing the OSiO links by OAlO links, this 

replacement makes a shift in the main band increasing the energy gap [38]. Therefore, there are 

two opposite factors which have an effect on Ev in the sample GP2GC, the addition of P2O5 

makes a strong decrease and the high amount of Al2O3 causes an increase. The decrease of Ev 

(GP0GC, GP1GC & GP3GC) can be associated with the increase of the amount of the non-

bridging oxygens then the system has made it easier for the electrons to move through the 

materials [245]. 

Table III-12 Optical band gap Ev of the LMAS samples  

  GP0 GP1 GP2 GP3 

Ev (eV) 
BG 3.58 3.40 3.20 2.06 

GC 3.53 3.18 3.28 1.93 

III.2.8.4 Color parameters 

From the transmittance and reflectance visible spectra of BGs and GCs, chromatic 

coordinates have been calculated. The values are given in the Table III-12.  

The color analysis results indicate that the highest brightness and the lowest development 

of color are in GP0 sample. With the increase of P2O5, from GP0 to GP3, the L* value decreases 

while the values of a* and b* parameters shift towards higher a* and b* indicating the 

appearance of the red/yellow color in the GP3 sample. The color’s distribution in GP2 and GP3 

samples is uniform, appearance of yellow/brown in GP2 and of brown/grey in GP3. 

After heat-treatment process, the brightness value L* decreases reaching a minimum 

value of L* = 19.1 for the GP3GC sample which presented an amber color. However, GP2GC 

sample with high Al2O3 content, it has been noted a slight decrease of the color parameters. 
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Table III-13 Chromatic coordinates of different BG and GC samples 

 L* a* b* 

GP0 

GP1 

GP3 

GP2 

87.0 

87.0 

28.0 

80.5 

01.7 

01.0 

30.0 

03.5 

17.0 

23.0 

39.0 

16.0 

GP0GC 

GP1GC 

GP3GC 

GP2GC 

78.3 

48.4 

19.1 

77.7 

04.5 

14.2 

29.5 

05.2 

16.3 

15.3 

27.5 

19.8 

III.2.8.5 Refractive index 

To achieve the purpose of transparency of glass ceramics, the either of two conditions 

should be realized: (i) the crystallites size are much smaller than the wavelength of light, or (ii) 

where the difference of refractive index between particles and surrounding medium are very 

small. The prepared BGs show low refractive index (in the range 1.57371.5882). It is clear 

that the GCs possess lower refractive index than their BGs, and it decreases as the P2O5 content 

increase (GP1GC and GP3GC), as is shown in Table III-14. The difference of nD between the 

GCs and the BGs is very small, and their difference is only ~0.0002. The precipitated crystals 

have lower refractive index than that of the BGs, thus it is valid that the refractive index 

decreases for the formation of crystals. What is more, the continuous variation in glass and 

crystal compositions during crystallization causes a tiny change of the refractive index, which 

endows the GCs with high transparency. 

Table III-14 Values of refractive index of LMAS specimens  

 GP0 GP1 GP3 GP2 

nD 
BG 1.5882 1.5843 1.5737 1.5863 

GC 1.5878 1.5825 1.5724 1.5861 
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III.2.9 Characterization of silver stained glass ceramics 

III.2.9.1 FTIR-ATR results 

The painted glass ceramic’s structural properties were assessed using FTIR-ATR 

spectroscopy. The IR spectra of painted glasses are shown in Figure III-28.  

 

 

Figure III-28 FTIR-ATR spectra of painted LMAS specimens: (a) GC ‘reference’, (b) 2h, (c) 4h and 

(d) 8h 
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The spectra (GP0, GP1 & GP3) exhibit two absorption bands located around 1000810 

cm-1, 11301000 cm-1 and one shoulder at 12401140 cm-1. Compared with the reference 

sample, the absorption bands of the FTIR-ATR spectra of painted GCs (GP0GC, GP1GC & 

GP2GC) shift to the low-wavenumber segment with the increase of heating time. The shift of 

all the bands toward lower wavenumber indicates a weakening of the chemical bonds in the 

network when Ag is added in the network, due to a network depolymerization [246]. In contrast, 

with an increase of heating time, all bands are found to shift to higher wavenumber in GP3, 

which indicate increasing polymerization degree. 

The increase in the intensity of the shoulder at 1090 cm-1 along with the shift of the optical 

band gap indicates an increasing number of non-bridging terminal oxygens [246]. 

III.2.9.2 UV-Vis transmission spectra 

After heat-treatment of painted glass ceramics, it was observed an evident color variation 

in function of the materials used for the paste composition. It was obtained surface colored GCs 

from beige to brown. Figure III-29 shows UV-Vis transmission spectra of silver painted glass 

ceramics as well as the spectrum for the unpainted glass ceramic substrate. 

As it can be seen from Figure III-29 that the behavior of painted GC materials spectral 

curves is similar to that of the unprepared GC. The optical cutoff of (GP0, GP1 and GP2) in the 

visible is in the region between 330350 nm, while it is in the region between 500580 nm for 

GP3. The transmittance of the painted samples decreases after silver stain. The transmittance 

of GP0Ag2, GP1Ag2, GP2Ag2 and GP3Ag2 diminished to 15, 20, 15 and 40 %, respectively, 

and causes an increase in color intensity. 

For those painted GCs, the UV-Vis spectra presented an absorption band centered at ~560 

nm for GP0GC then shifted to ~500 nm for GP3GC by the increase of P2O5. This band is might 

due to the formation and aggregation of metallic silver particles inside the GC structure. It is 

observed from the different transmittance spectra that the band intensity depends on the heating 

time of the painted GCs. The increase of treatment time caused the growth of cluster sizes and 

also the increase in the cluster volume fraction [247]. The later band is more apparent on 

GP1GC and GP3GC samples, showing that the formation of silver nanoparticles is more 

important in the structure of these GCs, which explains the intense staining of GP3GC (higher 

Si/Al) glass ceramic compared to GP2GC (lower  Si/Al) one. 
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Figure III-29 UV-Vis spectra of painted LMAS glass ceramics 

III.2.9.3 Optical band gap energy 

The optical band gap, Ev, of the painted samples have been estimated by drawing Tauc 

plots of (αhν)2 vs. energy as shown in Figure III-30. The values obtained for Ev are shown in 

Table III-15 for the studied samples. 

It is clear from the Table III-15 that the optical band gap showed a decrease on heating 

up to a period of 2 h. For further increase in heating time, these values started increasing. The 

decrease in optical band gap energy on heating up to a period of 2 h may be explained on the 

basis of the fact that the heating for a short time forms charge transfer complexes (CTCs) in the 

host lattice. 
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Figure III-30 Schematic of band gap calculation using the Tauc plot for the studied samples 

When the heating time increases further, it leads to segregation of the AgNO3 in the host 

matrix. These molecular aggregates impede the motion of charge carriers resulting in increased 

optical band gap energy [248]. 

Table III-15 The optical band gap Ev of the studied LMAS samples 

  GC Ag2 Ag4 Ag8 

Ev (eV) 

GP0 3.53 3.32 3.39 3.53 

GP1 3.18 2.91 3.32 2.91 

GP3 1.93 2.10 2.26 1.93 

GP2 3.28 3.13 3.33 3.39 
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III.2.10 Bacterial analysis 

The number of viable colonies of the bacterial cells were counted and colony forming 

units (CFU) were calculated for each sets. The reduction in colony number between the control 

and test samples were determined and the results are expressed as the logarithm reduction. Log 

reduction in bacterial count were calculated using the following equation [3]: 

𝐿𝑜𝑔 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 𝐿𝑜𝑔 𝐶𝐹𝑈 𝑎𝑡 90𝑚𝑖𝑛𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑠𝑎𝑚𝑝𝑙𝑒 − log 𝐶𝐹𝑈 𝑎𝑡 90𝑚𝑖𝑛𝑡𝑒𝑠𝑡𝑠𝑎𝑚𝑝𝑙𝑒                    (III.4) 

Based on the results gathered from the antibacterial test (Figure III-31a), painted LMAS 

samples were found to exhibit a high antibacterial activity (>4 log within 90 min contact time) 

against E. coli. In addition to this, the painted glass ceramics treated for 8 h have an excellent 

biocide activity (>8 log after 90 min), which indicate that they are a powerful tool versus 

contamination. These results showed a CFU reduction of 99.999 % for all case (>5 log 

reduction). This means that the presence of silver nanoparticles attached to the glass ceramic 

surfaces confers it a very high biocide property against Gram-negative bacteria like E. coli 

ATCC 25922. 

Painted glass ceramics significantly reduced the adherence of the E. coli strain within 90 

min (Figure III-31b). Adhesion of the E. coli bacterial strain is shown in the Figure III-32. The 

bacterial viability of E. coli decreased significantly on the sample GP3Ag2. 

The concentration of silver ions in solution was about four times those in the bacteria 

(Figure III-31c). The painted glass ceramic samples release silver ions in the bacterial cells, 

which enhance their bactericidal activity. The presence of silver ions in the solution, at about 

~3 µg of silver, reduces the number of colonies of E. coli, achieving a logarithm reduction 

higher than 8 in the sample GP2Ag8, which means a completely safe disinfection. The silver 

nanoparticles show an efficient antimicrobial property due to their extremely large surface area, 

which provides better contact with the microorganisms. In previous work [249], it has been 

proven that in the case of E. coli, the lixiviation of ~1 µg/cm2 of silver led to a strong biocide 

activity that reduced cell numbers by almost 6 logarithms. The painted glass ceramic samples 

release silver nanoparticles and silver ions and interact with the cell and some of them also 

penetrate into the cells causing its death, which enhance their bactericidal activity [250–252]. 
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Figure III-31 Antibacterial efficacy corresponding to different painted LMAS GCs: (a) logarithm of 

reductions of E. coli after 90 min, (b) logarithm of adhered bacteria and (c) means of Ag release 

 

Figure III-32 Adhered bacteria on the sample GP3Ag2, stained using a Live/Dead BacLight kit. 

