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Boroaluminosilicate glasses are of significant interest for a variety of applications. More generally these glasses are interesting because both boron and alumina are in competition for charge compensating modifiers that allow them to adopt tetrahedral coordination within the glass network, which can be expected to affect overall glass properties Understanding composition-structure-property relationships in boroaluminosilicate glass is important to enabling property optimisation as a function of composition design.  This project is aimed at increasing understanding of how composition affects the mechanical properties of boroaluminosilicate glasses with varying amounts of the three glass formers (SiO2, Al2O3 and B2O3) and different alkaline earth modifiers.  Particular attention is focussed on the structural role of sodium as a charge compensator on the composition-structure-properties relationships in boroaluminosilicate glass. Essentially the network modifiers can be associated with SiO2, Al2O3 and B2O3 in different ways making it difficult to predict the mechanical properties of such glasses.  
In this research, 10 different series of glasses have been synthesized. The series had varying silica/alumina ratios, boron/alumina ratios, alkaline earth/alumina ratios, alkaline earth/silica ratios or alkaline earth + alumina/silica ratios. The alkaline earths used were CaO or BaO. Variations in the hardness and fracture toughness of the glasses were measured using the indentation method and acoustic measurements were used to find their moduli. Differential thermal analysis was used to measure the glass transition temperature. Fourier Transform Infra-red spectroscopy (FTIR), Raman and Nuclear Magnetic Resonance (NMR) were used to investigate the base glass structure and the structural effects of adding different alkaline earth elements. It was found that the amount of Al2O3 used in the boroaluminosilicate glass significantly affects the properties: the glass transition temperature (Tg) and molar volume increased with increasing Al2O3 content in the series N7.6M1.1C3AXB7.6S80.7-X glasses. Meanwhile, observation for Tg to network charge balance for specific composition were notably in range of error bars when the network charge balance are > 0. However, Tg notably shows huge decreases when network charge balance between -21 to 0.  The Raman peak at ~ 1000 cm–1 changes shape significantly for most of the glass series indicative of notable changes in the detailed structure of the glass including silica connectivity with composition. FTIR showed that the maximum peak shifted to lower wavenumbers (from 1047 to 1018 cm-1) with increasing amounts of Al2O3 and the intensity (absorption of IR) reduced which indicated that the polymerisation of glass is increased. Raman spectra were used to calculate a value of polymerisation index, specifically to see the connectivity of the glass structure in the boroaluminosilicate glass system. It was found that glasses that contain CaO had a higher polymerisation index compared to those that contained BaO and that higher Al2O3 contents gave higher polymerisation indices. This was also borne out by NMR  studies on some of the glasses investigated. 
In a composition-structure-properties relationship, from the overview of the correlations between the properties investigated, the network modifiers, formers and intermediates show there is a connection between most of the composition as shown in ternary diagrams and 3-D correlations. When the glass transition temperature increases the molar volume increases and the shear modulus decreases. Meanwhile, when correlating hardness, glass transition temperature and network former, it was found that increasing the network charge balance resulted in decreasing glass transition temperatures and increased hardness values. Overall it can be seen that increasing of network charge balance, the mechanical properties such as Young’s modulus, shear modulus, bulk modulus, Poisson’s ratio and hardness are increased and polymerisation index are decreased if the total network charge balance is > 0. Meanwhile, the value of Poisson’s ratio is ~0.24 for most of the compositions studied, and the hardness exhibited similar behaviour to Young’s modulus which increased with increasing network modifier. The composition-structure-mechanical properties can be controlled and designed from the various mixing ratio of different networks. However, the mixed network former in the composition leads to the non-linear trends in macroscopic properties as a function of composition design. 
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Boroaluminosilicate glasses are very interesting due to their complicated structural speciation involving two glass formers and one conditional former. They have been used to produce very high strength protective glass components for liquid crystal display (LCD) substrates (Kato et al., 2005) and touch screens for smartphones and tablets (Donald, 2015), as well as to vitrify radioactive waste (Jantzen et al., 2010), (Connelly et al., 2011). Boroaluminosilicate glass is also used as insulating fibreglass such as commercial E-glass with 60SiO2, 25CaO and 15Al2O3 with 2, 4 or 6% B2O3 additions (Carman & Pantano, 1990). 
Nowadays, there is a lot of demand for strong and thus lightweight glass for applications such as flexible displays for touch screen devices (Wondraczek et al. 2011), window glass (Rouxel, 2015) and container glasses (Sehgal & Ito, 1999). An example aluminosilicate (58.7% SiO2, 17.0% Al2O3, 3.5% MgO, 12.6% Na2O, 6.1% K2O, 0.9% Sb2O3, 0.7% TiO2 and 0.5% CaO (wt.%) screen glass is the so-called Gorilla glass produced by Corning. This type of glass has high chemical durability and scratch resistance and is widely used to protect the screen of tablets, smartphone and most of the mobile devices.  Production of Gorilla glass involves ion-exchange where the glass is placed in a molten salt bath. Potassium ions exchange with and replace the smaller sodium ions in the glass giving high compressive stresses at the surface resulting in a high strength product. However, the production of this types of glass is very expensive due to the lengthy times required for ion exchange. 
Such chemically strengthened boroaluminosilicate glasses are also used for products such as for aircraft cockpit windshields (Ishizuka et al., 2010). In addition Corning have developed an alkaline-earth boroaluminosilicate substrate glass (69.9% SiO2, 11.5% Al2O3, 7.3% B2O3, 5.0 CaO, 4.4% BaO, 1.4% MgO, 1.2 SrO and 0.2% As2O5 (mol%))  for use as thin film transistor as part of active matrix liquid crystal displays (AMLCD). The glass is manufactured using the fusion draw process (Tian & Dieckmann, 2000). 
Boroaluminosilicate glasses have high elastic moduli and glass transition temperatures with a low coefficient of thermal expansion and good glass forming ability (Smedskjaer et al., 2014). However, the microscopic properties of these glasses are not well studied and the details of the composition, structure-property relationships in these glasses still require more investigation. It is known that the tetrahedrally coordinated Si4+, Al3+ and B3+ (the latter two with associated charge balancing anions) and trigonally coordinated cations B3+ act as network-formers. It has been shown for sodium borosilicates (Kato et al., 2010), sodium aluminosilicates (Yoshida et al., 2004), sodium aluminoborates (Januchta et al., 2017) and sodium aluminoborosilicates (Zheng et al., 2012) that their structures have a large effect on the mechanical properties of the final glass. 
Recently Januchta et al., (2019), have suggested that the effect of composition on the boroaluminosilicate system can predict from a model based on constraint counting. The predictions are made using an equation discussed below (see Chapter 2). For the sodium aluminoborosilicate compositions used, they found an agreement between the predictions of their model and modulus and hardness, but not for toughness. Thus there is none model of boroaluminosilicate glasses that gives satisfactory predictions of all of the properties. 

To relate the effect of different glass chemistry to mechanical properties, understanding the network former speciation is essential. It is well known when alkali oxide network modifiers such as Na2O are present in a glass, they enable alumina to act as network former rather than as a modifier producing non-bridging oxygen (NBOs). Such alkali additions can also lead to the formation of tetrahedral boron.  Beyond a certain level, further alkali additions lead to the promotion of NBOs on BIII (Zhong & Bray, 1989) and this also depends on the [SiO2] / [B2O3] ratio (Smedskjaer et al., 2011). Such charge balancing is important in boroaluminosilicate glasses.
Many efforts have been made to investigate the mechanical properties of glass (see, for example (Deriano et al., 2004), (Plummer et al., 2009), (Hand & Tadjiev, 2010), (Smedskjaer et al., 2013)). However, few of them have studied the relationship between the addition of alkaline earths to boroaluminosilicate glasses and mechanical properties. Other studies have focussed on the relationships between different modifiers and glass composition on the chemical durability, thermal properties and redox state (Bingham et al., 2009); structural behaviour and glass connectivity (Du & Stebbins, 2005) (Ramkumar et al., 2008) (Vegiri et al., 2009) (Angeli et al, 2010); quench rate and melting temperature of glass (Wu & Stebbins, 2010) and also the correlation between structure and physical properties (Roderick et al., 2001). However, such studies have not been published for boroaluminosilicate glasses. 
[bookmark: _Toc525707503][bookmark: _Toc525703701][bookmark: _Toc525526375][bookmark: _Toc525222333]Alkaline earths such as CaO and BaO have been shown to significantly affect the structural and mechanical properties of alumina containing glasses. Smedskjaer et al., (2013) found that properties of aluminosilicates such as density, refractive index, hardness, Young’s and shear moduli increase as the alumina content increases. The fraction of AlV present was found to depend on the modifier cation field strength due to the capability of the network modifier to provide charge balance for Al being reduced as the field strength increases hence  Mg2+ > Zn2+ > Ca2+ > Sr2+ > Ba2+.  

Overall, the structural, physical and mechanical properties of glasses vary with compositions. Given the current interest in boroaluminosilicates glasses, this thesis describes an investigation into the mechanical and structural properties of a range of these glasses. 
The overall aim of this research is to:
Clarify the influence of aluminium, boron and alkaline earths on the structure and mechanical properties of a range of boroaluminosilicate glasses.

Specific objectives to address this aim are to:
1. Produce a range of boroaluminosilicate glasses with varying amounts of SiO2, B2O3 and Al2O3 and a range of alkaline earth modifiers. 
1. Assess the structure of these glasses through Raman spectroscopy and NMR. 
1. Measure the physical, thermal and mechanical properties of these glasses using pycnometry, thermogravimetry, Vickers indentation and acoustic measurements.

The thesis is divided into the following chapters. The Literature review chapter details the variation of glass structure in various glass systems and also the observed correlations between mechanical properties and the glass structure. Details of structural arrangements involving silica, alumina and boron oxide are also illustrated along with a consideration of charge balance by alkalis and alkaline earths. The effects of combinations of Al2O3 and B2O3 in aluminoborates and aluminosilicates are also reviewed. The effects of network polymerisation on the properties are also considered.                               
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
The Experimental procedures chapter details the materials and techniques used in the preparation and analysis of the glasses in this study. Results from the analysis of the boroaluminosilicate glass produced in this study are presented in Chapter 3. The results are split into four major sections i) chemical analysis ii) physical and thermal properties iii) structural properties and iv) mechanical properties. Chapter 5 discusses the connections between physical and mechanical properties and the glass structure. Finally, conclusions and recommendations for future work are presented in Chapter 6.
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This thesis investigates the variation of structural and mechanical properties of boroaluminosilicate glasses with composition. The broader perspectives of the variation of mechanical properties with the structure for other glass families are presented in this literature review. 
The literature review first gives a definition of glass and considers structural features such as modifiers and Q species as well as intermediates. Details of boron as a network former are also discussed together with a consideration of the role of alumina in aluminoborates and aluminosilicates. The effects of mixed alkali and alkaline earths in the glass composition and also polymerisation on the glass properties are also considered.
Secondly, the definition of mechanical properties such as elastic modulus, hardness, fracture toughness and brittleness of glass are given. Thirdly the correlations between structure, glass and properties for various glass compositions are collected and plotted to identify any potential correlation between them.
[bookmark: _Toc515398705][bookmark: _Toc523402868][bookmark: _Toc525526379][bookmark: _Toc525707796][bookmark: _Toc525742460][bookmark: _Toc12994938]2.2 What is a glass?
Glass is originally derived from ‘glaesum’, which refer to the transparent and lustrous materials. Glass is one of the oldest man-made materials being present from five to six thousand years ago. There are many definitions of glass. The most commonly recognised glasses are based on silica networks, but glasses can also be based on boron oxide and phosphorus oxide networks. Although the most well-known method of producing glass is by melt-quenching, glasses can also be produced by other methods such as the sol-gel processing from solution, vapor deposition and also irradiation of crystalline materials. 
Shelby, (2005) states that glass is “an amorphous solid completely lacking in long range, periodic atomic structure, and exhibiting a region of glass transformation behaviour”. Meanwhile, 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 and Wright (2009) defines glass as “an inorganic material that has been quenched from the liquid to a rigid state without crystallising”. Meanwhile, Gutzow & Schmelzer, (2013) define that “Glasses are thermodynamically non-equilibrium kinetically stabilized amorphous solids, in which the molecular disorder and the thermodynamic properties corresponding to the state of the respective under-cooled melt at a temperature T* are frozen-in”. The T* present are different from actual temperature, T and it is higher possible temperature (or any other values of the external parameter) that corresponding to equilibrium state.
Zanotto & Mauro, (2017) defined glass as “a nonequilibrium, non- crystalline condensed state of matter that exhibits a glass transition. The structure of glasses is similar to that of their parent supercooled liquids (SCL), and they spontaneously relax toward the SCL state. Their ultimate fate, in the limit of infinite time, is to crystallize”. 
Hence fundamental features of glasses are that they have amorphous or non-crystalline structures and significantly they display a glass transition as detailed below.
Crystalline solids consist of regular arrays of atoms with both short and long-range order meanwhile glassy or amorphous solids only display short-range order with no long-range order. Figure 2.1 shows 2D schematic diagrams of crystalline and vitreous silica structures; note that the local structural unit is the same in both cases.

[image: D:\extra document\cystalline and amorphous.tif][bookmark: _Hlk517476810]Crystalline Solid 

[image: D:\extra document\amorphous 2.tif]                       Amorphous Solid           

[bookmark: _Toc521420436][bookmark: _Toc525223175][bookmark: _Toc525528323][bookmark: _Toc525706338]Figure 2.1: 2D schematics of the structures of a crystalline solid and a glassy solid.

[image: D:\extra document\glass phase diagram.tif]

Figure 2.2: Temperature – enthalpy diagram for glass formation (after Shelby, 2005).

Figure 2.2 shows the temperature-enthalpy diagram for glass formation (Shelby, 2005). The substance is in the liquid state when the temperature is above the melting temperature. On cooling below the melting temperature, commonly crystallisation occurs marked by a step-change in enthalpy. However, glass formers display a continuous reduction in enthalpy with decreasing temperature, although the slope of the enthalpy-temperature curve changes. The region over which the slope change happens is known as the glass transformation region and it corresponds to the temperature region in which the material changes from the liquid state to a rigid solid. The glass transition temperature, Tg, is used as a measure of the glass transition range. Tg can be measured from the temperature dependence of properties such as the thermal expansion coefficient or specific heat capacity. In the region between Tg and Tm, the substance is in the supercooled liquid state and this condition can be formed into virtually any shape of glass by processing methods such as blowing or pressing. Glasses exist below Tg and while many glasses are very durable, they are not in thermodynamically stable phase. In comparison crystals with well-organized atomic structures are thermodynamically stable below Tm.



Figure 2.2 also shows the fictive temperature (Tf), which is the temperature of the intersection of the extrapolated supercooled and glass lines. Tf reflects the temperature at which the liquid structure is frozen into the glass. A slower cooling rate will mean that the glass will have a lower enthalpy and Tf compared to a glass produced using a faster cooling rate.

Glass can be produced using a variety of methods, but in most cases, glasses are made by melt-quenching. A compound that can produce glass with a relatively slow cooling process after melting is a good glass former, while a compound that requires a rapid cooling process to produce glass is considered to be a poor glass former. For network glasses such as silicates, during the cooling process, a rapid increase in viscosity prevents large scale atomic arrangements and thus promotes glass formation. In some cases a rapid quench by, for example, melt pressing may be required to prevent crystallisation. 

Large amounts of glass formers in network glass compositions will give high melting temperatures. To reduce the melting temperature, the addition of other components, known as network modifiers, as a flux are needed because the addition of such modifiers will break some Si-O linkages (Colomban, 2003) reducing the 3-dimensional connectivity. 

Network formers such as SiO2, GeO2 or B2O3 can form glasses on their own. These network formers are cations which bond with oxygens and have high electronegativities. Zachariasen, (1932), stated that formation of an oxide glass could occur when i) around cation A, the coordination number of oxygens is low; i.e. 3 or 4 oxygens 2) every polyhedra is connected by its corners only and 3) oxygens are only bonded to two cations without additional connection to other cations. 

Reduction of network connectivity lowers the viscosity at a given temperature and thus the processing temperature. Major modifiers include alkali oxides and alkaline earth oxides. They are present in many practical silicate glasses and different types of alkali and alkaline earth will result in different macroscopic properties (Richet et al., 2006). Intermediates have slightly lower electronegativities than network formers and cannot produce glass by themselves. However, intermediates can function as either a network former or a network modifier depending on the glass composition. Addition of intermediates tends to modify thermal and mechanical behaviour.  Examples of intermediates are Al2O3, TiO2 and ZrO2 (Shelby, 2005). 

[bookmark: _Toc523402869][bookmark: _Toc525526380][bookmark: _Toc525707797][bookmark: _Toc525742461][bookmark: _Toc12994939]2.3 Modifiers and Q species
Pure silica has a fully bonded network of SiO4 tetrahedra (Smedskjaer et al., 2013) hence in vitreous silica, only Si-O-Si bridging oxygens are present. However, an addition of a network modifier, (M2O or MO) will modify this silicate structure and decrease the degree of polymerisation by replacing Si – O – Si bridges with Si – O – M bonds, i.e. by creating non-bridging oxygens (NBOs) (Jones et al., 2001). Q species are used to describe the connectivity of silicate tetrahedra, where Qn indicates the number of bridging oxygens (BOs) in the network. Q0 means that the SiO4 tetrahedron is isolated from the network as it has no BOs and Q4 means that the SiO4 tetrahedron is fully connected. Figure 2.3 shows diagrammatically the Q species in a silica based network.
[image: D:\extra document\q species.tif]
[bookmark: _Toc521420438][bookmark: _Toc525223177][bookmark: _Toc525528325][bookmark: _Toc525706340][bookmark: _Hlk515393495]Figure 2.3: Qn species in silicate glass network (Varshneya, 2013). 











[bookmark: _Hlk2088727]Table 2.1: Field strength of various ions (Varshneya, 2013).
	Element
	Valence Z
	Ionic radius CN=6) r in Å
	Most frequent coordination number CN
	Ionic distance for oxides a in Å
	Field strength at distance of O2 ions Z/2
	Function in glass structure

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	K
	1
	1.33
	8
	2.77
	0.13
	

	Na
	1
	0.98
	6
	2.3
	0.19
	

	Li
	1
	0.78
	6
	2.1
	0.23
	Network modifier
Z/a2≈ 0.1….0.4


	Ba
	2
	1.43
	8
	2.86
	0.24
	

	Pb
	2
	1.32
	8
	2.74
	0.27
	

	Sr
	2
	1.27
	8
	2.69
	0.28
	

	Ca
	2
	1.06
	8
	2.48
	0.33
	

	Mn
	2
	0.91
	6
	2.23
	0.4
	

	Fe
	2
	0.83
	6
	2.15
	0.43
	

	Mn
	2
	0.83
	4
	2.03
	0.49
	

	Mg
	2
	0.78
	6
	2.1
	0.45
	

	
	
	
	4
	1.96
	0.53
	Intermediate network
Z/a2≈ 0.5….1.0


	Zr
	4
	0.87
	8
	2.28
	0.77
	

	Be
	2
	0.34
	4
	1.53
	0.86
	

	Fe
	3
	0.67
	6
	1.99
	0.76
	

	
	
	
	4
	1.88
	0.85
	

	Al
	3
	0.57
	6
	1.89
	0.84
	

	
	
	
	4
	1.77
	0.96
	

	Ti
	4
	0.64
	6
	1.96
	1.04
	

	B
	3
	0.2
	4
	1.5
	1.34
	

	Ge
	4
	0.44
	4
	1.66
	1.45
	

	Si
	4
	0.39
	4
	1.6
	1.57
	

	P
	5
	0.34
	4
	1.55
	2.1
	

	B
	3
	0.2
	3
	1.36
	1.63
	 Network former
Z/a2≈ 1.5….2.0




The number of bridging oxygens (BOs) per tetrahedron (Qn) can be estimated from infra-red (IR) or NMR spectroscopy studies (Ramkumar et al., 2008), (Aguiar et al., 2009). Dietzel's, 1948, introduced field strength or cation field strength and been used to understand the variables that control the network speciation in silicate glasses containing alkaline earths (Brow, 2000). Dietzel’s field strength is  F= Z/a2 where Z is the ionic charge and a is R-O bond distance (R is an element present in the glass). Cation field strength is useful to consider as a tool to describe the connection between glass composition and properties because it considers the valance of the materials used, their coordination and also their RO bond length (Bingham & Hand, 2008).  Table 2.1 shows the field strength of various ions and their function in glass structure. When cations have high field strength indices (~1.3-2), they will be network formers, and when the field strength index is lower,  they will be network intermediates (0.5-1.1) and finally, at the lowest field strength index values (0.1-0.4) we have nework modifiers. 

Portuzak and co-workers suggest that the modifier field strength is one of the main variables that control glass forming and properties of silicate glass (Potuzak and Smedskjaer et al., 2014). They found that the modifier used in their studies are affected the molar volume, density, refractive index, coefficient of thermal expansion and also elastic moduli of  (76−x)SiO2.xAl2O3.6B2O3.12Na2O.6RO glasses with R=Mg, Ca, Sr, and Ba.

Most silicate glasses contain oxides such as CaO, MgO or Na2O as modifiers. These modifiers will interrupt the bonding of silicate glass, thus changing the Q speciation. Thus, for example, in soda-lime-silica glasses, increasing the MgO/SiO ratio results in a decrease of bridging oxygens (Kilinc & Hand, 2015). Such structural changes modify macroscopic properties such as hardness and modulus (Smedskjaer et al. 2013). In terms of structural changes, the addition of alkaline earths, such as CaO in (CaO)x(Na2Si3O7) (increasing from 0 to 20 mol%), changes the Q species from Q2 to lower Q species (Jones et al., 2001). Figure 2.4 shows the effects on the structure when two different network modifiers are added to the composition.
  [image: D:\extra document\structure of glass.tif]
[bookmark: _Toc521420439][bookmark: _Toc525223178][bookmark: _Toc525528326][bookmark: _Toc525706341][bookmark: _Hlk515393507]Figure 2.4: Schematic diagram of the structure of soda-lime-silica glass.
Nonbridging oxygens per tetrahedrally-coordinated cation (NBO/T) is a way of assessing the polymerisation of silicate glass. The calculations are based on the bulk chemistry and depend on the types and amounts of tetrahedrally coordinated cations and their free oxygens (Mysen et al.,  1982) 
[bookmark: _Toc515398706]It has been found NBO/T decreases with increasing Al2O3/Na2O reflecting increased network connectivity in Na2O-Al2O3-SiO2 glasses. Furthermore, NBO/T has been shown to correlate to the mechanical properties of glass with decreasing NBO/T in the glass corresponding to increased hardness and decreased crack resistances (Bechgaard et al., 2016). Meanwhile, in CaO-Al2O3-SiO2 glass, it has been found that a decreased Al/(Al+Si) ratio results in decreased the NBO/T. Increasing silica in this glass increases the NBO/T value (Merzbacher & White, 1991). 

The optical basicity (Λ) is the ratio of the two red shifts in the optical spectra. Even if Λ is not measured, it can be calculated theoretically and correlations between chemical compositions, properties and Λ can be identified. Λ can be evaluated from the binding energy of core electrons which can be measured from X-ray photoelectron spectroscopy (Nanba, 2011). Λ also offers insight into glass redox behaviour with the values of Λth reflecting the chemical reactions between metals, silicates, borates, etc (Duffy, 1993). Duffy investigated measuring Λ using ultraviolet spectra by using Ti+ and Pb+ as probe ions. Λ  for each oxide can be calculated using Duffy, 1993: 
			Λ = ʋf - ʋ / ʋf - ʋo2-					          Equation 2.1
where ʋf is the frequency of Ti+ or Pb+ in the gas phase, ʋ is So       P1 frequency and ʋo2- is the So       P1 frequency for the probe ion in CaO.

Meanwhile, Λth is the theoretical value of Λ that can be calculated from the stoichiometry.
Λth = XAOa/2Λ(AOa/2) + XBOa/2Λ(BOa/2) + ……..                  Equation 2.2
Where Λ(AOa/2), Λ(BOa/2) . . . are the optical basicities of the oxides (AOa/2), (BOa/2). . . ; and XAOa/2, XBOa/2 .. are the equivalent fractions which are the proportion of oxygens atoms contributed by each oxide. Duffy (1993) showed that for the Na2O-B2O3 glass system increasing Na2O (from 0 to 40 mol%)  in the glass composition, increased the optical basicity from 0.44 to 0.58. 


1.1.1 [bookmark: _Toc523153548][bookmark: _Toc523402766][bookmark: _Toc523402870][bookmark: _Toc525222339][bookmark: _Toc525526381][bookmark: _Toc525703707][bookmark: _Toc525707509][bookmark: _Toc525707798][bookmark: _Toc525742462]
[bookmark: _Toc515398707][bookmark: _Toc523402871][bookmark: _Toc525526382][bookmark: _Toc525707799][bookmark: _Toc525742463][bookmark: _Toc12994940]2.4 Intermediates
Intermediates such as alumina cannot produce a glass under normal conditions (cannot produce glass with only one element) without being combined with other network former oxides and charge compensators are present. Thus alumina is present in tetrahedral coordination as a network former when charge balancing cations, e.g. Na+ are present, otherwise, it may be present in 6-fold coordination as a modifier. The addition of Al into an alkali containing glasses, therefore, reduces the number of NBOs as some of the network modifiers are used in charge balancing instead of forming NBOs (Smedskjaer et al., 2013).

[image: D:\extra document\tricluster.tif]
[bookmark: _Toc521420440][bookmark: _Toc525223179][bookmark: _Toc525528327][bookmark: _Toc525706342][bookmark: _Hlk515393527]Figure 2.5: Schematic of aluminosilicate glass. Alumina structure with the addition of sodium for tricluster formation (I) compensation of sodium cations for tetrahedron of aluminium-oxygen tetrahedra (II) intermediate state with three-fold coordination of aluminium cation (III) the tricluster (Jones et al., 2001)(Kuryaeva, 2004). 

Aluminosilicates are important in industrial glasses and strengthened cover glass for portable electronic devices (Varshneya, 2013). The structure of aluminosilicate glasses sometimes involves uncommon structural units such as triclusters. There are two possible tricluster structures that might occur: i) one silicate and two aluminate tetrahedra, ii) two silicate and one aluminate tetrahedra. Figure 2.5 shows a 2D schematic of how triclusters occur. 

Smedskjaer et al., (2013) found that properties of aluminosilicates such as density, refractive index, hardness, Young’s and shear moduli increase as the alumina content increases. The fraction of AlV present depends on the modifier cation field strength. This is due to the capability of the network modifier to provide charge balance for Al being reduced as the field strength increases hence  Mg2+ > Zn2+ > Ca2+ > Sr2+ > Ba2+. Usually, in aluminosilicate glass increasing of Al coordination average number (the weighted average of the AlIV, AlV, and AlVI) are from increasing of the higher field strength of network modifier use (Kelsey et al., 2009). 
Previous researchers have proven that in the alkali aluminosilicate glass system (Na2O-Al2O3-SiO2), controlling the Al/(Al+Na) ratio determines whether Na acts as a charge compensator for AlIV formation or as a network modifier (Le Losq et al., 2014). For example, when the ratio of Al > network modifier (peraluminous), Al3+ appears in the composition and 5-fold coordinated Al will be present. Increasing the Al/(Al+Na) ratio results in an increase of polymerization by increasing the stability of the aluminosilicate network, which simultaneously increases the glass transition temperature (Le Losq et al., 2014). 
In term of aluminium speciation in the structure, it has shown that the composition used will affect aluminium coordination. For example, when CaO-Al2O3-SiO2 and MgO-Al2O3-SiO2 glasses are in the peralkaline regime, the aluminium coordination will be AlIV. In the composition used, from the infrared reflectance analysis and Raman analysis, network modifiers from alkaline earths enhance the formation of high negative charge density species. This has been proved from the observed peak shifts in infrared reflectance and Raman spectroscopy measurements. At low Al contents, the Raman peak shifts to high wavenumber meanwhile at high Al, the peak shifts to lower wavenumbers.  In low Al glasses, more Q2 are present and as  Al/Si is increased, the amount of Q3 is increased (Merzbacher & White, 1991).  
Meanwhile,  Lee & Stebbins, 2000 reported that higher field strength cations also lead to a higher fraction of NBOs. Y3+ has a larger field strength than La3+ thus, the fractions of NBOs and 5 or 6 coordinated Al are higher in Y than La-aluminosilicate glasses.
It has also been reported that the processing temperature affects the coordination of Al coordination with increasing processing temperature resulting in increased AlIV. This can be seen from the movement of the peak in 27Al NMR using MAS NMR when the maximum peak slightly changes in going from room temperature to high temperatures (about 850 ºC) in calcium aluminosilicate (43.1CaO–12.5Al2O3–44.4SiO2) glass. The line width of Al MAS spectra was also decreased with increasing temperature, indicating that the chemical environment is changed (Kanehashi & Stebbins, 2007). The coordination of alumina present also depends on the quench rate and fictive temperature. In calcium aluminosilicate glass, CaAl2Si2O8, higher quench rates and higher fictive temperatures give higher amounts of AlV and also high numbers of NBOs  (Stebbins et al., 2008). 

