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Significant changes in mechanical and structural properties can be obtained by modifying commercial soda-lime-silica glass composition within a narrow range; and this can potentially enable the glass scientists and technologists to produce commercially viable, stronger and lighter soda-lime-silica glass products. In this research, four different series of soda-lime-silica glasses have been produced; MgO and CaO glass series are fabricated by varying the magnesia/silica and calcia/silica ratios respectively; and CaO-MgO and Al2O3 glass series were produced by altering the calcia/magnesia and (alumina + soda)/silica ratios, respectively. Mechanical properties such as Vicker’s hardness and fracture toughness were measured by indentation method; and bending fracture toughness was also obtained by the surface crack in flexure method. Differential thermal analysis was used to determine the glass transition temperatures of these glass series. The variation of mechanical properties of glass series have been interpreted in terms of acquired structural information from 29Si NMR, Raman and FTIR absorption spectroscopies. It is found that magnesia and calcia act as network modifiers when they are substituted for silica in MgO and CaO glass series, and therefore they reduce connectivity of glass series. However, at fixed silica and soda contents, addition of magnesia at the expense of calcia increases network polymerisation. Indentation experiments showed that magnesia rich soda-lime-silica glasses are more susceptible to stress-corrosion than calcia rich glasses, and that they exhibit large discrepancies between direct and 24 hour indentation toughness values. 
Raman spectra of MgO and CaO-MgO glass series show that the intensity reduction in the long tail of the low frequency band is less for magnesia rich soda-lime-silica glasses compared to the observed reduction in calcia rich ones, and presumably this is potentially linked to presence of relatively larger membered rings in magnesia rich glasses. And therefore, the potential higher abundance of large membered rings might reduce stress-corrosion resistance of high magnesia containing glasses.
No significant trend between bending fracture toughness and indentation fracture toughness could be identified. Moreover, large discrepancies are observed between direct and 24 hours indentation toughness values of MgO glass series. And all these inconsistencies raise the doubts over the accuracy of indentation method which has also been discussed in the literature. 
Elastic moduli have been measured by acoustic means, and it was  found that Young’s moduli of MgO, CaO, CaO-MgO and Al2O3 glass series increase with network depolymerisation; and the significant role of packing density on Young’s modulus and Poisson’s ratio is obtained. Bending (surface crack in flexure) experiment has been used to minimise the uncertainties associated with indentation method. Contrary to the reports of previous works, the addition of magnesia in place of calcia does not increase fracture toughness. However, substitution of calcia in place of silica or magnesia gives rise to higher fracture toughness values in CaO and CaO-MgO glass series. It was also found that the replacement of alumina by silica can increase fracture toughness of soda-lime-silica glasses, and this increment in fracture toughness can be attributed to reduced stiffness and easier plastic deformation of silicate backbone as a result of removal of alumina that have significantly larger bond strength than that of other conventional oxides used in soda-lime-silica glasses. Furthermore, glasses that are more resilient to sharp contact loading exhibit lower fracture toughness values; whereas, glasses that possess larger packing densities and Poisson’s ratios favour easier shear flow and show larger fracture toughness values. Therefore, increasing alkaline earth oxide content preferably using a less covalent one in place of silica; or removing structural units (i.e. AlO4) that have very high dissociation energy per unit volume from silicate network can reduce stiffness of backbone of silicate glass and hence can increase plastic deformation capacity and bending fracture toughness of soda-lime-silica glasses.
Calcium oxide-rich glasses (i.e. 14CaO glass) exhibit one of the highest fracture toughness values (~0.95 MN m-3/2) whilst the lower fracture toughness values (~0.78 MN m-3/2) are observed for low calcium oxide containing silicate glasses; and the total increment of fracture toughness is ~ 22% due to the replacement of silicon dioxide by calcium oxide. This significant improvement in the fracture toughness with composition can enable to formulate new glass compositions to produce thin-walled and tougher soda-lime-silica glass products such as container glass (i.e. bottles and jars) in glass manufacturing industry. Additionally, addition of calcium oxide in place of silicon dioxide can also reduce melting temperature of the glass batch. Consequently, higher calcium oxide/silicon dioxide ratio in soda-lime-silica glass can be more beneficial for glass industry to manufacture lighter and energy-efficient glass products. 

Higher fracture toughness values are generally observed for calcium oxide-rich soda-lime-silica glasses that are more packed than silicon dioxide-rich glasses, and this shows that denser soda-lime-silica glasses exhibit higher fracture toughness values. However, it can be possible to produce tougher soda-lime-silica glasses that have larger network openness and relatively lower density as is obtained in Al2O3-free glass; but energy consumption will be significantly higher for these high silica containing soda-lime-silica glasses, although these glasses exhibit good chemical durability. Overall, market competitiveness and high energy costs in glass industry can dictate the use of cost-effective glass compositions such as calcium rich soda-lime-silica glasses.
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1. [bookmark: _Toc453770705]- Introduction
Although, theoretically, glass can be considered as one of the strongest man-made material (for instance, the ultimate tensile strength of vitreous SiO2 is around 26 GPa) (Wondraczek et al. 2011); its low surface damage resistance significantly reduces the strength of glass and makes it one of the most brittle material (Sehgal and Ito, 1999; Yoshida, 2004 Wondraczek et al. 2011). On the other hand, there is significant demand for lightweight glass products such as flexible displays, touch-screen devices (Wondraczek et al. 2011), container glasses (Sehgal and Ito, 1999) and window glasses (Rouxel,2007); for instance, lighter glass windows can reduce energy consumption in transportation systems (Rouxel, 2007), and manufacturing lightweight glass products can improve marketing competitiveness of the glass companies due to reduced raw material and energy costs (Wondraczek et al. 2011). Thinner (Sehgal and Ito, 1999) but intrinsically stronger (Hand and Tadjiev, 2010) glasses could reduce weight of glass products without compromising mechanical properties, particularly strength of glass products. Previously Corning Glass launched Gorilla Glass® (Reuters, 2015) which is a thin and high strength sheet glass for display applications. Bulk glass composition of Gorilla glass® comprises 58.7% silicon dioxide, 17.0% aluminium oxide, 3.5% magnesium oxide, 12.6% sodium oxide, 6.1% potassium oxide, 0.5% calcium oxide, 0.9% antimony trioxide and 0.7% titanium dioxide (wt.%). Alkali containing thin sheet glasses are immersed in a molten potassium nitrate (KNO3) solution below its annealing temperature, and larger potassium ions in the molten salt bath migrate in to near-surface of glass sheet and replaces smaller sodium ions that is initially present in the bulk glass. As the temperature of sheet glass is reduced, larger potassium cation generate compressive stress layer of > 80 microns (Boyd, 1971), and increase surface damage resistance by suppressing crack growth (Varshneya, 2010). However, manufacturing of Gorilla glass® is expensive and not appropriate to mass production of container and tableware glass. Approximate immersion time is 16 hours in molten salt bath in order to generate a compressive layer of 25 micron on the conventional soda-lime-silica glass (Varshneya, 2010), and duration of  ion-exchange is very long and therefore not suitable for mass production of container, tableware and window glass. So as to increase rate of ion-exchange process, very high levels of aluminium oxide is incorporated as is observed in Gorilla Glass®; and however, high aluminium oxide concentration significantly increases melting temperature and rate of solidification of molten glass, and very high solidification rate of high alumina containing molten glass is not compatible with conventional glass shaping/forming machines.
Soda-lime-silica (SLS) glass, which is widely manufactured within relatively narrow range of compositions and in which a various minor oxides are incorporated, comprises 90% of all glass manufactured globally (Schaeffer, 1998). A number of studies which investigated variation of mechanical properties of soda-lime-silica glasses with composition are available; and authors reported significant changes in mechanical properties with composition (Sehgal and Ito, 1998; Sehgal and Ito, 1999; Kingston and Hand, 2000; Deriano et al. 2004; Hand and Tadjiev, 2010; Mohajerani and Zwanziger, 2012). In addition to these empirical studies, a few studies have attempted to explain the variation of mechanical properties with composition using theoretical models; one of the most cited works is that of Mackenzie and Makishima who proposed a linear relationship between elastic moduli and glass composition in the 1970s (Makishima and Mackenzie, 1972; Makishima and Mackenzie, 1975). More recently Sellappan et al. (2013) pointed out the remarkable role of Poisson’s ratio and composition on the type of deformation and cracking of glasses under sharp indentation contact loading. Furthermore, the recent works of Rouxel (Rouxel, 2007; Rouxel, 2014; Rouxel 2015) discussed the effect of Poisson’s ratio on generation of different stress components which may provide deeper insight into the effect of composition on crack propagation in glass.
Alkaline earth oxides such as CaO and MgO are conventional ingredients of soda-lime-silica glasses, and the literature indicates that these oxides can significantly alter mechanical properties of silicate glasses. Deriano et al. (2004a) and Hand and Tadjiev (2010) reported that addition of magnesia in place of calcia at fixed silica and soda contents significantly increases indentation fracture toughness of silicate glasses. Ionic mobility of cations can affect the type of deformation which may alter fracture toughness of glass that is measured under a sharp contact loading. In addition the effective ionic radii of Mg (IV) and Mg (VI) are significantly lower than the radii of eight-fold coordinated Ca. Therefore, Hand and Tadjiev (2010) attributed the larger fracture toughness of magnesia rich glasses to enhanced plastic flow at the crack tip due to higher mobility of the smaller Mg cation. On the other hand, there is also debate about the coordination number of Mg in silicate glasses; according to 29Si NMR, addition of magnesia in place of silica increases number of non-bridging oxygens, and therefore Mg can be considered as a network modifier in silicate glasses (Deriano et al. 2004a); whereas, a network forming role of Mg is also reported in various magnesia rich silicate glasses (Tabira, 1996; Wilding et al. 2004). Further to these, Sehgal and Ito (1999) reported that high silica (80 mol %) containing silicate glasses can exhibit larger fracture toughness values and a less brittle character; however, it is difficult to melt and refine very high silica content glasses. Furthermore Kingston and Hand (2000) and Mohajerani and Zwanziger (2012) also reported that indentation fracture toughness of silicate glasses could be increased up to ~1.5 MN m-3/2  by mixing two alkali cations in silicate glasses, and that measured fracture toughness is thus significantly higher than traditional values (~ 0.72 MN m-3/2) for silicate glasses. 
However, glasses remain highly brittle materials, and measurement of fracture toughness is rather difficult (Ciccotti, 2009). Deriano et al. (2004b) also reported a discrepancy in fracture toughness measured by means of single-edged notched beam (SENB) and indentation experiments; and this inconsistency is more pronounced in high-silica containing silicate glasses. The number of studies which have investigated measurement of fracture toughness of soda-lime-silica glasses by means of flexure methods such as SENB or surface crack in flexure (SCF) experiments is very limited. 
Rate of crack growth in glass is a function of stress and humidity in the moist air (Wiederhorn, 1968), and stress intensity factor can enhance rate of hydrolysis reaction of silicate rings at the crack tip and can lead to crack propagation and material failure (Ciccotti, 2009), and this can be defined as stress-corrosion mechanism in silicate glasses. The role of stress-corrosion on the fracture stress of soda-lime-silica glass is well known (see, for example, Wiederhorn, 1968), and some studies have attempted to explain stress-corrosion behaviour of some generic glass families in terms of their crack growth rates (Wiederhorn and Bolz, 1970; Deriano et al. 2004b). However, the number of studies which elucidate relationships between stress-corrosion and crack growth for the calcia or magnesia containing silicate glasses are limited.
Overall, the mechanical properties of silicate glasses do vary with composition, and compositional modifications might be beneficial in formulating industrially viable soda-lime-silica glasses that exhibit higher fracture toughness values which, could also be expected to give rise to increased strength values.

Hence, in the current research, the effects of substitution of magnesia or calcia for silica; and adding calcia in place of magnesia at fixed soda and silica contents; and replacement of silica by alumina at constant alkaline earth contents on the mechanical properties of a simplified commercial soda-lime-silica glass composition are investigated. Further to these, two different indentation experiments namely the direct and 24 hours methods (for full details, see section 3.5) were used to investigate stress-corrosion susceptibility of selected glass series, as well as the self-consistency of the indentation method. Fracture toughness of all produced glass series was measured by means of the SCF method (BS EN ISO 18756: 2005) and results of selected glass series were also cross-compared with the indentation method. In addition to mechanical property measurements, Raman, Infra-red and 29Si NMR spectroscopies have been used to acquire structural information to form the basis for interpretation of the measured mechanical properties.
In this thesis, after the Introduction Chapter, a Literature Review Chapter is presented in which mechanical properties of silicate and as well as other oxide and non-oxide 470 glasses were examined in terms of the provided structural information from the literature, and theoretically calculated dimensionality and average dissociation energy per unit volume data of the glasses considered. Although this thesis investigates only mechanical and structural properties of silicate glasses, mechanical and structural properties of other types of glasses were also reviewed in brief in order to identify any universal relationships between mechanical property and glass composition. 
Secondly, background information about 29Si NMR, Raman and FTIR spectroscopies are provided, and experimentation using these spectroscopic methods is described in the Methodology Chapter. Additionally, procedure of sample preparation and measurement techniques of mechanical properties such as Vicker’s hardness, indentation and bending fracture toughness and elastic moduli are detailed. 
The Results chapter presents four different glass series that were produced in these experimental works. Results of CaO and MgO glass series in which calcia/silica and magnesia/silica ratios are modified respectively reported in Part A; and findings of CaO-MgO and Al2O3 glass series in which calcia/magnesia and (alumina + soda)/silica ratios are altered presented in Parts B and C, respectively. 

Afterwards, the experimental findings of four different glass series were assessed in detail, and any significant links between different properties are explored along with other literature data in the Discussion Chapter. Finally, Conclusions and Recommendations for Future Works are presented.
The aim of this thesis is to investigate the relationship between composition and mechanical properties of various soda-lime-silica glasses in order to gain further insight in to development of intrinsically stronger, cheaper, lighter and industrially viable soda-lime-silica glass products. 
The aim of this thesis can be achieved by following three primary research objectives as follows.
· To design different glass series by varying the proportion of conventional soda-lime-silica glass oxides and to investigate the structural changes in glass with composition by means of structural characterisation techniques.  
· To measure mechanical and physical properties of produced glasses, and particularly to assess the reliability of different fracture toughness measurement methods and to choose the appropriate one for the assessment of fracture toughness of fabricated glasses.
· To investigate the relationship between mechanical and structural properties of glass to gain further insight in to the concept of glass strength.
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This thesis investigates the variation of mechanical properties of silicate glasses with compositional modifications. It is therefore useful to consider the average magnitude of different mechanical properties of silicate glasses. Further to this, benchmarking fracture toughness, brittleness and other elastic properties of silicate glasses with other glass families in terms of their structural and topological features provides a broader perspective. Therefore, not only silicate glasses but also mechanical and structural properties of other glass families are discussed in brief in this literature review.
First definitions of glass and mechanical properties such as elastic moduli, hardness, fracture toughness, brittleness, mean dissociation energy per unit volume and dimensionality of glasses are given. Secondly hardness, indentation fracture toughness, Young’s modulus, brittleness and Poisson’s ratio of 470 glass compositions found in the literature including non-oxide chalcogenide as well as oxide glasses such as phosphate, borate, silicate, borosilicate, aluminoborosilicate, aluminosilicate and silicon-oxynitride glasses were collected from various studies. Theoretical average bond strength (mean dissociation energy per unit volume) and dimensionality of these glasses were calculated, and potential significant links between these mechanical properties are considered.




 




[bookmark: _Toc453770708]2.2. Definition of glass and glass transition 
The word glass originates from ‘glaseum’ which is a late-Latin word meaning transparent and lustrous material. Glass is one of the oldest types of man-made materials and its durability, transparency and lustre were identified by earliest civilizations (Varshneya, 2006). Human beings first made their hunting objects and jewellery by shaping the natural glass obsidian. Early forms of glass objects such as glazed stone beads are known to date back to 12000 BC (Varshneya, 2006; Ojovan, 2008). Glass blowing is one of the most important milestones of glass manufacturing, and therefore glass making history can be investigated as before and after discovery of glass blowing. Before glass blowing, Egyptians (1450-1100 BC) mastered making decorated vessels such as jugs, flasks and tubes by applying a core-forming method (Tait, 1991); Western Asia, the Mediterranean and Hellenistic cultures continued to use this method to make similar glass objects. However, after the discovery of glass blowing by the Romans (first century AD); bowls, glass lamps, jar and jugs, flagons with different geometries, bird-shaped flasks and two-mould blown beakers were made by blowing in this Roman period (Tait, 1991). And afterwards, technologically viable window glass appeared in Christian churches in the middle ages (Varshneya, 2006). The invention of blowing process formed the basis of development of automated glass forming machines in the 1820-1840s (Tait, 1991).
Different definitions have been proposed for glass; for instance The American Society of Testing Materials (ASTM) defines glass as ‘‘an inorganic product of fusion which has been cooled to a rigid condition without crystallizing.’’ However, this statement is rather limited because organic glass systems can also be formed, and secondly fusion is not the only method to fabricate glass since sol-gel and vapour deposition are other known techniques of glass fabrication (Varshneya, 2006). A detailed definition of glass was given by Wong and Angell (1976) as ‘‘Glass is an X-ray amorphous material which exhibits the glass transition, this being defined as that phenomenon in which a solid amorphous phase exhibits with changing temperature a more less sudden change in the derivative thermodynamic properties, such as heat capacity and expansion coefficient, from crystal-like to liquid-like values.’’ Wright (2009) attempted to amend the definition of glass given by ASTM, proposing that the chemical reactions between oxides should be essential requirement for glass formation, and therefore the use of the term “fusion” does not merely describe formation of multi-component glasses, because re-melting of present glass or melting crystalline a-quartz to fabricate vitreous silica can be considered as a fusion process. Hence, the definition of glass was given by Wright (2009) as “an inorganic material that has been quenched from the liquid to a rigid state without crystallising.” More recently, Varshneya and Mauro (2010) suggested a definition which was actually a response to the definition of Wright (2009) that ‘‘a solid having a non-crystalline structure, which continuously converts to a liquid upon heating.’’ Varshneya and Mauro defined glass as a solid rather than rigid material since glass behaves elastically under the applied load; and they did not determine any specific methods and compositions for glass formation. All these indicate that it would be better to avoid using specified processes and compositions in the definition of glass, because glass can be formed by very different compositions and routes. 
Density, mechanical and thermal properties of glasses exhibit similar features to their corresponding crystalline state (Varshneya, 2006). However, unlike crystals, glasses do not have a definite and sharp melting point (Warren, 1934); see, for example, the definition of Varshneya and Mauro (2010). All glasses exhibit two main identical properties. Firstly, unlike crystalline materials, some of the constraints which regulate the structural units (tetrahedra in most silicate glasses) in ordered arrangement are lacking, and thus uncertainty exists in the alignment and location of adjacent tetrahedra (Warren, 1934; Salmon, 2002). These features indicate that glass has short-range order but no long range order. Secondly, glasses show a glass transformation behaviour.
The IUPAC Compendium on Chemical Technology describes the glass transition as a second order transition in which a solid glassy phase is obtained upon cooling of molten glass (Mc Naught and Wilkinson, 2007). In the glass transition region there are characteristic non-linear trends in the thermal expansion coefficient and specific heat capacity of glasses; however, viscosity changes as a direct function of temperature and does not show any discontinuous behaviour (Ojovan, 2008). The annealing and strain point can be used to determine the maximum and minimum limits of the glass transition range, and corresponding viscosities are 1013 dPa s and 1014.5 dPa s, respectively (Wallenberger and Bingham, 2010).

Additionally, the heating - cooling rate (Q) and viscosity (µ) govern relaxation process, and therefore Q and µ determine boundaries of glass transition temperature on the enthalpy (H) vs. temperature curve (Moynihan, 1993; Ojovan, 2008); the shift of glass transition range due to cooling rate is shown in Figure 2.1. Fictive temperature () which is obtained by intersection of super-cooled liquid phase and solid glass phase lines (see Figure 2.1) represents the temperature at which the configuration of liquid is frozen into glass (Shelby, 2005).
Topological variations in glass structure may also affect glass transition properties of the glasses. For instance, boron is present in trigonal form in vitreous boron oxide; however, vitreous silica consists of silicon-oxygen tetrahedra and possesses 3D structural units, and therefore this topological difference causes a dramatic difference between glass transition temperatures of v-B2O3 (260 ºC) and v-SiO2 (1100 ºC) (Shelby, 2005).
[image: ]
[bookmark: _Toc453771011]Figure 2.1. Enthalpy and temperature curve of a glass forming melt (Adapted and redrawn from Shelby, 2005)
Glass transition temperature is often linked to other mechanical properties. However, the dependence of Young’s modulus on glass transition temperature does not indicate any significant trends since many different families of glass which have very similar Young’s moduli can possess very different glass transition temperatures; for instance glass transition temperatures of some bulk metallic, aluminate, silicate and vitreous silica glasses vary between 550 K and 1500 K as their Young’s moduli range between only ~ 72 and 75 GPa (Rouxel, 2007).


[bookmark: _Toc453770709]2.3. Glass formation
The chemical composition of glasses and their properties affects glass formation. However, selection of true glass former/s may not be sufficient to obtain amorphous materials unless suitable kinetic conditions are applied. Therefore, glass formation can be discussed in terms of structural and kinetic theories of glass formation.
[bookmark: _Toc453770710]2.3.1. Structural theory of glass formation.
The first modern theory of glass formation was proposed by Goldschmidt (1926), and he stated that only melts that contain four-fold coordinated cations can form glass upon cooling; however, this argument is far away from explaining why merely four-fold coordinated cations are ideal to form glass. Subsequently Zachariesen published a paper recommending a set of rules which attempt to explain the ability of various cations to form glass (Zachariesen, 1932). The proposed model of Zachariesen has received wide acceptance over time and became the most cited paper in the field of structural theory of glass formation so far.

According to Zachariesen, formation of vitreous network in a compound  oxide needs to satisfy following requirements. Oxygen atoms should not bond to more than two atoms; the coordination number of oxygen around the cation A should be small such as 3 or 4; the cation polyhedra should share corners rather than faces or edges, and finally at least three corners of the oxygen polyhedron must be shared (Zachariesen, 1932). 
The X-ray diffraction study of Warren (1934) was also consistent with Zachariesen’s model. However, Zachariesen’s theory can only explain the required conditions of vitrification of pure glass formers rather than modified glass networks. 
This means that glass formation of soda-silicate or soda-lime-silica glass cannot be explained directly by Zachariesen’s rules. Therefore, Warren strictly needed to modify the glass formation rules proposed by Zachariesen. Warren (1942) defined the rules of glass formation for modifier containing glasses, and he stated that silicon is bonded to four oxygens and therefore O/Si is two; incorporation of sodium oxide breaks silicon–oxygen bonds and O/Si becomes greater than two. Therefore, some oxygens bond to two and some bond to one silicon. Sodium ions (Na+) reside in the holes of network coordinates to nearly 6 oxygens. Other modifiers include Ca and K.
An alternative approach proposed by Sun (1947) is that bond energy between glass forming cations is required to be greater than 500 kJ/mol (Sun, 1947). Silicon dioxide (SiO2) meets this condition, and therefore SiO2 can be considered as a network former. Network formers tend to exhibit relatively greater covalent bonding character, and the estimated covalency of the Si-O bond is around 59% (Volf, 1984). Network formers such as SiO2, B2O3 and Al2O3 exhibit larger electronegativities than those of Na2O, CaO and MgO (Gordy, Orville-Thomas, 1956). Electronegativity is the power of an atom to attract a bonding pair of electrons (Pauling, 1939), and therefore larger electronegativity leads to greater covalent bond character in network formers (Volf, 1984).
[bookmark: _Toc453770711]2.3.2. The kinetic theory of glass formation
Many studies have been undertaken in the field of nucleation and crystallisation of glass forming melts. However, only brief information about kinetic theory of glass formation is given in this section. Glass is strictly not in thermodynamic equilibrium, and therefore glass formation can only be achieved once the rate of cooling is greater than rate of devitrification below the liquidus temperature or melting point (Sun, 1947). Here liquidus temperature can be defined as the temperature above which devitrification does not occur. The rate of viscosity increase with decreasing temperature below the melting temperature is one of the main parameters which govern the glass-forming ability of various materials (Uhlmann, 1972). 
[bookmark: _Toc453770712]2.4. Elastic and structural properties of glass
[bookmark: _Toc453575834][bookmark: _Toc453576598][bookmark: _Toc453770713]The Young’s modulus (E) of any material uniquely relates the stresses and strains that are generated due to elastic mechanical loading. In an isotropic material such as glass four elastic parameters can in fact be identified, namely: Young’s modulus, shear modulus (G), bulk modulus (K) and Poisson’s ratio (v). For an isotropic material once any two of these parameters have been obtained the others can be calculated.
[bookmark: _Toc453770714]2.4.1. Young’s modulus
Gilman (1961) first developed a model to calculate the Young’s moduli of ionic crystals, and subsequently Makishima and Mackenzie (1972) modified this expression for inorganic glasses. This adapted model has been widely used to calculate the Young’s moduli of inorganic glasses. The formula for calculating the Young’s modulus of an ionic crystal can be derived as follows.
The electrostatic energy of attraction (U) between a pair of ions which have opposite signs is

										(2.1)


where  and  are interatomic distance and electronic charge, respectively.
Different interactions exist between ions in a crystal lattice, and hence U should be multiplied by Madelung constant (α) so as to calculate the overall interactions between ions. The Madelung energy is

										(2.2)


where is equal to the force between ions and consequently stress  namely
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And rate of change of stress with r is, and thus,
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the strain is  and 							


  and  
and
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where  


								(2.6)




Equation 2.6 indicates that Young’s modulus is equal to two times the binding energy  divided by the third power of atomic spacing (). The single bond strength of M-O can be considered similar either in a crystal or a glass as long as the coordination number of the cation remains constant. However, unlike crystals, the Madelung constant is not very appropriate for short-range order glasses. This is the reason Madelung energy divided by the third power of interatomic distance () is replaced by the average dissociation energy per unit volume () and packing density (Cg). This gives (Makishima and Mackenzie, 1972)

										(2.7)
Packing density can be calculated as follows

							(2.8)


where NA is Avagadro’s number, fi is the molar fraction of the oxide  with molar mass, . rA and rO are the ionic radii, and tabulated ionic radius values of Shannon (1976) are used for packing density calculations.
[bookmark: _Toc453770715]2.4.2. Bulk and shear modulus
Bulk modulus (K) can be derived using Grüneisen’s first rule (Grüneisen, 1952):

								(2.9)




where  and  are the average bond strength and atomic volume at equilibrium, respectively.  and  are attractive and repulsive terms, respectively in Mie’s atomic-potential energy formulation (Makishima and Mackenzie, 1975; Rouxel, 2007).
Makishima and Mackenzie (1975) derived Equation 2.9 and subsequently obtained the following Equation 2.10:

								(2.10)

where 								(2.11)




 can be calculated by using Shannon and Pauling’s ionic radii for oxide of ;  and  are the radii of the corresponding cation and anion, respectively.