Green indicates viable bacteria, and red indicates dead bacteria (Magnification, ×400; Ec 25922) 
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The obtained antibacterial results clearly show that this glass ceramic free-P2O5 not only 

is effective to decrease the growth of bacteria but also to inhibit adhesion. P2O5 has not a 

significant influence on the biocide property, while the longer times (painted GCs treating time) 

are required to obtain good biocide results. 

III.3 MAS glass ceramic 

III.3.1 Chemical analysis results 

A total weight loss 22 % was obtained after calcination. All elaborated glass compositions 

were suitable for easy casting after melting for 2 h at 1600 °C, resulting in homogeneous and 

transparent bubble free glasses. The XRF analysis results of elaborated samples are collected 

in Table III-16. Negligible changes were observed in the chemical composition of the as-

prepared glasses after melting the different batches. 

Table III-16 Chemical compositions (mol%) of the obtained MAS base glasses 

 K2O MgO Al2O3 SiO2 B2O3 F P2O5 

MP0 

MP1 

MP2 

MP3 

5.13 

4.78 

4.76 

4.80 

33.80 

33.50 

34.07 

33.69 

8.52 

9.71 

8.63 

8.38 

40.02 

40.36 

39.93 

39.65 

1.40 

1.37 

1.29 

1.30 

11.14 

9.48 

9.74 

9.83 

0.00 

0.79 

1.58 

2.35 

III.3.2 Differential thermal analysis results 

Figure III-33 shows the DTA thermograms of the obtained MAS base glasses. The 

endothermic peak indicates the glass transition temperature. The Tg values were determined to 

be approximately at 660, 667, 659 and 651 °C for MP0, MP1, MP2 and MP3, respectively. This 

suggests that the introduction of 1.0 mol% P2O5 made the glass transition temperature become 

higher. A further increase in the content of P2O5 (2.03.0 mol%) caused a marked decrease of 

these temperature, since P2O5 lowers the glass transition. This may associated with a lower 

glass viscosity. Series of exothermic reactions were observed over a temperature range of 

7001300 °C. This finding indicates that more than one phase crystallized in this system. The 

characteristic peaks temperatures, which were measured via DTA curves are given in Table III-

17. The addition of 1.0 mol% P2O5 content in the composition led to an increasing 

crystallization temperature but a decreasing intensity of the main crystallization peak. With 
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addition of 2.0 mol% P2O5, the two crystallization peaks tend to merge into a single one, 

however, the asymmetry toward high temperatures indicates the presence of a crystallization 

peak of very low intensity. 

 

Figure III-33 DTA curves of the MAS specimens at the heating rate of 10 °C/min 

With further increase of P2O5 content in compositions MP3, the crystallization peak tend 

to split into two crystallization peaks. Nevertheless, the introduction of P2O5 increases Tp and 

delays crystallization according to Tulyaganov and Marques researches [253,254], while 

broadens the crystallization peak according to Zheng et al. [175]. Harper and McMillan [255] 

observed that the phase separation prior to crystallization in the Li2O–SiO2 system with 1.0 and 

2.0 mol% P2O5. It indicates that the complex nucleation agent consisting of fluorine and P2O5 

will improve the crystallization of MAS glass ceramic, compared with only a single nucleation 

agent (F). 

Table III-17 Crystallization peak temperatures and transition temperature (°C) of the obtained MAS 

specimens from the DTA curves 

 Tg  Tp1 Tp2 

MP0 

MP1 

MP2 

MP3 

660 

667 

659 

651 

775 

794 

780 

773 

823 

855 

845 

826 
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III.3.2.1 Transformation Kinetics  

a) Structural relaxation 

By applying Kissinger’s relation equation (I.5) on the glass transition process, it is 

possible to determine the activation energy Eg. The calculation of the Eg values is carried out 

by fitting the data shown in Figure III-34 to a straight line. The slopes of straight lines give the 

values for Eg. From the calculated Eg values, the FI-DTA and FI-vis indexes are obtained by using 

equation (I.6) and equation (I.7). Table III-18 collects the Eg, FI-DTA and FI-vis values obtained 

for the MAS GCs studied in this work and calculated for the 10 °C/min heating rate.  

Eg values changed from 405 to 560 kJ.mol-1 by adding and increasing P2O5, and decreased 

to 444 when adding 3.0 mol% P2O5. The higher values of the Eg give the higher values of FI. 

The reported values of FI varies widely within the range comprised between FI = 14.97 for 

strong glasses and FI ≈ 200 for fragile glasses [68]. FI values of the studied MAS glass ceramics 

are higher than the values reported for vitreous silica which is close to 19 [62,171]. The values 

of glass fragility index indicate that the glass is formed from a kinetically stable liquid. The 

obtained MAS GCs can be considered as strong glasses.  

 

Figure III-34 ln (v/Tg
2) vs. 1000/Tg plots and activation energies of viscous flow in the different GCs 

transition range 

From Table III-18, it is observed that Eg and FI increase only with the addition of a small 

amount of P2O5 (1.0 and 2.0 mol%) to the glass ceramic composition but if 3.0 mol% of P2O5 

is added Eg and FI decrease. Variations of Eg and FI can be explained on the basis of structural 

changes due to the introduction of phosphorus atoms. It could be attributed to the creation of 

non bridging oxygen NBO in which leads less energy for breaking the bonds in the glass. 
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Table III-18 Fragility indexes 

 Eg (kJ.mol-1) FI-DTA FI-vis

MP0 

MP1 

MP2 

MP3 

405.16 

462.30 

559.50 

444.14 

32.06 

36.20 

44.34 

35.63 

37.01 

42.34 

52.84 

41.61 

b) Glass Forming Ability and Glass Stability  

Table III-19 collects some of GS and GFA parameters obtained for the studied GCs in 

this section. Thermal stability approach, S, suggests that there is a strong correlation between 

the glass stability and exotherm width. According to this approach more stable glasses exhibit 

broader exotherms [84]. The S parameter which reflects the resistance to crystallization was 

found to increase up with addition of 1.0 mol% P2O5 and then showed a decrease with further 

increase of P2O5 content.  

An evaluation of the thermal stability of each glass was also achieved by measuring its 

working range [108]. A large ΔTog value may indicate that the supercooled liquid can exist in a 

wide temperature range without crystallization and has a high resistance to the nucleation and 

growth of crystalline phases [73]. While all the investigated GCs exhibit a ΔTog larger than ≈55 

°C, a maximum can be seen for MP3 (≈99 °C). In our case, the addition of high amount of P2O5 

increases the glass stability. When P2O5 content < 3.0 mol%, ΔTog is lower (lower GS). Since 

crystallization is actually a competitive process with respect to glass formation, a large ΔTog in 

MP3 would lead to a high GFA. 

Table III-19 GS and GFA parameters (calculated as an average for the four heating rates) 

 2  KH S γm   ΔTog Trg 

MP0 

MP1 

MP2 

MP3 

0.30 

0.28 

0.22 

0.21 

1.64 

1.66 

1.69 

1.70 

0.12 

0.16 

0.20 

0.19 

09.02 

13.12 

13.10 

11.60 

0.65 

0.67 

0.71 

0.72 

2.07 

2.17 

2.72 

2.76 

1.31 

1.37 

1.44 

1.45 

55 

83 

91 

99 

0.579 

0.526 

0.546 

0.521 
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It has been demonstrated that glasses that display only surface crystallization have a Trg 

higher than approximately 0.58–0.60, whereas glasses with Trg < 0.58 exhibit volume 

crystallization [256–258]. The P2O5 content in the glass ceramic composition has a considerable 

effect on the value of Trg. An increase in P2O5 content leads to a change in the crystallization 

process of these GCs, from a mechanism of surface crystallization that is predominant in the 

free-P2O5 GC (the value of Trg is near to 0.58) to a prevailing volume crystallization in MP1, 

MP2 and MP3 GCs. Trg is related to the critical cooling rate [259], thus, the higher the value of 

Trg, the lower is the required critical cooling rate to prevent crystallization from the melt during 

cooling. In this work, MP3 composition generates a melt with a higher tendency to crystallize 

during cooling.  

KH parameters demonstrate the tendency for devitrification during the heating process, 

i.e., the higher the value of this parameter, the more difficult it is to obtain a crystallized material 

[260,261]. It was observed that the addition of 2.0 and 3.0 mol% of P2O5 in this system provided 

stability to glass. 

The addition of P2O5 to the MAS glass ceramic leads to an increase in , , γm,  and a 

decrease in 2, which is translated to an increase in the GFA and GS of this glass ceramic. 

However, the most stable glass composition was found as MP3. 

c) Crystallization Kinetic and Mechanism 

Figure III-35 shows the typical DTA curves of MAS glass ceramic samples measured at 

different heating rates (5, 10, 15 and 20 °C/min), while Table III-20 presents the values of the 

thermal parameters obtained for these glass ceramic. Peak positions (temperatures), Tp, full-

widths (w) and intensities of the peaks were obtained from a deconvolution procedure of 

different DTA curves assuming that every peak presents a mixed GaussianLorentzian (50 

%50 %) shape.  



Chapter III: Results and discussion 

 

93 

 

 

 

 Figure III-35 DTA curves of the MAS BGs at different heating rates: (a) 5, (b) 10, (c) 15 and (d) 20 

°C/min 

All curves generally exhibit one endothermic peak and two exothermic peaks 

corresponding to the glass transition temperature and crystallization temperatures, respectively. 

Glass transition temperatures were determined between 649 and 673 °C, shifted to higher 

temperature with the increase of heating rate.  