[bookmark: _Toc515398708][bookmark: _Toc523402872][bookmark: _Toc525526383][bookmark: _Toc525707800][bookmark: _Toc525742464][bookmark: _Toc12994941]2.5 Boron as a network former
B2O3 is a network former and borate based glasses have received much attention and have been continuously studied, however, borates have very limited applications compared to borosilicates. Boron oxide also can be used to improve melt refining process and improve the optical properties of glass produced. Boron is trivalent and thus forms trigonal units. The initial addition of a network modifier, such as Na2O in binary alkali borate glasses, produces fourfold coordinated B (BIV) from the conversion of BIII (threefold coordinated boron) with Na acting as a charge compensator in the composition (Zheng et al., 2012):
[image: C:\Users\Asus A450L\Google Drive\0. Master writing\boron.jpg]Equation 2.3


(Varshneya, 2006). Beyond a certain limit, further additions lead to the creation of NBOs. 
[image: C:\Users\Asus A450L\Google Drive\0. Master writing\boron 2.jpg]Equation 2.4

An important parameter in the studies of alkali borate glasses is the coordination of borate glass and the fraction of tetrahedral boron to total boron (N4) i.e:
N4 = N (BO4) / N (BO4 + BO3).					                    Equation 2.5
The formation of BO4 gives rise to the so-called boron anomaly. For example, the addition of alkali oxide converting BO3 to BO4 with no NBOs, results in an increase of connectivity and hence an increase in the glass transition temperature and a decrease in the coefficient of thermal expansion. 
The boron anomaly is one of the situations that gave a significant challenge in understanding the alkali borate system (Araujo, 1983), (Kiczenski et al., 2005), (Cormier et al., 2006) as the borate structural units in glass depend in a non-monotonic fashion on the network modifier concentration. Table 2.2 represents the types of borate structural units that occur in binary borate glass and crystal compositions.
[bookmark: _Toc521483062][bookmark: _Toc525225323][bookmark: _Toc525706419][bookmark: _Hlk515393548]
Table 2.2: Borate structural units
	Borate units
	Name & compounds

	B
B
B
O
O
O
B
B



   
	Metaborate group
Ring types
Compounds: Na2O-B2O3 
                     K2O-B2O3

	B
B
B
O
O
O
O
O
O
O




	Metaborate group
Chain types
Compounds: Li2O-B2O3
                     CaO-B2O3

	O
O
B
O
B
O
O



	Pyroborate group
Compounds: 2MgO-B2O3
                      2CaO-B2O3

	B
O
O
O


	Orthoborate group
Compounds: 3MgO-B2O3
                      3CaO-B2O3



[bookmark: _Toc523402873][bookmark: _Toc525526384][bookmark: _Toc525707801][bookmark: _Toc525742465]In borosilicate based fibreglass it has been found that thermal history also affects boron speciation.  Thus upon annealing which normally reduces the fictive temperature, boron can convert from the trigonal to the tetrahedral configuration (Smedskjaer et al., 2011).

[bookmark: _Toc12994942]2.6 Aluminoborates and boroaluminosilicates
Coordination of boron is also affected by the quantity of alumina present as well as the quantity of network modifier. Varied network formers give rise to different outcomes and dissimilar macroscopic characteristics because of the complex structural variations (Schuch et al., 2009), (Zheng et al., 2012). 
Therefore, it is important to know and understand the role of alumina in determining the properties of boroaluminosilicate glasses. It has been proven that network modifiers tend to charge compensate aluminium before boron or produce NBOs (Zheng et al., 2012). Thus when Al2O3 > Na2O, sodium will charge compensate tetrahedral aluminium (AlIV), although a small amount of sodium tends to contribute to the appearance of fivefold coordinated alumina (AlV). Meanwhile, when Al2O3 < Na2O, sodium first will compensate alumina to produce AlIV then will either produce NBOs or compensate boron (Martens & Muller-Warmuth, 2000). 
In aluminoborate glass, the addition or substitution of alkaline earths such as Mg, Ca, Sr and Ba in the glass composition results in similar trends for N4 formation albeit with different values. Increasing amounts of alkaline earth will increase the amount of N4 up to a certain amount followed by a decrease as seen with alkali oxides (Bishop and Bray, 1966). The effect of varying the amount of calcium and barium oxides in boroaluminate glasses is shown in Figure 2.6. 
[image: ]N4

[bookmark: _Hlk515393583][bookmark: _Toc521420441][bookmark: _Toc525223180][bookmark: _Toc525528328][bookmark: _Toc525706343]Figure 2.6: Fraction of tetrahedral boron (N4) with mole fraction of alkaline earth used in boroaluminate glass, xMO. yB2O3. 10Al2O3 with variation of x and y (Bunker et al., 1991).
However, N4 did not change appreciably between CaO and BaO, although the atomic fractions of N4 in Figure 2.6 vary from 0.06 to 0.39. Network modifiers are required to charge compensate both Al and B to produce AlIV And BIV in the final glasses. The Al/B ratio is sensitive primarily because when the amount of Al in the composition increases, more BIII is required to ensure a stable distribution of oxygens and thus N4 is predicted to decrease with increasing Al content (Bunker et al., 1991).
[bookmark: _Toc515398711][bookmark: _Toc523402874][bookmark: _Toc525526385][bookmark: _Toc525707802][bookmark: _Toc525742466][bookmark: _Toc12994943]2.7 Mixed alkali and alkaline earth effect       

As noted above, modifiers such as alkali or alkaline earth oxides are used to modify the glass properties. Alkali and alkaline earth oxides give different effects when used in glass production due to their different cation field strengths and ionic radii. If mixed alkalis, K, Cs, Li and Na, are present in the same composition the mixed alkali effect, a non-linear variation of properties with composition, will occur. Typically most non-linear variations have been seen in dynamic properties such as electrical conductivity. For example, in Li2O-Cs2O-B2O3 glasses, the partial replacement of Li2O with Cs2O results in reduced electrical connectivity because the different alkalis impede the motion of each other (Meera & Ramakrishna, 1993).  There is evidence that mixed alkaline earths can also affect dynamic properties such as viscosity, conductivity and viscosity. Kjeldsen et al., (2013) studied the mixed alkaline earth effect in sodium aluminosilicate glasses for both static and dynamic properties using 60SiO2-16Al2O3-16Na2O-(8-x)MgO-xCaO. In term of dynamic properties, the liquid fragility index increased and the isokom temperature increased and thus reducing the viscosity with the increase of calcium content. This means that as the temperature increases the mixed alkaline effect declines. In term of static properties, the molar volume and density decrease with increasing calcium. Meanwhile, the minimum hardness value is closely correlated to the minimum in isokom temperatures as both of these properties are related to the ease of plastic flow. In the compositions studied, the alkaline earth effect leads to a maximum in T-O-T bonding, however minima for the glass transition temperature, isokom temperature and hardness at intermediate compositions. 

Some evidence of the mixed alkali effect has also been seen in non-dynamic properties. Hand & Tadjiev (2010) studied the mixed alkali effect and mixed alkaline earth effect on the mechanical properties of a range of silicate glasses. In their mixed alkali glass, xNa2O-20-xK2O-15CaO-65SiO2, the hardness displayed a maximum for a mixed alkali and the toughness a minimum. In comparison in the mixed alkaline earth composition 15Na2O-10-xCaO-xMgO-75SiO2, on increasing magnesia, the hardness, brittleness and modulus decreased while the toughness values increased. Meanwhile, Mohajerani & Zwanziger, (2012) also studied the mixed alkali effect and focused on Vickers hardness and cracking with a variation of composition used which are 60SiO2–40M2O, 70B2O3–30M2O and 46P2O5– 8Al2O3–46M2O and M2O is LiO2 and Na2O. They found that the glass with mixed alkali oxides produced shorter cracks than the glasses containing the single alkali. It was also noted that, in between three glass series produced, glass with mixed alkaline effect produced high hardness due to their reduced plastic deformation and low glass transition temperatures compared to single alkali glasses. 


[bookmark: _Hlk519374782]Mixed alkaline earths are very important in silicates and aluminosilicates due to their important application for chemically strengthen glass such as personal electric devices (Varshneya, 2010). A study of mixed alkali alkaline earths revealed that addition of an alkali causes reduced alkaline-earth mobility (Grofmeier & Bracht, 2012). This is in contrast with mixed alkalis when the presence of two alkalis constrains the mobility of both species. However, in some cases in the Na2O-2CaO-4SiO2 and K2O-2CaO-4SiO2 ternary system, the mobility of calcium ions is lowered when it is under the low pressure compared in the ambient atmosphere because there is a constraint of alkali mobility which suppresses alkaline earth diffusion (Grofmeier & Bracht, 2012). Therefore mixed alkalis lead to non-predictive dependences of physical, mechanical or thermal properties on composition (Kjeldsen et al., 2013). The effect of mixed alkaline earths and mixed network former effects are less well understood, especially in boroaluminosilicate glasses. 

2.8 Effect of different modifier cations
Kjeldsen et al., (2013) looked at CaO and MgO in sodium aluminosilicate glasses with the composition 16Na2O-(8-x)MgO-xCaO-16Al2O3-60SiO2. When CaO was replaced by MgO, the density and molar volume decreased while the Vickers hardness and glass transition temperature increased. The glass transition temperature increased due to an increase in the connectivity because Mg2+ has a lower oxygen coordination number than Ca2+ and thus leads to increased T-O-T bonding (T is a tetrahedrally coordinated species). The coordination of Mg2+/Ca2+ also affected the coordination of alumina. From the Al NMR data, the highest peak is slightly shielded to lower ppm on increasing substitution of CaO for MgO, due to the presence and increase in the amount of fivefold coordinated aluminium (AlV) (Kjeldsen et al., 2013). 
The coordination of alumina and boron varies when different alkaline earths are used in boroaluminate glasses MO:B2O3:Al2O3 with M is Mg, Ca, Ba, Sr. For an example in the Mg glass series with 40MgO-(50-x)B2O3-xAl2O3, where x=10, 20, 30, variation of alumina species present (AlIV, AlV and AlVI) with decreasing B2O3; the increase in AlIV is due to charge compensation from the alkaline earth. Meanwhile, for CaO glass composition with the same stoichiometry, only AlIV and AlV were present. In other compositions with 40MO-30B2O3-30Al2O3, BIII and BIV were present for all alkaline earth types together with AlIV, AlV and AlVI  (Bunker et al., 1991). 
[bookmark: _Toc523402875][bookmark: _Toc525526386][bookmark: _Toc525707803][bookmark: _Toc525742467][bookmark: _Toc12994944]2.9 Effect of polymerisation on properties
The polymerisation is a measure of the connectivity of the glass network and in silicate glasses is characterised by determined the ratio between silica and network forming cations and oxygens. The degree of polymerization is also affected by both alumina and boron speciation as well as the amounts of modifier present (Quintas et al., 2007). Depolymerisation is generally caused by increasing the amount of modifiers in the composition (Manara et al., 2009). Increased polymerisation results in increased Tg (Neuville et al., 2006), decreased Poisson’s ratio  (Rouxel, 2007) and decreased atomic packing density (Rouxel, 2007).
Columban, (2012) used A500/A1000 ratio to measure the degree of polymerisation of glass, where A500 and A100 are the relative intensities of the (Si-O) stretching and bending modes assessed from the Raman peaks at 500 and 1000 cm-1 respectively. High values of A500/A1000 correspond to silica rich compositions meanwhile low values correspond to the higher modifier contents and lower amounts of silica. This method also been used by other researchers  (see, for example, Kilinc & Hand, 2015). 
[bookmark: _Toc12994945]2.10 Connectivity
Connectivity of any structure is formed from various types of bonds such as ion-covalent, hydrogen bonds, donor-acceptor, etc. The degree of connectivity of oxide glasses can be calculated as follows (Rouxel, 2007).

						         Equation 2.6






where , and  are mole fractions of the modifier, network former and intermediate oxide cations; and ,  and  denotes the valency of the network modifier, network former and intermediate oxide, respectively. Network modifiers might compensate the intermediates and thus the charge compensation of the modifier cation mole fraction needs to be subtracted from numerator and then added to denominator in equation 2.6 and the amount of tetrahedral coordination for Al and B needs to be considered.  T in equation 2.6 is equal to 4 for glasses which include Si, Al, Zr, Ge and As. However, T is 3 for borate and phosphate. This is due to there will be four oxygens are links for Si, Al, Zr, Ge and As but only three oxygens can form bridging oxygens with neighbouring tetrahedra for borate and phosphate glass.
[bookmark: _Toc515398713][bookmark: _Toc523402876][bookmark: _Toc525526387][bookmark: _Toc525707804][bookmark: _Toc525742468][bookmark: _Toc12994946]2.11 Moduli / Hardness / Toughness / Brittleness of glasses
The mechanical properties of glasses are very important in many applications. For example, high hardness and scratch resistance are very important for touch screen display applications (Connelly et al., 2011a). The excellent values of toughness, hardness, brittleness and strength seen in boroaluminosilicate glasses enable these glasses to be used in specific applications such as screen displays (Varshneya, 2006) while their enhanced chemical durability makes them suitable for use in waste immobilization (Connelly et al., 2011b). Table 2.3 shows the summary of mechanical properties of different types of glass and indicates that Vickers hardness of boroaluminosilicate are higher to those other glasses. Hardness and modulus (E, G or K) of aluminosilicate glasses are similar to those of soda-lime-silica glasses. Fracture toughness may be similar to, or higher than, that of soda-lime-silica glasses.
[bookmark: _Toc525225324][bookmark: _Toc525706420][bookmark: _Toc521483063][bookmark: _Hlk515393720]Table 2.3: Summary of the mechanical properties of different types of glass. 
	Types of glass
	Vicker's Hardness
	Young's modulus
	Bulk Modulus
	Shear Modulus
	Poisson's ratio
	Indentation Fracture toughness
	Reference

	
	Hv (GPa)
	E (GPa)
	K (GPa)
	G (GPa) 
	v
	KIC (MN m-3/2)
	

	Vitreous silica
	6.2
	70
	33.3
	30.4
	0.15
	0.7
	(Bansal & Doremus, 2013)

	Soda lime silicates
	5.16-5.96
	70-76
	40-44
	29-31
	0.19-0.21
	0.73-0.89
	(Kilinc & Hand, 2015)

	Aluminosilicates
	5.0-6.0
	71-74
	38-69
	32
	0.19-0.28
	0.86-0.94
	( Rouxel, 2007)

	Borosilicates
	3.9-5.4
	26-86
	19-35
	20-35
	0.2-0.28
	0.46-0.94
	( Rouxel, 2007) (Mazurin, 1987)

	Boroaluminosilicates
	7.4-8.4
	67-73
	41-48
	27-31                        
	0.15-0.29
	0.38-0.94
	(Zheng et al., 2012) (Smedskjaer, 2014)
(Potuzak &Smedskjaer, 2014)

	Phosphates
	2.7-5.0
	50-70
	40-55
	20-30
	0.28-0.31
	0.41-0.86
	(Striepe & Deubener, 2013)
(Wilantewicz & Varner, 2008)


[bookmark: _Toc523402877][bookmark: _Toc525526388][bookmark: _Toc525707805][bookmark: _Toc525742469][bookmark: _Hlk485117690] 
2.11.1 Moduli
Young’s modulus (E), bulk modulus (K), shear modulus (G), and Poisson’s ratio (v) are fundamental material properties described in more detail below. For an isotropic material such as glass once any two of these parameters are known the others can be calculated using relationships such as (Green, 1988):

								         Equation 2.7

									         Equation 2.8
[bookmark: _Toc523402878][bookmark: _Toc525526389][bookmark: _Toc525707806][bookmark: _Toc525742470]2.11.1.1 Young’s modulus
Young’s modulus measures the stiffness of a material. Young modulus of glasses is determined by the average strength of the chemical bonds in the glass and the atomic packing density (Makishima & Mackenzie, 1973) (Veit & Rüssel, 2016). Rouxel also states that the packing density and the atomic bond energy affect moduli (Rouxel, 2007). However, Ragoen in their study using  (75−x)SiO2 mol%-25Na2O-xAl2O3 found the opposite behaviour with molar volume because Young’s modulus is controlled by both network connectivity and average bond strength (Ragoen et al., 2017). Meanwhile, Shelby, 2005 also mentioned that connectivity and dimensionality of the glass structure affect the modulus. The presence of non-bridging oxygens makes it easy to displace atoms in a glass and thus will reduce the elastic modulus. Since elastic moduli relate to bond strength, they can also be correlated to the glass transition temperature. As noted already, the appearance of NBOs is affected by the concentration of Al2O3 because increasing AlIV will automatically decrease the concentration of NBOs. Furthermore, it has a consistent connection to the relationship between glass connectivity and Young’s modulus because the higher the NBO concentration, the lower the connectivity thus the weaker the glass network. 

[bookmark: _Toc523402879][bookmark: _Toc525526390][bookmark: _Toc525707807][bookmark: _Toc525742471]2.11.1.2 Bulk and shear modulus
Bulk modulus is the stiffness of material under hydrostatic compression. The bulk modulus is also affected by the short and medium-range structure and thus it is also correlated to the packing density and interatomic forces (Makishma & Mackenzie, 1975) (Rocherulle et al., 1989). The bulk modulus is more sensitive to packing density than Young’s modulus because the bulk modulus is defined as the three dimensional isotropic modulus divided by relative volume change (Makishma & Mackenzie, 1975). Soga & Anderson, (1966), mentioned that bulk modulus (K) is related to mean atomic volume and they suggested that ln K is inversely proportional to ln(2M/Pρ) where the molecular weight is M, number of ions is P and density, ρ.  The bulk modulus has been found to increase when alkaline earths were added to Na2O-CaO-SiO2 glasses, and thus increase with decreasing network polymerisation and the increase in modulus also because of increased network packing of the glass (Kilinc & Hand, 2015). 
[bookmark: _Toc523402880][bookmark: _Toc525526391][bookmark: _Toc525707808][bookmark: _Toc525742472]2.11.1.3 Poisson’s ratio
Poisson’s ratio is a ratio between transverse strain (Ɛt) and longitudinal strain (Ɛl) (the strain in the direction of elastic loading in pure tension) and is a measure of the resistance of a material to volume change upon change of shape (Sellappan et al., 2010). For glasses, it has been found that Poisson’s ratio can be correlated with the toughness, densification and connectivity. Poisson’s ratio also increases with atomic packing density, Cg, as shown in Figure 2.7.  The packing density can be calculated using:

						          	          Equation 2.9 where d is glass specific weight,  fi, is molar fraction Vi is molar volume and Mi is molar weight.

and , for AxOy and N is Avogadro’s number.
The Poisson’s ratio is connected to how structural elements are packed (Greaves et al., 2011) (Rouxel, 2007). Thus features such as the number of NBOs affect the packing density of glass and the Poisson’s ratio (Barlet et al., 2015).  
[image: ] 
[bookmark: _Toc521420443]Figure 2.7: Poisson’s ratio as a function of packing density; based on (Rouxel, 2007) (Makishima & Mackenzie, 1973).

Poisson’s ratios of glasses lie between 0.1 and 0.4 with glasses with low packing densities having the lower values. The value of Cg depends on the chemical system. A linear dependence of v on Cg was proposed by Makishima & Mackenzie (1973). However, as shown in Figure 2.7 Rouxel found that an S-shaped curve more accurately reflected the correlation between v and Cg (Rouxel, 2007). Interestingly, Figure 2.7 also reveals that polycrystalline carbon steels which have a Poisson’s ratio value in a range between 0.29 and 0.33 with a packing fraction 0.68 (bcc- ferrite) and 0.74 (fcc – austenite) also fit lie on the S-shaped v(Cg) curve.      
In alkali silicate glass increasing the amount of alkali increases Cg and thus Poisson’s ratio, v. Meanwhile in alkali-aluminosilicate glasses, the coordination of Al also affects the value of Cg. For example, when Al2O3/Na2O<1, Cg decreases because of the appearance of Al as a network former, while network modifying atom will enhance Cg (Rouxel, 2007). Whereas for low Al contents Poisson’s ratio increases with increasing Al until (Al2O3/Na2O = 1) (Rouxel, 2007). In aluminosilicate glasses, changing the alkaline earth changes the value of Cg. For example, when small and lighter atoms such as Mg replace Ca in a glass composition, Cg and thus v increased (Deriano et al., 2004). 

[bookmark: _Toc523402881][bookmark: _Toc525526392][bookmark: _Toc525707809][bookmark: _Toc525742473]2.11.2 Hardness
Hardness is a measure of a material’s resistance to permanent deformation. For crystalline materials, the hardness value in principle can be predicted but that contrasts with glass materials. There are several factors that can affect hardness:
· The number of bridging oxygens per tetrahedra (Smedskjaer et al., 2010)
· Ionic radius effect. Different ionic radii will affect the number of oxygens that can fit around alkaline earth as network modifier used. (Smedskjaer et al., 2010). 
· Boron speciation also contributes to controlling the hardness of glass. This is because BIV contributes more constraints impeding deformation of the structure BIII ( Zheng et al., 2012).
· Hardness tends to increase with increasing Young’s modulus (see Figure 2.8).
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[bookmark: _Hlk493182178][bookmark: _Toc521420444][bookmark: _Hlk515393769]Figure 2.8: Hardness versus Young’s modulus of various types of glasses and composition (Si, silicate; N/Na, Sodium; B; Boron; Mg, Magnesium and Ca, Calcium); data from (Kilinc & Hand, 2015)(Barlet et al., 2015)(Deriano et al., 2004).
Tg is the glass transition temperature and can be defined as the temperature at which the equilibrium viscosity equals 1012 Pa.s (Smedskjaer et al., 2013). The glass transition temperature depends on composition because different types and amount of network former and modifier used cause the change of Q species. However, in term of hardness and Young’s modulus connection with Tg, it gives a direct correlation for most types of glass as can be seen from Figure 2.9 and Figure 2.10. Increasing of Tg tends to correlate with increasing hardness because both are related to the structure of the glass.  
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[bookmark: _Toc521420445][bookmark: _Ref519569138]Figure 2.9: Hardness versus glass transition temperature for various types of glasses and composition (Si, silicate; Na, Sodium; B; Boron; Mg, Magnesium and Ca, Calcium); data from (Sehgal & Ito, 1999)(Barlet et al., 2015)(Deriano, et al., 2004)(Mohajerani & Zwanziger, 2012).
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[bookmark: _Toc521420446][bookmark: _Ref519569174][bookmark: _Toc525223181][bookmark: _Toc525528329][bookmark: _Toc525706344]Figure 2.10: Young’s modulus versus glass transition temperature for various types of glasses and composition (Si, Silicate; Na, Sodium; B; Boron; Mg, Magnesium and Ca, Calcium); data from (Rouxel, 2007)(Sehgal & Ito, 1999)(Barlet et al., 2015)(Deriano, et al., 2004)(Mohajerani & Zwanziger, 2012).

Young’s modulus also generally increases with the glass transition temperature (Rouxel, 2007). The atomic packing density (Cg) and bond strength are interconnected. However, it is difficult to have both high packing density and strong bonding at the same time. As a consequence of this difficulty in interconnection, the Tg is decreased as the fraction of weakens bond increases.  For example, a-SiO2 has a low packing density of Cg ~0.45, with strong atomic bonding (UoSi-O~800 kJ/mol). Thus when Ca was substituted by Mg in a soda-lime-silica glass with 15 mol % Na2O and 78 mol % SiO2, although UoMg–O>UoCa–O, both E and Tg were decreased from 68.9 to 66.6 GPa and from 512 ºC to 490 ºC, respectively (Deriano et al., 2004).
[bookmark: _Toc523402882][bookmark: _Toc525526393][bookmark: _Toc525707810][bookmark: _Toc525742474]2.11.3 Fracture toughness
Fracture toughness is a macroscopic property that describes the ease of crack propagation in a material. Fracture mechanics shows that fracture toughness (KIC) is related to modulus hence for glasses it must also be related to packing density (Griffith, 1921)(Irwin, 1957)(Hand & Tadjiev, 2010):

Fracture toughness, 				                    Equation 2.10


with,is elastic surface energy of glass and   is plastic surface energy.

And, plane strain modulus, 	 			        Equation 2.11

With Dav is average dissociation energy per unit volume. Hence, the crack propagation may impede from the plastic deformation of materials from a crack tip which can scale linearly with  and can expend contact loading energy. 
[bookmark: _Toc525742475]2.11.4 Brittleness
Brittleness is the ratio of hardness to fracture toughness.