Even though determination of  and  for oxide glasses is complicated, Equation 2.10 states that bulk modulus is a function of the packing density and Young’s modulus of glass. Makishima and Mackenzie (1975) simplified this formulation by fitting data to obtain the semi-empirical equation

									(2.12)
For isotropic materials bulk (K) and shear modulus (G) are related to E and  as follows (Green, 1988)

									(2.13)

										(2.14)
[bookmark: _Toc453770716]2.4.3. Poisson’s ratio



Poisson’s ratio can be used in order to understand elastic properties of materials, to explain deformation in volume and shape as a mechanical response at micro and macro levels; and also Poisson’s ratio  can exhibit distinct behaviour during ductile-brittle transition (Greaves, 2011). Thus, Poisson’s ratio is important material property, and therefore it is received a lot of attention recently in the glass community. Division of transverse strain () by the longitudinal strain () in the direction of applied elastic load gives Poisson’s ratio (v) (Varshneya, 2006).

										(2.15)
[bookmark: _Toc453770717]2.4.4. Average dissociation energy per volume of glass.
Makishima and Mackenzie (1973) calculated Young’s modulus of silicate and borate glasses using  Equation 2.7 and obtained acceptable results, and later Inaba et al. (1999) calculated the average dissociation energy per unit volume and Young’s modulus of phosphate and telluride glasses by using Makishima and Mackenzie’s theoretical approach.

Dissociation energy of the i’th oxide is given by (Rouxel, 2007)

					(2.16)

								(2.17)




Heat of formation  in kJ/mol of atoms A and B can be taken as the values which correspond to gaseous state at 298 K.  and  denote the molecular weight and density of the oxide constituents, respectively. Here,  denotes mole fraction of the i’th oxide in the glass. However, Equation 2.16 cannot be applied directly to the glasses which contain particular oxides such as P2O5, B2O3, Al2O3 and PbO. In phosphate glasses more realistic dissociation energy of an oxide can be obtained once terminal oxygens are considered as non-bridging oxygen (Inaba, Fujino and Morinaga, 1999). Additionally, the dissociation energy of conditional oxides such as B2O3 which might be present in three or four fold coordination can be calculated as follows

							(2.18)

Chalcogenide glasses are non-oxide glasses and exhibit low degrees of polymerization relative to three dimensional inorganic oxide glasses. Their average enthalpy of atomization can be given as follows (Shkol’nikol, 1985)

									(2.19)


N is Avogadro’s number and  is average number of covalent bonds per atom and equal to half of the average coordination number.

Here  is average energy per covalent bond. For GeSe4 glass (Rouxel, 2007)

								(2.20)

										(2.21)


where  is the atomic fraction of a constituent atom, and  is the coordination number of corresponding element, and generally chalcogenide glasses exhibit 1 to 2 dimensional network units (Varshneya, 2006; Rouxel, 2007).
[bookmark: _Toc453770718]2.4.5. Fracture toughness and plastic zone




Fracture toughness () is measure of a material’s resistance to crack growth. According to Griffith’s energy criterion (Griffith, 1921), crack driving force (F) is equal to two times the elastic surface energy of glass (), and later Irwin (1957) also defined crack driving force as the division of square of stress intensity () by plane strain modulus (). This allows us to equate Griffith’s energy criterion with Irwin’s stress intensity approach

									(2.22)

Crack propagation occurs when, and finally this gives

								(2.23)
where plane strain modulus is	

								(2.24)



Metals that exhibit ductility can possess significantly higher fracture toughness values, and this can be attributed to the high values of plastic surface energy term ( ). Plastic deformation of materials at a crack tip which can scale linearly with  can expend contact loading energy and hence may impede crack propagation. And therefore, the plastic surface energy term should be plugged in to the Equation 2.23. Glass is brittle in nature since magnitude of  in glass (~ 4.5 J m-2 for soda-lime glass) is significantly lower than that of ductile metals (~10 4 J m-2 for metals) (Wiederhorn, 1969).
[bookmark: _Toc453770719]2.4.6. Hardness
Hardness is described as the ability of a solid material to resist permanent deformation under pressure. Different hardness measurement methods are used for different type of materials. Vickers and Knoop indentation are widely used; the specific geometries of Vickers and Knoop diamond tips are square pyramid and elongated pyramid, respectively (Varshneya, 2006). For the former:

									(2.25)
where P is indentation load in kg, and d is average diagonal length of the impression (see Figure 2.2a).
For Knoop hardness:

									(2.26)


where P is indentation load in kg, and  is the long diagonal which is seven times the shorter diagonal (see Figure 2.2b).
Yamane and Mackenzie (1974) described hardness of glass with a given fit to data as follows

							(2.27)


where  and  are mean bond strength respect to SiO2 and packing density of the glass, respectively. According to Equation 2.27, increasing the average bond strength, packing density and Young’s modulus all increase glass hardness. 





a) b)
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c)
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[bookmark: _Toc453771012]Figure 2.2.Schematic representation of a) Vicker’s hardness and b) Knoop hardness indents c) d1 and d2 are the measured diagonals of the Vicker’s indentation from Nikon Eclipse LV150 microscope.

[bookmark: _Toc453770720]2.4.7. Brittleness
Brittleness (B) quantifies the relative susceptibility of the materials to the two competing mechanical behaviours which are deformation and fracture (Lawn and Marshall, 1979) as follows

										(2.28)
According to Sehgal and Ito (1999), reduced crack formation tendency might be obtained for the glasses which possess lower brittleness values.
[bookmark: _Toc453770721]2.4.8. Dimensionality
Coordination change alters the dissociation energy of oxides and effective atomic radius. Therefore, the coordination state of the cations is required prior to calculating the mean dissociation energy, packing density, dimensionality and elastic properties of glasses. The degree of connectivity of oxide glasses can be calculated as follows (Rouxel, 2007).

							(2.29)






where ,  and  denote mole fraction of modifier, network former and intermediate oxide cations; and ,  and  refers to the valency of the network modifier, network former and intermediate oxide, respectively. It needs to be borne in mind that network modifiers might behave as a charge compensator for intermediate oxides, and therefore in such cases the mole fraction of the charge compensating modifier cation is required to be subtracted from the numerator whilst being added to denominator in Equation 2.29. Conditions of tetrahedral coordination for Pb, Al and B containing glasses should be considered. The value of T in Equation 2.29 is 4 for glasses which include Si, Al, Zr, Ge and As; and however, the values of T will be 3 for borate and phosphate glasses. Because only three oxygens can form bridging oxygens with neighbouring tetrahedra in borate and phosphate glasses whereas four oxygens are linked to other tetrahedra in Si, Al, Zr, Ge and As containing glasses.







[bookmark: _Toc453770722]2.5. Type of glasses and their properties

[bookmark: _Toc453771102]Table 2.1.Mechanical properties of different types of glasses.
(Values are average and guide only, and see Appendix A for the literature references)
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[bookmark: _Toc453770723]2.5.1. Silicate glasses
Vitreous SiO2 (v-SiO2) contains perfect SiO4 tetrahedra, and these tetrahedra are bonded at all four corners to neighbouring tetrahedra in various orientations. Every single oxygen behaves as a bridge between neighbouring tetrahedron and therefore is called a bridging oxygen (see Figure 2.3), and disorder in the network can be scaled with the bond angle (β) and bond rotation (α) between two adjacent tetrahedra (see Figure 2.3) (Wright, Connell and Allan, 1980; Varshneya, 2006; Shelby, 2006). Calculated β may vary between 120 and 175 º in v-SiO2; however, a large proportion of Si-O-Si bond angles (β) vary between 130 and 160º (Gaskell and Tarrant, 1980). It is also reported that v-SiO2 is composed  predominantly of 6 membered rings; however, larger or smaller membered rings, which are almost certainly essential for disorder, can also be found in v-SiO2 (Wright, Connell and Allan, 1980; Galeener, 1982a; Taniguchi and Ito, 2008;), and higher membered rings can decompose due to addition of network modifiers such as Na2O (Ito et al. 2012). v-SiO2 exhibits one of the highest glass transition temperatures among of silicate glasses even though v-SiO2 possesses the lowest Poisson’s ratio of all families of glass (See Table 2.1). Four-fold coordinated silicon possesses one of the smallest ionic radii, and calculated effective ionic radii of four-fold coordinated silicon is 0.26 (Shannon, 1976). The average dissociation energy per unit volume of SiO2 is 68 kJ/cm3 (Inaba, Fujino and Morinaga, 1999).
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[bookmark: _Toc453771013]Figure 2.3. Structure of silicate glass network. (Adapted and redrawn from Wright, Connell and Allan, 1980)



v-SiO2 possesses high chemical durability, high thermal shock resistance, a low thermal expansion coefficient (~ 5.5 x 10-7 ºC-1) and low density (2.20 g cm-3). However, for bulk glass manufacture other constituents are required to reduce melting point of SiO2 as it has a very high melting temperature (~ 1710°C for quartz sand), and moreover a glass melt must be heated above the melting point for better refining and defect-free glass. Therefore, an alkali metal oxide, usually Na2O, is added to SiO2; alternatively K2O and Li2O can be introduced partially into the silicate glasses, but the fluxing strength of K2O is less than Na2O. Li2O possesses the strongest fluxing capability so that a small amount of Li2O incorporation causes large reduction in melting temperature (Wallenberger and Bingham, 2010); however, the cost of Li2O and its tendency to promote crystallization has to be considered prior to glass composition design (Bingham and Marshall, 2005). 
Alkali metal oxides are single charged network modifiers, and every single alkali cation is anticipated to create non-bridging oxygens (NBOs) (See Figure 2.3). The formation of NBOs in the glass network reduces the degree of connectivity (Mysen, 1983; Shelby, 2005; Varshneya, 2006). The Qn notation is a nomenclature used commonly in order to indicate the number of bridging oxygens per tetrahedron, where n values can vary from 0 to 4; a tetrahedron which is entirely bonded to the network through four bridging oxygens is designated Q4 and an isolated tetrahedron which does not have any bridging oxygens is designated as Q0 (Shelby, 2005). As a result of depolymerisation, thermal expansion and mass related properties such as diffusion, electric conduction, chemical corrosion and fluidity increase (Varshneya, 2006). Durability of binary alkali silicate glasses decreases in the order of Li2O>Na2O>K2O in a static aqueous environment at 100 °C (Hench, 1975). Mean dissociation energy per unit volume of the alkali metal oxides also decreases in the same order (see Table A2). 
Due to their low chemical durability binary alkali silicate glasses do not have substantial practical and technological applications (Vogel, 1979). The effective atomic radius of Na+ is equal to that of Ca2+ and as calcium is a bivalent cation the field strength of Ca is doubled (Volf, 1984). In silicate glasses, the number of oxygen atoms which are coordinated with Ca varies between 7 and 9, and the local atomic arrangement (bond length and angle) of Ca is considerably more disordered compared to Na environment (Greaves, 1985). Incorporation of CaO into sodium silicate glasses, therefore improves chemical durability, increases hardness and thermal expansion coefficient; however, the amount of CaO in silicate glasses should be restricted since CaO increases the rate of crystallization and TLiq..  
If the primary phase is tridymite, incorporation of magnesium oxide at the expense of calcium oxide (on a molar or weight basis) reduces liquidus temperature and crystallization tendency; however, if the main phase is either wollastonite or devitrite, addition of magnesium oxide in place of calcium oxide might make glasses more susceptible to nano-phase separation (Swift, 1947; Kerner and Phillips, 2001). Primary and secondary phase changes due to the addition of an oxide can play a significant role on liquidus temperature of glasses, and therefore the effect of a particular oxide on liquidus temperature will vary from one glass system to another.
MgO has also attracted attention in order to enhance and tailor mechanical, physical and thermal properties of silicate based bioactive glasses (Diba et al. 2012). It is reported that MgO partially behaves as a network former in highly disrupted (~1.07 mol% phosphate containing) 49.46SiO2·26.38Na2O·9.08CaO·14MgO·1.07P2O5 glass (Watts et al. 2010). Moreover, magnesium-silicate glass, which is fabricated by containerless synthesis rather than conventional melting, includes equimolar MgO4 and MgO5 polyhedra once the composition reaches forsterite (Mg2SiO4) (Wilding et al. 2004); and similar tetrahedral coordination of Mg is observed in CaMgSi2O6 glasses (Tabira, 1996). In contrast to these findings, six fold coordinated Mg was identified in MgSiO3 (Shimoda et al. 2007) and SiO2-Na2O-MgO glasses (Deriano et al. 2004). 
TV panel glasses belong to the soda-lime-silica family; however, MgO and CaO are replaced by heavier oxides such as BaO and SrO so as to provide shielding from X-rays emitted from the TV; and viscosity and glass transition temperature decrease, as electrical resistivity and thermal expansion coefficient increase, due to this major compositional modification (Shelby, 2005). Flexural strength of BaO containing silicate glasses is less than that of CaO glasses but greater than lead containing silicate glasses (Volf, 1984). Incorporation of CaO and BaO into binary sodium silicate glasses increases refractive index linearly with the increase of NBOs; however, the largest refractive index can be obtained in binary alkaline earth silicate glasses (Doweidar, 2000). 
Addition of MgO and CaO in to binary soda-silicate glasses increases hardness, Young’s modulus and glass transition temperature. However, addition of these alkaline earth metal oxides may reduce fracture toughness (see Table 2.1).

In silicate glasses, if an adequate amount of alkali or alkaline earth metal oxides is present to charge-compensate Al3+, Al exhibits four-fold coordination (i.e. acts as a network former) and merges into the SiO4 framework (Mysen, 1983; White and Minser, 1984), otherwise it behaves as a network modifier (Mysen, Virgo and Seifert, 1982). Volume density of energy of Al2O3 varies due to oxygen coordination of the cation and is 131 kJ/cm3 for four-fold coordinated Al2O3 which is the largest dissociation energy per unit volume for the conventional silicate glass constituents (Inaba, Fujino and Morinaga, 1999). Additions of Al2O3, which is a backbone oxide of fibreglass technology, enhances tensile strength of glass fibres (Wallenberger, 2011) and can be present between 23-25 wt. % in high strength S-glass fibres, whereas Al2O3 content ranges between 12-15 wt. % in general purposes E glass-fibres (Wallenberger, Watson and Li, 2001).
In the SiO2-Na2O-CaO glass system, Al2O3 broadens the glass forming region and also significantly suppresses devitrification. Due to substitution of Al2O3 for SiO2 in soda-lime-silica glass where the primary equilibrium phase is devitrite, crystal growth tends to decrease. Further additions of Al2O3 which shifts the main equilibrium phase to wollastonite, increases the crystallization tendency and then remain constant (see Figure 2.4) (Swift, 1947). Substitution of this oxide in place of SiO2 increases viscosity, and this might lead to glass melting and conditioning related glass defects (Volf, 1984). SiO2-Na2O-CaO-Al2O3 glasses possess better durability than binary alkali silicate glasses due to the presence of Al2O3 stabilized calcium silicate concentrated film on the bulk glass surface (Hench, 1975). 
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[bookmark: _Toc453771014]Figure 2.4. Effect of substitution of alumina for silica on a) Crystallization temperature and; b) maximum rate of crystal growth in 71SiO2·17Na2O·12CaO (Wt. %) (Adapted and redrawn from Swift, 1947)
Al2O3 containing silicate glasses generally exhibit similar mechanical properties to other silicate glasses. Hardness, Young’s modulus and Poisson’s ratio of silicate and aluminosilicate glasses appear to be similar, but the bulk and shear modulus of aluminosilicate glasses might be slightly larger than silicate glasses. Additionally, addition of Al2O3 can increase glass transition temperature and fracture toughness of glasses (see Table 2.1).
[bookmark: _Toc453770724]2.5.1.1. PbO containing silicate glasses
In PbO-SiO2 glasses, the role of Pb changes from network modifier to former when the mole fraction of lead oxide exceeds 50 mol% and therefore non-linear trends in mechanical properties can be observed (Yoshimoto and Soga, 1987). Up to 67 mol% Pb containing silicate glasses can be formed, and high lead containing silicate glasses have high refractive indices, coefficient of thermal expansion and low softening point, and these properties makes lead oxide an ideal material for sealing and optical glass industries (Furukawa, Bawer and White, 1978). However, the dissociation energy of PbO is considerably lower than most of glass oxides (see Table A2 in Appendix A). On the other hand, there is a general move away from using lead anywhere due its toxicity, and similarly use of lead oxide is prohibited in soda-lime-silica tableware glass due to its high toxicity (Wallenberger and Bingham, 2010).
Addition of PbO softens the glasses, and therefore lead containing glasses exhibit low hardness and Young’s moduli values. On the other hand, incorporation of lead oxide reduces the glass transition temperature significantly. Fracture toughness of lead containing glasses tends to be low but in some cases it may be similar to those of silicate glasses (see Table 2.1).
Some mechanical properties of lead silicate glasses are similar to sodium silicate glasses. Binary alkali silicate glasses also exhibit low hardness and Young’s modulus. Glass transition temperatures of both types of glasses usually range between 400- 470 ˚C. In contrast to Pb containing silicate glasses, binary alkali silicate glasses may have enhanced fracture toughness (see Table 2.1).
[bookmark: _Toc453770725]2.5.1.2. Effect of composition on viscosity


Viscosity controls annealing temperature and crystallization rate in oxide melts and glasses as well as forming properties in industrial glass manufacturing (Ojovan, 2008; Wallenberger and Bingham, 2010). Therefore, the role of oxides on viscosity is briefly discussed here. Viscosity (1200 ºC) and glass transition temperature of binary alkali (Li2O, Na2O, K2O, Rb2O and Cs2O) silicate glasses increase linearly as ionic radii increase at the same alkali concentration; this shows that  and  are mainly controlled by steric effects rather than field strength of the cation, which is  inversely proportional to the square of effective ionic radius (Avramov, 2003). High Al2O3 and soda-silica glasses possess the highest and lowest viscosity values between 1500 and 400 ºC, respectively, and addition of alkaline earth or lead oxide increases viscosity of soda-silicate glasses, but this increase is more pronounced for soda-lime-silica glasses (Lyle, 1954).
[bookmark: _Toc453770726]2.5.2. Phosphate glasses
Phosphorus oxide behaves as a network former, and tetrahedra can be created with the coordination of pentavalent phosphorus (P5+) with four oxygens.  Excess +1 charge can be balanced with the formation of double bonded terminal oxygen. Consequently, only three oxygens can form bridging oxygens with adjacent tetrahedra, and thus a 2D dimensional network is obtained due to three - corner sharing tetrahedra as observed for v-B2O3 (Shelby, 2005; Varshneya, 2006). Due to addition of network modifiers, in other words adjusting the [O]/[P] value, the structure can be altered from polymerized Q3 tetrahedron (v-P2O5) to Q2 (polymer-like meta-phosphate chains), pyro-Q1 (invert glasses) and Q0 (orthophosphate form), respectively (Brow, 2000). Table 2.1 indicates that mechanical properties of phosphate glasses are similar to those of alkali silicate glasses rather than soda-lime-silica glasses. Phosphate and alkali silicate glasses show similar hardness and glass transition properties. However, silicate glasses such as soda-lime-silica and alkali silicate glasses tend to exhibit larger fracture toughness values.
[bookmark: _Toc453770727]2.5.3. Borate glasses

v-B2O3 exhibits trigonal plane coordination, and bridging oxygens connect these trigonal units in order to form a cross-linked network, and therefore network structure is planar rather than 3D (Shelby, 2005). Structural changes in v-B2O3 which occur due to the addition of alkali oxides are more complex than are observed in alkali silicate glasses, and addition of alkali oxide into v-B2O3 creates more a polymerized structure via conversion of planar BO3 units to four-fold coordinated boron units (Shelby, 2005). Fraction of four-fold and three fold coordinated boron is required for calculation of dimensionality and average bond strength of boron containing glasses. Therefore, various models which calculate the fraction of four and three fold coordinated boron are discussed in brief. Various models have been suggested in order to quantify abundance of four-fold coordinated boron. One of the first models, to calculate four-fold coordinated boron fraction was suggested by Abe and Beekenkamp; however, the calculated fraction of four-fold coordination () was less than the actual fraction in borate glasses. Gupta recommended Random Pair Model, which provides superior agreement to NMR data. Griscom applied Krogh-Moe’s approach to formulate a new model and then developed Krogh-Moe-Griscom relationship (Griscom, 1978).

								(2.30)

									(2.31)



where is mole fraction of network modifiers and upper limit for is .

Additionally, Dell, Bray and Xiao (1983) stated that coordination state of boron in sodium borate and borosilicate glasses is a function of molar ratio of Na2O:B2O3 (R), SiO2:B2O3 (K).  is the proportion of four-coordinated boron in the glass.


 is equal to R, when. 



However,is equal to  when .
The correlation of Dell, Bray and Xiao (1983) has been used to calculate dimensionality and average dissociation energy per unit volume of boron containing glasses since this correlation takes into account the SiO2:B2O3 ratio. The boron anomaly has an important effect on structural and mechanical properties of borate and borosilicate glasses (Wright, 2010); for instance, addition of alkali or alkaline earth cations into borate or borosilicate glasses can increase glass transition temperature whilst reducing thermal expansion coefficient; and further modifier additions, exceeding certain limits, lead to an opposite effect (Shelby, 1983). Additionally, a non-linear trend can be observed in Vickers hardness and Young’s modulus as a function of composition where the abundance of weaker B(3)-O bonds (15.6 kJ/cm3) start to outweigh B(4)-O bonds (82.8 kJ/cm3) (Yoshida et al. 2001).
Hardness, modulus (E, G or K) and glass transition temperature of borosilicate glasses are similar to those of soda-lime-silica glasses. Fracture toughness may be similar to, or lower than, that of soda-lime-silica glasses (see Table 2.1). Fracture toughness of mixed alkali borate (BLiNa), borosilicate (SiNaB) and lead borate glasses (BPb) vary, respectively, between [0.75-0.85]; [0.46-0.70] and [0.34-0.58] MN m-3/2.
[bookmark: _Toc453770728]2.5.4. Silicon-oxynitride glasses 
Only substitution of carbon (C) or nitrogen (N) for oxygen strengthens the oxide glasses, whereas other anions such as Se, S, Te, Cl, Br and I weaken the oxide glasses (Sakka, 1995). Therefore, in silicon oxynitride and carbide glasses, the degree of cross-linking can be increased by partial substitution of two fold coordinated oxygen by nitrogen or carbon which are three and fourfold coordinated, respectively (Rouxel, 2007). However, according to 29Si NMR analysis, half of the nitrogen which was substituted for oxygen might be bonded to two silicon atoms (Unama et al. 1992), and therefore it is a probability that N might also bond a network modifier cation (Becher, 2011). However, three-fold coordination of N and greater resistance to bending (Sakka, 1995) makes Si-N bond more covalent than that of Si-O (Murakami and Sakka, 1998), and consequently the structure exhibits enhanced stiffness comparing to silicate glasses.
Mechanical properties of silicon-oxynitride glasses vary over a wide range. Some silicon -oxynitride glasses (for instance NaSiON) might be as soft as lead containing silicate glasses (see Table 2.1). However, the majority of silicon-oxynitride glasses exhibit the largest hardness, elastic modulus of all types of glasses. Therefore, it appears that this type of glass tends to be the stiffest type of glass in this report. Additionally, these glasses also possess high Poisson’s ratio, fracture toughness and glass transition temperatures (see Table 2.1).
[bookmark: _Toc453770729]2.5.5. Chalcogenide glasses
Chalcogenide glasses which are fabricated by mixing (group 16) chain forming chalcogenide elements (S, Se, Te, Po) and group 14 and 15 elements. This glass family can possess very different structural and mechanical properties than those of highly polymerized oxide glasses. However, polonium (Po) is not used as it only has radioactive isotopes (Shelby, 2005). This type of glass contains chains, sheets and disordered rings; incorporation of cations which enables higher coordination such as germanium (Ge), arsenic (As) and antimony (Sb) increases the degree of crosslinking (Shelby, 2005; Varshneya, 2006; Rouxel, 2007). 
Chalcogenide glasses possess weak covalent bonding between two-fold coordinated chalcogenide cations (Sreeram, Varshneya and Swiler, 1990); weak Wan der Waals bonds between these chains and layers can govern mechanical properties of the chalcogenide glasses (Rouxel, 2007). 
Chalcogenide glasses are the softest of all families of glass. Their hardness, elastic modulus, fracture toughness and glass transition temperature exhibit the lowest values of all types of glasses. However, some of the largest Poisson’s ratios are observed in chalcogenide glasses (see Table 2.1).
[bookmark: _Toc453770730]2.6. Variation of mechanical properties with structural changes
[bookmark: _Toc453770731]2.6.1. Dependence of toughness on Young’s modulus & dissociation energy 
Figure 2.5 indicates that when a wide range of glass types is considered indentation fracture toughness tends to scale linearly with Young’s modulus which is in line with Equation 2.23.  However, as well as this general trend the fracture toughness of phosphate, borate, silicate and some silicon-oxynitride glasses are significantly different from each other, even though these family glasses possess similar Young’s moduli (~75 GPa) values (see Figure 2.5). This discrepancy is also seen in the mixed alkali silicate glasses which exhibit some of the largest indentation fracture toughness values but have relatively low Young’s moduli.
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[bookmark: _Toc453771015]Figure 2.5.Indentation fracture toughness versus Young’s modulus of various types of glasses
 (The generic names which are presented in the legend can be used to find the original source of data points in Appendix A).
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[bookmark: _Toc453771016]Figure 2.6.Indentation fracture toughness versus calculated average dissociation energy per unit volume of glasses.
(The generic names which are presented in the legend can be used to find the original source of data points in Appendix A
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[bookmark: _Toc453771017]Figure 2.7.Indentation fracture toughness versus calculated dimensionality of different types of glasses.
(The generic names which are presented in the legend can be used to find the original source of data points in Appendix A).