Han et al. [122] have reported that Tg is between 795 and 805 °C in MAS glass ceramic 

system nucleated by P2O5, ZrO2 and TiO2, higher values compared to our results. The 

crystallization peaks shifted generally to higher temperature with the increase of heating rate 

from 5 to 20 °C/min. 
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Table III-20 Characteristic temperatures (°C) from the DTA Curves 

Sample Heating rate (°C/min) Tg Tp1 Tp2 

MP0 

05 

10 

15 

20 

656 

660 

664 

668 

752.86 

775.20 

782.81 

789.28 

807.20 

823.32 

830.09 

839.40 

MP1 

05 

10 

15 

20 

662 

667 

670 

673 

767.42 

794.25 

793.00 

799.00 

835.59 

855.42 

854.24 

862.77 

MP2 

05 

10 

15 

20 

657 

659 

660 

665 

773.31 

780.01 

786.52 

788.00 

822.05 

844.85 

844.21 

844.74 

MP3 

05 

10 

15 

20 

649 

651 

655 

659 

786.25 

773.20 

779.57 

787.16 

846.32 

826.26 

831.90 

843.75 

The variation of crystallization peak (main crystallization peak) with different DTA 

heating rates can be used to calculate activation energy for crystallization and to determine the 

crystallization mechanism. Kissinger plots for the different studied MAS glass ceramics at 

different heating rates are shown in Figure III-36. Figure III-37 shows ln(v) vs. 1000/Tp plot, 

which the Eco has been obtained. Figure III-38 shows the plot ln(v/(Tp-To)) vs. 1000/Tp  from 

which the Ecab has been obtained. In addition, the value of Ecms can be obtained from the slope 

of the equation (I.27) and Figure III-39 shows the plot ln(vn/Tp
2) vs. 1000/Tp. The different plots 

for each sample of the different studied MAS specimens are shown in appendix D. 

 

 



Chapter III: Results and discussion 

 

95 

 

 

Figure III-36 Kissinger plot: (ln(v/Tp
2) vs. 1000/Tp  

 

Figure III-37 Ozawa plot: ln(v) vs. 1000/Tp  

 

Figure III-38 Augis and Bennett plot: ln(v/(Tp-T0)) vs. 1000/Tp  
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Figure III-39 Matusita and Sakka plot: ln (vn /Tp
2) vs. 1000/Tp  

The DTA curves present two peaks at different heating rates. However, the Ec, n and m 

values have been determined for both exothermic peaks of the studied GCs. The substantial 

differences in the Ec values determined by different methods may be attributed to the different 

approximations used for these models, but, in most cases, the results are very close. The values 

of Ec for crystallization calculated by different methods and the values of Avrami exponent n 

and the m parameter are given in Table III-21. 

Table III-21 Activation energies (kJ.mol-1), n and m parameters of each exothermic peak for the 

studied MAS specimens (n and m calculated from equation (I.26) and equation (I.27), respectively) 

  Eck Eco Ecab Ecms n m 

MP0 
Pk1 

Pk2 

322.39 

422.07 

323.06 

418.68 

329.74 

409.52 

346.22 

403.85 

1.07 

0.87 

1.05 

0.89 

MP1 
Pk1 

Pk2 

343,72 

494,46 

343,54 

487,92 

360,40 

521,47 

361,83 

485.82 

1.12 

1.93 

0.95 

1.86 

MP2 
Pk1 

Pk2 

285.81 

457.85 

288.44 

452.88 

314.59 

460.34 

291.88 

439.45 

1.02 

1.89 

0.94 

1.92 

MP3 
Pk1 

Pk2 

141.27 

225.04 

117.70 

232.42 

215.27 

267.10 

177.16 

231.63 

1.29 

1.82 

0.82 

1.73 
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The activation energies are in the range of 200–500 kJ/mol as correspond to MAS glass 

ceramic materials [8,262,263]. The activation energy corresponding to the main exothermic 

peak (Pk2) of different MAS glass ceramics obviously increases with addition of 1.0 mol% 

P2O5, then decreases with the respective increasing of P2O5. Wherein, the Ec with 3.0 mol% 

P2O5 becomes the lowest, and reaches ~225 kJ/mol, which is far lower than the one with 1.0 

mol% P2O5 (~500 kJ/mol). It is well known that low Ec value indicates high ability of 

crystallization. In addition, multiple nucleating agents in our system (both F and P2O5) may 

effectively lower the crystallization activation energy (more than 1.0 mol% of P2O5) compared 

with single one (F in MP0), which also could promote crystallization at lower temperatures. In 

other studies, the Ec for a MAS glass ceramic is reported to be 296 kJ/mol [8] with complex 

nucleating agents (P2O5, ZrO2 and TiO2) and 473 kJ/mol [262] with TiO2 as a single nucleating 

agent. 

Using activation energy value, the Avrami constant corresponding to the crystallization 

mechanism was determined. The values of m in this work are approximately equal to the values 

of n, the nuclei formed in the previous heat-treatment before the thermal analysis run are 

dominant (crystallization occurs on a fixed number of nuclei). Surface crystallization occurred 

in free-P2O5 sample (n=m=1). It is reported that glasses with a P2O5 content of 0.0 and 0.5 mol% 

showed a surface crystallization [264]. In other systems, however, the addition of trace amounts 

of P2O5 is required to transform the system to bulk crystallization e.g. the LAS and LMAS 

systems [265,266]. In our study, the incorporation of P2O5 suppresses the surface crystallization 

and promoted bulk crystallization. The crystallization index m is related to the dimensionality 

of the crystal growth, m=1 indicates one-dimensional growth (surface crystallization), and m=2 

implies two-dimensional growth (bulk crystallization). From Table III-21, the n and m values 

indicate that the incorporation of P2O5 leads to a homogeneous crystallization mechanism for 

the two peaks and mainly with one- and two-dimensional growth of crystals. 

III.3.3 Identification of crystalline phases 

X-ray diffraction patterns of different MAS samples, as shown in Figure III-40, Figure 

III-41, Figure III-42 and Figure III-43, revealed important information on the phase 

development of the samples powder of BGs and of glasses treated at various temperatures 700, 

750, 800, 850, 900 and 950 °C.  
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Figure III-40 X-ray diffraction patterns of MP0 treated at: (a) BG, (b) 700, (c) 750, (d) 800, (e) 850, 

(f) 900 and (g) 950 °C 

 

Figure III-41 X-ray diffraction patterns of MP1 treated at: (a) BG, (b) 700, (c) 750, (d) 800, (e) 850, 

(f) 900 and (g) 950 °C 

Based on the obtained results it can be stated that the BGs are fully amorphous materials, 

as evidenced by the lack of clear reflections on diffractograms and occurrence of two broad 

halos around 17 ° and 28 °. In previous study, they found that if glass shows two broad halos 

in the XRD patterns, it indicates the presence of phase separation in the present glass [267]. 

When the MP0 glass was treated at 800 °C for 1 h, some weak diffraction peaks are 

observed on scattered spectrum of the sample, which indicates that the sample mainly includes 

glass phase and a small amount of crystal phase. According to JCPDS cards, the latter only 
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contained a kind of crystal phase, namely fluor-phlogopite (1M, KMg3 (Si3AlO10) F2, JCPDS 

No. 00-010-0494). Additionally, forsterite (Mg2SiO4, JCPDS No. 00-004-0769) crystalline 

phases are formed at the temperature of 900 °C. The fraction of the amorphous phase decreases 

during the higher temperature heating treatments. It is clearly seen from Figure III-40 that the 

diffraction intensity and width of fluor-phlogopite increases with the increase of the 

crystallization temperature into 950 °C. This means that sample MP0 contained more fluor-

phlogopite crystals than forsterite. In MP1 treated at 800 °C, beside the amorphous phase (raised 

background) there is a range of reflexes which demonstrates the presence of crystalline phases. 

The performed analysis concluded that there was fluor-phlogopite crystal when heated at 800 

°C and forsterite at 950 °C (Figure III-41). According to Figure III-42, fluor-phlogopite 

appeared when MP2 sample heated at 850 °C. At 900 °C, forsterite evidently appeared. The 

fluor-phlogopite appeared in MP3 sample heated at 750 °C though the peaks in the XRD pattern 

were small. As the heating temperature was increased, forsterite appeared at 800 °C while the 

peaks of fluor-phlogopite nearly do not change. However, much larger and stronger peaks of 

forsterite appeared at 950 °C, therefore forsterite turned into the master phase in MP3 sample 

(Figure III-43). Treatment at higher temperature showed an increase in the crystallinity but with 

relative decrease in fluorinated phase’s contents as reported in [268]. P2O5 (3.0 mol%) additions 

induce forsterite crystallization as predominant phase. 

 

Figure III-42 X-ray diffraction patterns of MP2 treated at: (a) BG, (b) 700, (c) 750, (d) 800, (e) 850, 

(f) 900 and (g) 950 °C 
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Figure III-43 X-ray diffraction patterns of MP3 treated at: (a) BG, (b) 700, (c) 750, (d) 800, (e) 850, 

(f) 900 and (g) 950 °C 

As a result, the addition of P2O5 induces the forsterite and fluor-phlogopite formation, 

with predominance of the forsterite particularly at high temperatures. It is believed that the 

MgF2 has an important effect on the formation of phlogopite phase. The fluorine loss at glass 

composition can be resulted in magnesium and silicon rich phase corresponds to forsterite 

formation which has been reported before [269]. The Mg2SiO4 becomes gradually the major 

crystalline phase, which indicates the influence of these nucleating agent in the crystallization 

reactions. 