Equation 2.12

The following have been found to affect the brittleness of glass.
· Brittleness has been found to correlate with density. For so-called normal glasses, the brittleness increases with increasing density due to densification and plastic flow (Sehgal & Ito, 1999).
· The amount of B2O3 in the glass. Regular silica based glasses have high brittleness when the density is less than 2.4 g/cm3. However, for glasses contain B2O3, the density is around 2.2 g/cm3 and the brittleness is extremely small (Sehgal & Ito, 1999) due to the boron structure. When BO3 is in trigonal units or boroxyl rings then sliding of these planar structures aid plastic flow (Hirao, 1989). 
· The brittleness of glass can also be modified by controlling the mobility of network modifier ions, amounts of non-bridging oxygens or ring size distributions (Hasdemir et al., 2015) and it is correlated to packing density and Poisson’s ratio (Rouxel, 2007).
Figures 2.11-2.13 show that brittleness increases with increasing Young’s modulus, Poisson’s ratio and density. 
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[bookmark: _Toc521420447][bookmark: _Toc525223182][bookmark: _Toc525528330][bookmark: _Toc525706345]Figure 2.11: Young’s modulus versus brittleness of various types of glasses and composition (Si, silicate; Na, Sodium; B; Boron; M, Magnesium and Ca, Calcium); data from (Kilinc & Hand, 2015)(Sehgal & Ito, 1998) (Hojamberdiev & Stevens, 2012). 
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[bookmark: _Toc521420448][bookmark: _Toc525223183][bookmark: _Toc525528331][bookmark: _Toc525706346]       Figure 2.12: Brittleness versus density for various types of glasses and composition (Si, Silicate; Na, Sodium; B; Boron; M, Magnesium and Ca, Calcium); data from (Kilinc & Hand, 2015) (Sehgal & Ito, 1999)(Hasdemir et al., 2015)(Sehgal & Ito, 1998)(Hojamberdiev & Stevens, 2012). 
[image: ]
[bookmark: _Toc521420449][bookmark: _Toc525223184][bookmark: _Toc525528332][bookmark: _Toc525706347]Figure 2.13: Poisson’s ratio versus brittleness of various types of glasses and composition (Si, Silicate; Na, Sodium; B; Boron; M, Magnesium and Ca, Calcium); data from (Kilinc & Hand, 2015) (Hojamberdiev & Stevens, 2012).
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1.1.2 [bookmark: _Toc523153562][bookmark: _Toc523402780][bookmark: _Toc523402884][bookmark: _Toc525222353][bookmark: _Toc525526395][bookmark: _Toc525703721][bookmark: _Toc525707523][bookmark: _Toc525707812][bookmark: _Toc525742477]
[bookmark: _Toc523402885][bookmark: _Toc525526396][bookmark: _Toc525707813][bookmark: _Toc525742478]2.11.5 Mechanical properties of boroaluminosilicate glasses and relationships with structure
Boron speciation affects the mechanical properties of glasses. For example, in ternary SiO2-B2O3-Na2O glasses, the densification and crack resistance value increase with increasing three-fold coordinated boron, whereas four-fold coordinated boron decreased the densification and crack resistance (Kato et al., 2010). This is because the presence of three-fold coordination will produce a more open and less rigid network which enhances densification and crack resistance. The brittleness and fracture toughness were found to be correlated to the pressure applied and the molar volume of boron (Striepe et al., 2013). For ternary lead borosilicate glasses the value of thermal expansion coefficient and glass transition temperature decreased when SiO2 was replaced with B2O3 due to the increased number of Si–O–B linkages (Sudarsan et al., 2002). 
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[bookmark: _Toc521420450][bookmark: _Toc525223185][bookmark: _Toc525528333][bookmark: _Toc525706348][bookmark: _Hlk515393856]Figure 2.14: Composition-structure-properties of boroaluminosilicate glass (Na2O-Al2O3-B2O3-SiO2); data from (Zheng et al., 2012)
In their studies on boroaluminosilicate glass, Zheng et al (2012) found that as Al2O3 increased, N4 dramatically decreased as the modifiers are used to compensate AlIV, and N4 ~ 0 when [Al2O3]-[Na2O] = 0 (see Figure 2.14). Thus the glass transition temperature increased with increasing alumina content. Meanwhile, both density and Young’s modulus decreased with increasing N4. Modulus starts to decrease when the concentration of BIII is increased because BIII species make the glass structure less densely packed. However, the density and Young’s modulus start to increase when [Al2O3]-[Na2O] > 0 due to the presence of AlV, which causes increased network connectivity and hence increased elastic moduli. Meanwhile Ramkumar et al., (2008), also found that there is a correlation between structure and microhardness in (Na2O)0.27-x(K2O)0.029(B2O3)x(SiO2)0.69(Al2O3)0.011 glasses. The different value of microhardness in their studies depends on whether boron is present in BIII or BIV structural units in the glass network. In their glass series, the Na2O tend to convert BIII to BIV when B2O3 was below 15 mol% and also to convert Q3 to Q4. The microhardness tended to increase until 15 mol% B2O3 then decreased above for greater boron contents. Below 15 mol% B2O3, the microhardness values were increased because of the interaction of B2O3 with Na2O to convert BIII to BIV and also convert Q3 to Q4. However, above 15 mol %, the remaining concentration of Na2O is insufficient for the conversion of BIII to BIV and thus BIII is increased and the amount of Q3 and Q4 silicon structural units are not affected. The microhardness value is decreased above 15 mol% of B2O3.
[bookmark: _Toc523402886][bookmark: _Toc525526397][bookmark: _Toc525707814][bookmark: _Toc525742479]2.11.6 Effect of network charge balance on mechanical properties
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[bookmark: _Toc521420452][bookmark: _Toc525223187][bookmark: _Toc525528334][bookmark: _Toc525706349]Figure 2.15: Compositional dependence of bulk modulus of sodium boroaluminosilicate glasses (76−x)SiO2.xAl2O3.6B2O3.12Na2O.6RO with x=0, 3, 6, 9, 12, 15, 18, 21, and 24 for R=Mg, Ca, Sr, and Ba; data from (Potuzak & Smedskjaer, 2014).
Network charge balance is the balance of cations after full charge stabilization of Al3+ and B3+ in tetrahedral configuration. Potuzak and Smedskjaer studied 36 alkaline-earth sodium boroaluminosilicate by types of alkaline earth used (MgO, CaO, SrO and BaO) and the ratio of Si/Al to understand the effect of composition on physical properties. Their results showed that when the charge compensation falls below zero [(Al2O3)-(Na2O)>0], a sudden change in Young’s and shear modulus was observed. Figure 2.15 shows the effect of composition on the various moduli. 
[bookmark: _Toc523402887][bookmark: _Toc525526398][bookmark: _Toc525707815][bookmark: _Toc525742480][bookmark: _Toc12994948]2.12 Summary of literature
Alumina and boron impact both structure and properties of glasses and often lead to nonlinear correlations between composition and mechanical properties. Alumina may lead to an increase in the polymerisation of glass, glass transition temperature, density and hardness. Both boron oxide and alumina require charge balancing to form tetrahedral units and this gives rise to non-linear dependencies of properties on composition when these species are added to silicate glasses. Only limited mechanical properties of boroaluminosilicate glasses have been reported in the literature. This thesis is therefore intended to investigate the relationships between mechanical properties and composition in boroaluminosilicate glasses in some detail.  
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10 series of borosilicate glass compositions have been investigated to see the major effects of the three network formers in these glasses. The first set of boroaluminosilicate glasses for this study were derived from a composition given by Heath et al., (2013) i.e., 7.6 Na2O – 1.1 MgO – 3 CaO – 5.2 Al2O3 – 7.6 B2O –  75.5 SiO2.  The effect of alkaline earths was also examined by using two different alkaline earths in the composition, namely barium oxide and calcium oxide. The full details of the compositions are presented in Table 3.1. 
[bookmark: _Toc521483064][bookmark: _Toc525225325][bookmark: _Toc525706421][bookmark: _Hlk515393885][bookmark: _Hlk517707880]Table 3.1 Batched compositions of the boroaluminosilicate glasses studied. (Continued on next page)
	Glass Series
	Glass ID
	Batched Composition (mol %)

	
	
	Na2O
	MgO
	CaO
	BaO
	Al2O3
	B2O3
	SiO2

	N7.6M1.1C3AxB7.6S80.7-x 
	N7.6M1.1C3A1B7.6S79.7
	7.6
	1.1
	3
	0
	1
	7.6
	79.7

	
	N7.6M1.1C3A2.5B7.6S78.2 
	7.6
	1.1
	3
	0
	2.5
	7.6
	78.2

	
	N7.6M1.1C3A5B7.6S75.7 
	7.6
	1.1
	3
	0
	5
	7.6
	75.7

	
	N7.6M1.1C3A5.2B7.6S75.5
	7.6
	1.1
	3
	0
	5.2
	7.6
	75.5

	
	N7.6M1.1C3A7.5B7.6S73.2
	7.6
	1.1
	3
	0
	7.5
	7.6
	73.2

	
	N7.6M1.1C3A10B7.6S70.7
	7.6
	1.1
	3
	0
	10
	7.6
	70.7

	
	N7.6M1.1C3A12.5B7.6S68.2
	7.6
	1.1
	3
	0
	12.5
	7.6
	68.2

	
	N7.6M1.1C3A15B7.6S65.7
	7.6
	1.1
	3
	0
	15
	7.6
	65.7

	
	N7.6M1.1C3A17.5B7.6S63.2
	7.6
	1.1
	3
	0
	17.5
	7.6
	63.2

	N15C5AxB10-xS70
	N15C5A0B10S70
	15
	0
	5
	0
	0
	10
	70

	
	N15C5A5B5S70
	15
	0
	5
	0
	5
	5
	70

	N15C5AxB20-xS60
	N15C5A5B15S60
	15
	0
	5
	0
	5
	15
	60

	
	N15C5A10B10S60
	15
	0
	5
	0
	10
	10
	60

	
	N15C5A15B5S60
	15
	0
	5
	0
	15
	5
	60

	N15CxA15-xB10S60
	N15C7.5A7.5B10S60
	15
	0
	7.5
	0
	7.5
	10
	60

	
	N15C10A5B10S60
	15
	0
	10
	0
	5
	10
	60

	
	N15C12.5A2.5B10S60
	15
	0
	12.5
	0
	2.5
	10
	60

	N15BaxA15-xB10S60
	N15Ba7.5A7.5B10S60
	15
	0
	0
	7.5
	7.5
	10
	60

	
	N15Ba10A5B10S60
	15
	0
	0
	10
	5
	10
	60

	
	N15Ba12.5A2.5B10S60
	15
	0
	0
	12.5
	2.5
	10
	60






[bookmark: _Toc525225326][bookmark: _Toc525706422]Table 3.1 Batched compositions of the boroaluminosilicate glasses studied.
	Glass Series
	Glass ID
	Batched Composition (mol%)

	
	
	Na2O
	MgO
	CaO
	BaO
	Al2O3
	B2O3
	SiO2

	
N10CxA20-xB10S60
 
	N10C2.5A17.5B10S60
	10
	0
	2.5
	0
	17.5
	10
	60

	
	N10C5A15B10S60
	10
	0
	5
	0
	15
	10
	60

	
	N10C7.5A12.5B10S60
	10
	0
	7.5
	0
	12.5
	10
	60

	
N10BaxA20-xB10S60
 
	N10Ba2.5A17.5B10S60
	10
	0
	0
	2.5
	17.5
	10
	60

	
	N10Ba5A15B10S60
	10
	0
	0
	5
	15
	10
	60

	
	N10Ba7.5A12.5B10S60
	10
	0
	0
	7.5
	12.5
	10
	60

	
N10CxA2B10S78-x
 
	N10C2.5A2B10S75.5
	10
	0
	2.5
	0
	2
	10
	75.5

	
	N10C5A2B10S73
	10
	0
	5
	0
	2
	10
	73

	
	N10C7.5A2B10S70.5
	10
	0
	7.5
	0
	2
	10
	70.5

	
N15CxA2B10S73-x
 
	N15C7.5A2B10S65.5
	15
	0
	7.5
	0
	2
	10
	65.5

	
	N15C10A2B10S63
	15
	0
	10
	0
	2
	10
	63

	
	N15C12.5A2B10S60.5
	15
	0
	12.5
	0
	2
	10
	60.5

	
N10CxBa2AyB10S78-x-y
 
	N10C2.4Ba2A5.7B10S69.9
	10
	0
	2.4
	2
	5.7
	10
	69.9

	
	N10C3.6Ba2A10.1B10S64.3
	10
	0
	3.6
	2
	10.1
	10
	64.3

	
	N10C4.9Ba2A7.1B10S66
	10
	0
	4.9
	2
	7.1
	10
	66

	
	N10C2.5Ba2A12.5B10S63
	10
	0
	2.5
	2
	12.5
	10
	63



[bookmark: _Toc515398719][bookmark: _Toc523402891][bookmark: _Toc525526402][bookmark: _Toc525707819][bookmark: _Toc525742484][bookmark: _Toc12994952]3.2 Glass batching and melting
Glasses were prepared by melting appropriate mixtures of oxide and carbonate raw materials. Details of the raw materials used are given in Table 3.2. The sodium sulphate was used as a small source of materials for Na which is about 2 wt% from the total of Na needed in composition and used to provide a small amount of sulphur in the composition.
[bookmark: _Toc521483065][bookmark: _Toc525225327][bookmark: _Toc525706423][bookmark: _Hlk515393897]Table 3.2: Raw materials used.
	Component
	Raw chemicals
	Purity (%)
	Supplier

	SiO2
	High purity silica, SiO2
	99.5
	Glassworks Services

	Al2O3
	Aluminium oxide, Al2O3
	99.9
	Sigma Aldrich

	B2O3
	Boric acid, H3BO3
	99.5
	Sigma Aldrich

	CaO
	Calcium carbonate, CaCO3
	99.3
	Glassworks Services

	BaO
	Barium carbonate (BaCO3)
	99.9
	Alfa Aesar

	MgO
	Anhydrous magnesium carbonate
	≥ 99.0
	Sigma Aldrich

	Na2O
	Sodium carbonate, Na2CO3
	99.1
	Glassworks Services

	
	Sodium sulphate anhydrous, Na2SO4
	99
	Acros Organics



A small amount of sodium sulphate was used in the composition to facilitate bubble removal during melting. The compounds were weighed using an electronic scale with an accuracy of weighing ~0.01 then mixed using spatula under extraction. The batches were then transferred into the sealed plastic bag before melting. 200 to 300 g of glass was produced of each composition. 
3.1.1 [bookmark: _Toc515398720][bookmark: _Toc523153570][bookmark: _Toc523402892][bookmark: _Toc525222361][bookmark: _Toc525526403][bookmark: _Toc525703729][bookmark: _Toc525707531][bookmark: _Toc525707820][bookmark: _Toc525742485][bookmark: _Toc10983088][bookmark: _Toc12994953]
1.1.3 [bookmark: _Toc523153571][bookmark: _Toc523402789][bookmark: _Toc523402893][bookmark: _Toc525222362][bookmark: _Toc525526404][bookmark: _Toc525703730][bookmark: _Toc525707532][bookmark: _Toc525707821][bookmark: _Toc525742486]
The prepared batch was transferred into an alumina crucible, then pre-heated to 1100 °C at 1 °C/min in a Carbolite furnace. The pre-heated mixtures then were placed in a gas furnace and the temperature increased to 1200 ºC – 1600 °C for 5 hours (Figure 3.1a) with the precise melting temperature in each case depending on the composition (see Table 3.3).  Six batches were melted at one time. The melts then were poured into heated stainless steel moulds (Figure 3.2), allowed to cool sufficiently to solidify and then the cast glass was transferred to an annealing furnace at 600°C (Figure 3.1b). After annealing, the glass samples produced were checked for defects. 
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[bookmark: _Toc450436818][bookmark: _Toc450502353][bookmark: _Toc450503409][bookmark: _Toc450506337][bookmark: _Toc521420453][bookmark: _Toc525223188][bookmark: _Toc525528335][bookmark: _Toc525706350]Figure 3.1: Heating profile (a) melting process and (b) annealing process.
[bookmark: _Toc521483066][bookmark: _Toc525225328][bookmark: _Toc525706424][bookmark: _Hlk10985488]Table 3.3: Melting temperature of glass series.
	Series
	Melting temperature (ºC)
	Annealing temperature (ºC)

	N7.6M1.1C3AxB7.6S80.7-x           
	1600 
	600

	N15C5AxB10-xS70
	1600 
	600

	N15C5AxB20-xS60
	1600
	600

	N15CxA15-xB10S60
	1200 
	550

	N15BaxA15-xB10S60
	1200
	550

	N10CxA20-xB10S60
	1600 
	600

	N10BaxA20-xB10S60
	1600
	600

	N10CxA2B10S78-x
	1450 
	550

	 N15CxA2B10S73-x
	1300
	550

	N10CxBa2AyB10S78-x-y
	1600
	600
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[bookmark: _Toc521420454][bookmark: _Toc525223189][bookmark: _Toc525528336][bookmark: _Toc525706351][bookmark: _Hlk515393922]Figure 3.2: Casting glass into a preheated stainless steel mould.
[bookmark: _Toc515398721]
[bookmark: _Toc523402894][bookmark: _Toc525526405][bookmark: _Toc525707822][bookmark: _Toc525742487][bookmark: _Toc12994954]3.3 Sample preparation
[bookmark: _Toc523402895][bookmark: _Toc525526406][bookmark: _Toc525707823][bookmark: _Toc525742488]3.3.1 Sectioning and crushing
Samples were prepared in two forms, bulk and powder. For bulk samples, 2 specific sizes of the sample were used: ~20 x 20 x (5-10) mm for hardness and modulus testing, and ~45 x 35 x 40 mm for bend testing. Samples were cut to size using a Secotom-50 from Struers. For powder samples, the glasses were crushed using a percussion mortar then sieved between two sizes, <150 µm and <75 µm. 
4.1.1 [bookmark: _Toc515398722][bookmark: _Toc523153574][bookmark: _Toc523402896][bookmark: _Toc525222365][bookmark: _Toc525526407][bookmark: _Toc525703733][bookmark: _Toc525707535][bookmark: _Toc525707824][bookmark: _Toc525742489][bookmark: _Toc10983090][bookmark: _Toc12994955]
1.1.4 [bookmark: _Toc523153575][bookmark: _Toc523402793][bookmark: _Toc523402897][bookmark: _Toc525222366][bookmark: _Toc525526408][bookmark: _Toc525703734][bookmark: _Toc525707536][bookmark: _Toc525707825][bookmark: _Toc525742490]
[bookmark: _Toc523402898][bookmark: _Toc525526409][bookmark: _Toc525707826][bookmark: _Toc525742491]3.3.2 Grinding and polishing
For hardness measurements, the sectioned glasses were ground using MetPrep 120, 240, 400, 600, 800 and 1200 SiC grit papers and then polished using oil based 6 μm, 3 μm and 1 μm monocrystalline diamond suspensions to obtain a mirror-like finish at the end of polishing. To release the residual stress after grinding and polishing, glass samples were re-annealed at their glass transition temperature for 1 hour then cooled to room temperature at 1 °C/min (see Table 3.2). A polariscope was used to check the residual stresses had been fully removed after re-annealing. 
[bookmark: _Toc515398723][bookmark: _Toc523402899][bookmark: _Toc525526410][bookmark: _Toc525707827][bookmark: _Toc525742492][bookmark: _Toc12994956]3.4 Chemical and physical measurement
[bookmark: _Toc523402900][bookmark: _Toc525526411][bookmark: _Toc525707828][bookmark: _Toc525742493]3.4.1 Density
[bookmark: _Toc450436557]The densities were determined using a pycnometer (Micromeritics AccuPyc 1340) which uses a gas displacement technique for accurate volume measurement. Helium gas at 12 psi was used as the displacement medium to remove water and volatiles by filling the pores. ~5 g of glass powder (<75 µm) were inserted into the 1 cm3 cylinder steel, with 25 cycles of measurement performed to improve accuracy. The operating principle of this machine (Figure 3.3) is as follows: 1) the inert glass flows into the chamber (where the sample placed) when valve a is opened; 2) equilibrium is reached with the pressure calculated when filling the sample chamber; 3) solid phase volume measurement is made when the gas flows into the second chamber on opening valve b; 4) equilibrium is reached again and then 5) the density is determined from the sample weight divided by the measured volume.  The gas used is released to the atmosphere when valve c is opened. 
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[bookmark: _Toc450436819][bookmark: _Toc450502354][bookmark: _Toc450503410][bookmark: _Toc450506338][bookmark: _Toc521420455][bookmark: _Toc525223190][bookmark: _Toc525528337][bookmark: _Toc525706352]Figure 3.3: Operation principle of Micromeritics AccuPyc 1340. 

5.1.1 [bookmark: _Toc515398724][bookmark: _Toc523153579][bookmark: _Toc523402901][bookmark: _Toc525222370][bookmark: _Toc525526412][bookmark: _Toc525703738][bookmark: _Toc525707540][bookmark: _Toc525707829][bookmark: _Toc525742494][bookmark: _Toc10983092][bookmark: _Toc12994957]
1.1.5 [bookmark: _Toc523153580][bookmark: _Toc523402798][bookmark: _Toc523402902][bookmark: _Toc525222371][bookmark: _Toc525526413][bookmark: _Toc525703739][bookmark: _Toc525707541][bookmark: _Toc525707830][bookmark: _Toc525742495]
[bookmark: _Toc523402903][bookmark: _Toc525526414][bookmark: _Toc525707831][bookmark: _Toc525742496]3.4.2 Differential thermal analysis (DTA)
The glass transition temperatures (Tg) of the glasses were obtained using differential thermal analysis (Perkin Elmer STA 8000).  The samples were compared to an alumina reference by recording the difference in temperature between these materials when subjected to the same heating profile. There will be no difference in temperature until a thermal process such as decomposition or melting occurs. When a thermal event happens, an endothermic or exothermic peak will be obtained. The measurements were conducted in air. Approximately 25 g of sieved glass samples (<75 µm) were heated at 10 °C/min to 1000 °C in order to fully relax the sample, then cooled at 10 °C/min. The samples were then subjected to another heating at 10 °C/min to 1000 °C. The recorded heat flow on the first heating cycle reflects the enthalpy response of a sample with an unknown thermal history, whereas the second heating reflects the enthalpy response of the sample with a well-defined thermal history and thus is more reproducible. Tg values were carefully identified directly from the Pyris software on DTA machine as shown in Figure 3.4 using the extrapolated onset of the first endothermic peak on the curve.
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[bookmark: _Toc453771025][bookmark: _Toc521420456][bookmark: _Toc525223191][bookmark: _Toc525528338][bookmark: _Toc525706353]Figure 3.4: DTA analysis of N15C5A0B10S70 glass. Original and differentiated DTA curves in Sigma Plot software.

3.4.3 Packing density 
Packing density is a ratio between minimum theoretical volume occupied by the ions and the corresponding ionic of glass (El-Moneim & Alenezy, 2013). The calculation of packing density was undertaken using (Inaba & Fujino (2010)):


   					        Equation 3.1
Where Vp is packing factor (packing density), M is the molar mass of glass, Mi and xi are the molar fraction of ith component and vi is the packing density parameter.
[bookmark: _Toc515398725][bookmark: _Toc523402904][bookmark: _Toc525526415][bookmark: _Toc525707832][bookmark: _Toc525742497][bookmark: _Toc12994958]3.5 Chemical and structural analysis
[bookmark: _Toc523402905][bookmark: _Toc525526416][bookmark: _Toc525707833][bookmark: _Toc525742498]3.5.1 X-Ray fluorescence (XRF) 
X-Ray fluorescence (XRF) was used to analyse composition (elements and concentrations) in the glasses produced. XRF data were obtained using a PanAnalytical Zetium. Bulk samples were used. Split measurements were done between boron and other elements due to the boron detection being more complicated. Both were run in a vacuum because the air would absorb X-Rays. The glass samples were cleaned with isopropanol to prevent any defects or contamination and then were placed within the cup and placed in the machine.  
X-ray fluorescence occurs when an intense X-ray beam (also known as the incident beam) illuminating a sample is split into two with some amount of energy being scattered and some being absorbed into the sample. The X-ray energy is absorbed by the sample through the ionization and ejection of electrons, usually from K and L energy levels. Each element has different and specific orbital energy levels, giving rise to distinct fluorescence signals and thus enabling elemental identification. Figure 3.5 shows the changing of a photon when an X-rays interact with the material. 
[image: D:\extra document\XRF.tif]
[bookmark: _Toc521420457][bookmark: _Toc525223192][bookmark: _Toc525528339][bookmark: _Toc525706354][bookmark: _Hlk515393966]Figure 3.5: The transition of electron shell.





3.5.2 Inductively coupled plasma analysis optical emission spectroscopy (ICP-OES)
Due to the complications associated with XRF measurements in boron containing samples inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis of 8 the glasses was undertaken. ICP-OES measurements were conducted by a third party at the Department of Chemistry, University of Sheffield. ~10g samples were prepared by crushing and sieving to <75µm.  
6.1.1 [bookmark: _Toc515398726][bookmark: _Toc523153584][bookmark: _Toc523402906][bookmark: _Toc525222375][bookmark: _Toc525526417][bookmark: _Toc525703743][bookmark: _Toc525707545][bookmark: _Toc525707834][bookmark: _Toc525742499][bookmark: _Toc10983094][bookmark: _Toc12994959]
1.1.6 [bookmark: _Toc523153585][bookmark: _Toc523402803][bookmark: _Toc523402907][bookmark: _Toc525222376][bookmark: _Toc525526418][bookmark: _Toc525703744][bookmark: _Toc525707546][bookmark: _Toc525707835][bookmark: _Toc525742500]
[bookmark: _Toc523402908][bookmark: _Toc525526419][bookmark: _Toc525707836][bookmark: _Toc525742501]3.5.3 X-Ray diffraction (XRD)
Powdered glass (<150µm) was analysed by X-Ray diffraction (XRD) using a Siemens D5000 diffractometer (with changer) to confirm the condition of glass as being either fully amorphous or to show precipitation of crystalline phases. The glass powder was placed in the sample holder and a glass slide was used to flatten the top surface of the glass in the holder. Diffraction patterns were measured at a rate of 0.1° 2θ/min between 15° and 60° 2θ. Some samples were measured over the range 15º to 40º at 2θ with a 0.05º step size and 7s dwell time. As shown by Bragg’s law, diffraction peaks occur at specific angles:
nλ=2dsinƟ									         Equation 3.2
with n being an integer, λ is a wavelength of the beam and Ɵ is the incident angle between diffraction (as illustrated in Figure 3.6). For a fully amorphous glass, a broad hump will appear indicating a lack of long range periodicity. For crystalline materials, there will be peaks present because in this case the incoming X-ray beam is diffracted by with the regular lattice planes of the crystal.
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[bookmark: _Toc521420458][bookmark: _Toc525223193][bookmark: _Toc525528340][bookmark: _Toc525706355][bookmark: _Hlk515393980]Figure 3.6: Schematic diagram for the principle of XRD.
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1.1.7 [bookmark: _Toc523153588][bookmark: _Toc523402806][bookmark: _Toc523402910][bookmark: _Toc525222379][bookmark: _Toc525526421][bookmark: _Toc525703747][bookmark: _Toc525707549][bookmark: _Toc525707838][bookmark: _Toc525742503]
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[bookmark: _Toc523402912][bookmark: _Toc525526423][bookmark: _Toc525707840][bookmark: _Toc525742505]3.5.4 Fourier transform infra-red (FTIR) spectroscopy
The structure of materials can be assessed using infrared spectroscopy which is based on the absorption of infrared radiation. Every molecule has a unique IR fingerprint due to the different types of bonds present. The absorption spectra of prepared glasses were measured at room temperature in the wavenumber range 400 - 4000 cm-1 using a Perkin Elmer FTIR spectrometer. Figure 3.7 shows a schematic of the basic FTIR configuration (Michelson Interferometer). The beam splitter receives directed light from a polychromatic infrared source; half of the light was directed towards the fixed mirror and half towards the moving mirror. These light beams are reflected back from the two mirrors and recombined at the beam splitter with some of the original source light going through the sample component, where the light is focused on the samples. Table 3.4 shows the literature of FTIR peak assignment of various silicate glasses.
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[bookmark: _Toc521420459][bookmark: _Toc525223194][bookmark: _Toc525528341][bookmark: _Toc525706356][bookmark: _Hlk515394005]Figure 3.7: Schematic of the basic FTIR configuration.