Figure 2.6 shows that except for silicon-oxynitride and mixed alkali silicate glasses, indentation fracture toughness tends to vary linearly with mean dissociation energy per unit volume. It appears that mean dissociation energy per unit volume might strongly affect fracture toughness of these glasses. However, the effect of dimensionality on fracture toughness is not clear-cut since the glasses with similar network dimensionalities can have very different fracture toughness values (see Figure 2.7).
According to Equation 2.23 and 2.24, fracture toughness is also a function of packing density. Binary potassium silicate, lead silicate and silicon-oxynitride glasses exhibit larger packing densities than generic soda-lime-silica and aluminosilicate glasses (Rouxel, 2007). In the first instance, higher fracture toughness of potassium containing mixed alkali silicate and silicon-oxynitride glasses could be attributed to a higher packing density, but lead silicate glasses exhibit low fracture toughness values. Furthermore, sodium silicate glasses have a lower packing density than lead silicate glasses but possess higher fracture toughness values than lead silicate glasses.

Overall, mean dissociation energy per unit volume and packing density may not be adequate to explain fracture toughness of glasses in all cases. According to Figure 2.5, very different fracture toughness values can be obtained, although these glasses exhibit the same Young’s modulus values, and this indicates the significant role of effective surface energy on fracture toughness of glass. It can be seen from Equation 2.23 that fracture toughness also depends on the square root of the surface energy term, and 2can be defined as the energy required create to two new surfaces through rupture of bonds. As Wiederhorn (1969) stated, surface energy of glass can be increased through enhanced plastic deformation at the crack tip. The presence of mobile and small cations (Hand and Tadjiev, 2010; Ito et al. 2012) such as Na and Li may also facilitate structural re-arrangement that reduces the stress intensity at the crack tip. On the other hand, large stresses can be stored in highly covalent glass networks (Ciccotti, 2009), and this may increase rigidity of the network and stress-intensity at the crack tip, and reduce plastic deformation of glass. All of these factors may give rise to very different fracture toughness values, although those glasses exhibit similar Young’s modulus values.


[bookmark: _Toc453770732]2.6.2. Relation of hardness to Young’s modulus
Variation of Young’s modulus with hardness exhibits a linear trend (see Figure 2.8). This is in line with Equation 2.27 which indicates that hardness of glasses increases due to an increase in packing density, average bond strength and Young’s modulus. 
Chalcogenide and silicon-oxynitride glasses are respectively located at the lower and upper ends of the linear line (see Figure 2.8). Chalcogenide glasses possess strong interatomic covalent bond character (200 - 400 kJ/mol) which is similar to Si-N (437 kJ/mol) and Si-C (447 kJ/mol) bonds in silicon-oxynitride and carbide glasses, respectively (Rouxel, 2007). Furthermore, the strength of the carbon-carbon single bond in graphite is greater than that present in diamond, but hardness of graphite is significantly lower than diamond (Smedskjaer, Mauro and Yue, 2010). These findings suggest that presence of weak bonding between layers in materials such as chalcogenide glasses and graphite result in low hardness values (Rouxel, 2007; Smedskjaer, Mauro and Yue, 2010). All these suggest that immobilisation of moving layers in third dimension or higher dimensionality may increase hardness of glasses (Smedskjaer, Mauro and Yue, 2010).
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[bookmark: _Toc453771018]Figure 2.8.Young’s modulus versus Vicker’s hardness of various types of glasses.
(The generic names which are presented in the legend can be used to find the original source of data points in Appendix A).


[bookmark: _Toc453770733]2.6.3. Brittleness of glass.
According to Figure 2.9, v-B2O3 exhibits the lowest brittleness and density in all families of glasses, but commercial applications for v-B2O3 are restricted due to its poor durability (Smedskjaer et al. 2011). However, brittleness of other vitreous network formers such as v-SiO2 and v-GeO2 significantly differs from v-B2O3 glass and shows relatively strong brittle behaviour. The line PQ in Figure 2.9 indicates linear variation of brittleness with density in silicate and borate glasses suggested by Sehgal and Ito (1999), and also brittleness can be lowered by reducing density of glasses. However, some borosilicate and silicate glasses do not fit to this linear trend, and brittleness also shows an abrupt increase in a narrow density range. Overall, brittleness & density does not exhibit a universal trend despite the suggestion of Sehgal and Ito (1999).


There is no universal relationship linking fracture toughness with hardness. However, Figure 2.10 indicates that of glasses tends to increase as increases. The spread in this trend results in triangular region which is very similar to the dimensionality - Poisson’s ratio relation found by Rouxel in which Poisson’s ratio of glasses decreases as dimensionality increases (Rouxel, 2007).
The lines W, X, Y and Z are contours of constant brittleness, and thus the most and the least brittle glasses are located on lines Z and W, respectively. Therefore, variation of brittleness can be determined by using these lines whilst their fracture toughness varies with hardness. Silicon-oxynitride and aluminoborosilicate glasses possess some of the largest dissociation energies per unit volume and exhibit highly brittle character. In contrast to this, chalcogenide, lead silicate and mixed alkali silicate glasses possess some of the lowest average dissociation energies per unit volume, but they exhibit less brittle character. This suggests that larger dissociation energy per unit volume (which may increase the stiffness of the glass structure) can also increase flaw sensitivity and brittleness of glass.
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[bookmark: _Toc453771019]Figure 2.9.Brittleness versus density of various types of glasses.
 (The generic names which are presented in the legend can be used to find the original source of data points in Appendix A).
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[bookmark: _Toc453771020]Figure 2.10.Indentation fracture toughness versus Vicker’s hardness of glasses.
 (The generic names which are presented in the legend can be used to find the original source of data points in Appendix A).


[bookmark: _Toc453770734]2.6.4. Brittleness and Poisson’s ratio relation
The variation of brittleness with Poisson’s ratio exhibits a non-linear trend (see Figure 2.11). Brittleness of highly polymerized (v < 0.25) glasses such as silicate and aluminoborosilicate glasses increases with increasing Poisson’s ratio. In contrast to this, brittleness tends to decrease for chalcogenide and some phosphate based glasses which are less polymerised and composed of chains and sheets (v > 0.25). Similar to oxide and chalcogenide glasses, in metallic glasses, the variation of fracture energy with Poisson’s ratio exhibits non-linear trend (see Figure 2.13), and fracture energy shows abrupt increase at this brittle-ductile transition where corresponding Poisson’s ratio is ~ 0.32 (Lewandowski, Wang and Greer, 2005). 
Poisson’s ratio can also be expressed as resistance of material to shape change i.e. bulk modulus (K) balanced against resistance to variation in size (G); in chalcogenide and other chain and sheet containing glasses, deformation occurs through alignment of chains, and the bonds connecting the layers predominantly exhibit van der Waals character, and therefore a low shear modulus (G), giving rise to larger Poisson’s ratios (Greaves, 2012). 



In addition to chalcogenide glasses, zinc sulfophosphate glasses also exhibit a low degree of cross-linking (see Figure 2.11) and may contain chains and layer units (Rouxel, 2007). The brittleness and  of v-B2O3 are 1.20 µm-1/2 and 1.44 MN m-3/2, respectively (Sehgal and Ito, 1999), and this high mechanical performance was attributed to planar trigonal and boroxol group like structures of B2O3 which probably improve  and brittleness through increasing plastic flow by sliding (Hirao, Matsuoka and Soga, 1989). On the other hand, v-SiO2 and v-GeO2, which are fourfold coordinated, have  of 0.7 MN m-3/2 (Sehgal and Ito, 1999) and 0.6 MN m-3/2 (Yoshida, 2003), respectively. It appears that slippage of the sheets or layers might occur in chalcogenide and sulfophosphate glasses and may therefore dissipate applied stress by enhanced plastic flow and larger Poisson’s ratio. 
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[bookmark: _Toc453771021]Figure 2.11.Brittleness versus Poisson’s ratio of various types of glasses.
 (The generic names which are presented in the legend can be used to find the original source of data points in Appendix A).
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[bookmark: _Toc453771022]Figure 2.12.Young’s modulus versus Poisson’s ratio of various different types of glasses.
 (The generic names which are presented in the legend can be used to find the original source of data points in Appendix A).
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[bookmark: _Toc453771023]Figure 2.13.Fracture energy versus Poisson’s ratio of various materials (Adapted and redrawn from Lewandowski, Wang and Greer, 2005)
 (The generic names which are presented in the legend can be used to find the original source of data points in Appendix A).
Figure 2.12 shows that Young’s modulus of chalcogenide, sulfophosphate and binary sodium & potassium silicate glasses decreases as their Poisson’s ratio increases. In contrast to this, Young’s modulus of soda-lime-silica and aluminoborosilicate glasses increases as their Poisson’s ratio increases. The combination of Figure 2.11 and 2.12 indicates that brittleness of less polymerised and chain and layer structured glasses such as chalcogenide and sulfophosphate glasses decreases as their Young’s modulus decreases. Furthermore, brittleness of soda-lime-silica and aluminoborosilicate glasses increases with increasing Young’s modulus.
The relationship between brittleness and Young’s modulus can be quantified by Equation 2.32 which is obtained by combination of Equation 2.23, 2.24 and 2.28.

							(2.32)


According to Figure 2.8;

										(2.33)
where c is constant. Thus, substituting and re-arranging

								(2.34)
Equation 2.34 suggests that decreasing Young’s modulus reduces brittleness. Larger Young’s modulus is generally associated with elevated hardness, and therefore stiffer structure may increase flaw sensitivity, and consequently may reduce glass strength (Hand and Tadjiev, 2010). The number of glass compositions for which brittleness and Young’s moduli values are reported together are limited in the literature and therefore, the relationship between brittleness and Young’s modulus is not evaluated. However, a maximum in brittleness is observed near the point at which structural transition occurs from highly polymerised, three dimensional networks to chain and sheet structures (see Figure 2.11). It appears that Equation 2.34 is insensitive to such significant structural changes, and therefore the observed maximum in brittleness cannot be obtained from Equation 2.34, although it might give self-consistent information within a particular glass system.












[bookmark: _Toc453770735]2.7. Summary
Fracture toughness tends to vary linearly with Young’s modulus and average dissociation energy per unit volume. However, variation of surface energy appears to be important in such cases, because glasses which have very similar Young’s modulus and average dissociation energy per unit volume can exhibit very different fracture toughness values. High Young’s modulus and mean dissociation energy per unit volume may lead to a high brittle character in glasses, and competition between hardness and fracture toughness can determine actual brittleness. However, topological variations such as exhibiting highly polymerised framework or depolymerised structural units may also alter shear properties and brittleness of glasses.



[bookmark: _Toc453770736]- Methodology
[bookmark: _Toc453770737]3.1. Introduction
In this chapter, firstly stages of sample preparation such as composition design, glass melting, machining of samples (cutting, grinding & polishing) and annealing are detailed. Secondly, measurement techniques of physical (glass transition temperature and density) and chemical (XRF compositional analysis) properties are given. Thirdly, background information and experimentation using methods of structural analysis such as Raman, FT-IR and 29Si NMR spectroscopies are given. In addition, suitable methodologies of baseline subtraction and deconvolution of the raw Raman and 29Si NMR spectra are discussed in the light of the literature, and their application procedures are detailed.
Measurement techniques of mechanical and elastic properties such as the indentation and surface crack in flexure (SCF) methods for fracture toughness, the indentation method for Vicker’s hardness and ultrasonic echography for elastic moduli measurement are detailed.














[bookmark: _Toc453770738]3.2. Sample preparation
[bookmark: _Toc453770739]Design of glass series compositions
Calcia/silica and magnesia/silica contents were modified in order to produce CaO and MgO glass series. In both cases, the concentration of all other constituents remained constant. The general formula of the CaO series was (75‒x)SiO2·13.5Na2O·(7+x)CaO·3MgO·1.5Al2O3 (mol%) where x = 0, 1, 2, 3, 4, 5, 6, 7 and that of the MgO series was (75‒y) SiO2·13.5Na2O·10CaO·(0+y)MgO·1.5Al2O3 (mol%) where y = 0, 1, 2, 3, 4, 5, 6, 7, respectively. 
The third glass series was produced by varying the calcia/magnesia content, whilst the concentration of all other constituents remained constant. This glass series is denoted as CaO-MgO, and the general formula of the glass series was 72SiO2·13.5Na2O·(13‒ z)CaO·(z)MgO·1.5Al2O3 (mol %) where z = 1, 3, 5, 7, 9 and 11.
The final glass series was fabricated by varying the (alumina + soda) /silica ratio. However, in order to charge-compensate [AlO4]- and to maintain batch melting and refining temperature in a practical range, the molar concentration of soda was also increased in stoichiometric proportions. The general formula of the Al2O3 glass series was (75–2w) SiO2· (12 + w)Na2O· 10CaO·3MgO·wAl2O3 (mol %) where w = 0, 0.5, 1.5, 2.5, 3.5 and 4.5.











[bookmark: _Toc453770740]Glass melting
Batches to produce 300 g of glass were batched using SiO2 (99.5%), Na2CO3 (99.1%), CaCO3 (99.3%), (all from Glassworks Services), Na2SO4 (sodium sulphate, ≥ 99.0%) (from Acros Organics), 4MgCO3·Mg(OH)2·5H2O ( ≥ 99.0%) and Al(OH)3 ( ≥ 99.0%) (both from Fisher Scientific). In most compositions, ~3 mol% of the total soda was supplied using sodium sulphate as a refining agent. These batch components which are in powder form were mixed thoroughly by hand until a uniform mixture is obtained. The well mixed batch was transferred to a zirconia stabilized platinum crucible and heated to 1450 ºC in an electric furnace for a total of 5 hours (see glass melting furnace in Figure 3.1a). After allowing one hour to achieve a batch free melt a Pt stirrer was inserted into the melt, and the melt was stirred during the remaining 4 hours of melting during which refining and homogenization occurred. Finally the molten glass was cast into a pre-heated stainless steel mould (see Figure 3.1b). After demoulding the still hot glass was transferred to an annealing furnace, where it was held at the annealing temperature, which was estimated from the glass transition temperature of similar compositional glasses from the literature, for one hour and then cooled to room temperature at a rate of 1°C/min. The quality of the produced glasses was checked in terms of seeds, blisters and fractures; and glasses which were free of these defects were processed for further tests and analysis.
a) b)
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[bookmark: _Toc453771024]Figure 3.1. Glass melting operation a) An electric glass melting furnace with a Pt stirrer, b) Casting glass in to a pre-heated stainless steel mould.
[bookmark: _Toc453770741]Surface grinding and polishing of specimens
Samples of appropriate dimensions 20×20×3 mm were cut from the annealed glass bar on a Buehler ISOMET 5000. The samples were successively ground using MetPrep 120, 240,400, 600, 800 and 1200 SiC grinding papers and finally successively polished using MetPrep 6μm (oil based), 3μm (oil based) and 1μm (water based) diamond suspensions to achieve a mirror like finish. To remove residual stresses arising from the cutting, grinding and polishing the samples were re-annealed by heating to the annealing temperature at 1°C/min, holding for one hour and then cooling down to room temperature at a rate of 1°C/min. A polariscope was used to check that the residual stresses had been removed by the re-annealing.
[bookmark: _Toc453770742]3.3. Chemical and physical measurements
[bookmark: _Toc453770743]Compositional analysis
The chemical compositions of the as-produced glasses were measured by XRF (X-ray fluorescence) at Glass Technology Services, Sheffield. Results of XRF compositional analysis were semi-quantitative and can be used only as a guide to compositions. Estimated experimental errors are ±1 wt. % for SiO2; ±0.5 wt. % for major oxides which may range between 1.5 - 15 wt. %; and ±0.3 wt. % for minor oxides where the content of each was less than 1.5 wt. %. 
[bookmark: _Toc453770744]Density 
Density of fabricated glasses was measured by using an electronic density meter (Mettler Toledo New Classic MS). Prior to measurement, specimens were cleaned with isopropanol to remove any dirt. Archimedes’ principle is used to determine the density of fabricated glasses. Archimedes’ principle can be explained as follows.




The mass of glass in air and in deionised immersion water are, and , respectively. According to the principle; when the glass totally immersed in deionised water, volume of the glass  will be equal to the volume displacement of deionised water . Volume of glass can be defined by:

							(3.1)


where is the density of deionised water at a given temperature. Finally, density of glass can be calculated by using;

								(3.2)
The precision of the density meter is 0.001 g cm-3.
[bookmark: _Toc453770745]Glass transition temperature
In thermal analysis, thermal conditions, such as constant rate of heat input, are applied to the material under investigation and to an inert reference material, then the difference between measured temperatures of the two materials are recorded.

Perkin Elmer (Pyris 1 TGA model) differential thermal analysis was used to measure the glass transition temperatures of the produced glasses. Alumina was used as a neutral reference material in order to determine alteration in specimen temperature () at constant heating rate. Fine powder (< 75 m size) samples were heated up to 1000 °C at a heating rate of 10 °C/min, cooled down to room temperature at the same rate and then re-heated up to 1000 ºC again at 10 ºC/min. The glass transition temperatures were obtained from the second heating curve using the in-built Perkin-Elmer software.









 can be obtained by intersection of two tangent lines which are drawn at the points of  and  (see Figure 3.2a). The location of  should be a point where the greatest slope on the original DTA curve is present; however, it can be difficult to determine the point which corresponds to the greatest slope on the original DTA curve. According to Figure 3.2a, different  values can be obtained for different values, since the intersection point of the first and second tangent lines will be different; and therefore, extrapolation will be operator dependent. On the other hand, differentiated original DTA curve can be used to determine the location of  precisely (original DTA curve can be differentiated by using Pyris 1 software). Figure 3.2b shows that differentiated DTA curve of 3.5 Al2O3 glass guides to determine the point where abrupt changes occur in the original DTA curve. The vertical line L indicates the point where marked deviation occurs in the DTA curve, and this point corresponds to ideal  which is used as a reference point to draw first tangent line. The middle point of the second tangent line corresponds to .
a)
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b)
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[bookmark: _Toc453771025]Figure 3.2. DTA analysis of 3.5 Al2O3 glass. a) Original and differentiated DTA curves of 3.5 Al2O3 glass, b) Determination of TO and Tm points on original DTA curve.


[bookmark: _Toc453770746]3.4. Structural Property 
[bookmark: _Toc453770747]Raman spectroscopy
Raman spectroscopy has been widely used to gain further insight in to structural properties of silicate glasses. Many different features of Raman spectra of silicate glasses have been defined and well-documented in the literature, and these parameters could be useful whilst the structural properties of silicate glasses are investigated. For instance, Raman spectroscopy is very sensitive to the variation of non-bridging oxygens content in glass, and non-bridging oxygens give rise to a distinct band in the Raman spectra. Additionally, unlike FT-IR spectroscopy, low-frequency domain of Raman spectra can be used to acquire information about ring statistics in silicate glasses.




Excitation of molecules of the sample can be undertaken by intense laser beam in the UV-visible spectrum. The light scattered due to beam interactions can be detected perpendicular to the incident beam. The Raman shift is a parameter which gives structural information about materials. Rayleigh and Raman scattering are two main kind of scattered light originating from Raman laser excitation. Rayleigh scattering is considerably stronger than Raman scattering, and its frequency is identical to the incident beam (). Raman scattering consists of Stokes and anti-Stokes lines which correspond to the frequencies of and, respectively.  is the frequency of vibration, and the electric dipole moment, Z, for Raman scattering is given by

		(3.3)




Here,  and  are the vibrational amplitude and polarizability, and and are the nuclear displacement and maximum displacement, respectively.

The electron cloud of the nuclei should interact with the electric field of the excitation light for polarization to occur; however, in order to meet this condition,  must not be zero. 


The first term of Equation 3.3 denotes an oscillating dipole which emits light has at frequency; this is called Rayleigh scattering. The second term of the equation includes the Stokes and anti-Stokes lines and, if equals to zero, the vibration cannot be considered as Raman-active. Entirely symmetric vibrations exhibit Raman-active mode; however, some vibrations can be either IR or Raman active or might be Raman and IR-active.




Low, medium and high frequency regions of Raman spectra fall between wavenumbers ~200 cm-1 - 730 cm-1; 730 cm-1 - 860 cm-1; and 860 cm-1 - 1250 cm-1, respectively.  Figure 3.3 shows possible vibration modes in silicate glasses, and these vibration modes might give rise to shoulders or bands in the low, medium and high frequency domains of the Raman spectrum. The vibrational modes which are shown in Figure 3.3a and b are designated as totally symmetric stretching () and triply-degenerate asymmetric stretching () motions in isolated tetrahedra, respectively. However, a lack of tetrahedral symmetry may give rise to mixing or vibrational coupling of  and  modes. Further to this, the out-of-phase and in-phase vibrational modes which are shown in Figure 3.3c and d can be observed in the high and low frequency domains of the Raman spectrum, respectively. Finally, the vibrational mode which is indicated in Figure 3.3e (designated to the medium frequency domain of the vibrational motion of silica polymorphs) results in a band near 800 cm-1 in Raman spectrum (McMillan, 1984a).
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[bookmark: _Toc453771026]Figure 3.3. Potential Raman active normal modes of silicates (Adapted and re-drawn from McMillan 1984a).

Raman spectra were obtained using a Renishaw In Via Raman Spectrometer. Excitation of the polished and annealed glass surfaces was undertaken using a 514.5 nm laser at a laser power of 20 mW. Calibration of the instrument was undertaken by silicon wafer reference standard prior to experiment. ×50 objective was used to deliver the laser beam and focused at a depth just beneath the polished surface. It is reported that surface hydration can occur in silicate glasses at atmospheric conditions (Tadjiev and Hand, 2010), and the approximate depth of the hydration layer is around ~ 10 nm for weather hydrated soda-lime-silica glasses (Tadjiev and Hand, 2010; Gonzalez Rodriguez, 2015); and Gouadec and Colomban (2007) reported that interaction depth of the laser beam in bulk glass vary between 1 and 2 µm. All these indicate that Raman spectroscopy can be used to acquire information about structural properties of bulk glass. The exposure and acquisition times were both 10 s. The extracted raw data between 200 and 1250 cm-1 were transferred to Labspec 5 software, and a baseline fitted by connecting four points which are specified by determining the local minimum for each spectrum domains. Baseline comprises three segments; the first, second and third segments of the baseline were placed under the low, medium and high frequency bands of the Raman spectra, respectively (see Figure 3.4a). The frequency of attach points on the spectra can shift with composition, and therefore there is no standard frequency values for these attach points, and however these attach points tend to be near at the boundary values of low, medium and high frequency bands which were defined in previous paragraph.
The position of the Boson peak is near 70 cm-1 in Raman spectrum of silicate glasses (see Figure 3.4b); and however, the origin of this peak still debated (Le Losq et al. 2014). The intensity of the Boson peak can be significantly influenced by the size of the cation (Richet, 2012), and therefore including the Boson peak in connectivity calculations can give erroneous results. Therefore, this baseline subtraction method retains only the ‘molecular’ Raman Si-O signature by removing boson-peak interferences (Colomban, 2006). This baseline was subtracted from the spectra which were then exported to Peakfitv4.12 software in order to calculate the area under the bands of interest. Further to this, area normalisation was also undertaken in Peakfitv4.12 so as to compare Raman spectra of the different glasses. Intensity of the spectra is divided by the total area under the spectra in order to normalise the Raman spectra.
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[bookmark: _Toc453771027]Figure 3.4. a) Example baseline subtraction of Raman spectrum of 14CaO glass in Labspec 5 software, b) The Boson peak which is removed during baseline subtraction from raw Raman spectrum.
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[bookmark: _Toc453771028]Figure 3.5. Example deconvolution of baseline subtracted Raman spectrum of 14 CaO glass via PeakFitv4.12 software. a) Spectral deconvolution of HFB without sulphur related Gaussian band; b) Spectral deconvolution of HFB with Gaussian band at ~ 990 cm-1 assigned to sulphur.