III.3.4 Microstructure development 

Figures III-44 illustrates such micro-phase separations in a surrounding glass matrix (a 

penetration structure). All phases shown in the latter micrograph are amorphous. Each phase 

has a different chemical composition and is enriched of one or more chemical components 

compared to the surrounding phase. Such a phase separation causes the inner energy to decrease 

and enhances the degree of ordering inside the glass and therefore the thermodynamic stability 

of the system [270]. The size of the phase-separated region increases with the increase of P2O5 

content. 
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Figure III-44 FE-SEM micrographs in different magnification of the MAS BGs: (a, b) MP0, (c, d) 

MP1, (e, f) MP2 and (g, h) MP3 

 

 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 
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Figure III-45 shows the micrographs of MP0 heated sample, presented in different 

magnifications. In the glass ceramics, crystals are surrounded by an amorphous phase. MP0 

showed that surface crystallization of dendritic-like growths were formed. 

Figure III-46, Figure III-47 and Figure III-48 show the microstructure of MP1, MP2 and 

MP3 heated samples in different magnifications, respectively. All the samples are displaying 

unusual microstructures. Two different regions were observed: a flower-like crystals structure 

with almost circular shape and a matrix in which they were immersed. It can be seen also that 

P2O5 had a strong influence on the microstructure and morphology of MAS glass ceramic 

studied in this work. The addition of small amount of P2O5 to MAS glass ceramic changed the 

microstructure from a dendritic-like (MP0) to a flower-like crystals (MP1, MP2 and MP3). The 

difference in these two morphologies lies in the respective crystallization mechanisms. This 

finding is in accordance with the results in Table III-21. By increasing P2O5 content, the average 

diameter of the flower-like crystals increased, from 22 µm in MP1, ~26 µm in MP2 to 47 µm 

in MP3.  

         

Figure III-45 FE-SEM micrographs in different magnifications of the MP0 specimen heated at 956 °C 

for 4h  

        

Figure III-46 FE-SEM micrographs in different magnifications of the MP1 specimen heated at 850 °C 

for 4h  
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The flower-like crystals were composed of some crystals with a globular shape. Crystal 

size was estimated using the Scherrer equation. With the increase of P2O5 content, the average 

size of globular particles increase from 16, 23 to 24 nm for the heated samples MP1, MP2 and 

MP3, respectively. 

         

Figure III-47 FE-SEM micrographs in different magnifications of the MP2 specimen heated at 830 °C 

for 4h  

         

Figure III-48 FE-SEM micrographs in different magnifications of the MP3 specimen heated at 823 °C 

for 4h  

III.3.5 Thermal characterization 

III.3.5.1 Dilatometric results 

Figure III-49 shows the thermal expansion behavior of the glass and the glass ceramics 

prepared at different treatment temperature. MAS samples have been treated 4 h at the main 

crystallization temperature for each composition. It is known that the heat-treatment schedule 

determines the proportions and nature of the resulting crystalline phases, and thus markedly 

affects the thermal expansion coefficient of the resultant glass ceramic material. 
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Figure III-49 Dilatometric curves of MAS samples: (a) BGs and (b) GCs 

The TEC, Tg and TDS of MAS base glasses vary in a somewhat complex manner as evident 

from Table III-22. After adding P2O5, the Tg increases while the TDS decreases in value 

compared to the free-P2O5 sample. The TEC of the investigated MAS base glasses are ranged 

from 8.38×10-6 °C-1 to 9.16×10-6 °C-1 in the 300500 °C range. There is a slow decrease when 

1.0 or 2.0 mol% P2O5 was added, and then it rises sharply and attains a value 9.16×10-6 °C-1 

after adding 3.0 mol% P2O5. Tg and TDS increase after heat-treatment process compared to base 

glasses. The free-P2O5 GC sample (MP0GC) have the highest value of Tg and TDS, 881 and 990 

°C, respectively. In addition, the α-value decreases from a value of about 10.21×10-6 °C-1 

(MP0GC) to a value of 7.98×10-6 °C-1 (MP3GC) in 300500 °C range. These results could been 

associated with the crystallization behaviours from the XRD analysis. This is thought to be due 

to a higher percentage of forsterite phases formed by increasing content of the nucleating agent 

P2O5.  

Table III-22 TEC, Tg, TDS of MAS specimens  

  MP0 MP1 MP2 MP3 

Tg (°C) 

BG 659 652 631 644 

GC 881 713 705 696 

TDS (°C) 
BG 722 756 752 780 

GC 990 824 835 839 

TEC (α~300500 °C) 

±0.1×10-6 °C-1 

BG 08.71 08.47 08.38 09.16 

GC 10.21 08.31 08.55 07.98 
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The TEC of the MAS glass ceramics was also practically influenced by the concentration 

of nucleant used which had a significant effect on the resulting crystalline phases. The presence 

of fluorine in glass specimen increased the TEC values (11.14 mol% of fluorine in MP0), as 

found in previous work [233]. In previous glass ceramic works, the measured thermal expansion 

coefficient was 9.2×10-6 °C-1 for fluor-phlogopite [271], and 8.5×10-6 °C-1 for forsterite [139]. 

In the present investigation, marked changes in the thermal expansion occurred depending on 

the type of both the major and minor crystalline phases formed. Table III-22 shows that the 

thermal expansion coefficient decreased with formation of forsterite (MP1GC, MP2GC & 

MP3GC) which has a lower thermal expansion coefficient and increased under the dominance 

of the fluor-phlogopite (MP0GC).  

III.3.5.2 Hot-stage microscopy results 

By using the HSM characteristic temperatures (TFS, TMS, TS, THB, and TF) and those found 

by DTA analysis (Tg), the relative viscosity behavior of MAS specimens has been obtained. 

Figure III-50 presents variation in the relative area with respect to temperature as obtained from 

HSM for all the investigated MAS glasses.  

The four glass samples present a reduction of the sample area (A/A0) in the temperature 

region 750800 °C, and a high one in the region 12501350 °C. This is due to the formation of 

the crystalline phases around 800 °C (as shown in Table III-17). In the temperature range 

(800900 °C), the formation of crystalline phases avoid the sintering of glass particles, which 

are mainly transformed to crystals. Then, those crystals melt and transform to liquidus, which 

was indicated by the high decrease of the A/A0 area in the region 12501350 °C. 

Table III-23 summarizes the values of the temperatures corresponding to the 

characteristic viscosity points obtained from the photographs taken during the HSM 

experiment. Figure III-51 shows the logarithm of viscosity (η) as a function of temperature. In 

general, TFS values show an increasing tendency with increasing content of P2O5 then it 

decreases at MP3 (3.0 mol% P2O5). The viscosity decreases very slowly in the wide temperature 

region (7001200 °C), where the formed crystalline phases are stable. 
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Figure III-50 Variation in relative area (A/A0: A0 is the initial area at room temperature, A is the area 

at defined temperature) during the HSM experiments 

As it has been mentioned, Figure III-51 shows that MAS glasses present similar η 

variations with temperature except in the 1200–1400 °C range. For the MP3 glass an η value of 

107.8 P is achieved at about 1220 °C, whereas MP2 needs 1315 °C to achieve a similar viscosity. 

The above results have shown that P2O5 (1.02.0 mol%) influences several temperatures such 

as, maximum shrinkage, softening, ball, etc., and decreased the high-temperature viscosity of 

glass, while the viscosity increases when the content of P2O5 is more than (2.0 mol%). Xiao et 

al. also found that the viscosity of Li2OAl2O3SiO2P2O5 glass decreased consistently as the 

P2O5 content increased [272]. The content of P2O5 has an obvious influence on the viscosity. 
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The flow temperature of MP0, MP1, MP2 and MP3 are >1400 °C, >1400 °C, 1398 °C 

and 1391 °C, respectively. It can be seen that, when the content of P2O5 increased to 3.0 mol%, 

the melting temperature of MAS glass decreased (Figure III-50). The main reason is P2O5 

possess much lower melting point than those of Al2O3 and SiO2, and introducing P2O5 lowered 

the eutectic point of the glass system [272]. 

 

Figure III-51 Viscosity curves of MAS glasses obtained from HSM measurements 

III.3.6 Structural analysis 

III.3.6.1 Raman results 

Raman spectra of all the glass ceramic samples treated at different temperatures were 

measured. Figure III-52 shows Raman spectra of base glass and glass samples heat treated 

750950 °C for 1 h. The Raman spectrum of MP0 base glass and MP0 treated at 700 °C consists 

of a broad band in the range of 1200800 cm-1. At 700 °C of heating, the Raman spectrum of 

MP0 consists of a wide broad band and a weak band in the range of 800650 and 1200800 

cm-1, respectively. After heat-treatment at 800 °C, absorption band at 683 cm-1 attributable to 

the fluor-phlogopite crystal appear. With further annealing 850950 °C, the intensity of the 

peak at 683 cm-1 increase in intensity and broad while the band with maxima at 1034 cm-1 

become sharper and two new weak bands to the appears at 276 and 320 cm-1. Raman frequencies 

at 282, 326, 684, and 1034 cm-1 listed by Mckeown et al. [273] for phlogopite correspond with 

our observed bands at 276, 320, 683 and 1034 cm-1 for fluor-phlogopite.  
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Figure III-52 Raman spectra of different MAS samples treated at: (a) BG, (b) 700, (c) 750, (d) 800, 

(e) 850, (f) 900, and (g) 950 °C 

The transformation of the MP0 glass to a glass-ceramic leads to a narrowing of the Raman 
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band and symmetric stretching or symmetric deformation for the 856 cm-1 band. The peak 322 

cm-1 correspond to rotation of SiO4 [274–276]. 

Fluor-phlogopite appears after heat treatment at 800 °C in MP1 and MP2 then increase in 

intensity with increasing heating temperature. forsterite appears at 900 °C in MP1 and at 850 

°C in MP2 and MP3. In addition, forsterite become the main crystal in MP3. It is clear from 

(Figure III.52) that upon increasing of P2O5 content, the amount of fluor-phlogopite crystal 

decreases in the MAS glass ceramic while forsterite crystal increases. 