The prepared glasses were examined in the form of fine powder (<75µm) using the Attenuated Total Reflectance (ATR) method. The powder sample was first ground to reduce the particle size to less than 75 µm. Between 1 and 3 mg of powder were placed on the centre of the crystal surface, ensuring good contact between the sample and the crystal surface. Four measurements were carried out for each glass sample. 
[bookmark: _Toc521483067][bookmark: _Toc525225329][bookmark: _Toc525706425][bookmark: _Hlk10985520]Table 3.4: FTIR peak assignment of silicate glass.
	Wavenumber 
	Assignment
	Vibration
	Reference

	1640
	Molecular water or hydroxyl related band
	(Wang et al. 2014)

	1460-1430
	B-O
	Stretching 
	(Bengisu et al. 2006)

	1373-1464
	B-O
	vibration in BO3
	(Bengisu et al. 2006)

	1394
	B-O-B
	Stretching
	(Wang & Pantano, 1992)

	1225-1311
	B-O
	vibration in BO3
	(Metwalli & Brow, 2001)

	1210-1270
	Oxygens bridging trigonal boron
	(Bengisu et al. 2006)

	1050-1120
	Si-O-Si
	Antisymmetric stretching
	(Abdelghany et al., 2014)

	1000-1100
	B-O
	Stretching
	(Bengisu et al., 2006)

	1050-1098
	Si-O-Si
	Asymmetric vibration
	(Bengisu et al., 2006)

	1050
	Si-O-Si
	Asymmetric stretching
	(Wang et al., 2014)

	1000-1300
	Si-O
	Asymmetric stretching
	(Serra et al., 2003)

	1000
	BO4 tetrahedron, SiO4 
	SiO4 stretching with NBO ions. (BO4 tetrahedron not observed due to overlap with SiO4)
	(Kumar et. al., 2010)

	966
	Si-O
	Stretching
	(Wang & Pantano, 1992)

	960
	NBO's
	Vibration
	(Abdelghany et al., 2014)

	890-975
	Si-O
	Stretching
	(Serra et al., 2003)

	850-1100
	BO4
Si-O-Si
B-O-B 
	Stretching of Si
Tetrahedron boron
	(Xiao et al., 2010)

	800
	Si-O
	Bending
	(Serra et al., 2003)

	650-800
	Al3+ 
	Ions stretching vibrations in four coordinate, bending vibrations of bridging oxygens between BO3 atoms
	(Kumar et al., 2010)
(Sasmal et al., 2014)

	780
	Si-O-Si
	Symmetric stretching
	(Wang et al., 2014)

	762
	Si-O
	Bending
	(Serra et al., 2003)

	775-800
	O-Si-O
	Symmetric vibration
	(Bengisu et al., 2006)

	690-720
	BO3
	Bending
	(Bengisu et al., 2006)

	710
	B-O-B
	Bending or
	(Wang & Pantano, 1992)

	
	Al-O-Al
	Stretching
	(Wang & Pantano, 1992)

	700-770
	B-O-B
	Bending
	(Metwalli & Brow, 2001)

	640-680
	Si-O-Si and 
O-Si-O
	Bending
	(Abdelghany et al., 2014)

	563-648
	Si-O-Si
	Bending
	(Bengisu et al., 2006)

	
	O-Si-O
	Bending
	(Bengisu et al., 2006)

	500-460
	Al-O
	Stretching
	(Bengisu et al., 2006)

	470
	Si-O-Si
	Bending
	(Wang et al., 2014)

	460
	SiO-Si
	Rocking
	(Wang & Pantano, 1992)

	460-480
	Si-O-SI
	Bending
	(Abdelghany et al., 2014)
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Laser Raman spectroscopy was performed on powder samples (<75 µm), using a Renishaw inVia Raman Spectrometer coupled with an optical microscope with a 20mW 514.5 nm laser. Before the measurement started, calibration was undertaken using a silicon wafer. 
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Figure 3.8: Frequency different of light scattering; Rayleigh scattering, same photon energy, Stokes Raman scattering where the incident photon has more energy than a scattered electron and anti-Stokes Raman where the scattered photon has more energy than incident photon.
Powder samples were placed on top of the glass slide then flattened using another glass slide to make sure that the surface is flat. Spectra were measured at 50x magnification from 100 to 2000 cm-1 with 4 repeats. The acquisition and exposure times were 10 s. As illustrated in Figure 3.8, when monochromatic radiation (ωi) hits the samples, scattering will occur. This radiation is divided into three categories: Rayleigh scattering where the scattered radiation has the same photon energy and frequency as the incident radiation (ωi), Stokes scattering where the incident photon has more energy than the scattered photon (frequency of scattered radiation ωf) and anti-Stokes scattering where the scattered photon has more energy than the incident photon. The latter types of scattering give specific Raman shifts (Δω=ωi-ωf)  which can be used to identify structural and chemical information about the samples.  
3.5.5.1 Raman Polymerisation Index
An index of polymerisation can be determined from Raman spectroscopy (Colomban & Paulsen, 2005). The degree of polymerization can be determined from the relative intensities of the stretching and bending peaks (Colomban, 2003). The calculation of polymerization is based on the Raman peaks between ~300 to ~1300 cm-1. The larger the polymerization index the larger the degree of connectivity. As shown in Figure 3.9 the Raman spectra of these glasses can be divided into 4 areas labelled here as regions A, B, C and D. Region A covers wavenumbers ~200-700 cm-1 while region B covers 750-850 cm-1, region C ~900-1300 cm-1 and region D 1350-1500 cm-1. The area of these peaks were measured by deconvoluting and fitting each peak with a number of Gaussian bands. An example of the deconvolution of region C is shown in Figure 3.10.  However, any sulphate shoulder (at ~990 cm-1) was excluded from these calculations (Kilinc & Hand, 2015).  
[image: ]Region D
Region B
Region C
Region A

[bookmark: _Toc521420461][bookmark: _Toc525223195][bookmark: _Toc525528342][bookmark: _Toc525706357]Figure 3.9: Raman spectra for N7.6M1.1C3A1B7.6S79.7 glass.

The effect of alkali / alkaline earth used in the compositions studied here lead to the decreasing or increasing of polymerisation index. Table 3.5 shows the details vibration of Raman frequencies.
[bookmark: _Toc521483068][bookmark: _Toc525225330][bookmark: _Toc525706426][bookmark: _Hlk10985545]Table 3.5: Corresponding vibration of Raman frequencies in aluminosilicates and borosilicates.
	Wavenumber  (cm-1)
	Assignment
	Reference

	250-450
	O stretching
	(Bechgaard et al., 2016)

	450-580
	Si-O-Si bending and rocking
	(Furukawa & White, 1981)

	490
	D1, slight proportion of four membered rings, Q3 units, Si/B-O-Si/B
	Maekawa et al., 1991

	500
	Q4 units
	(Bechgaard et al., 2016)

	530-540
	Al-O-Al, Si-O-Si, Q3 units
	(Brawer & White. 1975)  (Furukawa et al., 1981)

	530-550
	Si-O-Si symmetric stretching and Si-O-Al deformation
	(Neuville & Mysen, 1996)

	540
	Al-O, Q3 units
	(Bechgaard et al., 2016)

	570-590
	D2, three membered rings
	(Bechgaard et al., 2016)

	590
	AlV, Al-O-Al, SiO4 three membered rings,  Si-O-Si-O-Si
	(Bechgaard et al., 2016)

	610-635
	Metaborate rings and mixed borosilicate rings
	(Manara et al., 2009)

	738
	Three-membered borate rings with [BO4]- tetrahedral units, Al-O stretching vibration modes of AlO4 tetrahedra
	Winterstein-beckmann et al., 2014) (Neuville et al 2006)

	765-775
	Six-membered borate rings with of or two (BO4) units
	(Furukawa & White, 1981)

	750-790
	Si-O-Al
	(McKeown et al., 1984)

	800
	Si-O stretching, Si-O-Si, Boroxol rings
	(Mc Millan et al., 1994), Kumar et al 2013

	805-810
	Boroxyl ring, symmetric
	(Furukawa & White, 1981)

	~850
	Si-O-Si asymmetric stretching 
	(Colomban at al., 2006)

	~900
	Si-O-Si asymmetric stretching 
	(Colomban at al., 2006)

	950-1000
	Si-O-Si asymmetric stretching, Al-O bonds, Si-O- 
	(Colomban at al., 2006), (Bechgaard et al., 2016)

	967
	B-O-B bending vibration 
	(Yadav & Singh, 2015)

	1050-1100
	Si-O-Si asymmetric stretching 
	(Colomban at al., 2006)

	1100
	Si-O stretching, Q3 units, Al-O stretching
	(Bell et al., 1968)

	1120-1190
	Fully polymerised 
	(Manara et al., 2009)

	1446
	B-O stretching vibrations in BO3 and BO2O- borate units
	Kumar et al., 2013, Mckeown et al 2010

	1470-1480
	BO3 triangles
	(Furukawa & White, 1981) 




The polymerisation also in principle can be measured from Raman by spectra quantifying the Q species contributions to region C (800-1300 cm-1) (Zhang et al., 2015). However, the presence of both B and Al in the composition complicates the assignment of peaks in this region. Raman active features include both symmetric and asymmetric stretching bonds (Woelffel et al., 2015). Analysis to determine the relative amounts of the Qn species was performed by deconvolution using Gaussian peaks after background subtraction from the Raman trace. Figure 3.10 shows the deconvolution of boroaluminosilicate glass (N7.6M1.1C3A2.5B7.6S78.2). However, the deconvolution presents were mixed between Si, Al and B and this can be seen in second and third peak in range 900-1100 cm-3 with Al-O, Q3 from boron, Q3 from Si and Al stretching are presents.    
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[bookmark: _Toc521420462][bookmark: _Toc525223196][bookmark: _Toc525528343][bookmark: _Toc525706358]Figure 3.10: Deconvolution of boroaluminosilicate glass using Gaussian peaks.
There are specific frequency ranges that related to each Q species, aluminium and boron bonding; the amounts can be calculated by determining their fractional; intensities of the deconvoluted peaks. Table 3.6 below show the frequency range for each species. 
[bookmark: _Toc521483069][bookmark: _Toc525225331][bookmark: _Toc525706427][bookmark: _Hlk10985581]Table 3.6: Raman peak assignments.
	Species
	Range
	Reference

	Q0
	775-785 cm-1
	(Cesaratto et al., 2010)

	Q1
	850-860 cm-1
	(Zhang et al., 2015)

	
	930-940 cm-1
	(Cesaratto et al., 2010)

	Q2
	920-940 cm-1
	(Zhang et al., 2015)

	Al-O bonds
	950-1000 cm-1
	(Bechgaard et al., 2016)

	
	980-990 cm-1
	(Cesaratto et al., 2010)

	Q3
	1010-1050 cm-1
	(Zhang et al., 2015)

	
	1045-1090 cm-1
	(Cesaratto et al., 2010)

	Q3 boron
	970-980 cm-1
	(Zhang et al., 2015)

	Q4
	1090-1110 cm-1
	(Cesaratto et al., 2010)

	Al-O stretching
	1110 cm-1
	(Bell et al., 1968)

	Q4 boron
	890-900 cm-1
	(Zhang et al., 2015)
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[bookmark: _Toc453771027][bookmark: _Toc521420463][bookmark: _Toc525223197][bookmark: _Toc525528344][bookmark: _Toc525706359][bookmark: _Hlk515394057]Figure 3.11: a) Example baseline subtraction of Raman spectrum of A2.5 glass in WiRE 3.4 software b) Peaks after background subtraction and region for polymerisation index.
WiRE 3.4 software was used for peak fitting to find the polymerization index after subtraction of Raman baseline using the same software. The background subtraction used asymmetric least square smoothing in the WiRE 3.4 software on extracted raw data between 160 and 1600 cm-1. The normalisation was undertaken using SigmaPlot 13.0 software. The polymerisation index was calculated from the ratio of Region A:(Region B + Region C + Region D) (Colomban, 2003). This region relates to the bending or stretching modes of the structural units. Figure 3.11 shows the process of baseline subtraction from Raman raw data and the peaks of interest.
4 or 5 Gaussian peaks were used to deconvolve the spectra. Following the literature Q species were assigned as follows: Q1 (~900 cm-1), Q2 (~950 cm-1), Q3 (~1050 cm-1) and Q4 (~1100-1125 cm-1) (McKeown et al., 1985) (Bechgaard et al., 2016) and. It is known that the deconvolution will not give the exact concentration of each Q species because the peak intensity depends not only on the specific structural unit but also other features such as the number of NBOs and their nearest neighbours (Bechgaard et al., 2016). The presence of Al and boron structure in the peak at range 900 -1000 cm-1 also need to be considered thus it is also a complicating feature to make sure that the Q species present in there are the exact amounts. In the calculation of Q species, the peak at 990 cm-1 was not used as it is associated with residual sulphur arising from the use of sulphate refining. 
[bookmark: _Toc523402918][bookmark: _Toc525526429][bookmark: _Toc525707846][bookmark: _Toc525742511]3.5.6 Nuclear magnetic resonance (NMR)
Solid state nuclear magnetic resonance (NMR) is widely used to measure the structural change of alkali or alkaline earth (Jones et al., 2001)(Koudelka et al., 2016). 29Si nuclear magnetic resonance (NMR) can be used to assess the relative quantities of Qn species in a silicate glass. Again data can be deconvoluted to find the contribution of each Q species unit. The Q species reflect an overall strengthening or weakening of the bond energy.
Solid state NMR was used to study the bonding and coordination of 27Al, 29Si and 11B in selected glasses using a Varian VNMRS at Durham University. Samples were prepared by crushing and sieving to ≤75 µm. Deconvolution of the 29Si NMR spectra was used to determine the Q species of the glass produced. The chemical shifts for silicon NMR were referenced to tetramethylsilane, aluminium were referenced to 1M aq. Al(NO3)3 and for boron to BF3/OEt2. The deconvolution of 29Si NMR for Q species are shown in Figure 3.12 below.
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[bookmark: _Toc521420464][bookmark: _Toc525223198][bookmark: _Toc525528345][bookmark: _Toc525706360][bookmark: _Hlk515394148]Figure 3.12: Deconvolution of 29Si NMR.

3.5.7 Non-bridging oxygen per tetrahedron (NBO/T)
NBO/T was calculated from the composition of glass by assuming that all available network modifier (Na2O and alkaline earths) ion are used to charge balance Al tetrahedra before they result in either formation of NBOs or compensate B tetrahedra.
[bookmark: _Toc515398729][bookmark: _Toc523402919][bookmark: _Toc525526430][bookmark: _Toc525707847][bookmark: _Toc525742512][bookmark: _Toc12994962]3.6 Mechanical properties
[bookmark: _Toc523402920][bookmark: _Toc525526431][bookmark: _Toc525707848][bookmark: _Toc525742513]3.6.1 Moduli: Acoustic measurement
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[bookmark: _Toc521420465][bookmark: _Toc525223199][bookmark: _Toc525528346][bookmark: _Toc525706361]Figure 3.13: Schematic for acoustic measurement. 
Acoustic measurements were used to measure the moduli and Poisson’s ratio of the samples at ambient temperature. A schematic diagram of the acoustic measurement set-up is shown in Figure 3.13. Glass bars with <1cm thickness were prepared. The samples were ground manually to make sure that samples were in flat after the sectioning process. The thickness was measured using Vernier callipers. The samples were placed on a flat surface then measured were using Olympus Epoch 6000 to measure the wave velocities of longitudinal (VL) and transverse (VT) waves from the high frequency waves sent from the transducers into the test specimen.

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

								                        Equation 3.3

where  is the thickness of testing material.

Shear modulus, G was then calculated using 

								                      Equation 3.4
where ρ is density and Young modulus, E was calculated using

 								          Equation 3.5
Poisson ratio, v and bulk modulus were also calculated using 

					            		          Equation 3.6
and

							                      Equation 3.7
respectively.
[bookmark: _Toc523402921][bookmark: _Toc525526432][bookmark: _Toc525707849][bookmark: _Toc525742514]3.6.2 Hardness
Vickers microhardness (Hv), toughness and brittleness of the prepared samples were measured using a Durascan microhardness indenter. The measurements were performed in air at room temperature with 15 s dwell at the maximum load. 10 indentations were made on each sample. The Vickers hardness (Hv) was calculated from the length of the indentation diagonals using: 

							                      Equation 3.8
where P is the indentation load and d is indentation diagonal average length (as shown in Figure 3.14)
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[bookmark: _Toc521420466][bookmark: _Toc525223200][bookmark: _Toc525528347][bookmark: _Toc525706362][bookmark: _Hlk515394188]Figure 3.14: The diagonal length measurement from Vickers indentation of a glass sample.
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[bookmark: _Hlk515394197][bookmark: _Toc521420467][bookmark: _Toc525223201][bookmark: _Toc525528348][bookmark: _Toc525706363]	Figure 3.15: Schematic diagram of the indentation for toughness measurement.


Indentation fracture toughness was measured for all samples with measurement of the indent being made immediately after indentation. The load used were varied from 0.3, 0.5, 1, 2, 2.5 to 5 kg. Immediate measurement was used to limit the effects of stress corrosion cracking on the results. The toughness was calculated using:

								                      Equation 3.9
 where P is the indentation load,  χ is a constant equal to 0.0515 (Lawn & Fuller, 1975) and c is the half crack length as shown in Figure 3.15.
Brittleness is the ratio of hardness (measured at 1kgf load) to fracture toughness:

									        Equation 3.10
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[bookmark: _Toc515398734][bookmark: _Toc523402930][bookmark: _Toc525526441][bookmark: _Toc525707858][bookmark: _Toc525742523][bookmark: _Toc12994967]4.1 Introduction
Ten different glass series (see Table 3.1 and Figure 4.1) have been experimentally investigated and the measured physical, chemical, mechanical and structural properties of the glasses are presented in this chapter. To simplify the presentation, the results are divided into four sections: physical and chemical properties, structural studies, mechanical studies and correlation between composition and properties. The batched and analysed glass compositions are summarised in Table 4.1. However, for glass series with high alumina content for series N7.6M1.1C3AxB7.6S80.7-x with x=10, 12.5, 15 and 17.5, there was a limitation of the melting process due to high temperature needed (>1700 ºC) thus the composition with  ≥ 10 wt % alumina are not considered further. 
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[bookmark: _Toc521420468][bookmark: _Toc525223202][bookmark: _Toc525528349][bookmark: _Toc525706364][bookmark: _Hlk515394239]Figure 4.1: Ternary diagram of all compositions examined. Due to the simplified ternary presentation used some data points lie on top of one another despite representing different glasses.
[bookmark: _Toc515398735][bookmark: _Toc523402931][bookmark: _Toc525526442][bookmark: _Toc525707859][bookmark: _Toc525742524][bookmark: _Toc12994968]4.2 Chemical analysis
All the glass samples were analysed using a PanAnalytical Zetium to analysed their composition. However, 8 of the samples (which were also characterised by NMR) were also analysed by ICP testing to confirm the details of the composition. Table 4.1 shows the analysed compositions used in the studies from ICP-OES and XRF testing. In ICP-OES, the table shows that there are differences between the batched and measured compositions. The SiO2 contents are close to the target with differences of less than 1%. However, the alumina content is very high in the N15C5A0B10S70 glass compared to the batched content which had zero alumina due to corrosion of the alumina crucibles used for melting. 
Meanwhile, in many cases XRF indicated that the glasses contained notably more boron oxide than the amount batched. This is unlikely because of the ease of boron evaporation during melting. The boron was measured using a programme for fused beads called boron balance, which should subtract the amount of boron in the fused bead and then correct and renormalize the results. 
[bookmark: _Hlk515396287]For those samples measured by both XRF and ICP-OES, it can be seen that much better agreement is obtained if the boron results determined by XRF are divided by two and the compositions renormalised.  This approach has therefore been applied to all of the XRF results obtained on B containing glasses. Both the initial XRF data and the modified XRF data are summarized in Table 4.1. While this process of modifying the XRF results cannot be described as rigorous it is believed that the resulting measured compositions are more reflective of the actual glass compositions. Hence elsewhere in this thesis, the modified XRF data are used.
In addition small amounts of trace impurities such as CuO and TiO2 were found in most of the samples and other impurities such as Fe2O3, SrO, and Zr2O3 are found in some compositions.



[bookmark: _Hlk10985631][bookmark: _Hlk519604118]Table 4.1: Analysed glass compositions for some of the glasses produced (wt %); ICP-OES for selected glasses and XRF for all glasses.  Analysis data normalised to 100 wt%. (Continued on next page)
	Series
	Glass ID
	Types
	SiO2
	Al2O3
	B2O3
	Na2O
	CaO
	MgO
	BaO
	SO3
	Impurities

	N7.6C3.0B7.6M1.1S89.7-xAx
	N7.6C3.0B7.6M1.1S79.7A 1
	Batched 
	78.46
	1.67
	8.67
	7.72
	2.76
	0.73
	-
	- 
	- 

	
	
	Measured (XRF)
	72.74
	4.14
	12.93
	6.14
	2.56
	0.66
	-
	0.01
	0.81

	
	
	XRF (half boron)
	72.74
	4.14
	6.47
	6.14
	2.56
	0.66
	-
	0.01
	0.81

	
	
	XRF (half boron - normalised)
	77.77
	4.43
	6.91
	6.56
	2.74
	0.7
	-
	0.02
	0.87

	
	N7.6C3.0B7.6M1.1S78.2A 2.5
	Batched
	76.2
	4.13
	8.58
	7.64
	2.73
	0.72
	-
	-
	-

	
	
	Measured (XRF)
	71.34
	6.30
	11.63
	6.49
	2.64
	0.67
	-
	-
	0.93

	
	
	XRF (half boron)
	71.34
	6.30
	5.82
	6.49
	2.64
	0.67
	-
	-
	0.93

	
	
	XRF (half boron - normalised)
	75.75
	6.68
	6.17
	6.89
	2.8
	0.71
	-
	-
	0.99

	
	
	Measured (ICP)
	73.02
	5.47
	6.01
	10.16
	4.07
	0.96
	 
	-
	0.31

	
	N7.6C3.0B7.6M1.1S75.7A 5
	Batched 
	72.53
	8.13
	8.44
	7.51
	2.68
	0.71
	-
	-
	-

	
	
	Measured (XRF)
	67.173
	9.634
	13.202
	5.963
	2.427
	0.65
	-
	0.01
	0.938

	
	
	XRF (half boron)
	67.173
	9.634
	6.601
	5.963
	2.427
	0.65
	-
	0.0145
	0.93774

	
	
	XRF (half boron - normalised)
	71.92
	10.31
	7.07
	6.38
	2.6
	0.7
	-
	0.02
	1

	
	N7.6C3.0B7.6M1.1S75.5A 5.2
	Batched 
	72.24
	8.44
	8.43
	7.50
	2.68
	0.71
	-
	-
	-

	
	
	Measured (XRF)
	67.37
	11.086
	11.355
	6.174
	2.477
	0.662
	-
	0.02
	0.857

	
	
	XRF (half boron)
	67.37
	11.086
	5.6775
	6.174
	2.477
	0.662
	-
	0.0181
	0.85726

	
	
	XRF (half boron - normalised)
	71.43
	11.75
	6.02
	6.55
	2.63
	0.7
	-
	0.02
	0.91

	
	N7.6C3.0B7.6M1.1S73.2A 7.5
	Batched 
	68.98
	11.99
	8.3
	7.39
	2.64
	0.7
	-
	-
	-

	
	
	Measured (XRF)
	65.86
	12.08
	11.36
	6.58
	2.52
	0.69
	-
	-
	0.92

	
	
	XRF (half boron)
	65.86
	12.08
	5.68
	6.58
	2.52
	0.69
	-
	-
	0.92

	
	
	XRF (half boron - normalised)
	69.83
	12.81
	6.02
	6.97
	2.67
	0.73
	-
	-
	0.97

	
	
	Measured (ICP)
	68.68
	10.58
	5.60
	10.20
	3.68
	0.89
	 
	-
	0.37




Table 4.1: Analysed glass compositions for some of the glasses produced (wt %); ICP-OES for selected glasses and XRF for all glasses.  Analysis data normalised to 100 wt%. (Continued on next page)
	Series
	Glass ID
	Types
	SiO2
	Al2O3
	B2O3
	Na2O
	CaO
	MgO
	BaO
	SO3
	Impurities

	N15C5AxB10-xS70 
	N15C5S70A0B10
	Batched 
	68.81
	0
	11.39
	15.21
	4.59
	-
	-
	-
	-

	
	
	Measured (XRF)
	58.27
	16.84
	10.87
	9.54
	3.88
	-
	-
	0.03
	0.56

	
	
	XRF (half boron)
	58.27
	16.84
	5.43
	9.54
	3.88
	-
	-
	0.03
	0.56

	
	
	XRF (half boron - normalised)
	61.62
	17.81
	5.75
	10.09
	4.11
	-
	-
	0.03
	0.6

	
	
	Measured (ICP)
	60.15
	14.44
	4.71
	15.10
	5.51
	0.02
	-
	0.00
	0.06

	
	N15C5S70A5B5
	Batched 
	67.04
	8.13
	5.55
	14.82
	4.47
	-
	-
	-
	-

	
	
	Measured (XRF)
	50.58
	28.63
	4.30
	11.66
	4.12
	-
	-
	0.08
	0.63

	
	
	XRF (half boron)
	50.58
	28.63
	2.15
	11.66
	4.12
	-
	-
	0.08
	0.63

	
	
	XRF (half boron - normalised)
	51.69
	29.26
	2.19
	11.92
	4.21
	-
	-
	0.09
	0.64

	 N15C5AxB20-xS60 
	N15C5S60A15B5
	Batched 
	53.87
	22.85
	5.20
	13.89
	4.19
	-
	-
	-
	-

	
	
	Measured (XRF)
	63.18
	14.50
	6.85
	10.66
	4.18
	-
	-
	0.03
	0.61

	
	
	XRF (half boron)
	63.18
	14.50
	3.42
	10.66
	4.18
	-
	-
	0.03
	0.61

	
	
	XRF (half boron - normalised)
	65.42
	15.01
	3.54
	11.03
	4.33
	-
	-
	0.03
	0.63

	
	N15C5S60A10B10
	Batched 
	55.20
	15.61
	10.66
	14.24
	4.29
	-
	-
	-
	-

	
	
	Measured (XRF)
	49.471
	27.235
	8.373
	10.423
	3.823
	-
	-
	0.060
	0.616

	
	
	XRF (half boron)
	49.471
	27.235
	4.1865
	10.423
	3.823
	-
	-
	0.0596
	0.6156

	
	
	XRF (half boron - normalised)
	51.63
	28.42
	4.37
	10.88
	3.99
	-
	-
	0.06
	0.64

	
	
	Measured (ICP)
	50.53
	23.45
	4.75
	16.11
	5.01
	0.09
	-
	0.00
	0.07

	
	N15C5S60A5B15
	Batched 
	56.60
	8.00
	16.40
	14.60
	4.40
	-
	-
	-
	-

	
	
	Measured (XRF)
	48.09
	28.59
	9.34
	9.08
	4.06
	-
	-
	0.03
	0.80

	
	
	XRF (half boron)
	48.09
	28.59
	4.67
	9.08
	4.06
	-
	-
	0.03
	0.80

	
	
	XRF (half boron - normalised)
	50.45
	29.99
	4.9
	9.53
	4.26
	-
	-
	0.04
	0.83



	
Table 4.1: Analysed glass compositions for some of the glasses produced (wt %); ICP-OES for selected glasses and XRF for all glasses.  Analysis data normalised to 100 wt %. (Continued on next page)
	Series
	Glass ID
	Types
	SiO2
	Al2O3
	iB2O3
	Na2O
	CaO
	MgO
	BaO
	SO3
	Impurities

	N15CxA15-xB10S60
	N15B10S60A7.5Ca7.5
	Batched 
	56.19
	11.92
	10.85
	14.49
	6.55
	-
	-
	-
	-

	
	
	Measured (XRF)
	52.73
	10.74
	16.49
	12.7
	6.18
	-
	-
	0.34
	0.83

	
	
	XRF (half boron)
	52.73
	10.74
	8.25
	12.7
	6.18
	-
	-
	0.34
	0.83

	
	
	XRF (half boron - normalised)
	57.46
	11.7
	8.99
	13.85
	6.73
	-
	-
	0.37
	0.9

	
	N15B10S60A5C10
	Batched 
	57.21
	8.09
	11.05
	14.75
	8.9
	-
	-
	-
	-

	
	
	Measured (XRF)
	54.17
	8.01
	15.25
	13.05
	8.43
	-
	-
	0.34
	0.75

	
	
	XRF (half boron)
	54.17
	8.01
	7.62
	13.05
	8.43
	-
	-
	0.34
	0.75

	
	
	XRF (half boron - normalised)
	58.64
	8.67
	8.25
	14.13
	9.12
	-
	-
	0.37
	0.81

	
	
	Measured (ICP)
	54.29
	6.53
	7.04
	19.78
	11.79
	0.11
	-
	0.24
	0.22

	
	N15B10S60A2.5C12.5
	Batched 
	58.27
	4.12
	11.25
	15.03
	11.33
	-
	-
	-
	-

	
	
	Measured (XRF)
	54.07
	4.21
	17.18
	12.95
	10.35
	-
	-
	0.36
	0.88

	
	
	XRF (half boron)
	54.07
	4.21
	8.59
	12.95
	10.35
	-
	-
	0.36
	0.88

	
	
	XRF (half boron - normalised)
	59.15
	4.61
	9.4
	14.17
	11.32
	-
	-
	0.4
	0.97

	N15BaxA15-xB10S60
	N15B10S60A7.5Ba7.5
	Batched 
	50.45
	10.7
	9.74
	13.01
	-
	-
	16.09
	-
	-

	
	
	Measured (XRF)
	47.12
	10.04
	14.79
	11.39
	-
	-
	14.3
	0.35
	2

	
	
	XRF (half boron)
	47.12
	10.04
	7.39
	11.39
	-
	-
	14.3
	0.35
	2

	
	
	XRF (half boron - normalised)
	50.89
	10.84
	7.99
	12.3
	-
	-
	15.45
	0.38
	2.16

	
	N15B10S60A5Ba10
	Batched 
	49.56
	7.01
	9.57
	12.78
	-
	-
	21.08
	-
	-  

	
	
	Measured (XRF)
	46.43
	6.84
	12.54
	11.24
	-
	-
	20.31
	0.33
	2.3

	
	
	XRF (half boron)
	46.43
	6.84
	6.27
	11.24
	-
	-
	20.31
	0.33
	2.3

	
	
	XRF (half boron - normalised)
	49.54
	7.29
	6.69
	11.99
	-
	-
	21.67
	0.36
	2.46

	
	
	Measured (ICP)
	42.78
	5.18
	5.51
	16.19
	-
	0.08
	29.87
	0.22
	0.15


	
Table 4.1: Analysed glass compositions for some of the glasses produced (wt %); ICP-OES for selected glasses and XRF for all glasses.  Analysis data normalised to 100 wt %. (Continued on next page)
	Series
	Glass ID
	Types
	SiO2
	Al2O3
	B2O3
	Na2O
	CaO
	MgO
	BaO
	SO3
	Impurities