Relative abundance of Qn species, which are defined in section 2.5.1 in Chapter 2, can give information about the degree of polymerisation of glasses. Therefore, many studies have attempted to deconvolute the high frequency band (HFB), which ranges from 850 to 1250 cm-1, by fitting a number of Gaussian bands. However, there are no definite characteristic centreline positions for the bands to be fitted; McMillan (1984b) estimated frequency shift ranges for Qn species can vary between ~50 and 150 cm-1. Bjorn et al. (1982) stated that Raman band shifts might be caused by variation of the M-O-M bond angle (M designates a cation), coordination state of cation, nature, polarizability and distance of M-O bonds. However, Le Losq and Neuville (2013) undertook deconvolution in Matlab using a quasi-Newton algorithm which was given by Tarantola (2005); this algorithm performs iteration by means of a non-linear least square minimization method. Similarly, Le Losq et al. (2014) attempted to deconvolute HFB using this algorithm, and errors for Gaussian band shift and FWHM (‘Full Width at Half Maximum’) of Gaussian band were set to 15 cm-1 and 20 cm-1, respectively. 
The shape of the Raman HFB is not symmetric due to characteristic shoulders which  originate from dissolved sulphur and non-bridging oxygens (see Figure 3.5), and therefore Raman band deconvolution may require additional Gaussian bands to be fitted for these shoulders. Overall, width and centreline position of each Gaussian band, which are initial parameters to be set for deconvolution, need to be defined. However, optimization of these parameters by conventional peak fitting packages was found not to give reproducible results. 
Hence in this study, the degree of connectivity was calculated using the ‘polymerisation index’ concept as an alternative method. 
[bookmark: _Toc453770748]Raman polymerization index (PI)
The Raman spectrum of v-SiO2 (see Figure C1 in Appendix C) shows that the broad band centred at ~440 cm-1 is linked to the symmetric stretching of bridging oxygens in 6 membered rings of SiO4 tetrahedra (Henderson et al. 1985); slightly polarized bands which are positioned at ~800 cm-1 are assigned to bending motions of Si-O-Si bonds (Bell and Dean, 1970 ; Hass, 1970), and finally small bands which are located at ~1065 cm-1 and 1200 cm-1 can be attributed to asymmetric stretching of the bridging Si-O-Si bonds (Bell et al. 1971). Addition of modifier and intermediate oxides result in substantial structural changes in the v-SiO2 network and therefore may give rise to a broad and intense band in the high frequency region whilst the intensity of the characteristic low frequency band of v-SiO2 decreases. The ratio of the intensity of the mixed bending vibration of Si-O-Si in Qn species [200 cm-1; 740   cm-1] to that of the symmetric stretching vibrations of Si-O- [740 cm-1; 1250 cm-1] defines the degree of connectivity of silicate glasses (Colomban, 2003; Colomban et al. 2005).
However, it should be borne in mind that, this method requires calculation of the total area of each Raman bands which are present in the low, medium and high frequency ranges. Total area under the low and medium frequency bands can be calculated directly by Trapezoidal or Simpson’s rules (Ali, 2009) as alternative methods, however the area of the sulphur related Gaussian band should be calculated in order to subtract this from the total area of the Raman HFB and this can be performed by first fitting Gaussian bands under the HFB (see Figure 3.5) rather than Trapezoidal or Simpson’s rules.
It should be noted that this deconvolution does not require the initial constraints which are required for Qn speciation. Dissolved sulphur in glass gives rise to shoulder at ~ 990 cm-1 in Raman spectra (Tsujimura et al. 2004), and this characteristic band frequency is consistent for Raman spectra of all sodium sulphate added glasses, and therefore exclusion of this Gaussian band from polymerisation index calculations can be undertaken in a simple manner. Figure 3.5 shows deconvolution of HFB which is performed with either four or five Gaussian bands; in the absence of a fifth Gaussian band which is positioned at ~990 cm-1 (see  Gaussian band filled with red  in Figure 3.5b), a good fit cannot be obtained. Adding a new Gaussian band enables successful deconvolution. Consequently, the area of this sulphur related Gaussian band can be calculated and removed from total area of the HFB.
[bookmark: _Toc453770749]FT-IR spesctroscopy
Raman spectroscopy shows significant differences to IR spectroscopy. Vibrational transitions can be detected using either Raman or IR spectroscopies, and the selection rules for a molecule to be IR-active are noticeably different than for Raman spectra. IR-active mode of vibration can be obtained if the dipole moment of a molecule varies whilst it vibrates. Also the high frequency domain of the FT-IR spectra of soda-lime-silica glasses is predominated by strong asymmetric stretching of [Si-O] and [Si-O-Si] bonds; however, in the Raman spectra the bands at high frequency region are originated from only symmetric [Si-O] stretching bonds. It is therefore, FT-IR spectroscopy can be used as a complementary method to the Raman spectroscopy. 
IR spectroscopy has been used to measure the absorption of IR light by the material as a function of frequency. The intensity of infrared light can be calculated by the Beer-Lambert law

										(3.4)


Here intensities of incident and transmitted beams are denoted by I and , respectively; , c and d designate the molecular absorption coefficient, concentration of sample and cell length, respectively. This formula can be rearranged for quantitative analysis and can be defined in terms of absorption (A)

									(3.5)
In order to obtain FTIR absorption spectra for each glass, 2 mg of ground glass powder was mixed with 200 mg of KBr and were ground together using a pestle and mortar to give a homogeneous mixture. Hydraulic press (Specac®) was used to create a thin disc. The Perkin Elmer Frontier FT-IR instrument was used for this work, and the instrument was calibrated by collecting a well-defined absorption spectrum of air. Acquisition was performed with 4 scans and a resolution of 4 cm‒1 was employed.  
[bookmark: _Toc453770750]29Si NMR spectroscopy
Unlike Raman and FT-IR spectroscopies, deconvolution process in 29 Si NMR spectra is straightforward, since the  29Si NMR  relies on the physical phenomenon which explains the absorption and re-emission of electromagnetic radiation by nuclei in a magnetic field. It is therefore, complex deconvolution process in Raman and FT-IR spectroscopies which is mainly due to bending and strecthing motions of bonded atoms is absent in 29 Si NMR spectroscopy. Moreover, proportion and type of Qn species can be obtained from 29 Si NMR spectroscopy, and it is therefore 29Si NMR spectroscopy can be used to validate the calculated Raman polymerisation index values.


Application of a magnetic field to nuclear magnetic dipole moments generates changes in energy levels (, and this enables investigation of structural properties of materials by nuclear magnetic resonance (NMR) spectroscopy. Electromagnetic radiation of an appropriate frequency () can generate transitions between neighbouring energy levels. The Bohr resonance condition can be defined as

									(3.6)





where,, and H are Planck’s constant, Bohr nuclear magneton, nuclear  factor and the magnetic field at the nucleus, respectively.  factor can be defined as the division of observed magnetic moment by corresponding angular momentum in electrons of atoms (Yang and Hamilton, 2010).

The direction and magnitude of H differ from the applied magnetic field .The magnitude of the magnetic field which is acting on the nucleus is normally smaller than the theoretical applied field, because the electron clouds which surround the nucleus shield it. This discrepancy between the theoretical and observed magnetic field can be attributed to diamagnetic and paramagnetic alteration of the distribution of electrons of the atom. H can also be defined as:

									(3.7)

Here  is the chemical shift tensor which can be used to characterise metal-oxygen bonds in particular in glasses and crystalline compounds.
Chemical shift tensor can be defined as follows (Harris et al. 2002);

								(3.8)


where  and  in hertz are the absolute resonance frequencies of the sample and standard reference compound under the same applied magnetic field, respectively. The value of chemical shift is precise but very small, and therefore it is generally defined at in parts per million (ppm). If the nuclei are more shielded, the effective magnetic field acting on the nuclei will be less, and the nuclei will resonate at lower frequency. As the degree of shielding increases relative to the shielding in reference compound, chemical shift occurs at more negative values (Putnis, 1992). In silicate glasses, silicon tetrahedron is bonded to four oxygens in Q4 species, and three oxygens are connected to silicon in Q3 species. Therefore, electron density in silicon environment will be greater for Q4 species, and chemical shift of Q4 species will be at more negative values relative to the chemical shift of reference tetramethylsilane (TMS) which is set to zero (See Figure 3.6).
In the absence of spherical symmetry; for instance, one chemical bond or one axis of four-fold coordinated structural units:

						(3.9)






The angle between  and symmetry axis is  and varies between 0 and; and  and are the components of chemical shift () in Equation 3.9 when the symmetry axis and applied magnetic field are perpendicular and parallel, respectively (Vogel, 1985).
29Si does not possess a quadrupole moment since the spin of silicon is I = ½, and (Zarzycki, 1991). The nuclear quadrupole moment is obtained for the nuclei that do not have spherical charge distribution. One of the most notable applications of NMR uses the quadrupole effect; coupling constants of fourfold or three fold coordinated boron species are significantly different, and this large difference facilitates quantification of fourfold and threefold coordinated boron atoms in glass. 
30Si (3.09%), 29Si (4.70%) and 28Si (92.21%) isotopes are present in nature; however, only 29Si possesses a magnetic moment since it has a spin ½ (Uhlig and Marsmann, 2008). The majority of the 29Si chemical shifts vary between +50 and –200 ppm, and the chemical shift tensor is referenced to TMS (Me4Si) since it is comparatively chemically inert, has comparatively short relaxation time and low melting point (Vogel, 1985; Uhlig and Marsmann, 2008).
29Si NMR analysis of selected samples was undertaken using a Varian Unity Inova 300.  0.5-1.0 g of powdered samples were tested at the EPSRC National Solid State NMR service at the University of Durham, UK. The chemical shifts of the 29Si NMR spectra of the samples were referenced to tetramethylsilane (TMS). Pulse angle, acquisition time and resonance frequency were set to 45°, 40 ms and 59.557 MHz, respectively. Deconvolution of NMR spectra was undertaken by using the GRG non-linear solver in Excel, and Gaussians bands were fitted. Figure 3.6 shows an example of the spectral deconvolution of 7CaO glass showing two Gaussian bands fitted to the original spectra.
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[bookmark: _Toc453771029]Figure 3.6. Example deconvolution of the 29Si NMR spectrum of 7CaO glass.

[bookmark: _Toc453770751]3.5. Mechanical property measurements 
[bookmark: _Toc453770752]Vicker’s indentation hardness 
Penetration depth of Vicker’s indenter is nearly twice the depth of the Knoop indenter. Moreover, Knoop indenter is generally used to measure hardness of thin layers, and is more sensitive to surface condition of the materials. However, Vicker’s indenter can be used to measure bulk hardness of the materials due to its greater penetration depth. It is therefore, in this work, hardness was assessed using Vickers indentation. The polished surfaces were indented with a load of 9.81 N for 20 seconds using a Mitutoyo Vickers indenter.  The number of indentations made on each composition was ~10. The equation which is used to calculate Vicker’s hardness

 
where P is indentation load in kg, and d is average diagonal length of the impression (for details, see section 2.4.6 in Chapter 2).
[bookmark: _Toc453770753]Fracture toughness measurement
Indentation fracture toughness of MgO and CaO glass series was measured, and two different methods were undertaken. In the first method, total length of radial cracks (2c) which emanated from the corners of the indents was measured immediately; this technique is called ‘direct’ measurement (see Figure 3.7). In the second method, the total length of radial cracks (2c) were measured after 24 hours in order to relieve residual stresses; this technique is called ‘24 hour’ or ‘1 day’ measurement’. The applied indentation loads were 0.3, 0.5,1, 2.5 and 5 kg; and the total number of indentations made on each composition was ~100.
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[bookmark: _Toc453771030]Figure 3.7. Radial cracks (2c) emanating from the corners of indent on 7MgO glass.
Indentation method (24 hours) is one of the techniques which has been used to measure fracture toughness of glasses (Hand & Tadjiev, 2010); however, it is believed that direct measurements may reduce possible environmental effects such as stress-corrosion cracking. Therefore, calculation of indentation fracture toughness may differ according to the technique used.
In line with Hand & Tadjiev (2010), Equation 3.10 which was developed by Evans and Charles (1976) was used to evaluate indentation fracture toughness based on crack lengths measured after 24 hours. Meanwhile, following Rouxel & co-workers Equation 3.11 (originally developed by Anstis et al. 1981) was used to evaluate indentation fracture toughness based on a crack length measured immediately after indentation.

										(3.10)

									(3.11)





Here E is Young’s modulus; and the coefficient  varies due to composition and type of glasses and can for example be taken as 0.016 for soda-lime-silicate glasses (Burghard et al. 2004). Different values have been reported for the constant  in Equation 3.10. Lawn and Fuller (1975) reported two different values for , and these values are 0.0515 and 0.0726; and however, 0.0824 was proposed by Evans and Charles (1976). Ponton and Rawling (1989) also noted that more consistent indentation fracture toughness values can be obtained when the values of is taken 0.0824. Therefore, 0.0824 has been used to calculate 24 hours indentation fracture toughness of MgO and CaO glass series which is in line with Hand and Tadjiev (2010).
Fracture toughness of the glasses was measured using the SCF method with a controlled defect introduced via Knoop indentation in accordance with the BS-EN ISO-18756: 2005 standard. The ideal Knoop indentation load was determined by trial and error method, and our initial trials showed that a defect introduced by a 2 kg Knoop indentation load ensured the desired controlled cracking. Therefore, a 2 kg Knoop indentation load was applied and acceptable semi-elliptical crack formation was obtained for the MgO and CaO glass series. However, defects introduced with 2 kg loads did not result in good cracks for the CaO-MgO glass series, and therefore many specimens were discarded for this series. Thus a 5 kg Knoop indentation load was applied for some CaO-MgO samples and for all Al2O3 samples.
The test samples were rectangular bars of approximate dimensions 3.5 × 4.0 × 46 mm cut from the as cast bulk glass blocks and the side to be placed in tension successively ground to a 600 grit finish. In order to prevent possible notch tip blunting, samples were annealed, prior to introducing the Knoop indentation at the centre of the 46 × 4.0 mm face. 
The indentation process can introduce further residual stresses as well as lateral cracks that might modify the stress intensity at the crack tip, and consequently give erroneous fracture toughness values (Glaesemann et al. 1987; Yoda, 1987; Samuel et al. 1989; Quinn and Salem, 2002). The standard therefore recommends grinding the indented surface of the specimen in order to remove the residual stress zone; however, grinding can also introduce extra residual stresses in glasses (Glaesemann et al. 1987). Hence, in order to clarify the effect of residual stress on the fracture toughness, specimens were prepared both ‘as-indented’ and ‘ground’ (see Figure 3.8a and b) where, in line with the standard, residual stresses due to the impression were minimized by gently grinding using (600 grit abrasive paper) 20-25 µm from the specimen surface.
a)         b)
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[bookmark: _Toc453771031]Figure 3.8.Characterisation of various types of cracks for different fracture toughness measurements.  Images obtained from Nikon Eclipse LV150 microscope- a) Example of semi-elliptical crack formed after bending an ‘as-indented’ 0.5 Al2O3 glass specimen; b) Example of semi-elliptical crack formed after fracturing a ‘ground’ 5MgO glass specimen.
A four point bend fixture with articulating rollers was used with inner and outer spans set to 20 mm and 40 mm, respectively. The fixture was mounted on a Hounsfield TX0038 universal testing machine. In order to minimize environmental effects during testing, the pre-crack was filled with silicone oil, and approach speed and crosshead speed were set to 0.25 and 0.5 mm/min, respectively. A total of 206 specimens were prepared across all the compositions studied, and 152 specimens fractured properly from the controlled defect, and therefore analysed further. The fracture toughness was calculated using

								(3.12)

where P is load,  is the maximum stress intensity factor (see Appendix B for details), S is the span between the inner and outer loading points, A is plate width, W is plate depth, and a is flaw depth (see Figure 3.8a and b for visual description of a and c).
The geometry of the semi–elliptical crack causing fracture was assessed from the fracture surfaces using the Buehler multi focus tool on a Nikon Eclipse LV150 microscope equipped with Buehler OMNIMET 9.5 software. If the geometry of the characterized pre-crack did not meet the requirements of Annex B in BS-EN ISO-18756: 2005, the result was rejected.
Brittleness was calculated by using the relationship which is also defined in section 2.4.7 in Chapter 2

										
The effective surface energy was derived from the fracture toughness and the measured modulus using

									(3.13)
[bookmark: _Toc453770754]Measurement of elastic moduli

Young’s modulus of glass can be measured by using uniaxial test; according to this method, beam specimens should be prepared from bulk glass, and the displacement of the glass beam is recorded as the load on the glass beam is increased. However, the end points of the glass beam which are gripped to the testing machine can slip during loading, and the applied load may not be completely uniaxial (Varshneya, 2006). All these factors can be considered as potential sources of errors in this technique. Alternatively, ultrasonic pulse-echo technique is one of the methods that has been used widely to measure elastic moduli of glass. Ultrasonic vibration travels in solid media in the form of a wave, and the material is required to be an elastic medium in order to transmit sound waves. The most conventional method of ultrasonic testing uses longitudinal and transverse waves. Non-destructive ultrasonic equipment introduces high frequency waves through transducers in to the test specimen, and the time of flight  during round trip can be determined (Olympus technical notes, 2006).

The wave velocity  of the material under test can be calculated as follows.

										(3.14)

where  is the thickness of testing material.


Elastic moduli of the produced glasses were obtained by measuring the longitudinal () and transverse () ultrasonic wave velocities using an Olympus Epoch 6000. Delay line 20 M-Hz longitudinal and 5 M-Hz transverse transducers were used. Glycerol and couplant gel were also used in order to facilitate transmission of sound waves between specimen and transducer.
The shear modulus, G, was obtained using

										(3.15)

where is density, and Young’s modulus, E, was obtained using	

 									(3.16)

To minimise the cumulative error, Poisson’s ratio () and bulk modulus (K) were also obtained from the wave velocities using

									(3.17)
And;	

									(3.18)








[bookmark: _Toc453770755]- Results
[bookmark: _Toc453770756]4.1. Introduction
Experimentally obtained mechanical and structural properties of the four different glass series investigated are presented in this chapter. The experimental results from the MgO and CaO glass series, which are produced by altering the magnesia/silica and calcia/silica ratios, respectively are presented in Part A. Experimental results of the CaO-MgO glass series obtained by modifying the calcia/magnesia ratio are reported in Part B. Finally, the experimental outcomes from the Al2O3 glass series which were fabricated by varying the (alumina + soda) /silica ratio are shown in Part C.
















[bookmark: _Toc453770757]4.2. Part A
[bookmark: _Toc453770758]4.2.1. Chemical and physical measurements
[bookmark: _Toc453770759]Chemical properties
[bookmark: _Toc453575881][bookmark: _Toc453576645][bookmark: _Toc453770760]The analysed glass compositions are given in Table 4.1. Although generally good agreement between the batched and measured values is obtained, there are small systematic differences. In particular, the magnesia values tend to be lower than batched, whereas the lime ones tend to be slightly higher. In addition, the soda values tend to be slightly low for the CaO glass series. Iron is also found as an impurity in all of the glasses, and traces of Zn were found in some compositions. Overall, all of the glasses were deemed to be close enough to the batched composition to be used in the rest of the study.

[bookmark: _Toc453771103]Table 4.1.Analysed glass compositions (mol %); XRF data normalised to 100 mol%. Batched compositions were (75–x) SiO2·13.5Na2O·(7+ x) CaO·3MgO·1.5Al2O3 (mol%) where x = 0, 1, 2, 3, 4, 5, 6, 7 for the CaO glass series and (75–y)SiO2·13.5Na2O·10CaO·     (0 + y)MgO·1.5Al2O3 (mol%) where y = 0, 1, 2, 3, 4, 5, 6, 7 for the MgO glass series. Bracketed numbers designate molar batched quantities.
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[bookmark: _Toc453770761]Physical properties 
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[bookmark: _Toc453771032]Figure 4.1.Density versus the magnesia and calcia fractions for the MgO and CaO glass series.
[image: ]
[bookmark: _Toc453771033]Figure 4.2.Glass transition temperature versus the magnesia and calcia fractions for the MgO and CaO glass series.

Density of the MgO and CaO glass series increases essentially linearly with the addition of either magnesia or calcia in place of silica. However, the increase of density is relatively larger for the CaO glass series. Secondly, glass transition temperature of the glass series does not exhibit marked changes, although the 7CaO glass exhibits a relatively lower glass transition temperature. Overall, the glass transition temperatures of the glass series nearly remain constant as their compositions are modified. 
[bookmark: _Toc453770762]4.2.2. Structural properties
Increases in magnesia or calcia concentration at the expense of silica result in substantial changes in the low frequency region of the Raman spectra. The total intensity of the main single low frequency band (LFB) decreases as the magnesia/silica and calcia/silica molar ratios are increased (see Figure 4.3). Variation in the LFB indicates the presence of important structural changes in glass network since vibrations of the Si-O-Si bridging oxygens in Qn species gives rise to the band in this frequency range (Furukawa et al. 1981; McMillan, 1989). 
The centre of the LFB constantly shifts to higher wavenumbers as silica is replaced with either magnesia or calcia. The magnitude of the wavenumber shift is almost identical for the MgO and CaO glass series (see Figure 4.4a). Wavenumber shift to higher frequencies can be attributed to Si-O-Si bond angle variation, network disorder and reduced silica concentration (Galeener, 1979; Sharma and Simmons, 1981; Mc Millan, 1984a). Additionally, Geissberger and Galeener (1983) reported that the LFB of v-SiO2 shifts to higher wavenumbers due to a reduction in bridging Si-O-Si bond angles as a consequence of increased fictive temperature. However, the large wavenumber shift of LFB in the MgO and CaO glass series cannot be explained by changes in fictive temperature since the produced glasses have very similar thermal histories and glass transition temperatures. 
In the Raman spectra of the MgO and CaO glass series, the intensity of the long tails (see the dashed areas embedded in low frequency regions of the spectra in Figure 4.3a and b) which ranges from ~250 to 480 cm-1 decrease as the magnesia/silica and calcia/silica ratios increase. However, the overall intensity reduction appears to be larger for CaO glass series than for the MgO glass series over the composition range studied. Stretching of Si-O bonds in five, six member and larger rings give rise to the long tail between ~250 and 480 cm-1 in silicate glasses, and this continuous intensity reduction can be potentially ascribed to a reduction in number of high-membered rings in the network (Le Losq et al. 2014). 
The molecular dynamic simulations of Pedone et al. 2008 indicate the existence of up to 18 membered rings in silicate network. And as Bunker (1994) reported, determination of the actual abundance of different membered rings is difficult since the characteristic frequency ranges of Gaussian bands to be fitted for every single high membered ring have not been fully reported in the literature. Therefore, deconvolution of low frequency Raman band to calculate proportion of rings of different sizes can give rise to erroneous results. Unlike for v-SiO2, the number of experimental works which investigate ring statistics in binary and ternary silicate glasses is very limited. 
However, molecular dynamic simulation of (100–x)SiO2-xNa2O (x = 0, 4, 9 and 20; mol %) shows that addition of soda into v-SiO2 reduces the number of higher membered rings whilst the number of 4, 3 and 2 membered rings remains almost constant (Ito et al. 2012). Similarly, Raman spectra of MgO and CaO glass series suggest that increasing the concentration of modifiers such as calcia and magnesia at the expense of silica potentially decreases the proportion of high-membered rings which can be determined from the decreasing intensities of the long-tail of Raman low frequency bands (see Figure 4.3). In addition, 3 membered rings give rise to a small shoulder near 590 cm-1 (Le Losq and Neuville, 2013), but this shoulder is not observed in this frequency region of the Raman spectra of MgO and CaO glass series, and therefore it can be concluded that potential formation of 3 membered rings due to magnesia/silica or calcia/silica substitutions might not be significant. Also these experimentally obtained qualitative findings are in good agreement with the molecular dynamic simulation of Pedone et al. 2008 in which they found that replacing 10 mol% silica by 10 mol% calcia or 10 mol % magnesia in 85SiO2-15Na2O glass (mol%) decreases the number of high-membered rings, but the reduction is greater for calcia containing (75SiO2-15Na2O-10CaO) soda-lime-silica glass.