III.3.6.2 FTIR results 

FTIR test were carried out on the BGs and glasses treated at different temperatures 

(750950 °C) to study the change in the structure of the glass. The room temperature FTIR 

absorbance spectra of different samples are presented in Figure III-53. The spectra are shown 

in the range of 4001400 cm-1, which is characteristic of the studied materials. 

The spectra of BGs exhibit four broad absorbance bands in the region of 1400–400 cm-1. 

The high full width at half maximum of the bands confirms a high percentage of the amorphous 

phase of the tested materials. The most intense bands lie in the 1400–800 cm-1 region, the next 

between 500 and 400 cm-1, then between 650 and 500 cm-1, while the least intensive lies 

between 800 and 650 cm-1. The broad and intense band in the 1400–800 cm-1 region is assigned 

to the asymmetric stretching vibration of bridges Si–O-(Si) and Si–O-(Al), bonds associated 

with the tetrahedrons [SiO4] and [AlO4]. This range of wavenumbers depends on the number 

of NBOs, which form a tetrahedron [239,277]. Mg2+ and K+ ions act as network modifiers, 

inducing NBOs, and lie in interspaces of the glass network. Al3+, as a network former, can 

substitute Si4+ to form [AlO4] tetrahedron [278,279]. As the molar ratio of Al2O3/(MgO+K2O) 

is less than 0.5, [AlO4] tetrahedron is easy to form in the investigated glasses. According to the 

literature, bands in the region of 800–650 cm-1 come from stretching vibration of Al–O bond in 

[AlO4] tetrahedron and/or symmetrical stretching vibrations of Si–O–(Si,Al) and vibrations 

related to presence of silico-oxygen and alumino-silico-oxygen rings [280,281]. The band near 

560 cm-1 could be attributed to either stretching vibration of [MgO4] [282] or to the bending 

vibration of the Al–O bond in [AlO6] [283]. Also, the band near 450 cm-1 could be assigned to 

bending vibration of O–Si–O linkages and Si–O–Si-bending vibration modes of [SiO4] unit 

[179,280]. 
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Figure III-53 FT-IR spectra of different MAS specimens treated for 1 h at: (a) BG, (b) 700, (c) 750, 

(d) 800, (e) 850, (f) 900 and (g) 950 °C 

Figure III-53 shows only three clearly visible absorbance bands in the sample MP0 when 

heat is treated at 850 °C for 1 h. It means that at 850 °C, all the glass specimens are not well 

crystallized. The IR spectra of glasses heated at 950 °C are clearly different from that of BGs. 

The multi-component bands appeared in the region 1400–800 cm-1 indicate the mineralogical 

complexity of these GCs. With the increase of crystallization temperature, the intensity of the 

main absorption bands increases, which indicates the improvement of crystallinity. The band at 
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725 cm-1 decreased in intensity, and then disappeared with the increase of heating temperature. 

This may indicates the transformation of a glass structure to a glass ceramic material. In 

addition, the intensity of the band at about 600400 cm-1 is lower than the band at about 

1300800 cm-1 in the free-P2O5 specimen (MP0). By increasing heating temperature, the 

intensity of the 600400 cm-1 band increases and becomes approximately as high as the 

1300800 cm-1 band. It can be found also that some new absorption bands are appear, the main 

band locates at 470 cm-1 could be attributed to bending vibrations of OSiO and OAlO 

[277] and the weak bands near 688, 760 and 802 cm-1 could be attributed to vibrations of 4 

and/or 6-membered silico- and alumino-silico-oxygen rings present in the glass structure [277], 

bending vibration of AlOAl in [AlO4] tetrahedron [284] and symmetric stretching vibration 

of SiOAl bond [283], respectively. The band at 880887 cm-1 is associated with asymmetric 

stretching vibrations of SiO- and AlO- [277,285], the shoulder near 990 cm-1 with stretching 

vibrations of SiO (Si) [277], the most intense band with the maximum at 10201030 cm-1 with 

the presence of the combination of the asymmetric stretching vibration of two types of bridging 

bonds SiO(Si), SiO(Al) and broken bridges SiO- and AlO- [286], the shoulder at ~1090 

cm-1 with asymmetric stretching vibration of SiOSi bond in [SiO4] tetrahedron [283] or 

asymmetric stretching of POP groups [122], the shoulder at 1180 cm-1 with stretching 

vibrations of Si=O [277] and the shoulder near 1270 cm-1 with asymmetric stretching vibration 

of [BO3] units [280]. 

Mg2+ can induce the non-uniform arrangement of anionic charge [278]. Mg2+ and K+ ions 

help to the balance of [AlO4] tetrahedron, contributing to the formation of [AlO4]2Mg and 

[AlO4]K complexes in glass networks [280]. The excellent compatibility between the 

complexes and [SiO4] tetrahedron facilitates the formation of mica units [AlSiO3] [287]. The 

bands near 1176 and 470 cm-1 and the shoulder at about 840 cm-1 can be interpreted as vibration 

modes in fluor-phlogopite [288,289]. 

Forsterite crystals containing Mg2+ ions are also precipitated when crystallization 

temperature increased. The bands at about 890 and 612 cm-1 and the shoulders at about 838 and 

515 cm-1 corresponding to forsterite are found (Figure III.53) [239,290,291]. With the increase 

of crystallization temperature, the contents of forsterite increase, while fluor-phlogopite 

decreases. It is possibly due to the increasing of Mg2+ ions mobility from the decomposition of 

fluor-phlogopite, resulting the formation of forsterite [269]. 
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III.3.7 Mechanical properties 

III.3.7.1 Hardness 

The Vickers microhardness and the Young’s modulus of our MAS glass ceramics were 

compared to the data for the BGs, as presented in Table III-24. The microhardness values of 

the investigated BGs are ranging from 9.12 to 9.54 GPa. MP0 base glass exhibit the largest Hv 

value; of 9.54 GPa. In addition, crystallized samples show a lower microhardness compared to 

the base glasses. The mechanical properties are related to the microstructure. After 

crystallization, the mechanical properties decrease with the increase of the crystal size and the 

volume fraction of fluor-ophlogopite or forsterite phases [292]. The Hv of the MAS glass 

ceramics is in the range from 8.33 to 8.66 GPa. The Hv does not show a clear dependence on 

the P2O5 concentration. The determined Hv of the MAS glass ceramics is in the same range as 

those reported in the literature [284,293].  

Table III-24 Microhardness values of MAS BG and GC samples                                                                 

(the errors are standard deviation from mean) 

 (Gpa) MP0 MP1 MP2 MP3 

BG 
Hv 09.54 ± 0.30 09.42 ± 0.35 09.12 ± 0.24 09.28 ± 0.54 

E 97.80 ± 3.14 99.71 ± 3.27 94.80 ± 1.15 95.62 ± 3.85 

GC 
Hv 08.56 ± 0.27 08.33 ± 0.66 08.66 ± 0.70 08.56 ± 0.73 

E 104.76 ± 3.25 93.77 ± 3.63 96.18 ± 2.86 94.20 ± 4.07 

The observed changes in hardness after heat-treatment can be correlated with the type and 

content of the precipitated phase as well as the residual glassy phases. It is probably due to the 

size of tested samples. It is found that the microhardness of large size sample is considerably 

higher than the microhardness of small size sample [294]. Since the phlogopite crystals act as 

an insulator, the heat diffusion or absorption will be problematic in large samples, thus, some 

temperature gradients caused to new phases like forsterite. Hence, the value of microhardness 

will decreased. 

The Young's moduli of BGs are in the range from 94.80 to 99.71 GPa. The E of GC 

samples containing P2O5 are slightly lower than those of BG samples, while it is higher in the 
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free-P2O5 sample after heat-treatment. The highest Young’s modulus; of 104.76 GPa, was 

observed for the GC sample MP0. 

III.3.7.2 Machinability 

Table III-25 shows cutting energy and machinability parameter of the respective glass 

ceramics specimens, which were calculated from equation (III.1) and equation (III.2), 

respectively. According to Tables III-24 and Table III-25, MP2 base glass specimen has the 

lowest Hv value (9.12 GPa) and it has the highest machinability parameter (m) of (-0.470) with 

lower cutting energy (μ1) of 145 J.mm-3, indicating that it has a better machinability than the 

other studied MAS samples. The machinability increases in the GC materials compared to the 

base glasses, which due to the presence of crystal phases such as, phlogopite and fosterite in 

the GC materials. Phlogophite is known in “mica-glass” for its good machining property [295]. 

Table III-25 The machining parameters of the investigated MAS specimens 

  MP0 MP1 MP2 MP3 

BG 
m -0,521 -0,506 -0,470 -0,489 

µ1 (J.mm-3) 160,079 155,454 144,655 150,482 

GC 
m -0,401 -0,397 -0,403 -0,401 

µ1 (J.mm-3) 125,290 124,384 125,896 125,287 

It is also observed from Table III-25, that m increases with the increase of P2O5 

concentration for base glasses, while it remains constant for the corresponding glass ceramics. 

It is also observed an increase of machinability, from -0.5 for BGs to -0.4 for GCs, and this 

indicates that the machinability would be improved by the presence of the crystal phase. The 

machinability is correlated with microstructure and crystal formation (as found in FE-SEM 

results). In addition, the crystals formed after heat treating may present similar machinability.  

By the heat-treatment, glass ceramic specimen MP1 shows a lowest hardness value 8.33 

GPa and a highest machinability parameter, m = -0.397. The above results clearly indicated 

that, as the P2O5 content increased (2.0–3.0 mol%) the machinability of the specimens 

decreased. The P2O5 lead to a decrease in the machinability of MAS BGs and GCs. 
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III.3.7.3 Flexural strength 

Figure III-54 shows the flexural strength of the MAS glass ceramics as a function of P2O5 

concentration. The values of σ are between 95 and 131 MPa, and in the same range of MAS 

glass ceramics [102,106]. When P2O5 concentration changed from 1.0 to 2.0 mol%, the flexural 

strength decreased from 106 to 95 MPa, respectively. The maximum flexural strength is 131 

MPa in MP3, affected by amount of crystalline phases. The strength values of the studied MAS 

glass ceramic are quite similar and the effect of P2O5 is not clear as shown in the graph. 