	N10CxA20-xB10S60 
	N10B10S60A117.5Ca2.5
	Batched 
	52.66
	26.07
	10.17
	9.05
	2.05
	-
	-
	-
	-

	
	
	Measured (XRF)
	53.26
	24.809
	10.466
	8.259
	2.215
	-
	
	0
	0.99

	
	
	XRF (half boron)
	53.26
	24.809
	5.233
	8.259
	2.215
	-
	0
	0
	0.99

	
	
	XRF (half boron - normalised)
	56.2
	26.18
	5.52
	8.72
	2.34
	-
	0
	0
	1.05

	
	N10B10S60A115Ca5
	Batched 
	53.56
	22.72
	10.34
	9.21
	4.17
	-
	
	
	

	
	
	Measured (XRF)
	52.512
	22.654
	12.147
	7.836
	4.075
	-
	
	0.01
	0.76

	
	
	XRF (half boron)
	52.512
	22.654
	6.0735
	7.836
	4.075
	-
	0
	0.01
	0.76

	
	
	XRF (half boron - normalised)
	55.91
	24.12
	6.47
	8.34
	4.34
	-
	0
	0.01
	0.81

	
	
	Measured (ICP)
	54.72
	20.86
	4.63
	13.18
	6.28
	0.15
	0.06
	0
	0.13

	
	N10B10S60A112.5Ca7.5
	Batched 
	54.49
	19.26
	10.52
	9.37
	6.36
	-
	-
	-
	-

	
	
	Measured (XRF)
	49.80
	24.12
	12.21
	7.32
	5.77
	-
	-
	0.02
	0.77

	
	
	XRF (half boron)
	49.80
	24.12
	6.10
	7.32
	5.77
	-
	0.00
	0.02
	0.77

	
	
	XRF (half boron - normalised)
	53.03
	25.69
	6.5
	7.79
	6.14
	-
	0
	0.02
	0.82

	N10BaxA20-xB10S60 
	N10B10S60A117.5Ba2.5
	Batched 
	50.86
	25.17
	9.82
	8.74
	-
	-
	5.41
	-
	-

	
	
	Measured (XRF)
	50.227
	24.581
	10.634
	7.965
	-
	-
	11
	0
	1.21

	
	
	XRF (half boron)
	50.227
	24.581
	5.317
	7.965
	-
	-
	11
	0
	1.21

	
	
	XRF (half boron - normalised)
	50.08
	24.51
	5.3
	7.94
	-
	-
	10.97
	0
	1.20

	
	N10B10S60A115Ba5
	Batched 
	49.95
	21.19
	9.65
	8.59
	-
	-
	10.62
	-
	-

	
	
	Measured (XRF)
	49.03
	21.80
	10.09
	7.19
	-
	-
	10.10
	0.01
	1.79

	
	
	XRF (half boron)
	49.03
	21.80
	5.04
	7.19
	-
	-
	10.10
	0.01
	1.79

	
	
	XRF (half boron - normalised)
	51.63
	22.96
	5.31
	7.57
	-
	-
	10.64
	0.01
	1.88

	
	
	Measured (ICP)
	46.59
	17.80
	5.59
	12.23
	-
	0.10
	17.55
	0
	0.14

	
	N10B10S60A112.5Ba7.5
	Batched 
	49.08
	17.35
	9.48
	8.44
	-
	-
	15.66
	-
	-

	
	
	Measured (XRF)
	44.249
	23.729
	9.969
	6.328
	-
	-
	13.628
	0.042
	2.06

	
	
	XRF (half boron)
	44.25
	23.73
	4.98
	6.33
	-
	-
	13.63
	0.04
	2.06

	
	
	XRF (half boron - normalised)
	46.57
	24.97
	5.25
	6.66
	-
	-
	14.34
	0.04
	2.16


Table 4.1: Analysed glass compositions for some of the glasses produced (wt %); ICP-OES for selected glasses and XRF for all glasses.  Analysis data normalised to 100 wt%. (Continued on next page)
	Series
	Glass ID
	Types
	SiO2
	Al2O3
	B2O3
	Na2O
	CaO
	MgO
	BaO
	SO3
	Impurities

	N10CxA2B10S78-x 
	N10B10S75.5A2C2.5
	Batched 
	73.21
	3.29
	11.24
	10.00
	2.26
	-
	-
	-
	-

	
	
	Measured (XRF)
	66.66
	6.09
	16.04
	8.17
	2.13
	-
	-
	0.08
	0.83

	
	
	XRF (half boron)
	66.66
	6.09
	8.02
	8.17
	2.13
	-
	-
	0.08
	0.83

	
	
	XRF (half boron - normalised)
	72.48
	6.62
	8.72
	8.89
	2.31
	-
	-
	0.08
	0.9

	
	N10B10S73A2C5
	Batched 
	70.90
	3.30
	11.25
	10.00
	4.53
	-
	-
	-
	-

	
	
	Measured (XRF)
	65.53
	2.81
	18.80
	7.93
	4.19
	-
	-
	0.07
	0.67

	
	
	XRF (half boron)
	65.53
	2.81
	9.40
	7.93
	4.19
	-
	-
	0.07
	0.67

	
	
	XRF (half boron - normalised)
	72.33
	3.11
	10.37
	8.76
	4.62
	-
	-
	0.07
	0.74

	
	N10B10S70.5A2C7.5
	Batched 
	68.58
	3.30
	11.29
	10.03
	6.81
	-
	-
	-
	-

	
	
	Measured (XRF)
	64.99
	3.00
	16.53
	8.11
	6.34
	-
	-
	0.10
	0.94

	
	
	XRF (half boron)
	64.99
	3.00
	8.26
	8.11
	6.34
	-
	-
	0.10
	0.94

	
	
	XRF (half boron - normalised)
	70.84
	3.27
	9.01
	8.84
	6.91
	-
	-
	0.11
	1.03

	N15CxA2B10S73-x, 
	N15B10S65.5A2C7.5
	Batched 
	63.62
	3.30
	11.25
	15.03
	6.80
	-
	-
	-
	-

	
	
	Measured (XRF)
	59.74
	3.41
	15.88
	13.37
	6.44
	-
	-
	0.32
	0.83

	
	
	XRF (half boron)
	59.74
	3.41
	7.94
	13.37
	6.44
	-
	-
	0.32
	0.83

	
	
	XRF (half boron - normalised)
	64.9
	3.71
	8.63
	14.52
	7
	-
	-
	0.35
	0.9

	
	N15B10S63A2C10
	Batched 
	61.29
	3.30
	11.27
	15.05
	9.08
	-
	-
	-
	-

	
	
	Measured (XRF)
	56.30
	3.30
	18.13
	12.88
	8.29
	-
	-
	0.33
	0.78

	
	
	XRF (half boron)
	56.30
	3.30
	9.06
	12.88
	8.29
	-
	-
	0.33
	0.78

	
	
	XRF (half boron - normalised)
	61.91
	3.63
	9.97
	14.16
	9.12
	-
	-
	0.36
	0.86

	
	N15B10S60.5A2C12.5
	Batched 
	58.96
	3.31
	11.29
	15.08
	11.37
	-
	-
	-
	-

	
	
	Measured (XRF)
	65.886
	3.035
	5.26
	13.686
	12.133
	-
	-
	-
	-

	
	
	XRF (half boron)
	65.89
	3.04
	2.63
	13.69
	12.13
	-
	-
	-
	-

	
	
	XRF (half boron - normalised)
	67.67
	3.12
	2.7
	14.06
	12.46
	-
	-
	-
	-



Table 4.1: Analysed glass compositions for some of the glasses produced (wt %); ICP-OES for selected glasses and XRF for all glasses.  Analysis data normalised to 100 wt%.
	Series
	Glass ID
	Types
	SiO2
	Al2O3
	B2O3
	Na2O
	CaO
	MgO
	BaO
	SO3
	Impurities

	N10CxBa2AyB10S78-x-y 
	N10B10S69.9A5.7Ba2C2.4
	Batched 
	64.24
	8.89
	10.65
	9.48
	2.06
	-
	4.69
	-
	-

	
	
	Measured (XRF)
	55.61
	20.16
	10.00
	7.34
	1.94
	-
	3.92
	0.03
	1.01

	
	
	XRF (half boron)
	55.61
	20.16
	5.00
	7.34
	1.94
	-
	3.92
	0.03
	1.01

	
	
	XRF (half boron - normalised)
	58.53
	21.22
	5.26
	7.73
	2.04
	-
	4.13
	0.03
	1.06

	
	N10B10S64.3A10.1Ba2C3.6
	Batched 
	57.51
	15.33
	10.36
	9.23
	3.01
	-
	4.56
	-
	-

	
	
	Measured (XRF)
	51.32
	24.53
	9.07
	7.46
	2.76
	-
	3.90
	0.03
	1.36

	
	
	XRF (half boron)
	51.32
	24.53
	4.54
	7.46
	2.76
	-
	3.90
	0.03
	1.36

	
	
	XRF (half boron - normalised)
	53.52
	25.58
	4.73
	7.77
	2.88
	-
	4.07
	0.03
	1.42

	
	N15B10S66A7.1Ba2C4.9
	Batched 
	60.20
	10.99
	10.57
	9.41
	4.17
	-
	4.66
	-
	-

	
	
	Measured (XRF)
	51.98
	24.62
	8.30
	6.85
	3.57
	-
	3.87
	0.02
	0.79

	
	
	XRF (half boron)
	51.98
	24.62
	4.15
	6.85
	3.57
	-
	3.87
	0.02
	0.79

	
	
	XRF (half boron - normalised)
	54.23
	25.68
	4.33
	7.14
	3.73
	-
	4.04
	0.02
	0.82

	
	N15B10S63A12.5Ba2C2.5
	Batched 
	55.48
	18.68
	10.20
	9.08
	2.05
	-
	4.49
	-
	-

	
	
	Measured (XRF)
	63.09
	20.77
	4.50
	7.85
	2.07
	-
	1.72
	0.03
	-

	
	
	XRF (half boron)
	63.09
	20.77
	2.25
	7.85
	2.07
	-
	1.72
	0.03
	-

	
	
	XRF (half boron - normalised)
	64.53
	21.24
	2.3
	8.02
	2.12
	-
	1.76
	0.03
	-


	
[bookmark: _Toc523402932][bookmark: _Toc525526443][bookmark: _Toc525707860][bookmark: _Toc525742525][bookmark: _Toc12994969]4.3 Physical and thermal properties. 
Series N7.6M1.1C3AxB7.6S80.7-x glasses.
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[bookmark: _Ref519578405][bookmark: _Toc521420469][bookmark: _Toc525223203][bookmark: _Toc525528350][bookmark: _Toc525706365]Figure 4.2: Density, molar volume and glass transition of N7.6M1.1C3AxB7.6S80.7-x glass series as a function of network charge balance.
Figure 4.2 shows the density, molar volume and glass transition temperature versus the total network charge balance for the N7.6M1.1C3AxB7.6S80.7-x glass series. The graphs show that the density slightly increases with increasing network charge balance, whereas the molar volume and glass transition temperature decreases. For this glass series, the compositional variable that changes is the ratio of the alumina to silica content and when alumina is reduced the network charge balance increases.  The molar volume is measured by dividing the calculated molecular weight of the glass by its density, thus it is expected that increased density would result in decreased of molar volume of glass. The glass transition temperature shows decreasing value with increasing of silicate in composition which might be due to the low alumina content. Thus, the network modifier are used to form NBO’s. The details of alumina effect on glass series N7.6M1.1C3AxB7.6S80.7-x with another glass series (N15C5AxB10-xS70 and N15C5AxB20-xS60) explained further in the discussion chapter. 

Series N15CxA15-xB10S60, N15BaxA15-xB10S60, N10CxA20-xB10S60 and N10BaxA20-xB10S60 glasses.
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Figure 4.3: Density, molar volume and glass transition of N15CxA15-xB10S60, N15BaxA15-xB10S60, N10CxA20-xB10S60 and N10BaxA20-xB10S60 glass series. (Continued on next page) 
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[bookmark: _Toc521420470][bookmark: _Toc525223204][bookmark: _Toc525528351][bookmark: _Toc525706366]Figure 4.3: Density, molar volume and glass transition of N15CxA15-xB10S60, N15BaxA15-xB10S60, N10CxA20-xB10S60 and N10BaxA20-xB10S60 glass series. 
There is an obvious trend when using different amounts and alkaline earth types in composition as can be seen in Figure 4.3. The densities of glasses that contain barium oxide are lower than the equivalent calcium oxide containing glasses when the total charge balance is > 0 but in contrast when total charge balance is < 0 the barium containing glasses have higher densities. (total charge balance is defined as the total amount of network modifier minus the amount of modifier required to charge balance all Al and B as tetrahedral species; negative numbers indicate that the conversion of all Al and B to tetrahedra is not possible) The highest densities occurred with the highest alkaline earth oxide contents. Series N15CxA15-xB10S60 have higher calcium oxide contents compared to series N10CxA20-xB10S60 and in conjunction with that, the network charge balance is also high. Increased network charge balance correlates with increased density and decreased molar volume for all three series. For these glasses, the glass transition temperature is notably higher when the network charge balance is negative than when it is positive; positive values indicate an excess of network modifiers and thus a more depolymerised network.

Series N10CxA2B10S78-x and N15CxA2B10S73-x, glasses.
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Figure 4.4: Density, molar volume and glass transition temperature of N10CxA2B10S78-x and N15CxA2B10S73-x glass series. (Continued on next page) 
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[bookmark: _Toc521420471][bookmark: _Toc525223205][bookmark: _Toc525528352][bookmark: _Toc525706367]Figure 4.4: Density, molar volume and glass transition temperature of N10CxA2B10S78-x and N15CxA2B10S73-x glass series. 

Figure 4.4 shows that for series N10CxA2B10S78-x and N15CxA2B10S73-x.-y glasses, molar volume decreases with increasing network charge balance. For series N10CxA2B10S78-x and N15CxA2B10S73-x, additions of calcium while decreasing silica results in an increase of density and a decrease of molar volume. However, within error, there is no significant change in the glass transition with temperature. The amount of alkaline earth used are not high enough to change the Tg. This is because, based on previous studies, the glass transition should be decreased when increasing of alkaline earth due to decreasing of connectivity that might come from AlV or AlVI and also might be from BIII and NBOs (Smedskjaer & Potuzak, 2013). 








Overall trends in physical and thermal properties 
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[bookmark: _Toc521420472][bookmark: _Toc525223206][bookmark: _Toc525528353][bookmark: _Toc525706368][bookmark: _Hlk515396308]Figure 4.5: a) Density and b) molar volume of glasses studied versus total charge balance.
Figure 4.5 (a) shows the variation of density and (b) molar volume with increasing total charge balance for series N15BaxA15-xB10S60 and N10CxA20-xB10S60. For the glass series, N7.6M1.1C3AxB7.6S80.7-x, N15C5AxB10-xS70, N15C5AxB20-xS60 and N10CxBa2AyB10S78-x-y density remains roughly constant or slightly increases with excess network modifier. However, the behaviour of series N15C5AxB10-xS70 and N15C5AxB20-xS60 differs. In these glass series, the calcium content is fixed at 5 mol % while the alumina and boron contents are varied. Meanwhile, molar volume (Figure 4.5b) decreases essentially linearly with increasing total charge balance, with only N15C5AxB10-xS70  deviating significantly from the line. However, for N15C5AxB10-xS70 and N15C5AxB20-xS60 series glasses where the total available charge balance does not change with x the data are scattered above the line. Charge balance as calculated here does not take into consideration the actual value of N4, which may deviate from being the maximum possible value, and which could therefore, affect the position of the data points with respect to the x-axis. 
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Figure 4.6: Glass transition temperature of glasses studied versus total charge balance. 

Figure 4.6 shows that glass transition temperature (Tg) tends to decrease with increasing total charge balance, although there are some notable exceptions to this trend. Specifically, at -10 total charge balance, there are a range of values of Tg can be seen, due to the differing amounts of silica, alumina and boron used in the glass series investigated. Only series N7.6M1.1C3AxB7.6S80.7-x, N15BaxA15-xB10S60, N10CxA2B10S78-x and N15CxA2B10S73-x show a direct correlation of decreasing Tg with increasing of network charge balance. In series N10CxA20-xB10S60 and N10BaxA20-xB10S60, both the N10C5A15B10S60 and N10Ba5A15B10S60 glasses exhibit relatively lower glass transition temperatures. This might be due to the connectivity of the glass structure because low connectivity of glass will reduce the glass transition temperature (Kilinc and Hand, 2015, Zheng et al., 2012a, Kjeldsen et al., 2013). Meanwhile, for series N15C5AxB10-xS70 and N15C5AxB20-xS60, the glasses with the highest alumina contents N15C5A5B5S70 and N10C5A15B10S60 have higher glass transition temperatures. This is due to the increased amount of AlIV (as network former) which increased the connectivity when all aluminium are charge compensated from network modifier in the glass structure. Meanwhile, some of the boron will probably not be charge balanced due to the balance of network modifier will either compensate boron or produces NBOs. However, when boron is replaced by aluminium, all of the aluminium firstly has been charge compensated to form  AlIV when there are enough network modifier to charge balance.
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XRD analysis was undertaken for all of the glasses to ensure that they were fully amorphous. The XRD results are presented in Appendix G, as all the samples were found to be amorphous. NMR for 29Si, 27Al and 11B was conducted and the details of the deconvolution were also done to analyse types of coordination present. Meanwhile, FTIR and Raman spectroscopies have been used to investigate the structural changes arising in the compositions examined. It should be noted that in interpreting Raman spectra, the different tetrahedral species cannot be readily distinguished (McKeown et al., 1985). The spectra were normalised by peak area after baseline subtraction using the WiRE 3.4 software. As detailed in section 3.5.4 the spectra were divided into four regions: a low frequency region (180-630 cm-1), a medium frequency region (760-850 cm-1) a high frequency region associated with stretching of tetrahedral bonds (850-1250 cm-1) and a high frequency B-O region (1350-1600 cm-1) with each region giving different structural information. 


4.4.1 NMR Spectroscopy
The short range order for a few specific glasses in the calcium series has been studied using NMR, to see the effect of composition on the structure. Figures 4.7 - 4.9 shows the results of 29Si, 17Al and 11B NMR results for 8 glasses.

4.4.1.1 29Si NMR Spectroscopy
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[bookmark: _Toc525223224][bookmark: _Toc525528371][bookmark: _Toc525706386][bookmark: _Hlk515396593][bookmark: _Toc521420490]Figure 4.7: Normalised 29Si NMR spectra. 
In previous 29Si studies of borosilicate and boroaluminosilicate glasses, the peaks for Q0, Q1, Q2, Q3 and Q4 species have been identified as occurring around [-60 to -80 ppm], [-65 to – 85 ppm], [-75 to – 95 ppm], [-90 to – 100 ppm] and [-105 to – 120 ppm] respectively (Dupree et al., 1984; Maekawa et al., 1991; Ramkumar et al., 2008). Based on these identifications, Table 4.2 shows the summary of Qn species that appears in the samples examined here.
Thus 29Si NMR indicates that only Q4 and Q3 species are present in the glasses examined, with no Q2, Q1 and Q0 as there was no shoulder present at their chemical shifts. For N7.6M1.1C3AxB7.6S80.7-x glass series (N7.6M1.1C3A2.5B7.6S78.2 and N7.6M1.1C3A7.5B7.6S73.2) with increasing alumina, the chemical shift moves to higher ppm which indicates a decrease in Q4. However, the structures must be similar for both N7.6M1.1C3A2.5B7.6S78.2 and N7.6M1.1C3A7.5B7.6S73.2 glasses, as there is only a 1% difference in Q4 between N7.6M1.1C3A2.5B7.6S78.2 and N7.6M1.1C3A7.5B7.6S73.2. Meanwhile, for glass N15C5A0B10S70, where the only alumina present is due to corrosion of the alumina crucible during melting, there is 80% Q4 present compared to 44% in N15C5A10B10S60. The high Q4 in N15C5A0B10S70 might also be due to the different silica contents in these two glasses; N15C5A0B10S70 contains 70 mol% silica while N15C5A10B10S60 contains 60 mol% silica, but the amount of calcium is fixed at 5 mol% for both compositions. NMR spectra also show that the main peak observed for N15C5A10B10S60 glass (balanced alumina and boron contents) is at higher ppm values compared to N15C5A0B10S70 (glass with only boron) glass. Higher ppm in the NMR spectra means that the glass structure is more depolymerised which means that Q4 will be reduced. Meanwhile for glass N15C10A5B10S60 Q4 shows a very high value of 86% compared to N15C10A5B10S60 with only 47% Q4 even though they both have 60% silica contents. 
As shown in Figure 4.7, with a high amount of calcium and a low amount of alumina (N15C10A5B10S60), the chemical shift is at -93 ppm, however when amount of calcium is reduced and alumina is increased (N10C5A15B10S60) the chemical shift moves in a negative direction to -97 ppm due to increasing depolymerisation. If Ʃ[M2O+M’O]-[Al2O3]-[B2O3]< 0 then higher Qn species can be expected. The deconvolution is shown in the Appendix.  

4.4.1.2 27Al NMR
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Figure 4.8: a) Normalised 27Al NMR spectra and b) deconvolution of 27Al NMR for selected glasses. (Continued on next page)
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Figure 4.8: a) Normalised 27Al NMR spectra and b) deconvolution of 27Al NMR for selected glasses. 

27Al NMR spectra of the 8 glasses tested with details deconvolution are shown in Figure 4.8. The predominant maximum peak is at about 50 ppm which is consistent with tetrahedrally coordinated aluminium atoms (Al4) (Smedskjaer et al., 2013). It also seen that the peaks are asymmetrically broader on the lower ppm side which is thought to be due to Al5, usually attributed to there being an insufficient concentration of charge balancing modifier to stabilize tetrahedral aluminium. The glasses have shown all have M2O + M’O ≥ Al2O3, hence the spectra are all very similar to each other. In theory, as mentioned by Risbud et al., 1987 and Sen & Youngman, 2004 the network modifier first charge compensates AlO4 units; Zheng et al., (2012) have also shown that the network modifiers are used to compensate alumina before compensating boron or producing NBOs. However, in this case, even enough there is sufficient change balance to fully compensate Al, some Al5 is still present. A distribution of Al5 and Al4 species is consistent with the work of Bechgaard et al., (2016) on sodium aluminosilicate glass and Zheng et al., (2012) on boroaluminosilicate glass. From the deconvolution of 27Al, there’s no huge difference can be seen between for each glass with Al4 become a dominant structure in the glass composition. 
4.4.1.3 11Boron NMR
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[bookmark: _Toc521420492][bookmark: _Toc525223226][bookmark: _Toc525528373][bookmark: _Toc525706388]Figure 4.9: a) Normalised 11B NMR spectra and b) deconvolution of 11B NMR for selected glasses. (Continued on next page)
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[bookmark: _Hlk515396671]Figure 4.9: a) Normalised 11B NMR spectra and b) deconvolution of 11B NMR for selected glasses.

[bookmark: _Hlk496160419]11B NMR spectra of the eight glasses examined by NMR are shown in Figure 4.9. A broad peak centred at 7-8 ppm corresponds to B3 and a narrow peak at 2-5 ppm corresponds to B4 sites. Zheng et al., 2012,  stated that when Al2O3 ≤ Na2O, both B3 and B4 spectra are present. With the current glasses, all of the glasses considered by NMR have enough network modifier to charge balance boron. This is the reason for the appearance of both B3 and B4. However complete charge balance of B is not in general expected. For N15C5A10B10S60 and N10C5A15B10S60 glasses, there is more B3 than B4 in the glass structure. In the N7.6M1.1C3AxB7.6S80.7-x  series, the fraction of B4 decreased with increasing Al content. Larger concentrations of network modifier to charge balance boron give decreased intensity for B3  as seen in both N15C5A0B10S70 and N15C10A5B10S60. Figure 4.25 shows that different alkaline earths do not affect the fraction of B4 and B3. However, there is a significant reduction in the intensity of the B3 peak with the amount of network modifier used; the greater amount of network modifier in N15C10A5B10S60 and N15Ba10A5B10S60, results in the decreased intensity of B3, due to sufficient concentration of network modifier to charge balance boron coordination. The deconvolution of 11B  can be seen that there is a huge difference of the area under the curve representing B3, especially for glasses N15C5A10B10S60, N10C5A15B10S60 and N10Ba5A15B10S60. 

















4.4.2 Series N7.6M1.1C3AxB7.6S80.7-x , N15C5AxB10-xS70 and N15C5AxB20-xS60 glasses. 
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Figure 4.10: Normalised Raman spectra of a) N7.6M1.1C3AxB7.6S80.7-x and b) N15C5AxB10-xS70, N15C5AxB20-xS60  glass series.N15C5A15B5S60
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Figure 4.10 shows the normalised Raman spectra of the N7.6M1.1C3AxB7.6S80.7-x and b) N15C5AxB10-xS70, N15C5AxB20-xS60 glasses. It can be seen that in series N7.6M1.1C3AxB7.6S80.7-x glasses (Figure 4.10a), at lower x (N7.6M1.1C3A2.5B7.6S78.2), the Raman low frequency peaks (between 180-730 cm-1) have the same shape and the peak maximum shifts from 454 cm-1 to 474 cm-1 with increasing x. The peak shift to higher wavenumbers indicates that the Al-O-Al bridges are reducing and that Qn is increasing (Bechgaard et al., 2017) and this will affect the peak areas used to calculate the polymerisation degree of glass. For series N15C5AxB10-xS70 and N15C5AxB20-xS60 glasses, the highest intensity peak is at 485 cm-1 (Figure 4.10b). For series N7.6M1.1C3AxB7.6S80.7-x glasses (Figure 4.10a) at lower x, the band associated with breathing vibrations of 3-member silica rings (D2), also known as a defect mode is present as a shoulder (3 ring modes) at around 630 cm-1 (Yadav & Singh, 2015)(Kjeldsen et al., 2013) and this shoulder shifts to lower wavenumbers with increasing x while its intensity decreases. For series N15C5AxB10-xS70 and N15C5AxB20-xS60 glasses the D2 peaks are present at 564 cm-1 and 569 cm-1. The structural defects are related to breathing vibrations of 3-fold silicate rings (Furukawa et al., 1981, McKeown et al., 2010, Kjeldsen et al., 2013).
The band at 750-850 cm-1 is due to Si-O-Si bending (Aguiar et al., 2009; Galeener & Wright, 1986). The highest peak for this region remains at 780-790 cm-1 for these series of glasses. In this frequency region, for series N7.6M1.1C3AxB7.6S80.7-x  and N15C5AxB20-xS60 glasses, the peak is narrower compared to series N15C5AxB10-xS70 glasses or other glasses studied.  
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[bookmark: _Toc521420475][bookmark: _Toc525223209][bookmark: _Toc525528356][bookmark: _Toc525706371][bookmark: _Hlk515396355]Figure 4.11: Normalised Raman spectra of the glass series in 850-1250 cm-1 region a) N7.6M1.1C3AxB7.6S80.7-x  b) N15C5AxB10-xS70, N15C5AxB20-xS60 glasses; peaks normalised to the peak area between 850-1250 cm-1.  

The high frequency band (830-1280 cm-1) is generally associated with stretching modes of tetrahedral units and thus although variations in these peaks can in principle be assigned to Qn units (McMillan et al.,1994) (Mysen et al., 2003) for these glasses where there are multiple tetrahedral species this is far from straightforward. For N7.6M1.1C3AxB7.6S80.7-x  series glasses with lower alumina contents, the peak is narrow and it becomes broader with increasing alumina content indicative of a wider range of Q species being present. For series N15C5AxB10-xS70 glasses, this peak changes in intensity with alumina content, although the peak maximum remains at the same wavenumber as seen in series N7.6M1.1C3AxB7.6S80.7-x  glasses. For this high frequency region, plots of the peaks normalised to the peak area between 830-1280 cm-1 are shown in Figure 4.11. It can be seen that the Raman peak in this region changes shape significantly for series N7.6M1.1C3AxB7.6S80.7-x and N15C5AxB10-xS70 indicative of notable changes in the detailed structure of the glass including connectivity with composition. For series N7.6M1.1C3AxB7.6S80.7-x  glasses, the change of peak shape with an increasing amount of alumina is indicative of increased network connectivity. For lower Al contents the peak is narrower with its highest value around 1076 cm-1. The peak becomes notably broader with increased additions of alumina although no shift of position occurs.  
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[bookmark: _Toc521420476][bookmark: _Toc525223210][bookmark: _Toc525528357][bookmark: _Toc525706372][bookmark: _Hlk515396369]Figure 4.12: Deconvolution of the 850–1300 cm-1 peak in the Raman spectra for the N7.6M1.1C3AxB7.6S80.7-x  glasses.