a) 
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[bookmark: _Toc453771034]Figure 4.3.Raman spectra of the MgO and CaO glass series. a) MgO; b) CaO glass series.
In the medium frequency region, a single band which was centred between 790 and 780 cm-1 is observed in the MgO and CaO glass series (see Figure 4.3a and b). This band is significantly smaller than other bands which are positioned in other frequency regions. Relative band intensity tends to decrease as magnesia/silica and calcia/silica molar ratios are increased. However, band shift due to compositional modifications is not as marked as in the LFB (see Figure 4.4a and b). Although this band is generally linked to the stretching motion of Si-O bonds against surrounding oxygens in the Si-O-Si plane (see Figure 3.3 in Chapter 3) (McMillan, 1984b), it is difficult to obtain accurate information from this spectral region due to concurrent effects of different structural activities (Kalampounias, Yannopoulos and Papatheodorou, 2006). 
a)
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Figure 4.4. Spectral details versus the magnesia and calcia fractions for MgO and CaO glass series. a) Peak position of Raman low frequency band; b) Peak position of Raman medium frequency band; c) Peak position of Raman high frequency band; d) Raman polymerisation index (Continued on next page)
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Figure 4.4. Spectral details versus the magnesia and calcia fractions for MgO and CaO glass series. a) Peak position of Raman low frequency band; b) Peak position of Raman medium frequency band; c) Peak position of Raman high frequency band; d) Raman polymerisation index (Continued on next page)
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[bookmark: _Toc453771035]Figure 4.4.Spectral details versus the magnesia and calcia fractions for MgO and CaO glass series. a) Peak position of Raman low frequency band; b) Peak position of Raman medium frequency band; c) Peak position of Raman high frequency band; d) Raman polymerisation index
The addition of magnesia and calcia at the expense of silica results in substantial changes in the high frequency region. Stepwise substitution of either magnesia or calcia for silica results in a gradual increase of relative intensity of shoulder which is positioned on the left hand side of the main single band (see the dashed areas embedded in the high frequency region in Figure 4.3a and b). The feature (see the small shoulder on lines S) in Figure 4.3a and b that is located at 990 cm-1 is reported to be related to dissolved sulphur (Tsujimura et al. 2004) which is believed to originate from the sodium sulphate (Na2SO4) used for fining, although no sulphur was detected in most of the XRF test results for the glasses produced here. However, sodium sulphate was not added to the 7MgO batch, and this shoulder did not appear in the spectra of 7MgO supporting the assignment of this band to dissolved sulphur. In depolymerized silicate glasses, the higher frequency band is associated with symmetric Si-O stretching of Q4, Q3, Q2, Q1 and Q0 species which respectively give rise to bands at ~1200 cm–1, ~1060 cm–1 (Q4); ~1100 cm–1, 1050 cm–1(Q3); 1000 cm–1, 950 cm–1 (Q2); 900 cm–1 (Q1) and 850 cm–1, (Q0) (Furukawa et al. 1981; McMillan, 1984a ; McMillan, 1989). 
MgO and CaO glass series both contain a constant amount of alumina (~1.5 mol%) which can be expected to behave as a network former, as there is sufficient soda present to provide the necessary charge balance. Independent quantification of Q4(Si) and Q4(Al)  species in this spectral range is complex (Le Losq et al. 2013) and has not been undertaken here. In contrast to the LFB, the HFB does not exhibit a significant wavenumber shift due to compositional changes (see Figure 4.4c), and this is in line with the calculation of Furukawa et al. (1981) in which he showed that frequency of HFB is nearly invariant with Si-O-Si bond angle. 
The calculations show that due to stepwise substitution of either magnesia or calcia for silica the polymerization index (PI) is reduced, where a higher index value refers to higher degree of connectivity. Initially, polymerisation index decreases abruptly up to a molar magnesia or calcia fraction of ~ 0.15 then remains stable before decreasing further. Extend of structural depolymerisation in the structure appears to be very similar for MgO and CaO glass series (see Table C2 in Appendix C and Figure 4.4d). 
[bookmark: _Toc453770763]FTIR absorbance spectroscopy
Unlike Raman spectroscopy, the number of IR absorption studies which investigates structural properties of ternary silicate glasses are relatively limited. Also the high frequency region of the IR spectra of silicate glasses is predominated by strong asymmetric stretching  of [Si-O ] and [Si-O-Si] bonds; however, in the Raman spectra only symmetric [Si-O] stretching bonds gives rise to bands at high frequency region, and therefore interpretation of IR spectra is comparatively more complex than that of a Raman spectra (Taylor, 1990). In binary sodium silicate glasses, due to the increase of non-bridging oxygens, new resolvable bands appear near at 982 and 941 cm-1 in the HFB of FTIR spectra (Ferraro and Manghnani, 1972; Taylor, 1990). 
However, new and visible shoulders due to substitution of either magnesia or calcia for silica were not observed in any of the low, medium and high frequency regions of the FTIR spectra of these glasses; potentially new resolvable band that corresponds to stretching mode of non-bridging oxygens are hidden beneath the strong bands of asymmetric stretching of [Si-O] and [Si-O-Si] bonds. It is therefore assigment of HFB of FTIR spectra of these glasses is difficult, and hence the magnitude of FTIR HFB shift with composition will be used as a basis to assess the degree of polymerisation of glass series.
[image: ]
[bookmark: _Toc453771036]Figure 4.5.FTIR Absorption high frequency band shift versus the magnesia and calcia fractions for the MgO and CaO glass series.
Figure 4.5 indicates that addition of either magnesia or calcia in place of silica markedly shifts the wavenumber of the main HFB to lower frequencies. The manner and magnitude of the wavenumber shift appears to be almost identical for MgO and CaO glass series. Ferraro and Manghnani (1972) reported that incorporation of 45 mol% soda into vitreous silica by stepwise substitutions shifted the high frequency band from 1087 cm-1 to 1040 cm-1 for a 55SiO2·45Na2O glass. The work of Ferraro and Manghnani (1972) indicates that increase of non-bridging oxygens (depolymerisation) as well as the variation in silica concentration of glass can have a significant influence on the FTIR HFB position. The shift of the main FTIR HFB of MgO and CaO glass series toward lower wavenumbers with decreasing Raman polymerisation index and silica concentration appears to be in line with the work of Ferraro and Manghnani (1972). However, intermediate and low frequency bands do not shift noticeably due to compositional modifications. 
[bookmark: _Toc453770764]29 Si NMR spectroscopy
29Si NMR spectroscopy can be used to investigate the structure of the silicate glasses. In 29Si NMR spectroscopy, [-60 to -80], [-65 to - 85], [-75 to - 95], [-90 to - 100] and [-105 to - 120] ppm chemical shift (σ) intervals can be attributed to Q0, Q1, Q2, Q3 and Q4 species, respectively (Dupree et al. 1984; Maekawa et al. 1991). Figure 4.6a and b shows that only Q4 and Q3 species are present in MgO and CaO glass series, because the shoulder of Q2, Q1 and Q0 species at their corresponding chemical shifts were not obtained in all MgO and CaO glass series.
For both glass series, the intensity of the resolvable Q4 shoulder which is at ~105 ppm constantly decreases as either the magnesia/silica or calcia/silica ratio increases (see Figure 4.6a, b and c). Although the structural changes are very similar in both cases, at low magnesia contents the MgO glass series seem to be slightly more polymerised than the equivalent CaO glass series and vice versa for the high MgO content glass series.
Distribution of Q4 and Q3 species in the MgO and CaO glass series is also consistent with the work of Jones et al. (2001) and Deriano et al. (2004). It is also reported that gradual addition of calcia in the SiO2-Na2O glass reduces amount of Q4 species whilst the content of Q3 species increases (Jones et al. 2001). Similarly, Deriano et al. 2004 showed that substitution of magnesia for silica lowers the amount of Q4 species (and the amount of Q3 species correspondingly) increases in magnesium sodium silicate glasses. This is also in agreement with Hauret et al. 1994 who, when comparing the imaginary dielectric function of soda-magnesia-silica and soda-lime-silica glasses, found that both magnesia and calcia behaved similarly as network modifiers.
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Figure 4.6. 29Si NMR details of the MgO and CaO glass series. 29Si NMR spectra of a) The MgO; b) The CaO glass series; c) Percentage of Q4 and Q3 species for the selected MgO and CaO glass series d) Chemical shift and e) Connectivity calculated from the measured composition (theoretical) and from the 29Si NMR data (the dashed lines are regression fits to the data for both the MgO and CaO glass series) (Continued on next page)  

c)
[image: ]
d)
[image: ]
Figure 4.6. 29Si NMR details of the MgO and CaO glass series. 29Si NMR spectra of a) The MgO; b) The CaO glass series; c) Percentage of Q4 and Q3 species for the selected MgO and CaO glass series d) Chemical shift and e) Connectivity calculated from the measured composition (theoretical) and from the 29Si NMR data (the dashed lines are regression fits to the data for both the MgO and CaO glass series) (Continued on next page)
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[bookmark: _Toc453771037]Figure 4.6. 29 Si NMR details of the MgO and CaO glass series. 29 Si NMR spectra of a) The MgO; b) The CaO glass series; c) Percentage of Q4 and Q3 species for the selected MgO and CaO glass series d) Chemical shift and e) Connectivity calculated from the measured composition (theoretical) and from the 29Si NMR data (the dashed lines are regression fits to the data for both the MgO and CaO glass series).
Chemical shift of silicate glasses and crystals are sensitive to changes in bond angle and distortion of the symmetric electron-density distribution in the nucleus environment (Magiet et al. 1984); the number of non-bridging oxygen, any neighbouring four-fold coordinated atom and presence of neighbouring paramagnetic cation (Murdoch, Stebbins and Carmichael, 1995) might also play a significant role in chemical shift. It can be seen from Figure 4.6d that the chemical shift of Q3 species in the MgO and CaO glass series considerably moves to more positive chemical shifts [-93.6 to - 91.2] ppm as Q4 species remain at relatively more negative chemical shifts [-105.4 to - 104.0] ppm.
Grimmer (1984) stated that electronegativity, electrostatic bond strength and s character of bonds are intrinsically linked to each other, and it is known that s character can govern electronegativity and electrostatic bond strength of pair of atoms. Similarly, in binary alkali silicate glasses, as field strength of alkali ion increases, the disproportionation reaction tends to shift to right hand side (Maekawa et al. 1991).	
2Qn ↔ Qn-1 + Qn+1  (n=3,2,1) 
The amount of Q4 decreases and chemical shift goes to less negative values in the order of SiO2-Li2O > SiO2-Na2O > SiO2-K2O for the same alkali concentrations (Emerson et al. 1989; Maekawa et al. 1991; Murdoch and Stebbins et al. 1995). 
Electronegativity of Mg is three times larger than Ca (Volf, 1984), but 29Si NMR spectra indicate that chemical shifts of Q4 and Q3 species in the MgO and CaO glass series are almost similar (see Figure 4.6c). 
It can be seen from Figure 4.6e that the connectivity as calculated from the NMR data increases with increasing Raman polymerization index, as does the connectivity calculated from the measured compositions, even though precise numerical agreement between these two approaches is not obtained. However, the overall similarity in trend gives confidence that the Raman polymerization index can indeed be used to assess the network connectivity of the glasses studied here.

























[bookmark: _Toc453770765]4.2.3. Mechanical Properties
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Figure 4.7. Elastic moduli and Poisson’s ratio versus the magnesia and calcia fractions for the MgO and CaO glass series. a) Young’s modulus; b) Bulk modulus; c) Shear modulus; d) Poisson’s ratio (Continued on next page)
c)
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[bookmark: _Toc453771038]Figure 4.7.Elastic moduli and Poisson’s ratio versus the magnesia and calcia fractions for the MgO and CaO glass series. a) Young’s modulus; b) Bulk modulus; c) Shear modulus; d) Poisson’s ratio


The trends seen in Figure 4.7 indicate that elastic properties of the MgO and CaO glass series increase with increasing either magnesia/silica or calcia/silica molar ratios. The nature and magnitude of this increment appears to be almost identical. Young’s modulus of both glass series increases linearly. However, as the (magnesia + calcia)/silica molar ratio reaches ~ 0.21, bulk modulus and Poisson’s ratio of the both glass series level off.
Overall addition of calcia in place of silica increases Young’s modulus by ~ 5.3 %, bulk modulus by ~ % 11, and shear modulus by ~ 3.9 % and finally Poisson’s ratio by ~ 8%. These values are slightly lower for the MgO glass series.
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[bookmark: _Toc453771039]Figure 4.8.Vicker’s hardness versus the magnesia and calcia fractions for the MgO and CaO glass series.
Figure 4.8 indicates that as the magnesia/silica or calcia/silica molar ratio is increased, Vicker’s hardness of the glass series increases. However, when (magnesia + calcia)/ silica molar ratio reaches ~ 0.20, increment in magnitude of hardness slightly decreases with composition.
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[bookmark: _Toc453771040]Figure 4.9.Fracture toughness obtained by different methods for the magnesia and calcia fractions of the MgO and CaO glass series. a) Fracture toughness obtained by SCF method versus 24 hours IFT b) Direct IFT versus 24 hours IFT.

Figure 4.9a indicates that the relationship between 24h indentation fracture toughness (IFT) and fracture toughness measured by surface crack in flexure (SCF) method is effectively random. It would be anticipated that relationship between these two methods would scale linearly, but no clear-cut trend is seen. Deriano et al. (2004) noted a similar discrepancy between IFT and the single-etched notched beam (SENB) fracture technique, and they attributed this inconsistency to overestimation of IFT due to increased densification in high silica content glasses (~79 - 80 mol % SiO2). It should be noted that the largest silica concentrations of the MgO and CaO glass series do not reach the level seen in the glasses studied by Deriano et al. 7MgO and 14CaO glasses contain ~74 mol % SiO2, and this is the highest silicon dioxide concentration present in both glass series. 6MgO and 13CaO glasses comprise ~73 mol% SiO2, and this amount can also be considered as relatively high silicon dioxide concentration in MgO and CaO glass series. Unlike high-silicon dioxide containing MgO glass series (7MgO and 6MgO glasses), relatively high indentation fracture toughness are observed only in high-silicon dioxide containing CaO glass series (14CaO and 13CaO glasses) (see Figure 4.9a). Therefore, it is difficult to conclude that the comparatively high silica content in silicate glasses always lead to overestimation in fracture toughness. Further to this, abrupt variations can be observed in 24h IFT of glass series - particularly in the MgO series glasses. The magnitude of variation can reach up to ± 0.13 MN m-3/2 within a narrow range (see Table C4 in Appendix C).
Figure 4.9b shows relationship between 24h and direct IFT of the MgO and CaO glass series. The MgO glass series (which constitutes the majority of the data points) exhibits large discrepancies in fracture toughness between the by two different techniques. However, the level of discrepancy in the CaO glass series is not as high as observed in the MgO glass series, and therefore significant numbers of fractures toughness data points of the CaO glass series fall on the linear line in Figure 9b. 
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Figure 4.10. Mechanical properties versus the magnesia and calcia fractions for MgO and CaO glass series a) Fracture toughness measured by surface crack in flexure method for a) magnesia; and for b) calcia; c) effective surface energy; d) brittleness (Continued on next page)
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[bookmark: _Toc453771041]Figure 4.10.Mechanical properties versus the magnesia and calcia fractions for MgO and CaO glass series a) Fracture toughness measured by surface crack in flexure method for a) magnesia; and for b) calcia; c) effective surface energy; d) brittleness.


Fracture toughness measured by SCF method, effective surface energy and brittleness versus composition is given are Figure 4.10, and indicates that addition of calcia in place of silica increases fracture toughness and effective surface energy whilst it reduces brittleness of glass series. 
Addition of magnesia at the expense of silica is similar in that it increases fracture toughness and effective surface energy as it reduces brittleness of glass series.



[bookmark: _Toc453770766]4.3. Part B 
In this section, experimentally obtained mechanical and structural properties of CaO-MgO glass series are reported. 12CaO/1MgO, 10CaO/3MgO, 8CaO/5MgO, 6CaO/7MgO, 4CaO/9MgO and 2CaO/11MgO glasses were produced from batched compositions of 72SiO2·13.5Na2O·(13–z)CaO·(z)MgO·1.5Al2O3 (mol %) for the values of  z = 1, 3, 5, 7, 9 and 11, respectively.
[bookmark: _Toc453770767]4.3.1. Physical and chemical properties 
[bookmark: _Toc453770768]Chemical properties 
[bookmark: _Toc453575890][bookmark: _Toc453576654][bookmark: _Toc453770769]The analysed glass compositions are given in Table 4.2. Although generally good agreement between the batched and measured values is obtained, there are small systematic differences. In some glasses, soda and alumina values tend to be slightly lower than batched, and this may be caused by soda volatilisation and dusting of the fine aluminium hydroxide powder during high temperature melting. Overall, all of the glasses were deemed to be close enough to the batched composition to be used in the rest of the study.
[bookmark: _Toc453771104]Table 4.2.Analysed glass compositions (mol %); XRF data normalised to give 100 mol%. Batched compositions were 72SiO2·13.5Na2O·(13–z)CaO·(z)MgO·1.5Al2O3 (mol %) where z = 1, 3, 5, 7, 9 and 11. Bracketed numbers are the molar batched quantities.
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[bookmark: _Toc453770770]Physical properties 
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[bookmark: _Toc453771042]Figure 4.11.Density versus the calcia fraction of the total alkaline earth oxide content for the CaO-MgO glass series.
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[bookmark: _Toc453771043]Figure 4.12.Glass transition temperature versus the calcia fraction of the total alkaline earth oxide content for the CaO-MgO glass series.

Density of the CaO-MgO glass series increases linearly due to replacement of magnesia by calcia (see Figure 4.11). However, the glass transition temperature of these glass series exhibits a non-linear trend; initial additions of calcia in place of magnesia reduce the glass transition temperature and reaches a minimum, where the molar concentration of magnesia is nearly balanced with calcia (see Figure 4.12). And afterwards, the glass transition temperature increases again with further substitution of calcia for magnesia.
[bookmark: _Toc453770771]4.3.2. Structural properties 
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[bookmark: _Toc453771044]Figure 4.13.Raman spectra of the CaO-MgO glass series.
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[bookmark: _Toc453771045]Figure 4.14.Raman polymerisation index versus the calcia fraction of the total alkaline earth oxide content for the CaO-MgO glass series.
According to Figure 4.14, initial addition of calcia in place of magnesia increases the polymerisation index, but further additions of calcia then decrease the polymerisation index of the glass series. This indicates that magnesia-rich soda-lime-silica glasses exhibit a higher degree of connectivity than that of calcia-rich ones. The total reduction is around 20 % between the glasses which possess the highest and lowest polymerisation index values. The dashed areas in Figure 4.13 indicate noticeable structural alterations in the glass network as a result of increase in concentration of calcia; two distinct small shoulders are present in the high frequency region, the shoulder of which is shown by line S at ~ 990 cm-1 and which again can be attributed to the presence of sulphur, most likely released by decomposition of sodium sulphate. Another small but noticeable shoulder which is positioned at a slightly lower wavenumber is observed on spectra of 10Ca/3Mg and 12Ca/1Mg glasses. This indicates that the increase of non-bridging oxygen concentration becomes noticeable for calcium rich glasses. In addition to these, the Raman HFB slightly shifts down and remains constant (see Figure 4.15c), and the MFB shift (see Figure 4.15b) almost remains constant as the calcia content increases; therefore, it seems that HFB and MFB band shifts are not very sensitive to structural changes.
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Figure 4.15. Spectral details versus the calcia fraction of the total alkaline earth oxide content for the CaO-MgO glass series; Raman shifts of a) low frequency b) middle frequency and c) high frequency; d) FTIR high frequency band shift (Continued on next page)
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[bookmark: _Toc453771046]Figure 4.15.Spectral details versus the calcia fraction of the total alkaline earth oxide content for the CaO-MgO glass series; Raman shifts of a) low frequency b) middle frequency and c) high frequency; d) FTIR high frequency band shift.


However, the low frequency region appears to be sensitive to glass composition as well as to structural variations. As mentioned in Part A of this chapter, the centre of the Raman LFB band may also vary due to the silica content. However, the silica content of these glass series remained almost constant, (see Table 4.2) and therefore the effect of silica concentration on wavenumber shift can be ignored. This indicates that the LFB most likely shifts towards higher frequencies as a result of network depolymerisation (see Figure 4.15a). FTIR HFBs of CaO-MgO glass series do not vary significantly over all the composition range studied at fixed silica content, whereas significant band shifts were observed in the MgO and CaO glass series in which silica contents are varied (see Figure 4.5 in Part A). All these indicate that the band shift of FTIR HFB is sensitive to silica content in this glass series.
Addition of calcia at the expense of magnesia gives rise to a decrease in intensity of the long tail of Raman LFB (see dashed area in low frequency region in Figure 4.13), and this change can again be attributed to a potential reduction in the number of larger membered rings due to the increase of calcia concentration. As stated previously, a small but noticeable shoulder near 590 cm-1 (which is attributed to presence of 3 membered rings) is not observed in the Raman spectra of the CaO-MgO glass series - and this suggests that formation of significant amount of 3 membered rings is not observed over all the composition range studied. Additionally, these findings are in line with the molecular dynamic simulation of Pedone et al. (2008) in which they found that calcia rich soda-lime-silica glasses (75SiO2-15Na2O-10CaO) contain a lower amount of high-membered rings than magnesia rich glasses (75SiO2-15Na2O-10MgO).
[bookmark: _Toc453770772]4.3.3. Mechanical properties 
Variation of Young’s, bulk and shear modulus - and of Poisson’s ratio - versus the calcia fraction of the CaO-MgO glass series are given in Figure 4.16. As magnesia is replaced with calcia, Young’s modulus of glass series increases linearly (see Figure 4.16a), and the slope of this trend slightly decreases when the molar ratio of magnesia is almost balanced with calcia. 
Due to a large cumulative error, it is difficult to assess whether there is a significant increase in bulk modulus (see Figure 4.16b), but it seems that bulk modulus slightly increases with increasing calcia content. A visible increase can be seen in the shear modulus with increasing calcia content (see Figure 4.16c); however, this increase levels off when molar contents of calcia and magnesia are nearly equal to each other. Poisson’s ratio of this glass series reaches a small minimum at equimolar calcia and magnesia contents (see Figure 4.16d) and afterwards increases with increasing calcia content.
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Figure 4.16. Elastic moduli and Poisson’s ratio versus the calcia fraction of the total alkaline earth oxide content for the CaO-MgO glass series; a) Young’s modulus; b) Bulk modulus; c) Shear modulus; d) Poisson’s ratio (Continued on next page)
c)
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[bookmark: _Toc453771047]Figure 4.16.Elastic moduli and Poisson’s ratio versus the calcia fraction of the total alkaline earth oxide content for the CaO-MgO glass series; a) Young’s modulus; b) Bulk modulus; c) Shear modulus; d) Poisson’s ratio.
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Figure 4.17. Mechanical properties versus the calcia fraction of the total alkaline earth oxide content for the CaO-MgO glass series; a) Vicker’s hardness; b) Fracture toughness; c) Brittleness and d) Surface energy (Continued on next page)
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[bookmark: _Toc453771048]Figure 4.17. Mechanical properties versus the calcia fraction of the total alkaline earth oxide content for the CaO-MgO glass series; a) Vicker’s hardness; b) Fracture toughness; c) Brittleness and d) Surface energy.

Vicker’s hardness, fracture toughness (measured by SCF method), brittleness and surface energy of glass series versus the calcia fraction of the CaO-MgO glass series are given in Figure 4.17. Vicker’s hardness of the glass series exhibits a linear increasing trend with increasing calcia content with a small maximum at a molar calcia fraction of ~ 0.8 (see Figure 4.17a). 
Replacement of magnesia with calcia did not affect fracture toughness of glass series up to equimolar calcia and magnesia fractions; however, further substitution slightly increased the fracture toughness of the glass series (see Figure 4.17b). In general, fracture toughness obtained by pre-cracks introduced by either 2 or 5 kg did not result in significant discrepancy except for data points at a molar calcia fraction of ~ 0.63. However, this very large fracture toughness value is a single data point and thus is thought to be a rogue value. 
Brittleness of glass series tends to remain constant up to a calcia fraction of 0.5 exhibiting a small maximum at this value and afterwards decreasing; magnesia and calcia rich end member glasses show similar brittleness (see Figure 4.17c). A similar non-linear trend is also observed for effective surface energy of the glass series, and initial addition of calcia reduces effective surface energy of the glass series up to a calcia fraction value of 0.5 and reaches a minimum at this point and increases again with further replacement of calcia for magnesia (see Figure 4.17d).