 

Figure III-54 Flexural strength as a function of P2O5 concentration 

III.3.8 Optical properties 

III.3.8.1 Transparence 

Photographs of the BG samples are shown in Figure III-55. Obviously, the variations in 

transparency with decrease of P2O5 concentration can be clearly distinguished by the naked 

eyes. In addition, adding a low concentration of P2O5 (1.0 mol%) leads to a higher transparent 

specimen (MP1) than the free-P2O5 specimen (MP0). It suggested that using 1.0 mol% P2O5 as 

nucleating agent in MAS glass ceramic was favorable to obtain almost colorless transparent 

glass ceramic. 

 

Figure III-55 Visual appearance of BGs: MP0, MP1, MP2 and MP3 from left to right, respectively 
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III.3.8.2 UV-Vis transmission spectra 

Figure III-56 shows the optical transmittance spectra recorded for the BGs and GCs. It 

can be seen from Figure III-56 that the transmittance in the ultraviolet range falls at the low 

wavelength range, and the corresponding absorption phenomena are associated with the number 

of BOs [241]. The optical cutoff of MP0 and MP2 is 320 nm, while it increased to 355 nm for 

MP2 and MP3. The transmittance (MP0 & MP1 BGs) increases continuously and reaches 

approximate 85% in the visible range then remains an approximately flat line in the NIR range 

with high transmittance (85 %). Incorporation of P2O5 (1.0 mol%) changes the transmittance 

degree in the visible region which becomes slightly stronger. 

 

 

Figure III-56 UV visible spectra of MAS samples 
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P2O5 [191]. With further increasing of P2O5 content, the light transmittance of MP2 and MP3 

specimens decrease gradually. The crystal size increased as P2O5 content increased, which 

increased scattering intensity but reduced light transmittance. Samples with P2O5 (MP1, MP2 

& MP3) exhibit little absorption in the range λ~420430 nm, which explains the color observed. 

Comparing MAS samples obtained by the heat-treatment process in Figure III-56, it can 

be found that MP1GC and MP3GC maintain the highest and lowest transmittances, 

respectively. Light transmittance of samples MP0GC and MP1GC reaches ~85 % within NIR 

range. It is clear that the transparency of MP3GC is reduced by the heat-treatment. That is, 

micro-crystals precipitated in the glass ceramic samples can scatter the visible ray, particularly, 

a light of lower wavelengths. The transmittance of glass ceramic depends on the degree of 

crystallinity and crystal size. The samples heat-treated at higher temperatures have relatively 

larger crystallites with higher volume fraction crystallized, resulting in semi-transparency or 

opacity. 

III.3.8.3 Optical band gap energy 

The optical band gap, Ev, of the studied samples have been estimated by drawing Tauc 

plots of (αhν)2 vs. energy as shown in Figure III-57. The values obtained for Ev are shown in 

Table III-26 for the studied MAS samples.  

            

Figure III-57 Schematic of band gap calculation using the Tauc plot for the MAS samples: (a) BGs 

and (b) GCs 

It can be seen from Figure III-57 and Table III-26 that the energy gap increases in the 
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Table III-26 Optical band gap Ev of MAS samples 

  MP0 MP1 MP2 MP3 

Ev (eV) 
BG 3.52 3.61 3.10 3.13 

GC 3.47 3.62 3.11 3.12 

After heat-treatment process, the optical energy gap slightly decreases for the free-P2O5, 

however, it is nearly constant in (MP1GC, MP2GC & MP3GC). The decrease of the band gap 

energy can be associated with the increase of the amount of the NBOs then the system has made 

it easier for the electrons to move through the materials [245].  

III.3.8.4 Color parameters 

The color factors (L*, a* and b*) have been determined from the transmittance spectra of 

BGs and GCs. The corresponding chromatic coordinate values are given in the Table III-27.  

Table III-27 Chromatic coordinates of different BG and GC samples 

 L* a* b* 

MP0 

MP1 

MP2 

MP3 

93.26 

94.20 

61.43 

50.22 

-02.17 

-01.28 

06.86 

02.84 

11.54 

05.93 

34.40 

20.76 

MP0GC 

MP1GC 

MP2GC 

MP3GC 

92.17 

94.24 

58.98 

42.01 

-02.83 

-01.41 

06.43 

02.32 

18.60 

06.38 

39.06 

18.59 

In accordance with Table III-27, the free-P2O5 base glass (MP0) presents a high 

brightness (L*=93.26). However, the addition of (1.0 mol%) P2O5 increase slightly the 

brightness to 94.20 then further increase of P2O5 content decreases the brightness reaching a 

minimum value of (L* = 50.22) for the MP3 sample, which presented a light beige color. In 

addition, with the increase of P2O5 content (2.03.0 mol%) it has been noted a slight shift from 
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green to red for a* parameter (negative and positive values indicate the predominance of the 

green and red color, respectively) and a more marked shift to higher positive value for b* 

parameter (positive values indicate the predominance of the yellow color).  

After heat-treatment process, the observed variation for the color factors corresponds to 

the variation of color intensity according to CIELAB classification. The MP0GC and MP1GC 

samples are also characterized by lower values of a* and b* indicating a tendency to 

achromatism. 

III.3.8.5 Refractive index 

It is clear from Table III-28 that the prepared BGs show low refractive index (in the range 

1.53681.5431). The refractive index decreases gradually with the increase of P2O5 content. 

After heat-treatment, the refractive index in MAS specimens increases after the formation of 

crystals. As a larger amount of forsterite (nD = 1.691.70) is precipitated in MP1 specimen, it 

may result in a larger refractive index difference than the precipitation of fluor-phlogopite 

crystals (nD = 1.551.63) in the MP3 specimen. 

Table III-28 Values of refractive index, nD, of MAS specimens 

 MP0 MP1 MP2 MP3 

nD 
BG 1.5420 1.5417 1.5396 1.5365 

GC 1.5422 1.5441 1.5408 1.5391 

III.3.9 Characterization of silver stained glass ceramics 

III.3.9.1 FTIR-ATR results 

The room temperature FTIR-ATR absorbance spectra of different painted MAS samples 

are presented in Figure III-58. The spectra are shown in the range of 6001300 cm-1, which is 

characteristic of the studied materials.  



Chapter III: Results and discussion 

 

119 

 

 

 

Figure III-58 FTIR-ATR spectra of painted MAS specimens: (a) GC ‘reference’, (b) 2h,                     

(c) 4h and (d) 8h 

As observed from Figure III-58, there are nearly two broad bands present in all the painted 

MAS samples located in the ranges of about 1250–800 cm-1 and 800–650 cm-1. The band 

ranging from 1250–800 cm-1 corresponds to the asymmetric stretching mode Si−O [296]. 

Spectrum 800–650 cm-1 is assigned to the symmetric bending vibrations SiO-(Si,Al) between 

the tetrahedrons [239]. After heated samples for 8 h, the width of the strong band 1250–800 cm-

1 decreases, hence, the bands in the region 1000–800 cm-1 shift to high wavenumbers while the 

bands at 1200–1000 cm-1 shift to lower frequencies. In addition, the intensity of the absorption 

band near 860 cm-1 increases gradually with increase in crystallization holding time for the 

samples MP0 and MP1. However, for MP2 and MP3 samples; it is clearly seen that the intensity 
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of the bands at ~931 cm-1 is higher with increasing holding time. It is found that the bands at 

about 920 and 865 cm-1 correspond to the Si–O (NB) [296]. The shift of the bands toward higher 

wavenumber may indicates a strengthening of the chemical bonds in the network when Ag+ is 

added in the network, due to a network polymerization [246]. The increase in intensity for the 

Ag-treated glass ceramics could be due to an effect of enhancement of the IR signal of SiO 

bonds due to the presence of silver nanoparticles around such bonds. 

III.3.9.2 UV-Vis transmission spectra 

Figure III-59 shows UV-Vis transmission spectra of silver painted glass ceramics as well 

as the spectrum for the unpainted glass ceramic substrate. 

 

 

Figure III-59 UV-Vis spectra of painted MAS glass ceramics 

The behavior of painted GC materials spectral curves is similar to that of the unpainted 

GC. The optical cutoff of (MP0Ag2MP0Ag8 and MP1Ag2MP1Ag8) is in the region 

between 340350 nm, while it increase to the region between 380390 nm for 

MP2Ag2MP2Ag8 and MP3Ag2MP3Ag8. The transmittance of the painted samples 

increased after silver stain for the sample MP3Ag. 
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III.3.9.3 Optical band gap energy 

The optical band gap, Ev, of the painted samples have been estimated by drawing Tauc 

plots of (αhν)2 vs. energy as shown in Figure III-60. The values obtained for Ev are shown in 

Table III-29 for the studied samples.  

            

            

Figure III-60 Schematic of band gap calculation using the Tauc plot for the studied MAS samples 

It is clear from the Table III-29 that the optical band gap of MP0Ag sample decreased 

gradually when the heating time increased. However, it showed a decrease on heating up to a 

period of 2 h for the other specimens. For further increase in heating time, these values started 

increasing. 