Deconvolutions of the high frequency band of the Raman spectra for N7.6M1.1C3AxB7.6S80.7-x, N15C5AxB10-xS70 and N15C5AxB20-xS60 glasses are shown in Figures 4.12 and Figure 4.13. The deconvolutions used 4 Gaussian peaks centred around ~915 cm-1 (Q2), 980 cm-1 (Q3), 1070 cm-1 (Q3) and 1160 cm-1 (Q4). In Q3 peak at range 870 – 1100 cm-3, Al-O and Q3 boron are also present in this peak range which is at 950-1000 cm-3 and 970-980 cm-3. Meanwhile in Q3 at range 950- 1230 cm-1, stretching Al are also present at 1100 cm-1.
Figure 4.12 shows that the intensity of the Q2 peak for N7.6M1.1C3AxB7.6S80.7-x series at ~915 cm-1 decreased and the Q3 peak at 980 cm-1 increases with the amount of Al in the glass composition, however the Q3 peak at 1070 cm-1 decreases in intensity with increasing alumina content. The details Q species from deconvolution from Raman analysis of glasses from N7.6M1.1C3AxB7.6S80.7-x are presented before in Table 3.6.
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[bookmark: _Toc521420477][bookmark: _Toc525223211][bookmark: _Toc525528358][bookmark: _Toc525706373]Figure 4.13: Deconvolution of the 850–1300 cm-1 peak in the Raman spectra for the N15C5AxB10-xS70 and N15C5AxB20-xS60 glasses.
The Q4 peak at 1160 cm-1 decreases in intensity from N7.6M1.1C3A1B7.6S79.7 to N7.6M1.1C3A5B7.6S75.7 and the value of Q4 species shows that it increased with increasing alumina but then decreased at N7.6M1.1C3A5.2B7.6S75.5. Figure 4.13 shows the deconvolution of another two series of glasses (N15C5AxB10-xS70 and N15C5AxB20-xS60 glasses). The other calculated Q species in N7.6M1.1C3AxB7.6S80.7-x, N15C5AxB10-xS70 and N15C5AxB20-xS60 glasses based on the deconvolution are given details in Table 3.6. It needs to be born in mind that Si and Al tetrahedra cannot be distinguished in these deconvolutions. Hence the percentages of Q species are measured, other specification also needs to be considered as in boroaluminosilicate glass, Al2O3, B2O3 and SiO4 are mixed together and variation of tetrahedral might present at range 850 cm-1-1200 cm-1. The other tetrahedral such as Al-O stretching and B-O-B bonding vibration might present as summarised in Table 3.5. Thus, the Q species present are further details study using NMR and the results between Q species from NMR and Raman are discussed in subchapter 4.4.4.
The high frequency band at 1450-1600 cm-1 is associated with B-O stretching modes and thus differences in this peak arise from charge balancing of boron and aluminium tetrahedra by network modifiers in the glass. This peak has a low intensity compared to other regions which have been seen elsewhere (Yadav & Singh, 2015). The example of fitting for this peak are shown in the Appendix. For series N7.6M1.1C3AxB7.6S80.7-x, N15C5AxB10-xS70 and N15C5AxB20-xS60 glasses the peak does not shift from 1420 cm-1. However, there is a difference in the peak shape between those all three series. For series N7.6M1.1C3AxB7.6S80.7-x, with lower alumina content, the peak is narrow, but with increasing alumina, the peak becomes broader and more plateau like. Meanwhile, for series  N15C5AxB10-xS70, the peak is sharper more like that of the N7.6M1.1C3AxB7.6S80.7-x series glasses with low alumina content. Meanwhile, series N15C5AxB20-xS60 has a broad plateau like peak between 980 cm-1 to 1080 cm-1. 
Even though there’s also proved from the previous researcher that there’s an appearance of B-O bonding and Al-O stretching in peak 850-1300 cm-1 (as present in Table 3.5), the boron and alumina bonding did not observe due to the overlapping of SiO4 stretching in this region with formation of SiO4 and NBO’s. Thus the Raman Q species are analysed to see the rough preference of the structure present with the details of silica, alumina and boron speciation details are observed in NMR analysis.
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[bookmark: _Toc521420478][bookmark: _Toc525223212][bookmark: _Toc525528359][bookmark: _Toc525706374][bookmark: _Hlk515396426]Figure 4.14: FTIR spectra for glass series a) N7.6M1.1C3AxB7.6S80.7-x  b) N15C5AxB10-xS70 and N15C5AxB20-xS60 .
ATR-FTIR spectra in the range 600-1600 cm-1 for N7.6M1.1C3AxB7.6S80.7-x, N15C5AxB10-xS70 and N15C5AxB20-xS60 glasses are presented in Figure 4.14. There is limitation for structural studies by FTIR for ternary silicate glasses, compared to Raman spectroscopy because in this wavenumber in range 800 to 1300 cm-1, Raman spectra only shows [Si-O] bond stretching, Al and B bond while this band in IR relates to asymmetric stretching of [Si-O ] and [Si-O-Si] bonds, which makes FTIR spectra more complex to interpret in this region (Taylor, 1990). The IR spectra show three main bands located at 700, 1000 and 1400 cm-1. 
The main peaks can be summarised as follows:
a) 630-800 cm-1, broad medium intensity band, assigned to B-O-B bending or Al-O-Al stretching vibrations (Wang & Pantano, 1992).
b) 800 – 1230 cm-1, broad band (with the highest peak ~1050 cm-1), assigned to Si-O-Si  asymmetric stretching (Bengisu et al., 2006),(Wang et al., 2014)
c) 1240 – 1522 cm-1, very broad shoulder assigned to B-O-B stretching (Wang & Pantano, 1992)
d) The highest peak of N7.6M1.1C3A7.5B7.6S73.2  glass moves to lower wavenumber with high alumina compared to other glass in series N7.6M1.1C3AxB7.6S80.7  indicating that depolymerisation is occurring in agreement with the Raman polymerisation index data (see Figure 4.14). The higher alumina in glass composition will produce Al in tetrahedral when there is enough network modifier to compensate Al, while others have low Al (with all Al will produce AlIV) and there’s enough network modifier that might produce BIV which increased the polymerisation.
4.4.3 Series N15CxA15-xB10S60, N15BaxA15-xB10S60, N10CxA20-xB10S60 and N10BaxA20-xB10S60 glasses.
[image: ]N15Ba12.5A2.5B10S60
N15Ba10A5B10S60 N15Ba10A5B10S60
N15Ba7.5A7.5B10S60
N15C12.5A2.5B10S60
N15C10A5B10S60
N15C7.5A7.5B10S60
a)
Region A
Region B
Region C
Region D

[image: ]N10C2.5A17.5B10S60
N10Ba7.5A12.5B10S60
N10Ba5A15B10S60
N10Ba2.5A17.5B10S60
N10C7.5A12.5B10S60
N10C5A15B10S60
b)
Region A
Region B
Region C
Region D

[bookmark: _Toc521420479][bookmark: _Toc525223213][bookmark: _Toc525528360][bookmark: _Toc525706375][bookmark: _Hlk515396439]Figure 4.15: Normalised Raman spectra for series a) N15CxA15-xB10S60, N15BaxA15-xB10S60 and b) N10CxA20-xB10S60 and N10BaxA20-xB10S60 glasses.
For N15CxA15-xB10S60 and N15BaxA15-xB10S60 glasses (Figure 4.15a), the low frequency Raman peak has a lower relative intensity than for the N7.6M1.1C3AxB7.6S80.7-x, N15C5AxB10-xS70 and N15C5AxB20-xS60 glasses. With increasing calcium oxide or barium oxide in the composition, the position of the highest intensity moves to higher wavenumbers but decreases in intensity. The D2 shoulder was present in all cases at ~625 cm-1. At the highest calcium and barium oxide contents considered another small peak appeared at around 570 cm-1.  Meanwhile for N10CxA20-xB10S60, N10BaxA20-xB10S60 glasses (Figure 4.15b) the peak at 490-550 cm-1 is more intense than for N15CxA15-xB10S60 and N15BaxA15-xB10S60 glasses. Again as the content of calcium oxide or barium oxide is increased the position of maximum intensity moves to slightly higher wavenumbers (from 480 to 490 cm-1). Furthermore, a secondary shoulder appeared at the same wavenumber, 584 cm-1 with a small shoulder at around ~580 cm-1. These shoulders correspond to 3-fold rings in the glass and Q3 units, respectively (Le Losq et al., 2014). 
For series N15CxA15-xB10S60 and N15BaxA15-xB10S60 glasses, the medium frequency Raman peak for the calcium containing samples had a greater relative intensity than for the barium containing samples. However, the peak maximum is at the same wavenumber for all of the glasses in these two series namely 790 cm-1. Meanwhile, for series N10CxA20-xB10S60 and N10BaxA20-xB10S60 glasses, the equivalent peak occurs at a slightly higher wavenumber of ~795cm-1 independent of which alkaline earth is present.

Figure 4.15a shows that the peak shape at ~ 1060 cm–1 is slightly changed for series N15CxA15-xB10S60, and N15BaxA15-xB10S60 glasses when different alkaline earths are present. For series N15CxA15-xB10S60 (Figure 4.15a), increasing calcium oxide content increased the intensity of the peak. For some of these glasses, there is a narrow second peak at around 990 cm-1 which is due to residual sulphur from the use of sulphate refining in the glass preparation. The Raman peak shape also changed for N10CxA20-xB10S60 and N10BaxA20-xB10S60 glass series. 
[image: ][image: ]b)
a)

[bookmark: _Toc521420480][bookmark: _Toc525223214][bookmark: _Toc525528361][bookmark: _Toc525706376][bookmark: _Hlk515396458]Figure 4.16: Normalised Raman spectra in the 850-1250 cm-1 region a) N15CxA15-xB10S60, N15BaxA15-xB10S60 and b) N10CxA20-xB10S60, N10BaxA20-xB10S60 glasses. Peaks normalised to the peak area between 850-1250 cm-1.
Figure 4.16a shows that the major change for N15CxA15-xB10S60 glasses is that the maximum peak intensity increases with increasing alkaline earth content, but this not happen for  N15BaxA15-xB10S60 glasses. However, a second peak at lower wavenumbers starts to appear due to the sulphur present arising from the use of sulphate refining with some of these melts. Meanwhile, the 850-1250 cm–1 peak of N10CxA20-xB10S60, N10BaxA20-xB10S60 glasses in Figure 4.16b is rather narrower than series N15CxA15-xB10S60, and N15BaxA15-xB10S60 indicative of notable changes in the detailed structure of the glass including silica connectivity with composition. 






For series N15CxA15-xB10S60 the borate peaks shifts from 1450 cm-1 to 1422 cm-1 with increasing charge balance. Comparing the curves for series N15CxA15-xB10S60 and N15BaxA15-xB10S60 glasses it can be seen that the peak for calcium containing glasses are higher than barium. Meanwhile, for series N10CxA20-xB10S60 and N10BaxA20-xB10S60, no major differences can be seen in the borate peak with the highest peak being at the same wavenumbers for all glasses. 
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[bookmark: _Hlk515396474][bookmark: _Toc521420481][bookmark: _Toc525223215][bookmark: _Toc525528362][bookmark: _Toc525706377]Figure 4.17: FTIR spectra for a) N15CxA15-xB10S60, N15BaxA15-xB10S60 and b) N10CxA20-xB10S60, N10BaxA20-xB10S60 glasses.




FTIR spectra for the N15CxA15-xB10S60, N15BaxA15-xB10S60, N10CxA20-xB10S60 and N10BaxA20-xB10S60 glass series are shown in Figure 4.17 a and b; no differences in peak shape can be seen. Meanwhile, Figure 4.18 shows that the wavenumber of the highest peak increased with increasing alumina to network modifier ratio indicating depolymerisation. Calcium gives a higher intensity and slightly higher wavenumber value for the highest peak, especially when comparing series N10CxA20-xB10S60 and N10BaxA20-xB10S60. 
 [image: ]
[bookmark: _Toc521420482][bookmark: _Toc525223216][bookmark: _Toc525528363][bookmark: _Toc525706378][bookmark: _Hlk515396485]Figure 4.18: Variation of the FTIR major peak position with alumina to modifier ratio for N15CxA15-xB10S60, N15BaxA15-xB10S60, N10CxA20-xB10S60 and N10BaxA20-xB10S60 glass series.
4.4.3 Series N10CxA2B10S78-x , N15CxA2B10S73-x, and N10CxBa2AyB10S78-x-y glasses.
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[bookmark: _Toc521420483][bookmark: _Toc525223217][bookmark: _Toc525528364][bookmark: _Toc525706379][bookmark: _Hlk515396495]Figure 4.19: Normalised Raman spectra for a) N10CxA2B10S78-x, N15CxA2B10S73-x and      b) N10CxBa2AyB10S78-x-y glasses.

For the glass series N10CxA2B10S78-x (Figure 4.19a), the maximum intensity of the low frequency Raman region was around ~473 cm-1 with a second peak appearing at 630 cm-1. However, for series N15CxA2B10S73-x (Figure 4.19a), the intensities were low. The position of the highest intensity of this series moved from 529 cm-1 to 562 cm-1 with increasing of calcium oxide content. A narrow shoulder peak was observed at 790 cm-1. Meanwhile, for series N10CxBa2AyB10S78-x-y glasses (Figure 4.19b), the highest peak was present at the same range ~483 - 485 cm-1 with a small shoulder at 580 cm-1.

For N10CxA2B10S78-x and N15CxA2B10S73-x glasses, no significant differences can be seen in the medium frequency Raman region with the highest peak intensity being at the same spot for all glasses. Similarly, for series N10CxBa2AyB10S78-x-y glasses, although in this case, a small shoulder on the left is present for all glasses. 
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[bookmark: _Toc521420484][bookmark: _Toc525223218][bookmark: _Toc525528365][bookmark: _Toc525706380][bookmark: _Hlk515396509]Figure 4.20: Normalised Raman spectra of the glass series in 850-1250 cm-1 region        a) N10CxA2B10S78-x, N15CxA2B10S73-x and b) N10CxBa2AyB10S78-x-y glasses. 

The intensity of the high frequency Si-O peak is larger compared to other glass series considered here. In series N10CxA2B10S78-x, the intensity of this peak is a bit lower compared to series N15CxA2B10S73-x. Figure 4.20a shows that series N10CxA2B10S78-x and N15CxA2B10S73-x have a narrow peak at their highest peak which is similar to that seen in glasses N7.6M1.1C3A1B7.6S79.7 and N7.6M1.1C3A2.5B7.6S78.2. For series N10CxA2B10S78-x glasses with increasing calcium, the peak is broader than for series N15CxA2B10S73-x glasses. For series N15CxA2B10S73-x glasses, the intensity at ~ 1000 cm-1 increases with increasing calcium oxide content. 
No significant differences in the high frequency B-O region were seen for N10CxA2B10S78-x and N15CxA2B10S73-x glasses, with the peak maximum being at the same spot for all series. 
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[bookmark: _Toc521420485][bookmark: _Toc525223219][bookmark: _Toc525528366][bookmark: _Toc525706381][bookmark: _Hlk515396519]Figure 4.21: FTIR spectra for a) N10CxA2B10S78-x, N15CxA2B10S73-x and                             b) N10CxBa2AyB10S78-x-y glasses.
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[bookmark: _Toc521420486][bookmark: _Toc525223220][bookmark: _Toc525528367][bookmark: _Toc525706382][bookmark: _Hlk515396529]Figure 4.22: Variation of the FTIR major peak position with alumina to modifier ratio for N10CxA2B10S78-x, N15CxA2B10S73-x and N10CxBa2AyB10S78-x-y glass series.
There are notable differences in the major FTIR peak between series N10CxA2B10S78-x and series N15CxA2B10S73-x. However, increasing calcium content still resulted in a decrease in the wavenumber of the peak position from 1013 – 999 cm-1 and 973 – 958 cm-1. 


4.4.4 Overall trends in the Raman and FTIR data 
Overall, there are small shifts for each Raman band and these are summarized in Figure 4.23 as a function of total network charge balance:
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Figure 4.23: Peak position for the Raman a) low, b) medium, c) high frequency Si-O band and d) high frequency B-O band versus total charge balance. (Continued on next page)
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[bookmark: _Toc521420487][bookmark: _Toc525223221][bookmark: _Toc525528368][bookmark: _Toc525706383]Figure 4.23: Peak position for the Raman a) low, b) medium, c) high frequency Si-O band and d) high frequency B-O band versus total charge balance. 

 
· [bookmark: _Hlk515396542]The low frequency band (LFB), Raman peak shifts to higher wavenumbers for network charge balance values > 5 (Figure 4.23a). This band corresponds to symmetric stretching of Si-O-Si and positive charge balance indicates depolymerisation of glass as modifiers no longer are required to charge balance alumina or boron tetrahedra and instead are associated with silica tetrahedra. 
· The medium frequency Raman band (MFB) does not shift with the composition (Figure 4.23b). 
· The high frequency Raman band (HFB) at 830-1230 cm-1 tends to have more scattered wavenumbers for negative total charge balance but there is no obvious trend with increasing network charge balance. 
· The high frequency B-O (HFB) Raman band at 1450 - 1600 cm-1 shifts to slightly higher wavenumbers with increasing total charge balance although the trend is not strong. This is because of the changing of boron speciation. Increasing of network charge balance will mean there is sufficient network charging to compensate AlIII to AlIV, then the remaining network modifier will either produce non-bridging oxygens on silica tetrahedral or compensate BIII to BIV.

The summarise for Raman deconvolution is shown in Figure 4.24. However, due to the Al and B species also presents in the peak at wavenumber range 850-1200 cm-1, the summarize of the Q species based on silicate bonding are difficult to be used as acceptable data. However, to show the rough trend of Q species (with ignored the presence of Al and B), the plotting was made. The polymerisation index is most useful in this condition due to the polymerisation index are based on the ratio of area under the peak.
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Figure 4.24: Deconvolution results of 850-1200 cm-1 band region with total amount of charge balance in the composition of all series  a) Q2 b) Q3 and c) Q4. (Continued on next page) 
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[bookmark: _Toc521420488][bookmark: _Toc525223222][bookmark: _Toc525528369][bookmark: _Toc525706384][bookmark: _Hlk515396565]Figure 4.24: Deconvolution results of 850-1200 cm-1 band region with total amount of charge balance in the composition of all series  a) Q2 b) Q3 and c) Q4. 

The deconvolution results in Figure 4.24 shows that:
i. The amount of Q2 species was low which mostly below than 5 and near zero except for the glasses with a positive total charge balance i.e. glasses where increased NBO formation is expected. 
ii. There is no strong trend in the amount of Q3 with increasing charge balance, although there is a slight tendency for Q3 to decrease. For series N10CxBa2AyB10S78-x-y and N10CxA2B10S78-x, the amount of Q3 increased with increasing network charge balance.
iii. Q4 also did show a strong trend. However, there was some tendency for it to decrease with increasing network charge balance.   
iv. Overall when comparing between calcium and barium used in composition, for Q2, calcium gives higher values meanwhile for Q3, series N15BaxA15-xB10S60 have higher than N15CxA15-xB10S60. However, contrast for N10CxA20-xB10S60 and N10BaxA20-xB10S60 with highest Q3 in barium series. 
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[bookmark: _Toc521420489][bookmark: _Toc525223223][bookmark: _Toc525528370][bookmark: _Toc525706385][bookmark: _Hlk515396582][bookmark: _Hlk495940930]Figure 4.25: Raman polymerisation index versus total charge balance in all glass series. 

The Raman polymerisation index was calculated by taking the ratio of the area of region A to the area of regions B+C+D of the Raman spectra. Figure 4.25 shows that the polymerization index varies little for glasses with negative values of total charge balance and then tends to decrease for glasses with a positive total charge balance, presumably as network modifiers start to form NBOs decreasing the silicate network connectivity. 
Decreasing polymerisation index indicates a decreasing number of bridging oxygens. When comparing calcium and barium, the calcium gives a higher polymerisation index than barium. The higher field strength possibly enables Ca2+ to enhance structural connections more than Ba2+. However, Smedskjaer et al., 2013 in their study on the effect of alkaline earth in aluminosilicate glass showed that, with relatively low field strength cations (Ba2+<Ca2+),  there will be the formation of four-fold coordinated aluminium thus increasing the connectivity meanwhile Ca2+ behaves as an intermediate network former at high alumina contents. However, the concentration of alkaline earth in this study shows that there is sufficient network modifier to compensate Al for some series  (N15CxA15-xB10S60, N15BaxA15-xB10S60, N10CxA2B10S78-x and N15CxA2B10S73-x) but there is an appearance of AlV from NMR studies (see section 4.4.1.2). Meanwhile, as calcium increases in N15CxA15-xB10S60, N10CxA2B10S78-x and N15CxA2B10S73-x glasses, there is a decrease in the polymerisation index.
Comparison of connectivity from NMR and polymerisation index
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[bookmark: _Toc521420493][bookmark: _Toc525223227][bookmark: _Toc525528374][bookmark: _Toc525706389]Figure 4.26: Connectivity calculated from NMR data for glass studies and from soda lime silicate glass series; data from Kilinc and Hand, 2015.

Figure 4.26 shows a plot of Raman polymerisation index versus connectivity as determined by NMR analysis for the glass compositions studied by NMR. Most of the sample shows a linear correlation with increasing of polymerisation index, the connectivity are also increased. As from previous researchers, it can be seen that for both glass series (MgO-SiO2 and CaO-SiO2), are also exhibited increasing connectivity as measured by NMR with increasing polymerisation index. Due to the similarity in the behaviour of these two methods to measure the connectivity of glass, it is concluded that the polymerisation index is of value in discussing the connectivity of the glasses studied here. It is in contrast when Q species are calculated from the Raman spectra to measure the connectivity because Q4 from Raman are not in line with the Q4 from NMR. 
However, when compared the percentage of Q species between NMR and Raman, there’s huge different of value can be seen for each  Q species.  The major species present in NMR are Q4 and its contrast in Raman with the highest Q species appeared are Q3. The Q4 from Raman are less than 50%  with the amount for all selected glass are only range  11-28% meanwhile in NMR Q4 present are in range  33-95% with  only three glass samples which less than 50% of Q4 which is  N15C5A10B10S60, N15C10A5B10S60 and N15Ba10A5B10S60. Other details can be seen is the 29Si NMR did not give any Q2 value meanwhile deconvolution from Raman shows that there is a small value of Q2, around less than 5% appeared for N7.6M1.1C3A2.5B7.6S78.2. There are significant differences value from these two analyses for Qn species for N7.6M1.1C3A2.5B7.6S78.2 glass, with the Q4 and Q3 from NMR and Raman being approximately 95%, 5% and 31% and 64% respectively. 
The differences between the Q speciation obtained using Raman and those obtained using NMR analysis might be due to the focus of the analysis. The 29Si NMR analysis directly examines silica bonding; whereas the relevant Raman peaks include contributions for other tetrahedral species such as [4]B3+ and [4]Al3. Thus, deconvolution of the NMR spectra is believed to be more reliable. However, it was not possible to get NMR data for all of the glasses studied here and thus for many of these glasses the Raman structural analysis has to be relied on.
[bookmark: _Ref519566407][bookmark: _Hlk515396621]Table 4.2: Q3 and Q4 of selected glass samples as determined by 29Si NMR and Raman spectrocopy.
	Glass ID
	N7.6M1.1C3A2.5B7.6S78.2
	N7.6M1.1C3A7.5B7.6S73.2
	N15C5A0B10S70
	N15C5A10B10S60
	N15C10A5B10S60
	N15Ba10A5B10S60
	N10C5A15B10S60
	N10Ba5A15B10S60

	
	NMR
	Raman
	NMR
	Raman
	NMR
	Raman
	NMR
	Raman
	NMR
	Raman
	NMR
	Raman
	NMR
	Raman
	NMR
	Raman

	Chem. Shift / wavenumber
	-112
	1171
	-110.95
	1161.95
	-114.06
	1081.14
	-106
	1135.26
	-103.18
	1158.55
	-105.77
	1077.27
	-105.15
	1164.29
	-119.49
	1137.66

	Area (Q4)
	649.93
	0.31
	1337.032
	0.3
	179.062
	0.45
	299.501
	0.16
	1111.4
	0.15
	170.781
	0.11
	1066.47
	0.13
	32.891
	0.27

	Chem. Shift / wavenumber
	-105.8
	
	-104.5
	
	-104.19
	
	-98.28
	
	-97.32
	
	-98.55
	
	-98.87
	
	-104.86
	

	Area (Q4)
	1385.4
	
	3970.618
	
	1502.054
	
	2276.756
	
	2962.6
	
	1323.795
	
	1944.66
	
	971.777
	

	Chem. Shift / wavenumber
	-97.5
	
	-95.95
	
	-97.27
	
	
	
	
	
	
	
	-94.07
	
	-97.59
	

	Area (Q4)
	652.189
	 
	2432.07
	 
	2462.309
	 
	 
	 
	 
	 
	 
	 
	1721.71
	 
	2735.156
	 

	Chem. Shift / wavenumber
	-87
	1002.86
	-87.75
	1005.62
	-89.95
	995.69
	-91.19
	1061.36
	-90.44
	1040.06
	-91.37
	1040.13
	-88.2
	1005.63
	-90.95
	994.77

	Area (Q3)
	141.37
	0.21
	451.74
	0.3
	1061.182
	0.33
	2725.969
	0.46
	3357.5
	0.35
	2064.75
	0.49
	769.042
	0.38
	1666.281
	0.31

	Chem. Shift / wavenumber
	
	1076.93
	
	1083.09
	
	0.19
	-85.01
	984.51
	-85.14
	1088.74
	-85.34
	1136.36
	
	1091.46
	
	1070.81

	Area (Q3)
	 
	0.43
	 
	0.35
	 
	1159.23
	512.948
	0.38
	1178.9
	0.28
	909.297
	0.19
	 
	0.46
	 
	0.32

	Chem. Shift / wavenumber
	
	921.7
	
	914.6
	
	907.17
	
	
	
	946.01
	
	942.74
	
	945.46
	
	900.31

	Area (Q2)
	 
	0.05
	 
	0.03
	 
	0.03
	 
	 
	 
	0.17
	 
	0.17
	 
	0.03
	 
	0.1

	Ʃ Area Q4
	2687.519
	0.31
	7739.72
	0.3
	4143.425
	0.45
	2576.257
	0.16
	4074
	0.15
	1494.576
	0.11
	4732.84
	0.13
	3739.824
	0.27

	Ʃ Area Q3
	141.37
	0.64
	451.74
	0.65
	1061.182
	0.52
	3238.917
	0.84
	4536.4
	0.63
	2974.047
	0.68
	769.042
	0.84
	1666.281
	0.63

	Ʃ Area Q2
	 
	0.05
	 
	0.03
	 
	0.03
	 
	 
	 
	0.17
	 
	0.17
	 
	0.03
	 
	0.1

	Q4 (%)
	95
	27.84
	94
	30.05
	80
	45.05
	44
	15.66
	47
	15.51
	33
	11.5
	86
	13.13
	69
	26.81

	Q3 (%)
	5
	64.75
	6
	65.07
	20
	51.94
	56
	84.34
	53
	66.65
	67
	70.85
	14
	84.09
	31
	63.33

	Q2 (%)
	 
	7.4
	 
	4.88
	 
	3.01
	 
	 
	 
	17.84
	 
	17.65
	 
	2.79
	 
	9.87



[bookmark: _Toc525742527][bookmark: _Toc525707862][bookmark: _Toc525526445][bookmark: _Toc12994971]4.5 Mechanical Properties
[bookmark: _Toc525742528][bookmark: _Toc525707863][bookmark: _Hlk517190571]4.5.1 Series N7.6M1.1C3AxB7.6S80.7-x , N15C5AxB10-xS70, N15C5AxB20-xS60 glasses 
[bookmark: _Toc525742529][bookmark: _Toc525707864]4.5.1.1 Modulus and Poisson’s ratio
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Figure 4.27: Young’s modulus, shear modulus, bulk modulus and Poisson’s ratio of N7.6M1.1C3AxB7.6S80.7-x , N15C5AxB10-xS70, N15C5AxB20-xS60 glass series versus total network charge balance. (Continued on next page) 
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[bookmark: _Toc525706390][bookmark: _Toc525528375][bookmark: _Toc521420494]Figure 4.27: Young’s modulus, shear modulus, bulk modulus and Poisson’s ratio of N7.6M1.1C3AxB7.6S80.7-x, N15C5AxB10-xS70, N15C5AxB20-xS60 glass series versus total network charge balance. 
Figure 4.27 shows the moduli of the N7.6M1.1C3AxB7.6S80.7-x, N15C5AxB10-xS70 and N15C5AxB20-xS60 glass series versus total network charge balance. For series N7.6M1.1C3AxB7.6S80.7-x, there is no clear trend. For series N15C5AxB10-xS70, the glass that contains high alumina (N15C5A5B5S70) has high Young’s and shear modulus but the higher bulk modulus and Poisson’s ratio values belong to the glass with no alumina in its nominal composition (N15C5A0B10S70). However, due to the corrosion of crucible when melting, there is alumina present in this glass. For N15C5AxB20-xS60 glass series, N15C5A15B5S60 glass with high alumina content also had higher Young’s and shear moduli values. Meanwhile, Poisson’s ratio increased and decreased for series N7.6M1.1C3AxB7.6S80.7-x. For the other two series, the highest Poisson’s ratio value are glasses with lowest alumina contents, namely glass N15C5A0B10S70 with ν = 0.24 and glass N15C5A5B15S60 with ν =  0.25.