[bookmark: _Toc453770773]4.4. Part C 
In this section, experimentally obtained mechanical and structural properties of Al2O3 glass series are reported. 0Al2O3, 0.5Al2O3, 1.5Al2O3, 2.5Al2O3, 3.5Al2O3 and 4.5Al2O3 glasses were produced from batched compositions of (75–2w)SiO2·(12+w)Na2O· 10CaO·3MgO·wAl2O3 (mol %) for the values of w = 0, 0.5, 1.5, 2.5, 3.5 and 4.5, respectively.
[bookmark: _Toc453770774]4.4.1. Physical and chemical measurements
[bookmark: _Toc453770775]Chemical properties
The analysed glass compositions are given in Table 4.3. Although generally good agreement between the batched and measured values is obtained, there are small systematic differences. In some glasses, the soda and alumina values tend to be slightly lower than batched. This minor difference between the measured and batched soda and alumina is also observed in the CaO-MgO glass series. As noted previously, this may be caused by soda volatilisation and dusting of the fine aluminium hydroxide powder during high temperature melting. Overall, all of the glasses were deemed to be close enough to the batched composition to be used in the rest of the study.
[bookmark: _Toc453771105]Table 4.3.Analysed glass compositions (mol %); XRF data normalised to give 100 mol%. Batched compositions were (75 – 2w) SiO2·(12 + w) Na2O·10CaO·3MgO·wAl2O3 (mol%) where w = 0, 0.5, 1.5, 2.5, 3.5 and 4.5. Bracketed numbers are molar batched quantities.
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[bookmark: _Toc453770776]Physical properties
The analysed glass compositions of the Al2O3 glass series shown in Table 4.3 indicate that all the aluminium should be tetrahedrally coordinated in all glass series since sufficient sodium is present to charge compensate aluminium. Hence, the total number of tetrahedra [SiO4 +AlO4] should remain nearly constant, although silica is partially replaced by soda in the glass series. In order to compare the role of alumina with silica, experimental findings in this section are interpreted as a function of tetrahedrally coordinated alumina as a fraction of total alumina and silica tetrahedra.
Density of the glass series increases linearly as alumina / (alumina + silica) molar ratio is increased (see Figure 4.18). Additionally, glass transition temperature of the Al2O3 glass series increases initially up to a molar alumina fraction of ~ 0.02 and then remains fairly stable with increasing alumina content (see Figure 4.19).
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[bookmark: _Toc453771049]Figure 4.18.Density versus the alumina as a fraction of total alumina and silica for the Al2O3 glass series.
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[bookmark: _Toc453771050]Figure 4.19.Glass transition temperature versus the alumina as a fraction of total alumina and silica for the Al2O3 glass series.
[bookmark: _Toc453770777]4.4.2. Structural properties 
Day and Redone (1962) studied the coordination number of Al in aluminosilicate glasses (at 75 mol% silica) in which Al/Na ratio varies between 0.6 and 1.86 and found that coordination number of aluminium is four within the glasses, where the Al/Na ratio is equal or smaller than 1. However, Brawer and White (1976) reported that equimolar increase of soda and alumina contents at the expense of silica in (1+x) Na2O·xAl2O3·(2–2x) SiO2 (x=0.1 and 0.2, mol %) gives rise to increase in the intensity of the peak at 950 cm-1 in the Raman spectra, and they concluded that some of the aluminium is present in six-fold coordination in these glasses. Figure 4.20a indicates that initial increase in aluminium proportion slightly increases polymerisation index, and further increase of alumina and total soda fractions sharply reduces polymerisation index and after which it slightly decreases. 
Theoretical connectivity of Al2O3 glass series was calculated by using the Equation 2.29 given in Literature Review Chapter, and Figure 4.20b also shows that the calculated connectivity of Al2O3 glass series in which Al is considered as a network former (AlIV) is not in line with Raman polymerisation index values, because the theoretical connectivity remains nearly constant over the composition range studied, as the Raman polymerisation index reduces by ~ % 15. It can be concluded that not all Al cations behave as network formers, and some of the Al can act as a network modifier (six-fold coordinated AlVI) in this glass series. Hence, some of the excess Na cations should not participate for tetrahedral coordination of Al cations, and therefore some of the excess sodium cations can act as a network modifier. All these factors can give rise to the observed reduction in polymerisation index with increasing Al2O3 content in this glass series.
Structural changes as a function of composition are also highlighted by dashed areas in the high frequency region in Figure 4.21. The dashed area shows that the number of bridging oxygens decreases as the relative abundance of alumina and soda are increased. This can be evidenced by broadening of the shoulder which is positioned on the left hand side of the line S.
The line marked S is drawn to highlight the small band at 990 cm-1 which occurs due to presence of dissolved sulphur. Le Losq et al. (2014) reported that when alumina content reaches 6 mol%, a new small shoulder appears at ~ 600 cm-1 in the Raman spectrum of soda-lime-silica glass. However, Figure 4.21 shows that addition of alumina up to 3.55 mol% does not give rise to any small shoulders in the low frequency region. Moreover, the intensity of the long tail of the LFB which is highlighted with dashed area tends to decrease slightly whilst the alumina/ (alumina + silica) ratio and total soda fraction increase. As was stated previously, this may result from a potential reduction in the abundance of five, six and larger membered rings in the glasses.
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[bookmark: _Toc453771051]Figure 4.20.Polymerisation index data of the Al2O3 glass series. a) Raman polymerisation index versus alumina as a fraction of total alumina and silica in the Al2O3 glass series; b) Theoretical connectivity versus Raman polymerisation index.
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[bookmark: _Toc453771052]Figure 4.21.Raman spectra of the Al2O3 glass series.
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Figure 4.22. Spectral details versus the alumina as a fraction of total alumina and silica. a) Raman low frequency band shift; b) Raman middle frequency band shift; c) Raman high frequency band shift; d) FTIR high frequency band shift; e) FTIR spectra of Al2O3 glass series (Continued on next page)
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Figure 4.22. Spectral details versus the alumina as a fraction of total alumina and silica. a) Raman low frequency band shift; b) Raman middle frequency band shift; c) Raman high frequency band shift; d) FTIR high frequency band shift; e) FTIR spectra of Al2O3 glass series (Continued on next page)
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[bookmark: _Toc453771053]Figure 4.22.Spectral details versus the alumina as a fraction of total alumina and silica. a) Raman low frequency band shift; b) Raman middle frequency band shift; c) Raman high frequency band shift; d) FTIR high frequency band shift; e) FTIR spectra of Al2O3 glass series.
According to Figure 4.22a, a significant band shift occurs in Raman LFB; an increase in the alumina/ (alumina + silica) ratio and total soda content shifts the centre of the Raman LFB towards to higher frequencies as is glass series progressively depolymerises. However, Raman MFB and HFB do not exhibit marked frequency shift with composition. A noticeable  shift of the main high frequency band can also be observed in the FTIR spectra of the Al2O3 glass series, and the centre of the HFB shifts to lower frequencies with increasing alumina/(alumina + silica) ratio and total soda content. However, new resolvable bands which are attributed to the increase of non-bridging oxygens normally appearing near 982 and 941 cm-1 in the FTIR HFB were not observed in the spectra of this Al2O3 glass series. As noted previously, FTIR band shift could be attributed to either depolymerisation or reduction in silica concentration. For instance, (see Figure 4.5), a band shift to lower frequencies is observed whilst total silica concentration and connectivity are reduced simultaneously in the MgO and CaO glass series. In contrast, frequency of FTIR high frequency bands of CaO-MgO glass series remains nearly constant at fixed silica content, although the polymerisation index reduces (see Figure 4.15d); these all indicate that silica concentration is a dominant parameter for band a FTIR HFB shift. And therefore, FTIR HFB shift of Al2O3 glass series may result also from a reduction in silica concentration.
[bookmark: _Toc453770778]4.4.3. Mechanical properties 
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Figure 4.23. Elastic modulus and Poisson’s ratio versus the alumina as a fraction of total alumina and silica in the Al2O3 glass series. a) Young’s modulus; b) Bulk modulus; c) Shear modulus; d) Poisson’s ratio (Continued on next page)
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[bookmark: _Toc453771054]Figure 4.23.Elastic modulus and Poisson’s ratio versus the alumina as a fraction of total alumina and silica in the Al2O3 glass series. a) Young’s modulus; b) Bulk modulus; c) Shear modulus; d) Poisson’s ratio

Figure 4.23 shows variation of elastic moduli and Poisson’s ratio with alumina fraction of the glass series. The initial increase of alumina and soda fraction slightly increases moduli which then remain stable. Additionally, Poisson’s ratio slightly decreases initially before increasing again. However, the change of elastic properties with increasing alumina and soda fractions is limited.
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Figure 4.24. Mechanical properties versus the alumina as a fraction of total alumina and silica. a) Vicker’s hardness; b) Fracture toughness; c) Brittleness; d) Surface energy (Continued on next page)
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[bookmark: _Toc453771055]Figure 4.24.Mechanical properties versus the alumina as a fraction of total alumina and silica. a) Vicker’s hardness; b) Fracture toughness; c) Brittleness; d) Surface energy.



Figure 4.24a indicates that the hardness of the Al2O3 glass series initially increases up to an alumina fraction of ~ 0.02 and then remains stable with increasing alumina content. However, fracture toughness of the glass series reaches a small minimum at an alumina fraction of ~ 0.02 and then increases again (see Fig. 4.24b). Brittleness and effective surface energy exhibit a non-linear variation with increasing fraction of alumina and soda concentration; Figure 4.24c indicates that brittleness reaches a maximum at an alumina fraction of ~ 0.02 and then decreases. Furthermore, Figure 4.24d shows that a larger effective surface energy is obtained for the glasses that exhibit lower brittleness and higher fracture toughness values.


[bookmark: _Toc453770779]- Discussion
In this chapter, mechanical properties of produced MgO, CaO, CaO-MgO and Al2O3 glass series are discussed in terms of their structural and physical properties. And also mechanical properties of relevant soda-lime-silica glasses were taken from the literature and used for comparison in the discussion.
[bookmark: _Toc453770780]5.1. Relationship between fracture toughness and composition
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[bookmark: _Toc453771056]Figure 5.1.Fracture toughness versus the magnesia fraction of the total alkaline earth oxide content for the various glass series.
Figure 5.1 indicates that initial addition of magnesia in place of calcia increases fracture toughness of soda-lime-silica glasses up to a molar magnesia / (magnesia + calcia) ratio of ~ 0.2, and further addition of magnesia reduces fracture toughness of soda-lime-silica glasses. Except for v-SiO2, the total alkaline earth oxide content (magnesia + calcia) of all these glasses varies between nearly 5 and 17 mol%. This range is significantly large for soda-lime-silica glass compositions, and therefore it would be anticipated that alkaline earth oxides might play a significant role in determining the mechanical properties of soda-lime-silica glasses over this compositional range. 

The largest fracture toughness values are obtained for glasses containing the largest alkaline earth oxide contents, and the total alkaline earth oxide content generally varies between ~14 and 17 mol% for these glasses. Glasses which contain less than ~11 mol% alkaline earth oxides tend to have lower fracture toughness values and are located on the left hand side of the indicated region of high alkaline earth containing glasses. However, addition of large amounts of alkaline earth oxides does not always give rise to high fracture toughness unless the majority of the alkaline earth content is calcia (lime). Therefore, the fracture toughness of glasses decreases as the content of magnesia increases. According to Figure 5.1, the largest fracture toughness values are obtained for calcia rich glasses of the CaO series and those of Sellappan et al. 2013 glass series, albeit their silica and soda contents differ from each other. And concentration (mol %) of silica, soda, calcia, magnesia and alumina ranges from [70.71 to 73.91], [10.92 to 12.3], [10.45 to 13.0], [1.77 to 5.96] and [0.41 to 0.49], respectively in the glass composition of Sellappan et al.2013.
CaO-MgO glass series exhibits some of the lowest fracture toughness values of all the glass series studied. Total alkaline earth content of the CaO-MgO glass series was fixed at ~ 13 mol%, and this amount is less than that of the glasses which exhibit high fracture toughness values. Additionally, large variations in fracture toughness were not observed - even though large calcia/magnesia substitutions were undertaken. 
In contrast to this, Al2O3 glass series were produced within a narrow range of soda-lime-silica glass composition at fixed total alkaline earth content (~ 13 mol %), and relatively large changes were observed in fracture toughness of Al2O3 glass series. The alumina free glass (0Al2O3) glass also contains the lowest soda content of all produced glasses and exhibits one of the highest fracture toughness values in all produced and literature glasses. AlO4 exhibits the largest bond strength (131 kJ/cm3) of all glass ingredients, where, Na /Al ≥ 1. Presumably, removal of AlO4 structural units from the silicate glass framework reduces the stiffness of the silicate backbone - and this can promote structural rearrangement which may dissipate applied stress. Hence, non - alumina containing silicate glasses can exhibit larger fracture toughness values.
No significant increase in fracture toughness values of CaO-MgO glass series was observed due to substitution of calcia for magnesia over a wide range of compositions, and therefore it appears that substitution of one alkaline earth oxide for another does not lead to significant changes in fracture toughness. Figure 5.1 also indicates that the addition of magnesia in place of silica increases fracture toughness, but the magnitude of that increase is not very large. However, substitution of calcia for silica significantly increases the fracture toughness of that glass series. Moreover, substitution of one network former for another can cause significant changes in fracture toughness (as observed in the Al2O3 glass series) and fracture toughness can be increased significantly - even replacing alumina with silica within a narrow compositional range. All these show that substitution of calcia or alumina for silica causes significant changes in fracture toughness.
[bookmark: _Toc453770781]5.2. Degree of connectivity and fracture toughness
Degree of connectivity is another important parameter, with large variations were observed in the polymerisation index of the glasses. However, no significant correlation was found between fracture toughness and polymerisation index for any of the different glass series investigated in this work. According to 29Si NMR results for the MgO and CaO glass series, abundance of Q4 and Q3 species are nearly the same for equimolar calcia and magnesia containing glasses, whereas calcia rich soda-lime-silica glasses exhibit higher fracture toughness values with increasing depolymerisation. Fracture toughness of glasses also slightly increases with increasing calcia/magnesia ratios in the CaO-MgO glass series, and it was found that Mg behaved as an intermediate oxide in the CaO-MgO glass series, whereas increasing calcia content depolymerises the glass. The glass which does not contain alumina has one of the highest polymerisation indices and fracture toughness values for the glasses in that glass series. All these suggest that there are no universal trends between fracture toughness and polymerisation index of silicate glasses.
[bookmark: _Toc453770782]5.3. Variation of fracture toughness and brittleness with molar volume
The effect of molar volume on fracture toughness was discussed by Sehgal and Ito (1998). They proposed that glasses which have larger molar volume can deform easily, and therefore their fracture toughness is increased whilst brittleness is reduced. As we discussed previously, the highest fracture toughness values are obtained for calcia-rich high-alkaline-earth oxide  and non-alumina-containing soda-lime-silica glasses; and molar volumes of these glasses range between 23.5 - 24.1 cm3 mol-1 which is noticeably less than the molar volumes of glasses which exhibit low fracture toughness [24.1 to 24.6 cm3 mol-1] (see Table C13 in Appendix C). However, one early example of a low brittleness glass was reported by Sehgal and Ito (1999), the molar volume and fracture toughness of this soda-lime-silica glass (80SiO2·15Na2O·5CaO - mol %) being 24.94 cm3 mol-1 and 0.90 ±0.02 MN m-3/2, respectively. In general, 80 mol% is a very high silica concentration in soda-lime-silica glass compositions; - and a high content of silica (which is a network former) increases fractional free volume and molar volume of glasses. However, silica content of the produced glasses, whose fracture toughness were assessed, reaches a maximum value of ~ 74 mol% in the MgO and CaO glass series. Unlike this less-brittle glass, higher silica content produced and literature glasses did not exhibit high fracture toughness values when this parameter was measured by means of SENB and SCF experiments.
As noted earlier, Deriano et al. (2004) reported overestimation of indentation fracture toughness in high silica containing glasses where the network has large voids (that can promote flow densification process) which expend contact loading energy - and hence impede crack propagation. Therefore, the higher fracture toughness of the glasses of Sehgal and Ito (1998) may be attributed to an overestimation of fracture toughness due to the test method used - rather than to a larger molar volume. According to Figure 5.1, glasses that remain in the calcia rich region exhibit some of the highest fracture toughness values, although they have relatively lower molar volumes (see Table C13 in Appendix C) - and therefore molar volume cannot be used as a unique parameter to predict the fracture toughness of silicate glasses.
[bookmark: _Toc453770783]5.4. Evaluation of indentation method for fracture toughness measurement
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[bookmark: _Toc453771057]Figure 5.2.Indentation fracture toughness versus the magnesia fraction of the total alkaline earth oxide content for various glass series.
According to Figure 5.2, indentation fracture toughness of soda-lime-silica glasses apparently increases with increasing magnesia content. Some of the glasses shown in this figure are taken from the earlier study of Hand & Tadjiev (2010), where glasses were produced with various magnesia/calcia ratios at constant silica (75 mol %) and soda (15 mol %) content - and these glasses therefore contain larger amounts of silica and soda with respect to the MgO and CaO glass series studied here. Indentation fracture toughness of the MgO and CaO glass series were measured after 24 hours, and therefore the conditions of toughness measurement for the two studies can be considered to be identical. In general, the results appear to be consistent with each other - and the indentation fracture toughness of the glasses apparently increases for magnesia - rich soda-lime-silica glasses. However, this result contradicts the fracture toughness values which were measured by SCF and SENB tests. As can be seen from Figure 5.1, fracture toughness of soda-lime-silica glass increases with increasing calcia concentration. And this confirms that there is a discrepancy between indentation and bending experiments - as reported previously by Deriano et al. (2004).
However, this inconsistency between indentation and bending methods cannot be attributed to increased silica concentration, since the majority of the glasses shown in Figure 5.2 do not contain large amounts of silica (> 75 mol%) - and this contradiction between the  two methods cannot therefore be explained by flow densification. According to Hand & Tadjiev (2010), fracture toughness of glasses can be increased by higher ionic mobility of cations; therefore, replacement of larger and relatively immobile cations such as Ca with smaller, mobile cations such as Mg can increase plastic deformation under indentation - and may consequently give rise to higher indentation toughness. This statement might be true, particularly for the indentation method, where a glass may be significantly displaced due to sharp contact loading and “slip lines” (as suggested by Hagan and Zwaag, 1984) - and this might be more strongly dependent on cation mobility. However, indentation results for fracture toughness of the MgO  and CaO glass series indicate that the fracture toughness can significantly increase or decrease within a narrow range of composition (see Table C4 in Appendix C) - and there is a noticeable inconsistency between fracture toughness values measured by means of direct and 24 hours methods. All of these considerations appear to show that the indentation technique (as currently performed) is not self-consistent method.

[bookmark: _Toc453770784]5.5 Stress-corrosion susceptibility of glass series
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[bookmark: _Toc453771058]Figure 5.3.Magnitude of crack growth due to applied indentation load for a)MgO and b) CaO glass series.



Figure 5.3 shows variations in crack growth length (due to the type of alkaline earth oxide present) at different indentation loads applied at intervals from immediate, up to 24 hours. Here the amount of crack growth () is given by the difference between the crack lengths that were measured at t=0 and t=24 hours. From the figure the crack growth is apparently larger for the magnesia rich MgO glass series, whereas values of calcia rich CaO glass series are smaller. Largest crack growths were observed in 1MgO, 5MgO, 6MgO, and 12CaO, 13CaO and 14CaO glasses in MgO and CaO glass series, respectively. Overall the extent of crack growth is considerably larger for the MgO samples than the CaO ones.
Unlike (immediate), SCF and SENB experiments, indentation fracture toughness or crack size measurements performed over a time span of up to 24 hours may permit stress-corrosion effects to come into play. According to one of the most cited studies by Wiederhorn (1968), crack extension is strongly dependent on applied load and the moisture content of surrounding environment, with increases in moisture increasing crack velocities in soda-lime-silica glass as well as the level of applied load.
All of these observations indicate that magnesia rich soda-lime-silica glasses are more susceptible to such stress-corrosion effects. Although the degree of connectivity in the MgO and CaO glass series (that were formulated by varying magnesia/silica and calcia/silica ratios) are very similar within the range of compositions studied, magnesia rich soda-lime-silica glasses appear to be more susceptible to stress-corrosion. The glasses that have been produced in the UK for immobilisation of high load nuclear waste contain significant amounts of magnesia which enters into the glass (Gin et al. 2013); it has been reported that such magnesia containing nuclear waste glasses exhibit relatively lower durability (Curti et al. 2006; Gin et al. 2013); and this appears to be in line with lower stress-corrosion resistance of the high magnesia containing MgO glass series.
The literature studies that investigate the effect on stress-corrosion of the presence of particular oxides in soda-lime-silica glasses were not found. However, Wiederhorn and Bolz (1970) studied stress-corrosion behaviour of some generic types of glass and found that aluminosilicate and v-SiO2 glasses exhibit better stress-corrosion resistance than soda-lime-silica and borosilicate glasses; they concluded that the presence of sodium in particular impairs the stress-corrosion resistance of glass. However, the soda content of both MgO and CaO glasses in this work is fixed at ~13.5 mol% - and therefore significantly different stress-corrosion behaviours of MgO and CaO glass series cannot simply be attributed to sodium cation concentration. However, Wiederhorn and Bolz (1970) also noted that chemical reactions between water and glass cause and govern stress-corrosion. Bunker (1994) reported stress-corrosion reactions detailed below that might take place in a glass network and break Si-O-(Si, M) bonds. ‘M’ designates the modifier cation.
H2O + Si-O-Si ↔ Si-OH +HO-Si 							 (I)
Si-O-Na+ + H3O+ ↔ Si-OH + Na+ + H2O						(II)
Presumably, reaction of water molecules with Si-O-Si bridges should occur in a similar manner in MgO and CaO glass series. However, reaction II is an ion-exchange reaction and might be more composition dependent - since the type of modifier bonded to oxygen may alter the stress-corrosion behaviour of the glass. Mg and Ca cations can substitute for the Na cation - and can also exchange with H3O+. The atomic radius of eight-fold coordinated Ca and six-fold coordinated Mg are 1.12  and 0.57 Angstrom respectively; and this indicates that the ionic radius of Ca is in practise closer to that of H3O+ ( 1.4 Å). Hence, it can be anticipated that ion-exchange takes place more readily between Ca and H3O+ due to a small difference between their radii. However, it appears that calcia rich glasses are less susceptible to stress-corrosion than magnesia rich ones. And therefore, merely these reactions are not sufficient to explain stress-corrosion of silicate glasses.
[bookmark: _Toc453770785]5.6. Relationship between stress-corrosion and ring statistics
Although the degree of connectivity of MgO and CaO glasses is nearly identical for equimolar magnesia and calcia concentrations, their stress-corrosion susceptibilities significantly differ from each other. Bunker (1994) reported that the ring distribution in silicate glasses can affect diffusion of water in to glass network; for instance, the diameter of the water molecule (0.28 nm) is very close to the pore size of puckered high-membered silica rings (0.24 nm), and therefore water molecules can easily penetrate into glass; however, smaller membered rings with smaller pore sizes block diffusion of water molecules. The stress-corrosion reaction occurs slowly in highly connected v-SiO2, although water molecules do still penetrates into the network.
As reported in Part A of Chapter 4, substitution of magnesia or calcia for silica potentially decreases the number of high-membered rings in MgO and CaO glass series; however, this reduction is expected to be more pronounced in the CaO glass series. Similarly, substitution of calcia for magnesia possibly reduces the number of high-membered silica rings in CaO-MgO glass series. The relatively low stress-corrosion susceptibility of the CaO glass series might be attributed to smaller water diffusion pathways that could be obtained by reducing the number of high-membered rings. 
[bookmark: _Toc453770786]5.7. Effect of stress-corrosion on indentation fracture toughness


As seen in Figure 5.2, indentation fracture toughness of 5MgO, 6MgO and 7MgO drops abruptly, and this might indicate the role of stress-corrosion on indentation fracture toughness of high magnesia content glasses. On the other hand, glasses tested by Hand and Tadjiev (2010) exhibit significantly higher fracture toughness values than those of the MgO and CaO glass series. This considerable difference in magnitude of fracture toughness might be related to the applied indentation load. Hand and Tadjiev used loads that varied between 0.4905 and 9.81 N, and these loads are significantly lower than the loads that were used in this study. As seen from Figure 5.3, up to 9.81 N loads, crack growth rates of MgO and CaO glass series are nearly identical (expect 1MgO glass), and therefore  values are not widely scattered. However,  values of glass series are significantly scattered when the loads exceed 9.81 N.  This indicates that the indentation loads which are less than 9.81 N introduce a lower crack driving force and might minimise stress enhanced corrosion of silicate glasses, and therefore glasses of Hand & Tadjiev might exhibit higher fracture toughness values.
[bookmark: _Toc453770787]5.8. Variation of Young’s modulus, Poisson’s ratio and hardness with packing density, degree of polymerisation and dissociation energy per unit volume
Hardness and Young’s modulus can be affected by common physical parameters (see section 2.4.1 and 2.4.6). As Makishima and Mackenzie (1972) stated, Young’s modulus is a function of packing density and average dissociation energy per unit volume; similarly, according to the data of Yamane and Mackenzie (1974), hardness of glass is a function of bond strength, packing density and Young’s modulus. However, according to Figure 5.4a and b, a linear relationship is observed between the polymerisation index and Young’s moduli or hardness of the produced glass series, although connectivity is not taken into account in these models and fit to data equations. Additionally, calculated average dissociation energies per unit volume vary between 63-66 kJ/cm3 for soda-lime-silica glasses; and 68 kJ/cm3 for v-SiO2 (calculated from Inaba, Fujino and Morinaga, 1999, see Table A2 in Appendix A). For instance, Young’s moduli and other moduli of the CaO glass series increase whilst the average dissociation energy remains constant over all the composition ranges. Similarly, Young’s modulus of v-SiO2 does not reach a maximum; although it has the largest mean dissociation energy in all glass series (see Figure 5.4d). Overall, the effect of average bond strength on elastic moduli is not clear-cut. 