Table III-29 Optical band gap Ev of the studied MAS samples 

  GC Ag2h Ag4h Ag8h 

Ev (eV) 

MP0 3.47 3.41 3.31 3.32 

MP1 3.53 3.46 3.56 3.51 

MP2 2.60 2.56 2.63 2.73 

MP3 2.52 2.32 2.37 2.68 
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III.3.10 Bacterial analysis 

The antibacterial properties of the MAS GC samples were all determined after 90 min 

incubation with the bacterial cell suspension. Figure III-61a shows the logarithm reduction 

(CFU/specimen) observed in the painted MAS glass ceramic respect to the reference glass 

ceramic sample. A significant logarithm reduction (>3 log) against E. coli for all samples was 

obtained. A logarithm reduction higher than 3 means a safe disinfection and a high 

antimicrobial activity [297]. By increasing P2O5 concentration, the logarithm reduction values 

against E. coli are nearly equal to 7 log, indicating that the bactericidal properties of Ag-dopped 

MAS glass ceramics are P2O5 concentration independent. 

As observed in Figure III-61b, bacterial adhesion generally decreased gradually in all the 

painted MAS samples, reaching the lowest values for the samples treated for 8 h after Ag-

doping. At the 90 min incubation time the release of silver from nanoparticles of the different 

compositions can be considered the same. The release of silver ions for almost all painted 

samples (Figure III-61c) was of, ~3 µg in solution, which is enough to have biocide activity in 

agreement with the results obtained in a previous work [249]. Silver nanoparticles act in two 

ways against E. coli : (i) they are able to penetrate inside the bacteria and cause further damage 

or; (ii) they release silver ions, which will have an additional contribution to the bactericidal 

effect of the silver nanoparticles such as reported in previous works [298,299]. 

The coating of MAS glass ceramic containing 16 wt% of AgNO3 showed a CFU reduction 

of 99.9999 % for all studied samples (>6 log reduction) against E. coli. The obtained 

antibacterial results clearly show that this glass ceramic is effective to diminish the growth of 

bacteria and also to inhibit adhesion and biofilm formation against E. coli. This means that the 

presence of silver nanoparticles distributed on the glass ceramic surfaces confers it a very high 

biocide property against E. coli ATCC 25922.  
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Figure III-61 Antibacterial efficacy corresponding to different painted MAS GCs: (a) logarithm of 

reductions of E. coli after 90 min, (b) logarithm of adhered bacteria and (c) means of Ag release 
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General conclusion 

In order to achieve the main objectives of this study, glass ceramic in the LMAS and 

MAS systems have been investigated. Several base glasses have been prepared by melting at 

high temperatures. Crystallization behavior of both glasses in the presence of F and P2O5 as 

nucleation agents was studied. There is a correlation between the different properties and 

crystallization behavior of LMAS and MAS glass ceramic systems.  

In these systems, the addition of P2O5 reduces both the viscosity at high-temperature and 

the melting temperature of the both glass ceramic systems, while increases the glass transition 

temperature. 

In this work, thermal stability and glass forming ability of LMAS and MAS systems were 

calculated by taking different approaches into account and it was found that both systems are 

good glass formers with high glass forming tendency. In addition, the increase of P2O5 content 

yields to an increase in the LMAS base glass transformation, crystallization temperatures, GFA 

and GS. The incorporation of P2O5 or the high Al2O3 concentration increases the glass stability 

in LMAS system. However, the most stable glass composition in MAS system was found as 

MP3 (3.0 mol%). 

The activation energies for crystallization are in the range of 200–500 kJ.mol-1 for both 

systems and as correspond to LAS and MAS glass ceramic materials. The addition of P2O5 lead 

to an increase in Ec for LMAS system. In contrast, the activation energy of MAS system 

increases with addition of 1.0 mol% P2O5, then decreases with the respective increasing of P2O5. 

Multiple nucleating agents in MAS system (both F and P2O5) may effectively lower the 

crystallization activation energy (more than 1.0 mol% of P2O5) compared with single one (F in 

MP0), which also could promote crystallization at lower temperatures. In addition, the 

crystallization mechanism is mainly of bulk type with a constant number of nuclei in both 

systems and it depends on the amount of P2O5, however, when the amount of P2O5 increases it 

tends to be surface type for LMAS system. For the LMAS glass without F and high Al2O3 

concentration the crystallization presents a one- and two-dimensional growth of crystals, 

however for those samples containing F, the growth is two- and three-dimensional. In the other 

hand, for the MAS sample with single nucleating agent (F), the crystallization mechanism is of 
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surface type. The addition of trace amounts of P2O5 suppresses the surface crystallization and 

promoted bulk crystallization with one- and two-dimensional growth of crystals.  

LMAS glass ceramic crystallize in lithium aluminum silicate (LixAlxSi1-xO2), enstatite 

(MgSiO3) and -spodumene (LiAlSi2O6) when F is in their composition, whereas -spodumene 

does not appear if F is not present in the glass composition. Furthermore, the binodal phase 

separation appeared in the LMAS samples having higher Al/Li value and free of F, while the 

spinodal phase separation appeared in the sample having F in the composition. Otherwise, MAS 

glass ceramic crystallize in forsterite (Mg2SiO4) and fluor-phlogopite (1M, KMg3 (Si3AlO10) 

F2). By the increase of P2O5, lithium aluminum silicate and forsterite become gradually the 

major crystalline phase in LMAS and MAS systems, respectively, which indicates the influence 

of this nucleating agent in the crystallization reactions.  

There is a significant variation in the morphology of the crystalline phases with the 

changes in the nucleating agent content and the heat-treatment temperatures in MAS and LMAS 

systems. The difference in these morphologies lies in the respective crystallization mechanisms. 

The coexistence of P2O5 and F induce crystals formation in both glass ceramic systems by P2O5-

inducing the phase separation and F-modifying the glass structure. In addition, with the increase 

of P2O5 content, the average size of crystals increases.  

From the comparative study of variation of P2O5 in both glass ceramics, it is revealed that 

TEC of the LMAS glass ceramic decreases by increasing P2O5 due to the formation of crystal 

phases formed after heat-treatment. MAS samples have higher TEC values (7.9810.21 MPa) 

than LMAS samples (8.389.16 MPa). The TEC of MAS system decreased with formation of 

forsterite and increased under the dominance of the fluor-phlogopite. 

The LMAS base glasses possess lower Hv than the corresponding glass ceramics, 

inversely to the MAS system. The Hv in MAS system does not show a clear dependence on the 

P2O5 concentration, however, the addition of 1.0 mol% of P2O5 can contribute to the 

improvement of microhardness of the LMAS samples with Hv of 11.45 GPa and E of 118.02 

GPa. In contrast, free-P2O5 MAS sample exhibit almost the largest Hv value; of 8.56 GPa and 

the highest Young’s modulus; of 104.76 GPa. Indeed, it is revealed that the LMAS glass 

ceramic shows higher Hv and E compared to the MAS one. In addition, either Al2O3 or P2O5 

does not lead to an important change in the machinability of LMAS and MAS base glasses and 

glass ceramics. For the LMAS system, the crystallization decreases the machinability, while it 
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leads to a high tendency to obtain machinable materials in the MAS system. Moreover, fluorine-

containing LMAS glass ceramics are much stronger than glass ceramics of similar compositions 

but contain no fluorine and high aluminium content. The maximum flexural strength is 131 

MPa (MP3) in MAS system, however, LMAS system achieves 190 MPa (GP3). The flexural 

strength is sensitive to a small addition of P2O5 in LMAS system, while it is nearly constant in 

MAS glass ceramic whatever the P2O5 concentration. 

Si/Al molar ratio has a significant impact on the structural properties of LMAS glass 

ceramic. The higher content of silica, dominating bands are associated with bonds characteristic 

of Si–O tetrahedral and crystallization of -spodumene. In turn, at higher content of alumina, 

dominating bands are associated with the vibrations of SiOAl and SiOSi due to the 

crystallization of LixAlxSi1-xO2. Moreover, in MAS system, with the increase of crystallization 

temperature, the contents of forsterite increase due to the increasing of Mg2+ ions mobility from 

the decomposition of fluor-phlogopite, resulting the formation of more forsterite. 

The high transparency of both system was found mainly resulted from the lower amount 

of P2O5 (1.0 mol%) added in both systems. The transparency of the glass ceramic samples is 

diminished with the increase of P2O5 concentration. Inversely to MAS BGs, the LMAS BGs 

possess higher refractive index than the corresponding BGs, and it decreases as the P2O5 content 

increase, however, MAS GCs show lower refractive index (1.53681.5431) than LMAS GCs 

(1.57241.5878). 

LMAS and MAS glass ceramics doped with Silver were found to exhibit a very high 

biocide activity (68 log of reduction) against E. coli. The coating containing 16 wt% of AgNO3 

nanoparticles has an excellent biocidal activity. These painted glass ceramics not only are 

effective to decrease the growth of bacteria but also to inhibit adhesion and biofilm formation. 