[bookmark: _Toc525742530][bookmark: _Toc525707865]4.5.1.2 Hardness, toughness and brittleness.
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[bookmark: _Toc525706391][bookmark: _Toc525528376][bookmark: _Toc521420495]Figure 4.28: Hardness, toughness and brittleness of N7.6M1.1C3AxB7.6S80.7-x, N15C5AxB10-xS70, N15C5AxB20-xS60 glass series versus the ratio of alumina to alumina + network former. 
For series N7.6M1.1C3AxB7.6S80.7-x the hardness and brittleness decreased and Vickers indentation toughness increased with increasing alumina content as shown in Figure 4.28. Meanwhile series N15C5AxB10-xS70 and series N15C5AxB20-xS60, glasses with high ratios of alumina to network former content give higher hardness and brittleness value meanwhile for toughness, the glass with the highest alumina content gives the lowest value. 
[bookmark: _Toc525742531][bookmark: _Toc525707866]4.5.2 Series N15CxA15-xB10S60, N15BaxA15-xB10S60, N10CxA20-xB10S60 and N10BaxA20-xB10S60 glasses.
[bookmark: _Toc525742532][bookmark: _Toc525707867]4.5.2.1 Modulus and Poisson’s ratio
[image: ][image: ]
Figure 4.29: Young’s modulus, shear modulus, bulk modulus and Poisson’s ratio of N15CxA15-xB10S60, N15BaxA15-xB10S60, N10CxA20-xB10S60, N10BaxA20-xB10S60 glass series versus total network charge balance. (Continued on next page)
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[bookmark: _Toc525706392][bookmark: _Toc525528377][bookmark: _Toc521420496]Figure 4.29: Young’s modulus, shear modulus, bulk modulus and Poisson’s ratio of N15CxA15-xB10S60, N15BaxA15-xB10S60, N10CxA20-xB10S60, N10BaxA20-xB10S60 glass series versus total network charge balance. 


[bookmark: _Toc525742533][bookmark: _Toc525707868]Figure 4.29 shows the moduli data versus total network charge balance for 4 different series of glass using two types of alkaline earth oxides, calcium oxide and barium oxide. The moduli of series N15CxA15-xB10S60 and N15BaxA15-xB10S60 glasses were different with glasses containing calcium oxide having slightly larger moduli properties when the balance of network charge are ≥ 0. However when the balance of network charge  < 0, the modulus properties are higher for the glasses containing barium oxide. Increasing amounts of alkaline earth resulting in high moduli might be due to the bonding in the glass structure. Increasing amounts of alkaline earths will increase the non-bridging oxygens thus it is easy to break the bond thus make high modulus value. This is in agreement with the results of Kilinc & Hand, (2015) in their studies in 13.5Na2O·xMgO·10CaO·1.5Al2O3·(75−x)SiO2 (mol.%) glass series, which shows that increasing magnesium in the glass composition resulted in a low polymerisation index and a decrease in Young’s modulus, shear modulus and bulk modulus. For Poisson’s ratio, there is no linear trend with the composition that can be seen in all glass series, however, it can be seen that calcium oxide composition mainly had larger Poisson’s ratios than the barium containing ones. 

4.5.2.2 Hardness, toughness and brittleness
[image: ]
Figure 4.30: Hardness, toughness and brittleness of N15CxA15-xB10S60, N15BaxA15-xB10S60, N10CxA20-xB10S60, N10BaxA20-xB10S60 glass series versus total network charge balance. (Continued on next page)
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[bookmark: _Toc521420497][bookmark: _Toc525706393][bookmark: _Toc525528378]Figure 4.30: Hardness, toughness and brittleness of N15CxA15-xB10S60, N15BaxA15-xB10S60, N10CxA20-xB10S60, N10BaxA20-xB10S60 glass series versus total network charge balance. 
Figure 4.30 shows hardness, indentation toughness and brittleness for N15CxA15-xB10S60, N15BaxA15-xB10S60, N10CxA20-xB10S60, N10BaxA20-xB10S60 glass series. The indentation toughness decreased with increasing network charge balance (due to increasing amounts of alkaline earth oxides used in the glasses) from 0.63 to 0.55 MNm-3/2 and 0.60 to 0.53 MNm-3/2. A similar trend is seen for N10CxA20-xB10S60 and N10BaxA20-xB10S60, with CaO giving higher values than BaO. The indentation fracture toughness decreased from 1.00 to 0.85 MNm-3/2 for CaO containing glasses and from 0.93 to 0.78 MNm-3/2. The larger value seen with calcium oxide might due to differences in cation size and field strength (106 and 0.362 for calcium) and (143 and 0.261 for barium). For hardness and brittleness, when comparing series N15BaxA15-xB10S60 and N15CxA15-xB10S60, glass the calcium oxide containing glasses gave a higher value. In N10CxA20-xB10S60 and N10BaxA20-xB10S60, calcium oxide glasses still give a slightly higher value than barium oxide containing ones. This is means that these two properties are given a change of value depends on the amount of alkaline earth used. 
[bookmark: _Toc525742534][bookmark: _Toc525707869]4.5.3 Series N10CxA2B10S78-x , N15CxA2B10S73-x, and N10CxBa2AyB10S78-x-y glasses.
[bookmark: _Toc525742535][bookmark: _Toc525707870]4.5.3.1 Modulus and Poisson’s ratio
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[bookmark: _Toc525706395][bookmark: _Toc525528380][bookmark: _Toc521420498]Figure 4.31: Young’s modulus, shear modulus, bulk modulus and Poisson’s ratio of N10CxA2B10S78-x, N15CxA2B10S73-x, and N10CxBa2AyB10S78-x-y glass series and ternary diagram of N10CxBa2AyB10S78-x-y series.
For the N10CxA2B10S78-x and N15CxA2B10S73-x glass series, the compositional changes are the amount of calcium oxide compared to the amount of silica. As the amount of calcium oxide increases the network charge balance increases. There is a linear trend for these two glass series so that as the amount of calcium oxide increases the Young’s, shear and bulk moduli all increase and the Poisson’s ratio also increases as can be seen in Figure 4.31. The network charge balance played an important role in the properties because it affects the structure behaviour. Meanwhile, for series N10CxBa2AyB10S78-x-y, the composition used are not in line as shown in the ternary diagram in Figure 4.31. Thus, the reason why the properties are not aligned. The highest Young’s, shear and bulk moduli for this series was obtained with glass N10C3.6Ba2A10.1B10S64.3. 
[bookmark: _Toc525742536][bookmark: _Toc525707871]4.5.3.2 Hardness, toughness and brittleness
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[bookmark: _Toc521420499][bookmark: _Toc525528382][bookmark: _Toc525706397][bookmark: _Hlk521502386]Figure 4.32:Hardness, toughness and brittleness of N10CxA2B10S78-x, N15CxA2B10S73-x, and N10CxBa2AyB10S78-x-y glass series.


Figure 4.32 shows the mechanical properties (hardness, indentation toughness and brittleness) of three glass series. N10CxA2B10S78-x and N15CxA2B10S73-x show an increasing value for hardness and brittleness with total network charge balance meanwhile indentation toughness value shows decreasing value and this is in agreement with the theory that lower toughnesses will result in materials higher hardness and brittleness values. Meanwhile, for series N10CxBa2AyB10S78-x-y, the indentation toughness and brittleness increase respectively with increasing network charge balance, albeit not for glass sample N10C2.4Ba2A5.7B10S69.9. Meanwhile, the indentation toughness value for this series, glass N10C4.9Ba2A7.1B10S66 with high charge balance (-15.1) give a sudden lower value. 

0. [bookmark: _Toc525742537][bookmark: _Toc525707872][bookmark: _Toc525526446][bookmark: _Toc523402935][bookmark: _Toc12994972]4.6 Overall mechanical property trends
Figures 4.33 and 4.34 shows the overall relationships between mechanical properties and the total charge balance. Figure 4.33 shows that for the glasses studied here shear, Young’s and bulk modulus all increase with increasing total charge balance. This is different from the results of Potuzak & Smedskjaer (2014) (see Figure 2.15) who found a minimum in these properties at or near a total charge balance of zero for 4 related series boroaluminosilicate glasses.  The increase in the moduli in their studies was ascribed to an increase in NBO’s from decreasing Al2O3 at negative values and from an increase of network modifier at positive values. Bulk modulus is increased with total network charge balance especially for series N15CxA15-xB10S60 and N10CxA2B10S78-x meanwhile shear modulus increased from 25 to 32 GPa with increasing total network charge balance.
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Figure 4.33: Young’s modulus, shear modulus and bulk modulus of current work versus total charge balance a) current work and b) (76 -x)SiO2 . x Al2O3 . 6 B2O3 . 12 Na2O . 6 RO with x = 0, 3, 6, 9, 12, 15, 18, 21, and 24 for R = Mg, Ca, Sr, and Ba (Potuzak and Smedskjaer, 2014). (Continued on next page.) 

[bookmark: _Toc525703773][bookmark: _Toc525526447][bookmark: _Toc523402936][bookmark: _Toc523153614][image: ][image: ]d)
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Figure 4.33: Young’s modulus, shear modulus and bulk modulus of current work versus total charge balance a) current work and b) (76 -x)SiO2 . x Al2O3 . 6 B2O3 . 12 Na2O . 6 RO with x = 0, 3, 6, 9, 12, 15, 18, 21, and 24 for R = Mg, Ca, Sr, and Ba (Potuzak and Smedskjaer, 2014). (Continued on next page.) 
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[bookmark: _Hlk515396693][bookmark: _Toc525706398][bookmark: _Toc525528383][bookmark: _Toc521420500]Figure 4.33: Young’s modulus, shear modulus and bulk modulus of current work versus total charge balance a) current work and b) (76 -x)SiO2 . x Al2O3 . 6 B2O3 . 12 Na2O . 6 RO with x = 0, 3, 6, 9, 12, 15, 18, 21, and 24 for R = Mg, Ca, Sr, and Ba (Potuzak and Smedskjaer, 2014). 
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[bookmark: _Toc525528384][bookmark: _Toc525706399]Figure 4.34: a) Poisson’s ratio and b) indentation hardness versus total charge balance. 

The value of Poisson’s ratio is ~0.24 for most of the compositions studied (Figure 4.34a), although the values for the N7.6M1.1C3AxB7.6S80.7-x glasses were notably lower and the hardness exhibited similar behaviour to Young’s modulus which increased with increasing network modifier. For the N15C5AxB20-xS60 glasses the sample with the highest alumina, N15C5A15B5S60 has the highest hardness value followed by N15C5A10B10S60 and N15C5A5B15S60 (Figure 4.34b). 
4.7 Summary
Overall, consideration of the network charge balance highlights some trends in the physical or mechanical properties with composition.  With increasing network charge balance;
· The glass transition temperature decreases until the charge balance reaches 0. However, when the charge balance >0, there is no obvious further change in Tg with increasing network charge balance.
· The density increases and the molar volume decreases.
· Polymerisation index becomes reduced. 
· All moduli are increased and the hardnesses are also increased.








[bookmark: _Toc525742538][bookmark: _Toc525707873][bookmark: _Toc525526448][bookmark: _Toc523402937][bookmark: _Toc12994973][bookmark: _Hlk508278411]CHAPTER 5
[bookmark: _Toc525742539][bookmark: _Toc525707874][bookmark: _Toc525526449][bookmark: _Toc523402938][bookmark: _Toc515398739][bookmark: _Toc12994974]DISCUSSION
This chapter discusses the structure-properties relationships with the composition of the boroaluminosilicate glasses produced in this work. Relevant literature on boroaluminosilicate glasses is used in the discussion for comparison.
[bookmark: _Toc525742540][bookmark: _Toc525707875][bookmark: _Toc525526450][bookmark: _Toc523402939][bookmark: _Toc515398740][bookmark: _Toc12994975]5.1  Correlation between composition and properties
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Figure 5.1: Contour plots of a) density and b) molar volume plotted on a compositional ternary based on network formers, modifiers and intermediates meanwhile c) glass transition temperature plotted based on Al2O3 + B2O3, SiO2 and network modifier. (Continued on next page)
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[bookmark: _Toc525706400][bookmark: _Toc525528385][bookmark: _Toc521420502]Figure 5.1: Contour plots of a) density and b) molar volume plotted on a compositional ternary based on network formers, modifiers and intermediates meanwhile c) glass transition temperature plotted based on Al2O3 + B2O3, SiO2 and network modifier.
 
An overview of the correlations between the properties investigated and the network modifiers, formers and intermediates are presented in ternary diagrams in Figures 5.1 to 5.2. Figure 5.1b shows that molar volume has the highest values at high intermediate contents and low network modifier contents. This is agreed with Figure 4.3, showed that molar volume decreased with increasing total charge balance which is in appearance similar to the ternary diagram. As already discussed (see section 2.5)  boron has a different behaviour based on its coordination which is affected by the presence of alkali oxide species. As BO4 increases in the structure, the glass becomes denser (Wondraczek et al, 2007). As supported in 11B analysis in NMR data, BIII is higher in a glass with high network charge balance compare to glass with low network charge balance (see Figure 4.9) and the high BIII indicate that the molar volume is also higher. The decreased molar volume will be associated with increased cross-linking due to more tightly bound of atoms (Sreeram et al., 1991). As the current glasses are mainly in the peralkaline region the alumina would largely be expected to be network forming tetrahedral alumina acting as was seen in the 27Al NMR data (see section 4.4.1.2). That said replotting the ternaries for density and molar volume with Al2O3 + B2O3, SiO2 and network modifier axes give results that are similarly positioned to those in the ternary plotted using network formers, modifiers and intermediates (Refer to appendix). 
The glass transition temperature for all glass series produced has a maximum value at the ratio SiO2:Al2O3+B2O3: network modifier in 2 areas which are at around 85:35:15 and at 85:18:15 wt %. The Tg shows low values when Al2O3+B2O3 contents are less than 15 wt %. The possible cause for this is due to the multiple compositions used with the variable of network modifier contents thus there might cause different reactions to the structure. 
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Figure 5.2: Contour plots of hardness, indentation toughness and brittleness plotted on a compositional ternary based on network formers, modifiers and intermediates. (Continued on next page)
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[bookmark: _Toc525706401][bookmark: _Toc525528386][bookmark: _Toc521420503][bookmark: _Hlk515396807]Figure 5.2: Contour plots of hardness, indentation toughness and brittleness plotted on a compositional ternary based on network formers, modifiers and intermediates.

Figure 5.2 shows the variation of hardness, indentation toughness and brittleness with the ternary based on formers, modifiers and intermediates. There is variation in the region where the maximum value for each property is found.  Hardness is maximised at low network intermediate contents (less than 8 wt %), 13-30 wt% network modifier and 75-83 wt% of network former. Meanwhile, the lowest hardness occurs for very low network modifier contents.  Meanwhile, indentation toughness shows the highest value at around 13-15 wt % network intermediates, along with 13-18 wt % of network modifier and 85-88 wt % network former. However, the brittleness shows the highest value at 5-13 wt % network intermediates: 25-37 wt % network modifiers and 55-75 wt% network formers.
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Figure 5.3: Contour plots of hardness, indentation toughness and brittleness plotted on a compositional ternary based on SiO2, Al2O3+B2O3 and intermediates. (Continued on next page)
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[bookmark: _Toc525706402][bookmark: _Toc525528387][bookmark: _Toc521420504][bookmark: _Hlk515396815]Figure 5.3: Contour plots of hardness, indentation toughness and brittleness plotted on a compositional ternary based on SiO2, Al2O3+B2O3 and intermediates.
Ternary plots of the mechanical properties in terms of SiO2:Al2O3+B2O and network modifier are shown in Figure 5.3. However again the overall pattern is not significantly changed.
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Figure 5.4: Contour plots of bulk modulus, shear modulus, Young’s modulus and Poisson’s ratio plotted on a compositional ternary based on network formers, modifiers and intermediates (Continued on next page).
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Figure 5.4: Contour plots of bulk modulus, shear modulus, Young’s modulus and Poisson’s ratio plotted on a compositional ternary based on network formers, modifiers and intermediates. (Continued on next page).
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[bookmark: _Toc525706403][bookmark: _Toc525528388][bookmark: _Toc521420505][bookmark: _Hlk515396828]Figure 5.4: Contour plots of bulk modulus, shear modulus, Young’s modulus and Poisson’s ratio plotted on a compositional ternary based on network formers, modifiers and intermediates.
Figure 5.4 shows the moduli of the glasses plotted in terms of a compositional ternary. Bulk modulus, shear modulus and Young’s modulus show the similar position of maximum value range with the highest values being in 2 areas: i) 60-75 wt% of network former with very low intermediate contents and 3-8 wt % network modifier.  Meanwhile, Poisson’s ratio shows the highest values at ratios of network former: network intermediate: network modifier 70-75:25-30:15-25 wt % and 58:42:12 wt%.
To summarise the compositional effects, brittleness, Young’s modulus, shear modulus and bulk modulus and the hardness have their maximum values in the same region. Meanwhile, the maxima in Tg and Poisson’s ratio are also correlated. In term of glass structural correlation to the properties presents, it can be seen that the mechanical properties give the maximum value at high network former, around 65 wt % and above and thus indicate that the high connectivity will increase the mechanical properties in this boroaluminosilicate. However, the appearance of the intermediate network, Al in range of 4-15 wt% is also contributing to the properties present because the amounts of Al will present their function either become network former or network modifier.
[bookmark: _Toc525742541][bookmark: _Toc525707876][bookmark: _Toc525526451][bookmark: _Toc523402940][bookmark: _Toc515398741][bookmark: _Toc12994976]5.2 3-D correlation of properties 
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[bookmark: _Toc525706404][bookmark: _Toc525528389][bookmark: _Toc521420506][bookmark: _Hlk515396836]Figure 5.5: 3-D correlation between composition and properties. 

Figure 5.5 shows some 3-D correlations between composition and properties with Figure 5.5 a) showing the correlation between molar volume, shear modulus and glass transition temperature. These graphs show that as the glass transition temperature increases the molar volume increases and the shear modulus decreases. Higher Tg implies a more connected glass which may have less efficient packing and thus higher molar volume. The graph implies that higher packing density then gives rise to structures that are more difficult to shear.
Meanwhile Figure 5.5 b) shows the correlation between hardness, glass transition temperature and network former used. Increased network charge balance results in decreasing glass transition temperatures and increased hardness values. Increasing the network modifier content will increase the number of NBOs thus depolymerising the glass structure. With a more depolymerised structure, it is easier for the glass to transform into a liquid on heating. 
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[bookmark: _Toc525706405][bookmark: _Toc525528390][bookmark: _Toc521420507][bookmark: _Hlk515396845]Figure 5.6: Indentation fracture toughness versus total charge balance. 

Figure 5.6 indicates that increasing additions of network modifier, which increases the total network charge balance (become more positive value) tends to lead to a decrease in the indentation toughness of boroaluminosilicate glass. For N15C5AxB10-xS70 and N15C5AxB20-xS60 glass series, glass with high boron content shows indentation fracture toughness with 0.81 and 0.85 and the highest value are in series N7.6M1.1C3AxB7.6S80.7-x with 1.25 at highest alumina content. Calcium has a smaller cation size than barium. Potuzak and Smedsjkaer (2014) in their research state that alkaline earth with low cation size (Mg2+) tend to become network former. Smaller cation, as expected from field strength with the Mg2+>Ca2+>Sr2+>Ba2+, shows that the properties such as modulus have larger values when the cation size is bigger (refer Figure 4.29). 
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[bookmark: _Toc525706406][bookmark: _Toc525528391][bookmark: _Toc521420508][bookmark: _Hlk515396854]Figure 5.7: a) Brittleness versus total charge balance b) Variation of brittleness with density of produced glass.
Figure 5.7 shows that brittleness increases as network charge balance increases. Brittleness depends on densification which also depends on the structure. High network modifier content tends to produce weaker bonds and increase densities. This can be seen from Figure 5.7b which shows the variation of density with brittleness. This type of relationship was first observed by Sehgal and Ito (Sehgal & Ito, 1999). It can be seen that brittleness increases with density following two different trend lines. The N15BaxA15-xB10S60 and N10CxA20-xB10S60 series follows a different trend compared to other series. Similar observations that not all glasses follow the trend observed by Sehgal and Ito have been made by Hand & Tadjiev, (2010). 
[image: ]
[bookmark: _Toc525706407][bookmark: _Toc525528392][bookmark: _Toc521420509][bookmark: _Hlk515396864]Figure 5.8: Density versus molar volume.
In Figure 5.8, boroaluminosilicate series studies show a decrease in molar volume with increasing density for the glasses studied here. In so-called “normal” glasses, the molar volume of glass will decrease with increasing density due to densification and the ease of plastic flow. In our present system MO-M’2O-B2O3-Al2O3-SiO2, the trend of density is controlled by the added of the network modifier and the density increased with the increase of network charge balance. It is interesting to note that as network modifier is added to boroaluminosilicate glasses, it makes glass structure more closed thus cause the increase of the density. Singh et al., (2008), observed an increased in density with increasing of modifier content in ZnO–PbO–B2O3–SiO2 glasses due to the presence of boron tetrahedra. Meanwhile, the slightly higher density of N15BaxA15-xB10S60 compare to N15CxA15-xB10S60 when increased the network charge balance is due to the presence of Ba which is heavier than Ca: density of barium (2.20 g cm−3) is higher than that of calcium (1.54 cm-3). Overall, decreased in molar volume is believed due to the atoms become more tightly bound from higher crosslinking (Sreeram et al., 1991).
[bookmark: _Hlk523136157]5.3 Relationship between charge balance mechanical properties, polymerisation index and packing density.
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[bookmark: _Toc525706408][bookmark: _Toc525528393][bookmark: _Toc521420510]Figure 5.9: Various relationships for selected mechanical properties; a) Hardness versus modulus; b) Young’s modulus versus Raman Polymerisation index; c) Vickers’s indentation hardness versus Raman polymerisation index; d) Young’s modulus versus packing density of produced glasses. (Continued on next page)
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[bookmark: _Hlk515396877]Figure 5.9: Various relationships for selected mechanical properties; a) Hardness versus modulus; b) Young’s modulus versus Raman Polymerisation index; c) Vickers’s indentation hardness versus Raman polymerisation index; d) Young’s modulus versus packing density of produced glasses.



Kilinc and Hand (2015) found that increasing the alkaline earth content led to an increase in the polymerisation index and a corresponding increase mechanical properties such as Young’s modulus, shear modulus, bulk modulus, Poisson’s ratio and hardness. In comparison for the current results, it can be seen that compositional changes that increase the network charge balance for values >0 lead to decreases in the polymerization index and increases in the mechanical properties. This occurs because of how the network connectivity in the glass structure is related to the network packing of the glass produced. For an example, if Al acts as a network former it will decrease the atomic packing density but the appearance of six-fold coordinated alumina (i.e. acting as a network modifier) will enhance the atomic packing density (Rouxel, 2007). 
The packing density also is inverse to the molar volume and this explains that glass with high network bonding and high molar volume will have a decreased Young’s modulus. The Q species as studied from either NMR or Raman shows the expected decrease in the Q4 value with increasing network modifier content (Refer Table 4.2). Figure 5.9a shows that, as expected hardness correlates with Young’s modulus for the glasses investigated. Figure 5.9b shows that Young’s modulus correlates with the Raman polymerisation index. As Kilinç and Hand (2015) observed Young’s modulus and hardness are related to network polymerisation as assessed by the Raman polymerisation index and this is reflected in Figure 5.9c, where it can be seen that the hardness slightly decreases with increasing polymerisation index. This is because decreasing the network connectivity favours a more densely packed network which can increase moduli and hardness (Rouxel et al., 2010).  The packing density of the boroaluminosilicate glasses studied range between 0.44 and 0.54 (see appendix for details). 





[bookmark: _Toc523402941][bookmark: _Toc515398742][bookmark: _Toc525742542][bookmark: _Toc525707877][bookmark: _Toc525526452][bookmark: _Toc12994977]5.3 The effect of the Al2O3  / (Al2O3+SiO2+B2O3) ratio.  
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[bookmark: _Toc525706409][bookmark: _Toc525528394][bookmark: _Toc521420511][bookmark: _Hlk515396905]Figure 5.10: Various properties of N7.6M1.1C3AxB7.6S80.7-x, N15C5AxB10-xS70 and N15C5AxB20-xS60 glass series versus Al2O3/Al2O3+SiO2+B2O3 a) density b) molar volume c) glass transition temperature d) bulk modulus e) polymerisation index f) hardness.