As seen from Figure 5.5, fracture toughness of soda-lime-silica glasses increases with increasing Young’s modulus. Calcia rich high alkaline earth oxide containing glasses such as the CaO and the glass series of Sellappan et al. exhibit one of the highest Young’s modulus values together with higher fracture toughness. On the contrary, glasses with largest silica + soda contents such as the Deriano et al. glass series exhibit the lowest Young’s moduli and fracture toughness values. The CaO-MgO glass series exhibit medium range Young’s moduli and fracture toughness, and values of E and vary in the range of between 70.7 - 3.7 GPa and 0.78 - 0.86 MN m-3/2, respectively. Al2O3 glass series also exhibit one of the largest fracture toughness values that is similar to the observed in CaO glass series; but Young’s moduli of Al2O3 glass series vary within a narrow range.
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Figure 5.4. Various relationships for selected mechanical properties. a) Young’s modulus versus Raman polymerisation index of the produced MgO, CaO, CaO-MgO and Al2O3 glass series b) Vicker’s indentation versus Raman polymerisation index; c) Young’s modulus versus Vicker’s hardness; d) Young’s modulus versus packing density of produced and literature glasses (Continued on next page)
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Figure 5.4. Various relationships for selected mechanical properties. a) Young’s modulus versus Raman polymerisation index of the produced MgO, CaO, CaO-MgO and Al2O3 glass series b) Vicker’s indentation versus Raman polymerisation index; c) Young’s modulus versus Vicker’s hardness; d) Young’s modulus versus packing density of produced and literature glasses (Continued on next page)
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[bookmark: _Toc453771059]Figure 5.4.Various relationships for selected mechanical properties. a) Young’s modulus versus Raman polymerisation index of the produced MgO, CaO, CaO-MgO and Al2O3 glass series b) Vicker’s indentation versus Raman polymerisation index; c) Young’s modulus versus Vicker’s hardness; d) Young’s modulus versus packing density of produced and literature glasses.
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[bookmark: _Toc453771060]Figure 5.5.Fracture toughness versus Young’s modulus of various types of glasses.
Packing densities of the glasses produced in this work (and of literature glasses) were calculated using Equation 2.8 in section 2.4.1. The packing density of soda-lime-silica glasses ranges between 0.48 -0.52 (see Table C13 in Appendix C) and is ~0.45 for v-SiO2. Although the difference between packing densities of soda-lime-silica glasses and v-SiO2 is not very large, a small increment in packing density can cause a large increment in Poisson’s ratio (Rouxel, 2007) which governs the type of material deformation and hence cracking behaviour (Rouxel et al. 2014; Rouxel, 2015). 
According to Figure 5.4d, Young’s modulus tends to scale linearly with packing density for soda-lime-silica glass series. Although packing densities of Deriano et al. glass series (2004) are close to those of other soda-lime-silica glass series, they exhibit relatively lower Young’s moduli. On the other hand, Young’s modulus of v-SiO2 nearly reaches the values seen with the CaO-MgO glass series, although v-SiO2 possesses the lowest packing density. All these suggest that only packing density is not sufficient to explain elastic and mechanical properties of silicate glasses.
 Unlike v-SiO2 and the high silica + soda containing glasses studied by Deriano et al.; the MgO, CaO and Sellappan et al. glass series contain significant amounts of alkaline earth oxides, and these oxides occupy voids in the network, and therefore result in larger packing densities and Young’s moduli. Additionally, Mg and Ca are divalent cations and can bond to two non-bridging oxygens whilst Na which is monovalent cation and bonds to one non-bridging oxygen. Therefore, each Ca or Mg cation can immobilise two non-bridging oxygens via a bridge. This ionic cross-linking of non-bridging oxygens by Ca and Mg cations cannot be determined from polymerisation index calculations since Raman spectroscopy is sensitive to mixed bending and symmetric stretching motions of covalently bonded Si-O-Si bridges and broken Si-O bonds, respectively. Therefore, glasses of the MgO, CaO glass series and Sellappan et al. that contain significant amounts of alkaline earth cations should exhibit larger ionic cross-linking densities, where non-bridging oxygens are partially immobilised via ionic bonding, and this may also contribute to larger Young’s modulus and hardness when comparing these glasses to high soda containing soda-lime-silica glasses.
Substitution of calcia for magnesia increased Young’s modulus by ~ 3GPa over the composition range studied in the CaO-MgO glass series. The hardness of the glasses also increased with the increasing calcia/magnesia ratios. According to Smedskjaer et al. (2010), alkaline earth cations that have smaller ionic radii are more strongly attracted to surrounding structural silicate units, and therefore addition of this type of cation increases stiffness and hardness of silicate glasses. Additionally, effect of field strength might also be observed in Young’s modulus since Figure 5.4c indicates strong linear relationship between hardness and Young’s modulus. Similarly, it would be anticipated that addition of magnesia, which has greater dissociation energy per unit volume and field strength than calcia, would increase Young’s modulus and hardness of CaO-MgO glass series. On the contrary, addition of calcia in place of magnesia increased hardness and Young’s modulus of glass series, and therefore these results are not in line with the statement of Smedskjaer et al. However, according to the model of Pedone et al. (2008), the elastic moduli of glasses in which magnesia/calcia ratio are increased were not affected by greater field strength of Mg; and therefore this simulation also indicates that field strength might not be dominant parameter in determining the elastic and mechanical properties of silicate glasses which is in agreement with our findings.
Packing densities of highest calcia (12Ca/1Mg) and magnesia (11Mg/2Ca) containing glasses are 0.500 and 0.488, respectively in the CaO-MgO glass series; presumably larger Young’s modulus and hardness of the calcia rich glasses could be attributed to increased packing density. 
Smedskjaer and co-workers (2010) also reported that as incorporation of network modifying cations increases the amount of non-bridging oxygens and reduces degree of polymerisation and average bond strength; there will be a decrease in hardness in silicate glasses. However, they also noted that in basaltic and some silicate glasses, hardness can be increased whilst glass depolymerises; and this statement is in line with the observed relationship between hardness and polymerisation index (see Figure 5.4a and b). Smedskjaer and co-workers (2010) also noted that substitution of one larger alkaline earth cation for smaller one can increase hardness of silicate glasses at constant silica and alkali oxide contents. This observation appears to be in agreement with the observed increase of Young’s modulus and hardness for the calcia rich end of CaO-MgO glass series.
[bookmark: _Toc453770788]5.9. Composition dependence of brittleness
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[bookmark: _Toc453771061]Figure 5.6.Variation of brittleness with density of produced and literature glasses (Updated version of brittleness & density plot in Sehgal and Ito (1999) modified by addition of produced and literature glass series data)
Variation of brittleness with elastic moduli and composition does not indicate any significant relationships. According to Figure 5.6, most silicate glasses considered here do not fall on the linear brittleness-density line suggested by Sehgal & Ito. Also shown is a new linear brittleness-density line (AB) which fits better to the data in updated Sehgal & Ito plot, and the value of r2 is 0.5 for this new AB line. As shown in Figure 5.6, brittleness values of the glasses studied here lie between the high and low brittleness silicate glasses. However, brittleness of the glasses which contain less than 1.5 mol % alumina in the Al2O3 glass series have the lowest brittleness values of all the produced glass series. A similar observation was reported by Yoshida (2004) who showed that increasing alumina in place of silica in silicate glasses reduced the crack initiation load or in other words increased brittleness. The MgO, CaO and CaO-MgO glass series have similar brittleness levels, but the alkaline earth oxide rich end of the MgO and CaO glass series also show lower brittleness values. 
Brittleness values of silicate glasses which were taken from the literature varies over a wider range, and the lowest brittleness values are observed for binary sodium, lithium silicate and mixed alkali silicate glasses in all produced and literature glasses. The largest brittleness values were observed for soda-lime-silica glasses.
[bookmark: _Toc453770789]5.10. Variation of fracture toughness with Poisson’s ratio
Poisson’s ratio of glasses has attracted a wide interest recently, and as was reported in the literature review section, brittleness of oxide and non-oxide glasses can be affected by small changes in Poisson’s ratio. Also similar interesting observations were reported for the relationship between fracture energy and Poisson’s ratio of amorphous materials (see section 2.6.4). Rouxel (2007) noted that connectivity and packing density of oxide glasses significantly controls Poisson’s ratio of oxide glasses; and increase of packing density or reducing connectivity increases Poisson’s ratio of glasses. The recent data collection of Rouxel (2007) for different types of glasses also showed that variation of Poisson’s ratio with packing density exhibits a sigmoidal trend; however, the variation of Poisson’s ratio of silicate glasses with packing density falls on the steeply rising part of sigmoidal curve. 
In line with Rouxel (2007), Poisson’s ratio of all the glasses produced in this work increases with increasing packing density and depolymerisation. High alkaline earth containing glasses of MgO, CaO and of Sellappan et al. glass series exhibit one of the largest Poisson’s ratio values, whereas the glasses of Deriano et al. which contain larger contents of silica show lower Poisson’s ratio. Recent works of Sellappan et al. (2013) provides deeper insight into mechanical response of glasses under sharp contact load.
According to Sellappan et al. (2013), resistance to contact damage of glasses can be grouped in to three main ranges: Poisson’s ratio of resilient glasses varies 0.15 ≤ v ≤ 0.20; for semi-resilient 0.20 ≤ v ≤ 0.25; and for easily damaged glasses 0.25 ≤ v ≤ 0.30. The term resilient refers to the capability of a glass to accommodate a sharp indentation without micro-cracking, and the term semi-resilient denotes a glass that does not exhibit micro-cracking up to loads less than ~ 0.3N, and finally easily damaged glasses can easily form radial-median cracks due to sharp contact loading (Sellappan et al. 2013). According to Figure 5.7, v-SiO2 and high silica containing glasses fall into the resilient glass category with their relatively low fracture toughness values. However, the majority of soda-lime-silica glasses which have larger fracture toughness fall into the semi-resilient glass group except for one glass which has a low fracture toughness with a large Poisson’s ratio. It should be borne in mind that resilient glasses tend to exhibit resistance to crack formation by densification (Sellappan et al. 2013, Rouxel, 2014). With further increases in packing density, the response of glasses changes from resilient to semi-resilient as isochoric shear flow becomes the principle deformation type in this type of glasses.
[image: ]
[bookmark: _Toc453771062]Figure 5.7.Variation of fracture toughness with Poisson’s ratio of produced and literature glasses.
The relationship between Poisson’s ratio and crack resistance which is proposed by Sellappan et al. (2013) does not fully explain why fracture toughness of silicate glasses increases as their crack resistance decreases. Or why does v-SiO2 exhibit one of the lowest fracture toughness values whilst it has greater crack formation resistance? 
In general, it would be anticipated that glasses that favour densification and tend to have higher crack resistance capacity should exhibit higher fracture toughness. However, high silica containing CaO and MgO glass series that might more readily densify do not show high bending fracture toughness values, and presumably higher crack resistance capacity may not always lead to higher fracture toughness in silicate glasses.
According to the Griffith-Irwin equation (see Equation 2.23 in section 2.4.5), fracture toughness is a function of Young’s modulus and fracture surface energy of glasses. According to Figure 5.5, fracture toughness of soda-lime-silica glasses increases with increasing Young’s moduli. Although the increments in elastic moduli of MgO and CaO glass series are similar, according to SCFT and SENB experiments; fracture toughness of calcia rich containing soda-lime-silica glasses is greater than that of the equivalent magnesia containing glasses. This should point out the significance of surface energy terms in Griffith-Irwin equation. Wiederhorn (1969) also emphasised the important role of plastic deformation on surface energy of glasses. Increase of plastic deformation can contribute to energy absorption process before failure, and therefore larger plastic deformation may increase fracture toughness of glasses.
[bookmark: _Toc453770790]5.11. Covalency, plastic deformation, ring statistics and fracture toughness
The bending fracture toughness of MgO, CaO glass series tends to increase with decreasing total number of tetrahedra since either magnesia or calcia is replaced for silica. However, in CaO-MgO and Al2O3 glass series, the total number of tetrahedra does not change over the range of compositions studied although their bending fracture toughness vary. Therefore, covalency of glasses should also be considered for assessing the relationship between fracture toughness or brittleness and composition. v-SiO2 does not contain modifier oxides, and therefore non-bridging oxygens are not present and unbroken Si-O-Si bridges provide the greatest covalency with one of the lowest fracture toughness and highest brittleness values.  As was noted earlier, larger fracture toughness and lower brittleness values were observed for alkaline earth oxide rich ends of MgO and CaO glass series. Reducing highly covalent silica (covalency =78 %; Duffy, 2006) by adding calcia (covalency = 42 %) or magnesia (covalency = 66 %) reduces covalency of MgO and CaO glass series in proportion to the amount of replaced silica. The bending fracture toughness of MgO and CaO glass series tend to increase with the decreasing degree of covalency. 
Similarly, in the CaO-MgO glass series, substitution of calcia for magnesia also decreases covalency, and therefore replacing magnesia by calcia reduces the overall covalency of network whilst bending fracture toughness increases. However, 0Al2O3 glass possesses one of the largest fracture toughness in Al2O3 glass series, although it has comparatively larger covalency in the Al2O3 glass series. As was reported in section 2.5.1 and Table A2, mean bond strength of Al2O3 (131 kJ cm-3) is significantly larger than other oxides that are present in all produced glasses. Therefore, Al(IV) that joins into the silicate backbone introduces greater stiffness, and hence removal of this oxide might promote easier plastic deformation that may explain the increased fracture toughness of the lower alumina glasses.
Unlike v-SiO2, highly packed soda-lime-silica glasses exhibit larger isochoric shear flow due to reduced covalency in the network. Presumably, a strong but rigid network and absence of mobile species and lots of void space in v-SiO2 and high silica containing soda-lime-silica containing glasses can reduce plastic flow and energy dissipation at the crack tip and therefore may increase flaw sensitivity in these types of glasses. Reduced shear flow or energy absorption prior to failure probably explain why low fracture toughness values are observed for v-SiO2 and high silica containing glasses.
All these indicate that glasses that contain only alkali oxides which have small ionic radii might show ease of deformation by enhanced atomic diffusion. Similarly, soda-lime-silica glasses which contain large amount of modifier oxides rather than covalently bonded network forming oxides may also promote shear flow and may dissipate fracture stress. However, effect of alkali oxides might be more pronounced than that of alkaline earth oxides. 
These findings appear to be in line with molecular dynamic simulations of Ito et al. (2012). According to information acquired from simulated v-SiO2 and binary xNa2O-(100–x) SiO2 (x=0 - 50 mol %) glasses, v-SiO2 breaks at a relatively smaller stress under tension. They attributed the lower crack resistance of v-SiO2 to reduced plastic flow arising from higher-membered silica rings in the network. However, Na2O-SiO2 glasses failed at relatively at larger stress under tension because of depolymerisation and larger numbers of low membered rings in the structure, which reduce fractional free volume (1–Cg), promote structural re-arrangement and plastic deformation.
Intensity reduction in the long tail of low frequency band of Raman spectra of CaO-MgO (see Figure 4.13) glass series indicates potential reduction in high membered rings as a result of incorporation of calcia in place of magnesia, and also addition of calcia rather than magnesia in place of silica causes larger reduction in covalency of the network. All these structural features of calcia rich soda-lime-silica glasses may give rise to enhanced plastic flow and structural re-arrangement and hence increased fracture toughness values.




[bookmark: _Toc453770791]5.12. Fracture toughness and type of stress at the crack tip
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[bookmark: _Toc453771063]Figure 5.8.Relationship between E/Hv  and Poisson’s ratio of produced and literature glasses.

Further to these, Rouxel (2015) investigated crack resistance of various families of glasses in terms of  and Poisson’s ratio; and he established ‘indentation cracking driving-force map’ which indicates different stress component zones arise due to contact loading. The glasses which were produced in this research along with literature glasses are shown on this map for further interpretation (Figure 5.8). According to a model which was proposed by Yoffe (1982), different patterns of indentation cracking can be defined by considering different stress components, and majority of these predictions are in line with experimental observations (Rouxel, 2015). As seen from Figure 5.8, (0), (+) and (–) signs indicate the areas where zero-stress, tensile and compressive stress components occur due to applied stress. According to this mapping, silicate glasses which were produced in this study fall into the region where compressive stress components are dominant at the contact loading site. However, the glasses of Deriano et al. tends to remain in the zone where tensile stress components occur; and glasses of Sellappan et al. fall into the region where the stress component vanishes. Combination of Figures 5.7 and 5.8 suggests that type of stresses which may act on the crack tip may also affect fracture toughness of glasses. Because the largest fracture toughness values are observed for the glasses that remain in the zero-stress region, whereas lowest fracture toughness values were observed for the glasses which remain in the tensile stress zone; and the fracture toughness of glasses which were produced in this research show an increasing trend between zero and tensile stresses regions. And presence of compressive or zero stress components in highly packed soda-lime-silica glasses may also suppress mode I (tensile) crack propagation and reduce the rate of crack propagation.
In addition to Rouxel (2015), Lawn et al. (1974)  also reported that Poisson’s ratio has a significant  effect on type of stresses that arise at the contact loading site, and Lawn et al. (1974) also noted that critical fracture stress is responsive to the changes in Poisson’s ratio. All these indicate that fracture toughness of silicate glasses is sensitive to changes in Poisson’s ratio and also packing density which can significantly govern Poisson’s ratio of glasses. 
[bookmark: _Toc453770792]5.13. Summary

· The literature reports that incorporation of magnesium oxide in to nuclear waste glasses reduces durability of glass. In this work, we also obtained that magnesium oxide-rich soda-lime-silica glasses are more susceptible to stress-corrosion than calcium oxide-rich soda-lime-silica glasses. Potentially, the numbers of high-membered rings are larger in magnesium oxide rich soda-lime-silica glasses than that present in calcium oxide-rich soda-lime-silica glasses; and therefore, relatively higher stress-corrosion resistance of calcium oxide - rich glasses can be attributed to smaller water diffusion channels that could be obtained by reducing the concentration of high-membered rings. 

· Although the literature states that addition of magnesium oxide in place of silicon dioxide or calcium oxide increases fracture toughness of soda-lime-silica glasses, this work suggests that substitution of calcium oxide for either silicon dioxide or magnsium oxide gives rise to higher fracture toughness values. Substitution of magnesium oxide for calcium oxide reduces bending fracture toughness of soda-lime-silica glasses, and increasing MgO:SiO2 ratio does not improve significantly bending fracture toughness of soda-lime-silica glasses.


· The numbers of works that investigate the relationship between degree of polymerisation and fracture toughness are very limited. We obtained that variation of fracture toughness with degree of polymerisation is not clear-cut, and moreover, low brittle glasses are not always less denser and do not exhibit higher molar volumes.

· According to the literature, resilient glasses tend to exhibit resistance to crack initiation by densification, and therefore it would be anticipated that resilient glasses would have higher fracture toughness. However, the glasses that exhibit higher bending fracture toughness values fall in to the semi-resilient glass category. Potentially plastic deformation capacity is higher at the crack tip for the semi- resilient glasses which have larger Poisson’s ratio and packing density.    

· 
Type of stresses such as tensile, compressive and zero stresses at the crack tip can influence the magnitude of fracture toughness. Type of stress can differ with  and Poisson’s ratio. Higher fracture toughness values can be obtained for the glasses where the dominant stress component at the crack tip is compressive stress.













[bookmark: _Toc453770793]- Conclusion and Suggestions for futher works
[bookmark: _Toc453770794]6.1. Introduction
[bookmark: _Toc453576680][bookmark: _Toc453770795]Four different glass series were fabricated, and their mechanical and structural properties were characterized and assessed to gain further insight in to compositional and structural dependence of mechanical properties, particularly for fracture toughness. The Results and Discussion chapters of this research suggest that the strength of soda-lime-silica glasses can be increased significantly, if the appropriate compositional design is applied. However, type of measurement is essential to obtain reliable information about fracture toughness of glass. Moreover, some structural parameters such as ring statistics and covalency should be taken in to consideration during evaluation of plastic deformation and fracture toughness of glasses.
· Fracture mechanism of glass can be significantly influenced by environmental effects such as stress-corrosion. It is therefore appropriate fracture toughness measurement method should be chosen to minimize these effects. This research indicates that indentation method is not reliable method to measure fracture toughness of glasses, since level of load and relative humidity in air can manipulate the resultant fracture toughness. Additionally, surface crack in flexure method gives more consistent and precise results, and hence can be used as a more reliable method of fracture toughness measurement. On the other hand, indentation method can be used to assess stress-corrosion susceptibility of silicate glasses, and level of discrepancy between immediate and 24 hours indentation toughness values can determine the degree of stress - corrosion in glass. 

· Calculated polymerisation index values are in line with the connectivity values obtained from 29Si NMR analysis.  It is therefore polymerisation index can be used to determine the degree of connectivity in silicate glasses in place of complex deconvolution process of Raman spectra.

· Degree of polymerisation is important structural parameter, and the literature does not state any clear-cut trends between fracture toughness and degree of connectivity. In this research, we did not also observe any universal relationships between degree of connectivity and fracture toughness in silicate glasses. On the other hand, the concept of ring statistics in glass is important, because silicate glasses can have different numbers of high or small-membered rings, although their degree of connectivity is nearly same. It is therefore, the ring statistics of glasses should be considered during the assessment of mechanical properties of glasses.

· According to this research, Young’s modulus and Poisson’s ratio tend to increase with increasing fracture toughness values in silicate glasses. This observation is in agreement with the reports of the other works in the literature. However, this relationship may not be universal, since some glasses can exhibit very different fracture toughness values, although their degree of connectivity and moduli nearly similar. For instance, MgO and CaO glass series have similar moduli and degree of connectivity values; however, fracture toughness of CaO glasses is higher than that of MgO glass series. Potentially, calcium oxide increases plastic deformation capacity at the crack tip and this can give rise to higher fracture toughness values. We believe that effect of the ring statistics and the covalency of silicate glasses on plastic deformation can be significant, but only molecular dynamic simulation has been used to investigate the relationship between ring statistics and fracture toughness in the literature. It is therefore this study can be considered one of the initial experimental studies that takes in to account the ring statistics during assessment of mechanical properties of glasses.

· Compositional modification can enable to produce intrinsically stronger or tougher commercial soda-lime-silica glass products. Calcium oxide - rich or aluminium oxide - free soda-lime-silica glasses can be ideal glass compositions to increase fracture toughness of soda-lime-silica glasses. However, calcium oxide - rich soda-lime-silica glass compositions are relatively denser than other glass series, but this can be counteracted by manufacturing thin-walled glass products from intrinsically tougher glass compositions which contain high levels of calcium oxide. It should also be noted that calcium oxide-rich soda-lime-silica glasses can be more encouraging for glass industry, since higher calcium oxide / silicon dioxide ratios can reduce melting energy of glass. 

[bookmark: _Toc453770796]6.2. Suggestions for further work
In this research, the effects of alkaline earth oxide and alumina on the mechanical properties of commercial soda-lime-silica glasses, particularly fracture toughness and moduli has been investigated. According to the literature survey, binary alkali silicate and mixed alkali silicate glasses exhibit the largest indentation fracture toughness values. As earlier stated, specimen preparation for bending fracture toughness experiment takes long time and effort, and thus it was not possible to study mixed alkali silicate glasses within a limited research period. Therefore, it would be worthwhile to investigate the role of different alkali oxides such as lithia, soda and potassia and their mixing at various proportions on bending fracture toughness in the future.
Al behaves as a network former; however, network modifying role of Al was also reported in silicate glasses (see section 2.5.1 and 4.4.2), where total modifier oxides content is equal or greater than total alumina concentration. And this indicates that the literature give contradictory information about the coordination number of Al. Raman polymerisation index calculations also indicated that some of the Al cations can behave as a network modifier even total modifier oxides /Al is > 1 in the Al2O3 glass series. And therefore, it would be worthwhile to further investigate the Al environment by 27Al NMR spectroscopy. 
Ring size distribution in silicate glasses is important structural property, and therefore detailed information about ring size distribution would provide deeper insight in to stress-corrosion behaviour and mechanical properties of silicate glasses. However, as was stated in section 4.2.2, there is no direct experimental method to determine the proportion of different membered rings. And hence, silicate glass compositions of Pedone et al. 2008 that were studied using molecular dynamic simulation so as to calculate the number of different membered rings can be fabricated, and the Raman study can be carried out on these produced glasses to analyse the Raman bands along with an energy minimization argument (Galeener 1982a and 1982b) that was used to calculate the energy levels of rings in v-SiO2. Afterwards, the information acquired on ring sizes and distributions from Raman analysis can be compared to those obtained from molecular dynamic simulation.



As was stated previously, indentation cracking map of Rouxel might be useful tool when designing new glass compositions since ideal Poisson’s ratio and  values, which can generate desired stress regions, can be determined from this map. Initial values of and v can be selected in the range between 12 - 13 and 0.23 - 0.25, respectively. Corresponding glass compositions that exhibit these approximate  and Poisson’s ratios values can be provided from the SciGlass® database software. And following, those glasses can be melted in line with the compositions that are suggested by SciGlass®; and mechanical & structural properties, fracture toughness and minimum crack initiation loads of these glasses can be determined experimentally for further assessment. 
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· [bookmark: _Toc453575922][bookmark: _Toc453576686][bookmark: _Toc453770801]Appendix B – Calculation of fracture toughness by surface crack in flexure method.
· [bookmark: _Toc453575923][bookmark: _Toc453576687][bookmark: _Toc453770802]Appendix C – Tables and figures of experimental results of the produced glass series.
· [bookmark: _Toc453575924][bookmark: _Toc453576688][bookmark: _Toc453770803]Appendix D – Raw Raman, 29Si NMR, FTIR spectra and DTA data of the produced glasses.
· Raw Raman spectra of the produced glass series.
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· Raw Differential Thermal Analysis data of the produced glass series.
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Table A1.References for the mechanical property data which are used in the property space plots.
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Table A1. (Continued) References for the mechanical property data which are used in the property space plots.
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Table A1 (Continued). References for the mechanical property data which are used in property space plots.
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Table A1 (Continued). References for the mechanical property data which are used in property space plots.
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Table A1 (Continued). References for the mechanical property data which are used in property space plots.
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Note: Cation symbols indicate their corresponding oxide compositions and concentration of oxides decreases from left to right hand side in the generic name.
