Therefore, the LMAS and MAS glass ceramics are particularly promising for mechanical and 

biocide application (utensils of hospitals, worktops, surface of implants, touch screens, 

bathroom and kitchen surfaces, etc.), however, it needs a future analysis on their bactericidal 

effect against common Gram-positive and Gram-negative bacteria, as well as antifungal activity 

against yeast. In addition, optical properties such as the color relevant for their application will 

be determined. 
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Appendix A: LMAS crystallization kinetics 

 

Figure 1A Kissinger Plot of GP0 specimen 

 

Figure 2A Kissinger Plot of GP1 specimen 

 

Figure 3A Kissinger Plot of GP2 specimen 

 

 

0,92 0,94 0,96 0,98 1,00 1,02 1,04

-12,4

-12,0

-11,6

-11,2

-10,8

r
2
=0,96

r
2
=0,98

r
2
=0,98

GP0

 l
n

(v
 /

T
p

2
)

 1000/Tp

 PK1

 PK2

 PK3

 

0,92 0,94 0,96 0,98 1,00 1,02 1,04

-12,4

-12,0

-11,6

-11,2

-10,8

r
2
=0,96 r

2
=0,97

r
2
=0,92

1000/Tp

GP1

 PK1

 PK2

 PK3

ln
(v

 /
T

p

2
)

 

0,92 0,94 0,96 0,98 1,00 1,02 1,04

-13,5

-13,0

-12,5

-12,0

-11,5

-11,0

r
2
=0,97 r

2
=0,97

GP2

 l
n

(v
 /

T
p

2
)

 1000/Tp

 PK1

 PK2

 



Appendices 

 

ii 

 

 

Figure 4A Kissinger Plot of GP3 specimen 

 

Figure 5A Ozawa plot of GP0 specimen 

 

Figure 6A Ozawa plot of GP1 specimen 
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Figure 7A Ozawa plot of GP2 specimen 

 

Figure 8A Ozawa plot of GP3 specimen 

 

Figure 9A Augis & Bennett plot of GP0 specimen 

 

 

0,92 0,94 0,96 0,98 1,00

1,6

2,0

2,4

2,8

3,2

r
2
=0,93

r
2
=0,92

GP2

 l
n

(v
)

 1000/T
p

 PK1

 PK2

 

0,88 0,90 0,92 0,94 0,96 0,98 1,00 1,02

1,6

2,0

2,4

2,8

3,2

r
2
=0,81

r
2
=0,99

r
2
=0,99

 1000/T
p

GP3

 

 PK1

 PK2

 PK3

 l
n
(v

)

 

Linear fitting

0,92 0,94 0,96 0,98 1,00 1,02 1,04

-5,0

-4,5

-4,0

-3,5

-3,0

-2,5

-2,0

r
2
=0,96 r

2
=0,96

r
2
=0,96

 ln
(v

 /
T

P
-T

0
)

 1000/T
p

GP0

 PK1

 PK2

 PK3

 

Linear fitting



Appendices 

 

iv 

 

 

Figure 10A Augis & Bennett plot of GP1 specimen 

 

Figure 11A Augis & Bennett plot of GP2 specimen 

 

Figure 12A Augis & Bennett plot of GP3 specimen 
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Figure 13A Matusita & Sakka plot of GP0 specimen 

 

Figure 14A Matusita & Sakka plot of GP1 specimen 

 

Figure 15A Matusita & Sakka plot of GP2 specimen 
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Figure 16A Matusita & Sakka plot of GP3 specimen
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Appendix B: JCPDS cards of LMAS system 

B1) Name and formula 

Reference code:   00-040-0073  

PDF index name:   Lithium Aluminum Silicate 

Zeolite name:    Unnamed zeolite 

Chemical formula:   LixAlxSi1-xO2 

 

Figure 1B Stick pattern of Lithium Aluminum Silicate 

B2) Name and formula 

Reference code:   00-035-0797 

Common name:   -spodumene 

PDF index name:   Lithium Aluminum Silicate 

Empirical formula:   AlLiO6Si2 

Chemical formula:   LiAlSi2O6 

 

Figure 2B Stick pattern of -spodumene 
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B3) Name and formula 

Reference code:   00-022-0714 

Mineral name:   Enstatite, ordered 

PDF index name:   Magnesium Silicate 

Empirical formula:  MgO3Si 

Chemical formula:   MgSiO3 

 

Figure 3B Stick pattern of Enstatite 

B4) Name and formula 
Reference code:  00-034-1495  

PDF index name:  Magnesium Aluminum Zirconium Oxide  

Empirical formula:  Al2.40Mg5O12Zr1.70  

Chemical formula:  Mg5Al2.4Zr1.7O12  

 

Figure 4B Stick pattern of Magnesium Aluminum Zirconium Oxide 
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B5) Name and formula 
Reference code:  00-010-0063  

PDF index name:  Titanium Oxide 

Empirical formula:  O3Ti2  

Chemical formula:  Ti2O3  

 

Figure 5B Stick pattern of Titanium Oxide 
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Appendix C: HSM photographs of LMAS system 

 

Figure 1C HSM photographs of GP0 specimen 

 

Figure 2C HSM photographs of GP1 specimen 

 

Figure 3C HSM photographs of GP2 specimen 

 

Figure 4C HSM photographs of GP3 specimen 
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Appendix D: MAS crystallization kinetics 

 

Figure 1D Kissinger plot of MP0 specimen 

 

Figure 2D Kissinger plot of MP1 specimen 

 

Figure 3D Kissinger plot of MP2 specimen 
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Figure 4D Kissinger plot of MP3 specimen 

 

Figure 5D Ozawa plot of MP0 specimen 

 

Figure 6D Ozawa plot of MP1 specimen 
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Figure 7D Ozawa plot of MP2 specimen 

 

Figure 8D Ozawa plot of MP3 specimen 

 

Figure 9D Augis & Bennett plot of MP0 specimen 
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Figure 10D Augis & Bennett plot of MP1 specimen 

 

Figure 11D Augis & Bennett plot of MP2 specimen 

 

Figure 12D Augis & Bennett plot of MP3 specimen 

 

0,86 0,88 0,90 0,92 0,94 0,96 0,98

-4,8

-4,2

-3,6

-3,0

-2,4

MP1

1000/T
p

 PK1

 PK2

ln
 (

v/
T

p
-T

0
)

 

r
2
=0,91

r
2
=0,87

0,88 0,92 0,96

-5

-4

-3

-2

1000/T
p

 PK1

 PK2

ln
 (

v/
T

p
-T

0
)

 
MP2

r
2
=0,74

r
2
=0,95

0,88 0,90 0,92 0,94 0,96 0,98

-4,5

-4,0

-3,5

-3,0

-2,5

1000/T
p

 PK1

 PK2

ln
 (

v/
T

p
-T

0
)

 

MP3

r
2
=0,72 r

2
=0,58



Appendices 

 

xv 

 

 

Figure 13D Matusita & Sakka plot of MP0 specimen 

 

Figure 14D Matusita & Sakka plot of MP1 specimen 

 

Figure 15D Matusita & Sakka plot of MP2 specimen 
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Figure 16D Matusita & Sakka plot of MP3 specimen 
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Appendix E: JCPD crystalline phases of MAS system 

E1) Name and formula 
Reference code:  00-004-0769  

Mineral name:   Forsterite, syn  

PDF index name:  Magnesium Silicate  

Empirical formula:  Mg2O4Si 

Chemical formula:  Mg2SiO4  

 

Figure 1E Stick pattern of Forsterite 

E2) Name and formula 
Reference code:  00-010-0494  

Mineral name:   Fluor-phlogopite, 1M  

PDF index name:  Potassium Magnesium Aluminum Fluoride Silicate  

Empirical formula:  AlF2KMg3O10Si3  

Chemical formula:  KMg3(Si3AlO10)F2  

 

Figure 2E Stick pattern of Fluor-phlogopite 
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Appendix F: HSM photographs of MAS system 

 

Figure 1F HSM photographs of MP1 specimen 

 

Figure 2F HSM photographs of MP2 specimen 

 

Figure 3F HSM photographs of MP3 specimen 

 

 

 



 

    

 

Abstract 

Contribution to the development of glass ceramics with excellent mechanical and biocide 

properties 

This study was carried out on the kinetics and crystallization behavior of 

LiO2MgOAl2O3SiO2 (LMAS) and MgOAl2O3SiO2 (MAS) glass ceramic systems. In 

addition, a comparative study of the effect of variation of P2O5 concentration (from 0.03.0 mol%) 

on the properties of both glass ceramics was carried out. The biocide activity of the Silver-coated 

samples was studied against the bacteria Escherichia coli. The results obtained show that LMAS 

and MAS glass ceramics exhibit excellent mechanical and optical properties and a high anti-E. coli 

biocide activity. 

Keywords: Glass ceramic, MAS, LAS, LMAS, P2O5, mechanical properties, optical properties, biocide. 

Résumé 

Contribution au développement des vitrocéramiques à propriétés mécaniques et biocide 

élevées 

Cette étude a été effectuée sur la cinétique et le comportement à la cristallisation des 

vitrocéramiques de types LiO2MgOAl2O3SiO2 (LMAS) et MgOAl2O3SiO2 (MAS). En outre, 

une étude comparative de l’effet de la concentration de P2O5 (du 0.03.0 mol%) sur les propriétés 

des deux types de vitrocéramiques a été réalisée. L’activité biocide après un revêtement à base 

d’Argent des échantillons vitrocéramiques a été étudiée contre la bactérie Escherichia coli. Les 

résultats obtenus montrent que les vitrocéramiques étudiées LMAS et MAS présentent d’excellentes 

propriétés mécaniques et optiques et une activité biocide anti-E. coli élevée. 

Mots clés : Vitrocéramique, MAS, LAS, LMAS, P2O5, propriétés mécaniques, propriétés optiques, biocide. 

 الملخص

 إبادة حيوية عالية بخصائص ميكانيكية ممتازة و خزف زجاجي لمساهمة في تطويرا

 2SiO3O2AlMgO2LiO (LMAS) الزجاجي خزفلمن ا نوعينل أجريت هذه الدراسة على حركية وسلوك التبلور

 على خصائص مول٪( 0.03.0)من  5O2Pتغير تركيز  لتأثيرمقارنة  دراسة تم إجراءكما . 2SiO3O2AlMgO (MAS)و 

 .المطلي بالفضةالخزف الزجاجي  على سطح Escherichia coliبكتيريا . تمت دراسة نشاط الخزف الزجاجي نوعي كلا

 بالإضافة   يتميز بخصائص ميكانيكية وبصرية ممتازة MASو  LMASأن الخزف الزجاجي  حصل عليهامتأظهرت النتائج ال

 .E. coli دض عالي  حيوية  إبادة  نشاط  الى

 .مبيد حيوي بصرية ، خصائص ميكانيكية ،خصائص  ، MAS  ،LAS  ،LMAS  ،5O2P،  خزف زجاجي: كلمات مفتاحية
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