Table A2.Coordination number (CN) and dissociation energy per unit volume of oxides.
	[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Oxide
	CN
	Volume density of energy- D (kJ /cm3)

	SiO2
	IV
	68.0

	B2O3
	III
	15.6

	B2O3
	IV
	82.6

	P2O5
	IV
	28.2

	Al2O3
	IV
	131.0

	Al2O3
	VI
	119.2

	Na2O
	VI
	31.9

	K2O
	VI
	19.2

	Li2O
	VI
	77.9

	MgO
	VI
	90.0

	CaO
	VIII
	64.1

	PbO
	IV
	38.1

	PbO
	VI
	25.3

	SrO
	VIII
	45.4

	BaO
	VI
	39.5

	TiO2
	VI
	101.2

	ZnO
	VI
	49.9

	SO3
	VI
	23.5
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For fracture toughness measured by surface crack in flexure method (Newman and Raju, 1981):



 is greater value of either or  which are given by

										(A1)

									(A2)










Where a and c are the crack depth and half width and W is the specimen depth. 

 is polynomial in the stress intensity factors coefficients which arises on the crack periphery where intersects the sample surface.

 is polynomial in the stress intensity factors coefficients which arises at the bottom end of the surface crack.
M is also polynomial in the stress intensity factors coefficients.
S is factor in the stress intensity factor coefficient.
Q is a polynomial function of the surface crack ellipticity.
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Table C1. Selected physical properties of the MgO and CaO glass series.
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Table C2. Structural properties of the MgO and CaO glass series.
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Table C3. Elastic properties of the MgO and CaO glass series.
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Table C4. Other measured mechanical properties of the MgO and CaO glass series.
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Figure C1.Experimentally obtained Raman spectra of v-SiO2 (Alfa Aesar®)

















Table C5.Density and glass transition temperature of the calcia fraction of the total alkaline earth oxide content for the CaO-MgO glass series.
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Table C6. Structural properties of the calcia fraction of the total alkaline earth oxide content for the CaO-MgO glass series.
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Table C7. Elastic properties of the CaO-MgO glass series.
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Table C8. Mechanical properties of the CaO-MgO glass series.
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Table C9.Density and glass transition temperature of the Al2O3 glass series.
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Table C10. Spectral properties of the Al2O3 glass series.
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Table C11. Elastic properties of the Al2O3 glass series.
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Table C12. Fracture toughness and Vicker’s hardness of the Al2O3 glass series.
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Table C13.Calculated physical properties of the glasses produced in this work and the literature glasses.
[image: ]



Table C13 (Continued).  Calculated physical properties of the glasses produced in this work and the literature glasses.
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The data are included on the CD-ROM provided below.
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Glass code SiO

2 

Na

2

O CaO MgO Al

2

O

3

Fe

2

O

3

ZnO SO

3

0MgO 74.87 (75) 13.28 (13.5) 10.33 (10) 0.00  (0) 1.49  (1.5) 0.03  (0) 0 (0) 0(0)

1MgO 74.07 (74) 13.51 (13.5) 09.89 (10) 1.00  (1) 1.52  (1.5) 0.03  (0) 0(0) 0(0)

2MgO 73.01 (73) 13.31 (13.5) 10.29 (10) 1.88  (2) 1.48  (1.5) 0.04  (0) 0(0) 0(0)

3MgO 72.20 (72) 12.88 (13.5) 10.40 (10) 2.98  (3) 1.52  (1.5) 0.03  (0) 0(0) 0(0)

4MgO 70.67 (71) 13.43 (13.5) 10.39 (10) 3.82  (4) 1.52  (1.5) 0.03  (0) 0(0) 0.15(0)

5MgO 69.65 (70) 13.76 (13.5) 10.23 (10) 4.82  (5) 1.51  (1.5) 0.04  (0) 0(0) 0(0)

6MgO 68.93 (69) 13.34 (13.5) 10.33 (10) 5.80  (6) 1.54  (1.5) 0.03  (0) 0.02(0) 0(0)

7MgO 68.04 (68) 13.29 (13.5) 10.39 (10) 6.76  (7) 1.45  (1.5) 0.04  (0) 0.01(0) 0(0)

Glass code SiO

2 

Na

2

O CaO MgO Al

2

O

3

Fe

2

O

3

ZnO SO

3

7CaO 75.54 (75) 12.80 (13.5) 07.24   (7) 2.89   (3) 1.45  (1.5) 0.03  (0) 0(0) 0(0)

8CaO 73.82 (74) 13.58 (13.5) 08.25   (8) 2.83   (3) 1.49  (1.5) 0.01  (0) 0(0) 0(0)

9CaO 73.11 (73) 13.09 (13.5) 09.31   (9) 2.88   (3) 1.54  (1.5) 0.03  (0) 0.03(0) 0(0)

10CaO 72.20 (72) 12.88 (13.5) 10.40 (10) 2.98   (3) 1.52  (1.5) 0.03  (0) 0(0) 0(0)

11CaO 71.00 (71) 13.06 (13.5) 11.43 (11) 2.96   (3) 1.51  (1.5) 0.03  (0) 0(0) 0(0)

12CaO 70.16 (70) 13.15 (13.5) 12.27 (12) 2.87   (3) 1.49  (1.5) 0.03  (0) 0(0) 0(0)

13CaO 68.99 (69) 13.24 (13.5) 13.34 (13) 2.87   (3) 1.52  (1.5) 0.03  (0) 0(0) 0(0)

14CaO 68.05 (68) 13.23 (13.5) 14.34 (14) 2.87   (3) 1.48  (1.5) 0.05  (0) 0(0) 0(0)
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Glass code SiO

2

Na

2

O CaO MgO Al

2

O

3

Fe

2

O

3

ZnO

2Ca/11Mg 72.12 (72) 13.53 (13.5)

  02.03 (2) 11.01   (11)

1.26(1.5) 0.03(0) 0.01(0)

4Ca/9Mg 72.60 (72) 13.13 (13.5)

  04.12 (4) 08.89   (9)

1.22(1.5) 0.04(0) 0.00(0)

6Ca/7Mg 73.04 (72) 12.91 (13.5)

  06.19 (6) 06.66   (7)

1.17(1.5) 0.03(0) 0.00(0)

8Ca/5Mg 72.75 (72) 13.07 (13.5)

  08.20 (8) 04.76   (5)

1.18(1.5) 0.04(0) 0.00(0)

10Ca/3Mg 72.20 (72) 12.88 (13.5)

 10.40 (10) 02.98   (3)

1.52(1.5) 0.03(0) 0.00(0)

12Ca/1Mg 72.08 (72) 13.50 (13.5)

 12.13 (12) 01.00   (1)

1.26(1.5) 0.03(0) 0.00(0)
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Type of glass References

BBiPb

Watanabe et al. 2001

BLaCa

Sellappan et al. 2013

BLi

Mohajerani and Zwanziger, 2012

BNa

BNa

BPb

Miyata and Jinno, 1982

BSi

Bootjomchai et al. 2014

CaSiON

Sellappan et al. 2010

FCaSrBaPLi

Sellappan et al. 2013

GeSbSeAsTe

GeSbSeTe

GeSeSb

NaCaSiON

NaSiON

 Sreeram, Varshneya and Swiler, 1991a

  Sreeram, Varshneya and Swiler, 1991b             

BLiNa

CaSiAlOF(N)

Hanifi et al. 2009

Mohajerani and Zwanziger, 2012

Yoshida et al. 2001

  Mohajerani  Zwanziger, 2012                                      

Coon et al. 1983

Guin et al. 2002

GeSe
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Type of glass References

PCa

PCa

PCaAl Etter, Despetis and Etienne, 2008

PLiMg Striepe and Deubener, 2013

PLiNa

PLiNaAl

PMg Ashizuka et al. 1998

PSZnNa Striepe et al. 2012

SiB(Ti,Ba,Bi) Bootjomchai et al.2014

SiBAl Connelly et al. 2011

SiBNa Sellappan et al.2013

SiCaAl Eagen and Swearengen, 1977

Hand and Tadjiev, 2010

Hojamberdiev, Stevens and Lacourse, 2011

Sehgal and Ito, 1999

Kingston and Hand, 2000

Schroeder et al. 1973

SiCaK

Etter, Despetis and Etienne, 2008

  Ashizuka et al. 1998                              

Mohajerani and Zwanziger, 2012

SiLi

Mohajerani and Zwanziger, 2012 

 Sehgal and Ito, 1999                       

SiK
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Type of glass References

Kingston and Hand, 2000

Eagen and Swearengen, 1977

Yoshida et al. 2001

Hand and Tadjiev, 2010

Mohajerani and Zwanziger, 2012

SiNaAl Yoshida, Hidaka and Matsuoka, 2004

SiNaAlF Sellappan et al.2013

Si(Ca,Na)B Sellappan et al.2013

SiNaB Yoshida et al.2012

SiNaB Yoshida et al.2001

SiNaBK Sellappan et al.2013

Sehgal and Ito, 1998

Hand and Tadjiev, 2010

Hojamberdiev and Stevens, 2011

Rouxel et al. 2004 

Kato et al.2010

 Le Houerou et al. 2003

Hojamberdiev, Stevens and Lacourse, 2011

Deriano et al.2004

SiNa

SiNaCa
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Type of glass References

Hand and Tadjiev, 2010

Hojamberdiev, Stevens and Lacourse, 2011

Sehgal and Ito, 1999

Hand and Tadjiev, 2010

Hojamberdiev, Stevens and Lacourse, 2011

Sehgal and Ito, 1999

Hand and Tadjiev, 2010

Hojamberdiev, Stevens and Lacourse, 2011

 Wilantewicz and Varner, 2008

Sellappan et al. 2013

Deriano et al. 2004

Deriano and Rouxel, 2004

Hojamberdiev, Stevens and Lacourse, 2011

SiNaK Sehgal and Ito, 1999

SiNaLi Mohajerani and Zwanziger, 2012

SiNaMg Hand and Tadjiev, 2010

SiNaMgAl Deriano and Rouxel, 2004


Sellappan et al. 2013

Yoshimoto and Soga, 1987

SiNaCaK

SiNaCaMg

SiNaCaMgAl

SiPb
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vSiO

2

Sehgal and Ito, 1999


image309.wmf
max

Y


oleObject206.bin

image310.wmf
s

Y


image23.wmf
3

0

r


oleObject207.bin

image311.wmf
d

Y


oleObject208.bin

image312.wmf
(

)

Q

MH

Y

d

/

2

p

=


oleObject209.bin

image313.wmf
(

)

Q

MSH

Y

S

/

1

p

=


oleObject210.bin

image314.wmf
(

)

65

.

1

464

.

1

1

c

a

Q

+

=


oleObject211.bin

image315.wmf
(

)

[

]

(

)

(

)

{

}

(

)

(

)

[

]

(

)

{

}

(

)

24

24

1

2

1

1

14

65

.

0

5

.

0

2

.

0

89

.

0

54

.

0

09

.

0

13

.

1

W

a

c

a

c

a

W

a

c

a

c

a

M

-

+

+

-

+

+

+

-

+

-

=

-

-


oleObject21.bin

oleObject212.bin

image316.wmf
(

)

[

]

(

)

w

a

c

a

H

11

.

0

34

.

0

1

1

+

-

=


oleObject213.bin

image317.wmf
(

)

[

]

(

)

(

)

(

)

[

]

(

)

2

5

.

1

75

.

0

2

05

.

1

55

.

0

12

.

0

22

,

1

1

W

a

c

a

c

a

W

a

c

a

H

+

-

+

+

-

=


oleObject214.bin

image318.wmf
(

)

[

]

c

a

W

a

S

2

35

.

0

1

.

1

+

=


oleObject215.bin

image319.wmf
1

H


oleObject216.bin

image320.wmf
2

H


image24.wmf
3

0

r

U

m


oleObject217.bin

image321.emf
Glass Code 

Density          

Mg/m

3 

Glass transition 

temperature          

°

C

0MgO 2.465±0.0013 580±5

1MgO 2.475±0.0013 575±5

2MgO 2.480±0.0013 577±5

3MgO 2.485±0.0013 580±5

4MgO 2.496±0.0013 579±5

5MgO 2.504±0.0013 574±5

6MgO 2.513±0.0013 580±5

7MgO 2.520±0.0013 575±5

7CaO 2.445±0.0013 563±5

8CaO 2.462±0.0013 578±5

9CaO 2.474±0.0013 583±5

10CaO 2.485±0.0013 580±5

11CaO 2.504±0.0013 584±5

12CaO 2.508±0.0013 582±5

13CaO 2.529±0.0013 572±5

14CaO 2.542±0.0013 573±5
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LFB  MFB HFB

0MgO 549.9 786.4 1092.3 1.11±0.02 1045.0 45.4 54.6 -104.4 -92.7

1MgO 553.6 782.7 1092.7 1.04±0.01 1042.5 nd nd nd nd

2MgO 556.5 786.1 1092.7 1.02±0.01 1041.5 nd nd nd nd

3MgO 558.3 782.7 1092.2 1.03±0.01 1039.5 28.8 71.2 -105 -93.0

4MgO 563.6 783.8 1092.2 0.99±0.00 1036.5 nd nd nd nd

5MgO 566.3 783.6 1094.1 0.94±0.01 1032.5 17.6 82.4 -105.1 -92.6

6MgO 572.1 779.6 1092.5 0.94±0.01 1031.5 14.7 85.3 -104.0 -91.2

7MgO 577.5 779.6 1091.4 0.89±0.01 1034.5 nd nd nd nd

7CaO 546.3 789.2 1093.9 1.19±0.00 1050.5 39.1 60.9 -105.4 -93.6

8CaO 551.6 784.7 1093.0 1.05±0.01 1042.5 nd nd nd nd

9CaO 554.6 783.1 1092.6 1.03±0.00 1043.0 nd nd nd nd

10CaO 556.9 786.4 1091.4 1.03±0.01 1039.5 28.8 71.2 -105 -93.0

11CaO 565.1 783.6 1093.6 0.96±0.01 1040.0 nd nd nd nd

12CaO 566.9 783.6 1092.5 0.94±0.01 1038.5 21.1 78.9 -104.6 -92.4

13CaO 573.9 783.6 1090.3 0.90±0.01 1033.0 16.70 83.30 -104.6 -92.1

14CaO 575.1 783.0 1091.9 0.88±0.01 1033.5 nd nd nd nd

Raman 

polymerisation 

index 
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image323.emf
Glass 

Code 

Young's 

modulus        

GPa  

Shear 

modulus           

GPa

Bulk 

modulus            

GPa

Poisson's 

ratio

0MgO 71.9±0.68 29.9±0.05 40.1±1.60 0.201±0.003

1MgO 72.5±0.59 30.0±0.04 41.2±1.45 0.207±0.003

2MgO 72.5±0.88 30.1±0.06 40.8±2.12 0.204±0.004

3MgO 73.3±0.47 30.3±0.03 42.3±1.19 0.211±0.002

4MgO 73.6±0.62 30.3±0.04 42.9±1.62 0.214±0.003

5MgO 74.0±0.70 30.4±0.05 43.6±1.87 0.217±0.003

6MgO 74.0±0.88 30.5±0.06 43.0±2.27 0.213±0.004

7MgO 75.7±0.74 31.1±0.05 44.1±1.92 0.214±0.003

7CaO 71.8±0.70 30.0±0.05 39.5±1.60 0.197±0.003

8CaO 72.0±0.78 30.0±0.05 39.8±1.80 0.199±0.003

9CaO 72.7±0.81 30.3±0.05 40.6±1.91 0.201±0.004

10CaO 73.3±0.47 30.3±0.03 42.3±1.19 0.211±0.002

11CaO 74.0±0.72 30.5±0.05 42.9±1.85 0.213±0.003

12CaO 73.8±0.57 30.3±0.04 43.4±1.51 0.217±0.003

13CaO 74.9±1.08 31.0±0.07 42.7±2.68 0.207±0.005

14CaO 75.6±0.98 31.2±0.07 43.9±2.51 0.213±0.004
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Glass code

K

Ic

(Direct) 

MN m

-3/2

K

Ic

(24 hours) 

MN m

-3/2

Fracture toughness  

(Surface crack in 

flexure method)  

MN m

-3/2                                                                      

Hardness   

GPa

0MgO

nd nd nd

5.11±0.07

1MgO 0.63±0.01 0.56±0.00 0.80±0.03 5.46±0.02

2MgO 0.64±0.01 0.60±0.01 0.82±0.02 5.52±0.03

3MgO 0.66±0.01 0.71±0.00 0.82±0.01 5.63±0.02

4MgO 0.66±0.01 0.72±0.01 0.89±0.03 5.64±0.02

5MgO 0.61±0.01 0.59±0.01 0.85±0.03 5.72±0.01

6MgO 0.59±0.01 0.57±0.01 0.88±0.01 5.73±0.02

7MgO 0.65±0.01 0.65±0.01 0.80±0.03 5.96±0.02

7CaO

nd nd nd

5.07±0.05

8CaO 0.74±0.01 0.71±0.00 0.78±0.02 5.37±0.03

9CaO 0.74±0.01 0.74±0.00 0.83±0.03 5.50±0.02

10CaO 0.66±0.01 0.71±0.00 0.82±0.01 5.63±0.02

11CaO 0.65±0.01 0.66±0.01 0.89±0.03 5.65±0.02

12CaO 0.64±0.01 0.64±0.00 0.90±0.02 5.69±0.02

13CaO 0.65±0.01 0.65±0.00 0.86±0.03 5.69±0.03

14CaO 0.65±0.01 0.64±0.00 0.95±0.02 5.81±0.01
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Glass code

Density  

Mg/m

3

Glass 

transition 

temperature                

ºC

2Ca/11Mg 2.433±0.001 561±5

4Ca/9Mg 2.446±0.003 558±5

6Ca/7Mg 2.457±0.001 556±5

8Ca/5Mg 2.469±0.000 551±5

10Ca/3Mg 2.485±0.001 571±5

12Ca/1Mg 2.502±0.001 574±5
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HFB MFB LFB

2Ca/11Mg 1098.5 785.4 556.5 1.16±0.01 1040.5

4Ca/9Mg 1096.3 788.8 554.8 1.20±0.02 1041.5

6Ca/7Mg 1093.6 786.0 555.4 1.11±0.01 1042.0

8Ca/5Mg 1094.1 784.8 561.2 1.10±0.03 1044.0

10Ca/3Mg 1093.0 783.7 560.6 1.03±0.01 1039.5

12Ca/1Mg 1093.0 786.5 568.3 1.02±0.02 1040.5

Glass code

Raman bands-centreline position/ cm

-1

Raman 

polymerisation 

index

FTIR HFB 

centreline 

position/   

cm

-1
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Glass code

Young's 

modulus/ 

GPa

Shear modulus/        

GPa

Bulk modulus/   

GPa

Poisson's ratio

2Ca/11Mg 70.7±0.92 29.4±0.06 39.6±2.19 0.203±0.004

4Ca/9Mg 71.4±0.93 29.6±0.07 40.3±2.26 0.205±0.004

6Ca/7Mg 72.8±0.93 30.4±0.06 40.3±2.16 0.199±0.004

8Ca/5Mg 73.1±0.92 30.3±0.06 41.6±2.25 0.207±0.004

10Ca/3Mg 73.3±0.47 30.3±0.03 42.3±1.19 0.211±0.002

12Ca/1Mg 73.7±0.60 30.4±0.04 42.5±1.52 0.211±0.003
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Glass code

Fracture toughness  

(Surface crack in 

flexure method/ 2 kg)                                     

MN m

-3/2

Fracture toughness  

(Surface crack in 

flexure method/ 5 kg)                 

MN m

-3/2

Vicker's 

Hardness           

GPa

2Ca/11Mg 0.78±0.06 0.79 5.16±0.02

4Ca/9Mg 0.76±0.02 nd 5.21±0.01

6Ca/7Mg 0.78±0.05 0.77 5.25±0.02

8Ca/5Mg 0.73±0.01 0.99 5.33±0.01

10Ca/3Mg 0.82±0.01 nd 5.63±0.09

12Ca/1Mg 0.86±0.03 nd 5.39±0.01
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Glass code

Density                

Mg/m

3

Glass transition 

temperatue                          

ºC

0Al

2

O

3

2.462±0.002 557±5

0.5Al

2

O

3

2.469±0.001 563±5

1.5Al

2

O

3

2.485±0.001 574±5

2.5Al

2

O

3

2.497±0.001 574±5

3.5Al

2

O

3

2.506±0.002 574±5

4.5Al

2

O

3

2.519±0.001 579±5
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HFB MFB LFB

0Al

2

O

3

1094.1 788.8 547.7 1.13±0.01 1048.5

0.5Al

2

O

3

1095.2 796.2 552.4 1.17±0.03 1048.0

1.5Al

2

O

3

1093.0 783.7 560.6 1.03±0.01 1039.5

2.5Al

2

O

3

1092.5 784.8 570.0 1.05±0.01 1035.0

3.5Al

2

O

3

1091.9 784.3 580.0 1.03±0.01 1031.0

4.5Al

2

O

3

1088.6 774.0 587.6 0.97±0.01 1023.0

Glass code

Raman bands-centreline position/ cm

-1

Raman 

polymerisation 

index

FTIR HFB 

centreline position/   

cm

-1
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Glass Code

Young's modulus        

GPa  

Shear modulus           

GPa

Bulk modulus            

GPa

Poisson's ratio

0Al

2

O

3

72.4±0.76 30.1±0.06 40.7±1.82 0.203±0.003

0.5Al

2

O

3

72.6±0.93 30.3±0.06 40.2±2.16 0.199±0.004

1.5Al

2

O

3

73.3±0.47 30.3±0.03 42.3±1.19 0.211±0.002

2.5Al

2

O

3

73.3±0.95 30.3±0.06 41.9±2.37 0.209±0.004

3.5Al

2

O

3

73.4±0.94 30.3±0.06 42.3±2.37 0.211±0.004

4.5Al

2

O

3

73.5±0.88 30.3±0.06 42.8±2.29 0.214±0.004
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Glass Code

Fracture 

toughness  

(Surface crack in 

flexure method)  

MN m

-3/2                                                                      

Vicker's 

Hardness                      

GPa

0Al

2

O

3

0.96±0.05 5.40±0.01

0.5Al

2

O

3

0.90±0.04 5.48±0.01

1.5Al

2

O

3

0.82±0.01 5.63±0.02

2.5Al

2

O

3

0.86±0.03 5.54±0.01

3.5Al

2

O

3

0.90±0.02 5.62±0.01

4.5Al

2

O

3

0.91±0.03 5.54±0.01
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Glass codes

Average 

dissociation energy 

per unit volume 

(kJ/cm

3

) 

Packing 

density

Molar 

Volume 

(cm

3

/mol) 

0MgO 63.72 0.495 24.57

1MgO 63.91 0.497 24.40

2MgO 64.12 0.497 24.27

3MgO 64.53 0.497 24.14

4MgO 64.42 0.499 23.98

5MgO 64.62 0.500 23.82

6MgO 64.98 0.501 23.66

7MgO 65.15 0.502 23.52

7CaO 64.64 0.492 24.59

8CaO 64.31 0.494 24.41

9CaO 64.46 0.496 24.29

10CaO 64.53 0.497 24.14

11CaO 64.41 0.500 23.94

12CaO 64.30 0.500 23.90

13CaO 64.26 0.504 23.69

14CaO 64.20 0.505 23.54

2CaO/11MgO 66.22 0.489 24.07

4CaO/9MgO 65.80 0.491 24.14

6CaO/7MgO 65.28 0.493 24.14

8CaO/5MgO 64.72 0.495 24.13

10CaO/3MgO 64.53 0.497 24.10

12CaO/1MgO 63.65 0.500 24.10
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Glass codes

Average 

dissociation energy 

per unit volume 

(kJ/cm

3

) 

Packing 

density

Molar 

Volume 

(cm

3

/mol) 

0Al

2

O

3

64.11 0.495 24.10

0.5Al

2

O

3

64.18 0.495 24.11

1.5Al

2

O

3

64.53 0.497 24.14

2.5Al

2

O

3

64.40 0.499 24.15

3.5Al

2

O

3

64.50 0.500 24.19

4.5Al

2

O

3

64.52 0.501 24.18

G9 (Sellappan1) 64.55 0.495

-

G10(Sellappan2) 64.23 0.493 -

G11(Sellappan3) 64.21 0.495 -

G12(Sellappan4) 64.70 0.516 -

G14(Sellappan5) 68.00 0.454 -

WG2(Deriano1) 64.92 0.486 -

WG4(Deriano2) 61.23 0.506 -

WG5(Deriano3) 63.32 0.492 -
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