The addition of Al2O3 affected the physical, structural and mechanical properties of the glasses as shown in Figure 5.10. Changing of boron and alumina species from trigonal to tetrahedra changes the network function from modifier to former, resulting in greater structural bonding. The network connectivity for N7.6M1.1C3AxB7.6S80.7-x  starts to increase until x =5.2, but with further addition of alumina, the connectivity is then decreased as shown in Figure 5.10e. This might due appearance of higher BIII coordination; some evidence was seen in the NMR data which shows a high peak which represents high BIII content in highest alumina content than low alumina content. The Q4 are also shown nearly a similar amount in the highest alumina content (N7.6M1.1C3A7.5B7.6S73.2) with 94 % compared to glass N7.6M1.1C3A2.5B7.6S78.2  with 95 %. Overall the Tg value shows an increasing value with increasing Al2O3/(Al2O3+SiO2+B2O3) ratio indicating that AlIV tetrahedra increased in peralkaline compositions (Zheng et al., 2012). As from the literature, network modifiers in the composition tend to charge compensate and stabilize Al to produce AlIV or converting boron from trigonal group to the tetrahedral group (Zheng et al., 2012). 
From the graph in Figure 5.10e, polymerisation was affected in different ways by the amount of alumina in the different series. For the series N7.6M1.1C3AxB7.6S80.7-x increasing the alumina content in the composition, firstly led to an increase in polymerisation then a decrease at the highest alumina content N7.6M1.1C3A7.5B7.6S73.2. This decrease in polymerisation at the highest alumina contents might be due to the appearance of IIIB in the structure (see Figure 4.25). AlV evidence that AlV is higher with high alumina contents as the 27Al NMR peak present had similar intensities for all of the glasses measured (refer Figure 4.24). An increase in the polymerization index indicates more cross-linking in the composition thus giving an increase of glass transition temperature. Meanwhile, the appearance of AlV will produce more constraints than silica (it will remove four-fold coordination of silica when incorporated in the network) thus increasing Tg (Smedskjaer & Potuzak, 2013). For series N15C5AxB10-xS70, the lowest polymerisation index was found for the composition N15C5A0B10S70 and this sample also had the lowest glass transition temperature of the glasses in this series. 
For mechanical properties, it shown there are some correlations with the composition. For the N7.6M1.1C3AxB7.6S80.7-x glass series, bulk modulus is reduced with the addition of alumina. Meanwhile, the hardness slightly decreases value with increasing alumina. Higher connectivity results in a decrease in Young’s modulus, bulk modulus and hardness decrease due to a reduction in network packing (Deriano & Rouxel, 2004, Kilinc & Hand, 2015).  
[bookmark: _Toc515398743][bookmark: _Toc523402942][bookmark: _Toc525526453][bookmark: _Toc525707878][bookmark: _Toc525742543][bookmark: _Toc12994978]5.4 Effect of different alkaline earths 
Both alkaline earth oxides considered here, Ca and Ba act as network modifiers. Ca has a larger field strength than Ba as Ba has the larger cation radius. The glass density is much higher with the larger alkaline earth cation and increasing the amount of alkaline earth steadily increased the density, while molar volume decreased, indicating that the structure is less open. The glass transition temperature decreased with increasing amounts of alkaline earth due to the lower connectivity in the composition, with Ca containing glasses having slightly higher glass transition temperatures than their Ba containing counterparts. The connectivity of the Ca containing glasses was also higher as shown by the Raman data (larger polymerization index) and NMR data (higher Q4 content). This is because higher field strength modifier cations have a greater tendency to charge balance Si-O-BIV and SiIV-O-AlIV bridging oxygens and hence enhance BIII to BIV and AlIII to AlIV conversion; in aluminoborate glasses, high field strength cations have been found to promote the presence of AlV (Wu and Stebbins, 2009).
However, when comparing different alkaline earths there was no significant difference between the effects of calcium and barium on the mechanical properties. According to Pedone et al. (2008), differences in field strength between the alkaline earths do not affect the elastic moduli and the current findings agree with this conclusion. However, this is in contrast with research by Potuzak & Smedskjaer, (2014) who found differences in the mechanical properties when using different alkaline earths. This is because the number of oxygens surrounding alkaline earth cations is based on the ionic radius with small cations will only accommodate a few oxygens around alkaline earth. Potuzak & Smedskjaer found that for properties such as Young’s, bulk and shear moduli there was a sudden change at (Al2O3)-(Na2O)>0 (see section 2.9.5) with the moduli reducing with increasing (Al2O3)-(Na2O)<0 and increasing when Al2O3)-(Na2O) > 0. Meanwhile in our findings, increasing amounts of of alkaline earth, which give increased charge network balance, leads to increasing elastic moduli (see section 4.4.4). 
[bookmark: _Toc12994979]5.5 Degree of connectivity and fracture toughness 
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[bookmark: _Toc521420512][bookmark: _Toc525528395][bookmark: _Toc525706410][bookmark: _Hlk515396925]Figure 5.11: Indentation toughness versus polymerisation index.
The indentation fracture toughness increases with increasing polymerisation index (more connected structure) as shown in Figure 5.11. As noted previously, higher polymerisation index value indicates increased glass connectivity. Tiegel et al., 2015 in their study mentioned that larger densification of glass will lead to a higher resistance to cracking. In addition, when the polymerisation index is high the densification of glass under indentation might be higher (due to a more connected network containing more free volume) thus the cracking will be less. Glass series N7.6M1.1C3AxB7.6S80.7-x give the highest polymerisation indices and high indentation toughnesses. The high polymerisation indices are also confirmed by the Qn species determined by NMR which shows Q4 are highest in N7.6M1.1C3AxB7.6S80.7-x with more than 90 % of Q4. 
[bookmark: _Toc515398744][bookmark: _Toc523402943][bookmark: _Toc525526454][bookmark: _Toc525707879][bookmark: _Toc525742544][bookmark: _Toc12994980]5.6 Variation of fracture toughness with Poisson’s ratio and modulus
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[bookmark: _Toc521420513][bookmark: _Toc525528396][bookmark: _Toc525706411][bookmark: _Hlk515396934]Figure 5.12: Poisson’s ratio and Young’s modulus versus indentation toughness.
Figure 5.12a shows the correlation between the Poisson’s ratio and indentation toughness. It is clear that there is no simple correlation between those two properties, although it is roughly shown that a higher Poisson’s ratio gave a lower indentation toughness. It is also notable that the highest value for those two properties are from N7.6M1.1C3AxB7.6S80.7-x series in which the alumina/silica ratio varies. Recently Rouxel and co-workers, 2004 looked for the correlation between the indentation behaviour (as the toughness were measured from the indentation fracture toughness), and Poisson’s ratio, and mentioned that with increasing of the toughness value, the Poisson’s ratio is increased. Kilinc & Hand, 2015 also mentioned the same behaviour as Rouxel and co-workers data.  From the data, for series N15C5AxB20-xS60, N15C5AxB20-xS60 and N15BaxA15-xB10S60, the indentation toughness also increases with increasing of Poisson’s ratio and this might correspond to the glass with high packing density.
Meanwhile, Figure 5.12b shows the plots between Young’s modulus and indentation fracture toughness. Despite the scatter due to the various different compositional series increasing Young’s modulus value seems to lead a reduction in the indentation toughness. (Mohajerani & Zwanziger, 2012) mentioned that Young’s modulus and fracture toughness is reduced with increasing of alkali in silicate and phosphate glass compositions. This is probably due to the decreasing of dissociation energy of the atomic structure. Increasing dissociation energy will result in increased Young’s modulus (Makishima & Mackenzie, 1973). The aluminium coordination also gives an effect to both properties. Tiegel et al., (2015) studied the effect of bridging oxygens per tetrahedron in aluminosilicate glass and showed that the indentation fracture toughness increased in more connected structures; however, Young’s modulus showed no general trends with the increasing number of bridging-oxygens per tetrahedron. Meanwhile Kilinc and Hand, 2015 mentioned that high connectivity will lead to low Young’s modulus and low indentation fracture toughness. However, Fig 5.12b shows that indentation fracture toughness decreased with increasing Young’s modulus. In addition Young’s modulus decreases with increasing connectivity. As an example for glass N15C10A5B10S60, the NMR indicated that  47% Q4 was present (refer Table 4.3) with 74.7 GPa of Young’s modulus and 0.56 MN m-3/2 of indentation toughness value meanwhile for glass with 86% Q4, Young’s modulus and toughness are 62.14 GPa and 0.88 MN m-3/2 respectively. Thus it is also proved that for boroaluminosilicate glasses high connectivity gives low Young’s modulus and high indentation toughness values. 
[bookmark: _Toc523402944][bookmark: _Toc525526455][bookmark: _Toc525707880][bookmark: _Toc525742545][bookmark: _Toc12994981]5.7 Connection between Poisson’s ratio, network connectivity and atomic packing density.
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[bookmark: _Toc521420514][bookmark: _Toc525528397][bookmark: _Toc525706412]Figure 5.13: Poisson’s ratio as a function of atomic packing density.
The current work shows that there may be a slight tendency for Poisson’s ratio to increase with increasing atomic packing density (Figure 5.13) although the correlation is not strong over the limited range of Poisson’s ratios and packing densities seen for these glasses.  For inorganic glass, Poisson’s ratio has been found to increase with atomic packing density as shown in Figure 2.7 (Rouxel, 2007). From Figure 5.13, it can be seen that the lowest packing density and Poisson’s ratio is for N7.6M1.1C3AxB7.6S80.7-x series with (v=0.201 to 0.218) and (Cg=0.44 to 0.50). In this compositional series increasing alumina content led to a slight increase in connectivity slightly increased as can be seen from Q4 species and AlIV and AlV determined by NMR. The appearance of network former Al will decrease the atomic packing density, however, Cg is enhanced with 6 fold alumina (but not appeared in the study) and v will show a slight increase with low Al content. For the other series, Poisson’s ratio shows and increasing and higher value than N7.6M1.1C3AxB7.6S80.7-x series. This is due to their connectivity in glass structure as shown in Figure 5.14a.
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[bookmark: _Toc521420515][bookmark: _Toc525528398][bookmark: _Toc525706413]Figure 5.14: a) Poisson’s ratio as a function of polymerisation index and b) atomic packing density as a function of charge balance.
There is no strong connection between Poisson’s ratio and polymerisation index as shown in Figure 5.14a even we know that in theoretically for some glasses; alkali-aluminosilicate, the Poisson’s ratio is connected to glass network connectivity (Rouxel, 2007). The data from the experiment roughly shows that v decreased with increasing polymerisation index, but it is in widely scattered. However, Rouxel, 2017 studies the correlation between packing density and v (see section 2.11.1.3) also mentioned that a wide range of v is produced from the glass network polymerisation degree.  
Again, for correlation between atomic packing density as a function of network charge balance, there are also shown there is no strong relationship between both properties as there is no significant pattern and the plot are scattered. However, Rouxel, 2007 mentioned that when glass produced have four bridging oxygens in glass produced, such as a-SiO2 or a-GeO2, the Poisson’s ratio will be lower which indicate that by increasing of network charge balance, the Poisson’s ratio will be higher. Pure compositions have low Poisson’s ratios due to poor network packing arising from their high network connectivity. Pure compositions will have a network change balance of 0. However, this condition did not occur in boroaluminosilicate glass studies which might due to the complexes connectivity from alumina and boron coordination.   
[bookmark: _Toc523402945][bookmark: _Toc525526456][bookmark: _Toc525707881][bookmark: _Toc525742546][bookmark: _Toc12994982]5.8 Relationship between E/Hv and Poisson’s ratio.
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[bookmark: _Toc521420516][bookmark: _Toc525528399][bookmark: _Toc525706414]Figure 5.15: Correlation between E/Hv and Poisson’s ratio of glass produced and literature glass. Three regions of map: compressive stress (-), tensile (+) and zero stress (0).
[bookmark: _Toc523402946][bookmark: _Toc525526457][bookmark: _Toc525707882][bookmark: _Toc525742547]Figure 5.15 shows the crack resistance of various types of glass as Rouxel (2015) investigated in terms of E/Hv and Poisson’s ratio in an ‘indentation cracking driving force map’. The map is divided into three regions: compressive stress (-), tensile (+) and zero stress (0) which used to see the different stress zone due to contact loading. For this study, glasses in the series N7.6M1.1C3AxB7.6S80.7-x fall into the compressive stress region, hence the rate of crack propagation will be reduced. Meanwhile, most of the glasses from the other series fall into the tensile stress region and zero stress. This indicates that the boroaluminosilicate glass produce has fallen into all three regions. 
5.9 Summary
In this chapter, the overall property-composition relationships were examined and the following conclusions reached:
· The literature reports that there is a strong nonlinear dependence of the macroscopic properties on composition if mixed alkalis are present. In this work, we also found that the relationships between composition and properties are non-linear due to the mixed network effect. 

· The number of works that have examined both polymerisation index and network charge balance are very limited. However, we found that there is some connection between the degree of polymerisation index and the network charge balance. The polymerisation index decreases as the network charge balance becomes more positive.

· Previous studies of the correlation between polymerisation index with indentation fracture toughness are also very limited. We have found that indentation fracture toughness increased with increasing polymerisation index suggesting that higher connectivity gave greater resistance to crack growth in boroaluminosilicate glasses mostly for glass series N7.6M1.1C3AxB7.6S80.7-x. 

· It was found that the mechanical properties had higher values at high network former content > 65 wt % thus implying that increasing connectivity in boroaluminosilicates increases their mechanical properties. Bulk modulus, Poisson’s ratio and hardness also increase but the polymerisation index are decreased if the total charge balance is > 0. Depending on glass composition range both Young’s modulus and shear modulus increased with increasing network charge balance This differs from the specific trends seen in the literature for narrow compositional series.

· The Poisson’s ratio is related to the indentation toughness. Glasses with higher Poisson’s ratios generally had lower indentation toughness values. Poisson’s ratio increased with increasing atomic packing density, which is in line with results from other authors.
[bookmark: _Toc515398746][bookmark: _Toc523402947][bookmark: _Toc525526458][bookmark: _Toc525707883][bookmark: _Toc525742548][bookmark: _Toc12994983]Chapter 6
[bookmark: _Toc515398747][bookmark: _Toc523402948][bookmark: _Toc525526459][bookmark: _Toc525707884][bookmark: _Toc525742549][bookmark: _Toc12994984]      Conclusions and Suggestions for further work
[bookmark: _Toc12994985]6.1 Conclusion
[bookmark: _Toc523402949][bookmark: _Toc525526460][bookmark: _Toc525707885][bookmark: _Toc525742550][bookmark: _Toc12994986]6.1.1  Varying amount of SiO2, B2O3 and Al2O3
Ten different boroaluminosilicates glass series were produced and characterised to develop further insight into the structural dependence of mechanical properties for these glasses. A range of compositions were produced using the ternary diagram to see the range of types of the network used. Based on results and discussion, it can be suggested that the network charge balance is important for characterising the glass connectivity. 
[bookmark: _Toc12994987]6.1.2 Structural-physical and mechanical correlations 
Changes in network charge balance were found to link to changes in density and Tg. The different alkaline earths used gave different values of polymerisation index and also Q species however in this case the differences in modulus, hardness, toughness and brittleness were small.  Overall, we find that with increasing network charge balance in the composition, Young’s modulus, shear modulus, bulk modulus, Poisson’s ratio, hardness, brittleness and density are increased. Meanwhile, indentation toughness and molar volume are decreased. There is no simple correlation between Young’s modulus and Poisson’s ratio with indentation toughness. These results are different from those from the previous study which indicate that fracture toughness in silicate glass increases with Young’s modulus and Poisson’s ratio. 
6.1.3 Structure of alumina and boron in boroaluminosilicate glasses
The addition of alumina at the expense of the silica in the peralkaline state resulted in increases in the values of Young’s and shear moduli and also in hardness. However, with higher alumina contents, the glass structure started to depolymerise due to the appearance of BIII. Meanwhile, a polymerisation index calculated from Raman data following the work of Columban (2003) and Kilinc and Hand (2015) shown consistent trends when compared with NMR results (connectivity) hence it can be concluded that the polymerisation index can be used as one of the methods to determine the degree of polymerisation for boroaluminosilicate glasses even in very complex structures. 
[bookmark: _Toc12994988]6.1.4  Different types of alkaline earth used (CaO and BaO)
The glass transition temperature (Tg) generally decreased with an increasing amount of alkaline earth in the composition due to increased network charge balance (increased NBOs). Ca containing glasses have slightly higher glass transition temperatures than their Ba containing counterparts. The connectivity of the Ca containing glasses was also higher, as shown by the Raman data (larger polymerization index) and NMR data (higher Q4 content), due to higher field strength modifier cations have a greater tendency to charge balance Si-O-BIV and SiIV-O-AlIV bridging oxygens and hence enhance BIII to BIV and AlIII to AlIV conversion. However, when comparing different alkaline earths used, there was no significant difference between the effects of calcium and barium on the mechanical properties. 
[bookmark: _Toc12994989]6.1.5	Compositional modification
[bookmark: _Toc523402950][bookmark: _Toc525526461][bookmark: _Toc525707886][bookmark: _Toc525742551]Compositional modifications can be to produce tougher commercial boroaluminosilicate glass products. Controlling the amount of network former (SiO2, Al2O3 and B2O3) and network modifier (Na2O, CaO and BaO) in borosilicate glass to find the optimum structure-physical and mechanical properties is essential. Using alumina in the peralkaline region will help the compensation of alumina from alkali and alkaline earth. The best compositions of those studied in terms of its structural, physical and mechanical properties are generally glasses in series N15CxA2B10S73-x specifically N15C10A2B10S63. This can be seen from the ternary diagram shown in Chapter 5. 





[bookmark: _Toc12994990]
6.2 Suggestions for further work
[bookmark: _Toc12994991]6.2.1	 Produced varied of glass composition using the ternary diagram as a basis to  produce new compositions.
The compositions studied were all within a limited region of the ternary diagram (as mentioned in section 4.1). A wider or different range of compositions should be studied to see if the relationships identified here apply over a wider compositional region. 
[bookmark: _Toc12994992]6.2.2	Phase separation due to the presence of silica/boron oxide in the glass melt.
Phase separation in silicate, borate or borosilicate glass has been extensively studied especially on the boundary of alkalis and alkaline earth oxides and the effect of alkalis and alkaline earth to the system. This is because, phase separation easily occurs in alkali-rich composition but it only occurs with additional help from repeated heat treatments. The effects of any possible phase separation in boroaluminosilicate glasses should be investigated by using transmission electron microscopy. The liquid phase separation might occur when the glass is produced at a certain temperature.  The separation also might occur during cooling or heating the glass at a lower temperature.  
[bookmark: _Toc12994993]6.2.3	Toughness measurement using 4 point bending.
In this research, toughness was only measured using a Vickers indentation method due to universal testing equipment that could have been used for single edge notched bend tests are being out of action for extended periods. Various authors have shown that the indentation method is of limited reliability compared to conventional fracture toughness measurement techniques. Therefore, fracture toughness of these glasses should be measured using single edge notch bend testing. Kilinc (2016) used to compare the different study of toughness measurement using Vickers indentation and 4 point bending. 
6.2.4	NMR analysis for detailed structural studies (including Na, Al, B and Si).
More detailed structural investigation of Al and B speciation using 27Al NMR and 17B spectroscopies should be undertaken. In this study, there are only selected samples were analysed using NMR and only Al, B and Si were studied; Na was not studied. 

[bookmark: _Toc12994994]6.2.5	Using different types of alkali / alkaline earth as network modifier.
This research only focused on using two different types of alkaline earth as network modifier (CaO and BaO). Thus, the effect of other alkaline earths such as MgO and SrO can also be studied. The role of different alkali oxides, such as potassium and lithia would also be worthwhile studying to see the effect to the Al and B coordination and mostly effect to the properties. Mixed alkaline earth or mixed alkali effect can also be studied by replacing alkali/alkaline earth with another alkali/alkaline earth in glass composition or in other words, one alkali/ alkaline earth ion is substituted by another one. As earlier stated in the literature review, mixed alkali/alkaline earths result in non-linear property variations. The mixed alkaline earth effect has received less attention and it is important to study their technology, structural and scientific since the mixed alkaline earth can affect the macroscopic properties in a non-predictive manner. Mixed cationic effect (mixed alkali and alkaline earth in composition) also can be pursued for further studies.
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References for the mechanical property data which are used in the property space plots.
	Types of glass
	Reference

	NaCaSiM 1
	(Kilinc & Hand, 2015)

	NaCaSiM 2
	(Kilinc & Hand, 2015)

	NaCaSiM 3
	(Kilinc & Hand, 2015)

	CaNa-silicophosphate
	(Tanguy Rouxel, 2007)

	Aluminosilicate
	(Tanguy Rouxel, 2007)

	Borate
	(Mohajerani & Zwanziger, 2012)

	Silicate
	(Hand & Tadjiev, 2010)

	MgCaSi
	(Kilinc & Hand, 2015)

	SiBNa
	(Barlet et al., 2015)

	Window glass
	(Deriano et al., 2004)

	NaCaSi
	(Sehgal & Ito, 1998)

	SiBNaC
	(Sellappan et al., 2013)

	Si Alkaline-alkaline earth
	(Hand & Tadjiev, 2010)

	NaSiA alkaline earth
	(Striepe et al., 2012)

	Phosphate
	(Tanguy Rouxel, 2007)

	Water chalcohalogenide
	(Tanguy Rouxel, 2007)

	Alkali-alkaline earth
	(Tanguy Rouxel, 2007)

	Aluminosilicate
	(Tanguy Rouxel, 2007)

	Rare earth
	(Tanguy Rouxel, 2007)

	NaAlSi Alkaline Earth
	(Sehgal & Ito, 1999)

	Soda Ash 1
	(Hasdemir et al., 2015)

	Soda Ash 2
	(Hasdemir et al., 2015)

	NaBSiCa
	(Hojamberdiev & Stevens, 2012) 
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APPENDIX C
Raman Deconvolution (Q Species)
	Glass series
	Label
	 
	Q2
	Q3
	Q3
	Q4
	Q2 (%)
	Q3 (%)
	Q4 (%)

	N7.6M1.1C3AxB7.6S80.7-x 
	N7.6M1.1C3A1B7.6S79.7
	Area
	0.07
	0.21
	0.44
	0.28
	7.4
	64.75
	27.84

	
	
	Wavenumber
	906.57
	992.08
	1075.69
	1171.86
	
	
	

	
	N7.6M1.1C3A2.5B7.6S78.2 
	Area
	0.05
	0.21
	0.43
	0.31
	4.56
	64.42
	31.02

	
	
	Wavenumber
	921.7
	1002.86
	1076.93
	1171
	
	
	

	
	N7.6M1.1C3A5B7.6S75.7 
	Area
	0.05
	0.25
	0.37
	0.33
	5.09
	62.04
	32.87

	
	
	Wavenumber
	914.39
	1003.62
	1078.51
	1165.28
	
	
	

	
	N7.6M1.1C3A5.2B7.6S75.5
	Area
	0.04
	0.31
	0.35
	0.3
	4.31
	66.11
	29.58

	
	
	Wavenumber
	913.07
	1004.82
	1083.57
	1160.12
	
	
	

	
	N7.6M1.1C3A7.5B7.6S73.2
	Area
	0.05
	0.3
	0.35
	0.3
	4.88
	65.07
	30.05

	
	 
	Wavenumber
	914.6
	1005.62
	1083.09
	1161.95
	 
	 
	 

	N15C5AxB10-xS70
	N15C5A0B10S70
	Area
	0.03
	0.33
	0.19
	0.45
	3.01
	51.94
	45.05

	
	
	Wavenumber
	907.17
	995.69
	1159.23
	1081.14
	
	
	

	
	N15C5A5B5S70
	Area
	0.03
	0.29
	0.16
	0.52
	3.29
	44.89
	51.82

	
	 
	Wavenumber
	908.84
	991.54
	1164.16
	1078.51
	 
	 
	 

	N15C5AxB20-xS60
	N15C5A15B5S60
	Area
	
	0.39
	0.45
	0.15
	0
	84.72
	15.28

	
	
	Wavenumber
	
	980.61
	1061.36
	1130.33
	
	
	

	
	N15C5A10B10S60
	Area
	
	0.38
	0.46
	0.16
	0
	84.34
	15.66

	
	
	Wavenumber
	
	984.51
	1066.6
	1135.26
	
	
	

	
	N15C5A5B15S60
	Area
	0.02
	0.38
	0.45
	0.16
	1.79
	82.33
	15.88

	
	 
	Wavenumber
	911.38
	990.33
	1073.61
	1144.36
	 
	 
	 





	Glass series
	Label
	 
	Q2
	Q3
	Q3
	Q4
	Q2 (%)
	Q3 (%)
	Q4 (%)

	N15CxA15-xB10S60
	N15C7.5A7.5B10S60
	Area
	0.18
	0.38
	0.24
	0.16
	18.33
	64.46
	17.21

	
	
	Wavenumber
	949.08
	1036.97
	1091.18
	1154.83
	
	
	

	
	[bookmark: _Hlk12304002]N15C10A5B10S60
	Area
	0.17
	0.35
	0.28
	0.15
	17.84
	66.65
	15.51

	
	
	Wavenumber
	948.01
	1040.06
	1088.74
	1158.55
	
	
	

	
	N15C12.5A2.5B10S60
	Area
	0.19
	0.39
	0.22
	0.16
	19.49
	64.13
	16.37

	
	 
	Wavenumber
	942
	1046.8
	1090.95
	1156.7
	 
	 
	 

	N15BaxA15-xB10S60
	N15Ba7.5A7.5B10S60
	Area
	0.15
	0.39
	0.28
	0.11
	15.84
	72.66
	11.49

	
	
	Wavenumber
	939.2
	1034.62
	1091.14
	1163.88
	
	
	

	
	[bookmark: _Hlk12304019]N15Ba10A5B10S60
	Area
	0.17
	0.49
	0.19
	0.11
	17.65
	70.85
	11.5

	
	
	Wavenumber
	942.74
	1040.13
	1136.36
	1077.27
	
	
	

	
	N15Ba12.5A2.5B10S60
	Area
	0.18
	0.15
	0.48
	0.17
	18.32
	64.23
	17.45

	
	 
	Wavenumber
	946.37
	1077.41
	1051.38
	1141.51
	 
	 
	 

	N10CxA20-xB10S60
	N10C2.5A17.5B10S60
	Area
	0.02
	0.33
	0.36
	0.29
	2.4
	69.03
	28.57

	
	
	Wavenumber
	901.96
	997.27
	1078.46
	1148.95
	
	
	

	
	N10C5A15B10S60
	Area
	0.03
	0.38
	0.46
	0.13
	2.79
	84.09
	13.13

	
	
	Wavenumber
	945.46
	1005.63
	1091.46
	1164.29
	
	
	

	
	N10C7.5A12.5B10S60
	Area
	0.04
	0.45
	0.35
	0.18
	3.87
	78.25
	17.87

	
	 
	Wavenumber
	920.27
	997.29
	1076.72
	1133.82
	 
	 
	 

	N10BaxA20-xB10S60
	N10Ba2.5A17.5B10S60
	Area
	0.02
	0.39
	0.34
	0.25
	2
	73.04
	24.95

	
	
	Wavenumber
	964.46
	1015.38
	1092.14
	1154.77
	
	
	

	
	N10Ba5A15B10S60
	Area
	0.1
	0.31
	0.32
	0.27
	9.87
	63.33
	26.81

	
	
	Wavenumber
	900.31
	994.77
	1070.81
	1137.66
	
	
	

	
	N10Ba7.5A12.5B10S60
	Area
	0.01
	0.43
	0.39
	0.18
	0.72
	81.46
	17.82

	
	 
	Wavenumber
	895.1
	994.88
	1079.2
	1139.96
	 
	 
	 




	Glass series
	Label
	 
	Q2
	Q3
	Q3
	Q4
	Q2 (%)
	Q3 (%)
	Q4 (%)

	N10CxA2B10S78-x
	N10C2.5A2B10S75.5
	Area
	0.05
	0.22
	0.41
	0.32
	5.18
	63.28
	31.53

	
	
	Wavenumber
	910.22
	993.02
	1073.79
	1163.5
	
	
	

	
	N10C5A2B10S73
	Area
	0.06
	0.16
	0.51
	0.27
	5.55
	67.59
	26.86

	
	
	Wavenumber
	916.25
	988.68
	1070.83
	1166.19
	
	
	

	
	N10C7.5A2B10S70.5
	Area
	0.04
	0.18
	0.53
	0.25
	4.27
	71.05
	24.68

	
	 
	Wavenumber
	916.82
	987.99
	1071.13
	1163.84
	 
	 
	 

	N15CxA2B10S73-x
	N15C7.5A2B10S65.5
	Area
	0.12
	0.27
	0.36
	0.21
	12.55
	65.78
	21.68

	
	
	Wavenumber
	943.88
	1037.33
	1085.48
	1154.97
	
	
	

	
	N15C10A2B10S63
	Area
	0.15
	0.21
	0.37
	0.22
	15.71
	61.14
	23.14

	
	
	Wavenumber
	947.61
	1028.07
	1082.49
	1145.49
	
	
	

	
	N15C12.5A2B10S60.5
	Area
	0.17
	0.32
	0.33
	0.15
	17.96
	66.77
	15.27

	
	 
	Wavenumber
	950.48
	1040.05
	1088.08
	1161.17
	 
	 
	 

	N10CxBa2AyB10S78-x-y
	N10C2.4Ba2A5.7B10S69.9
	Area
	0.03
	0.38
	0.39
	0.19
	3.34
	77.51
	19.15

	
	
	Wavenumber
	910.62
	999.69
	1087.43
	1155.65
	
	
	

	
	N10C3.6Ba2A10.1B10S64.3
	Area
	0.02
	0.35
	0.36
	0.26
	2.04
	71.84
	26.12

	
	
	Wavenumber
	913.15
	994.5
	1073.42
	1143.36
	
	
	

	
	N10C4.9Ba2A7.1B10S66
	Area
	0.03
	0.39
	0.4
	0.19
	2.52
	78.56
	18.92

	
	
	Wavenumber
	907.66
	991.86
	1076.61
	1148.7
	
	
	

	
	N10C2.5Ba2A12.5B10S63
	Area
	0.03
	0.33
	0.35
	0.29
	2.66
	67.92
	29.42

	
	 
	Wavenumber
	905.64
	994.87
	1070.98
	1139.53
	 
	 
	 



DECONVOLUTION OF RAMAN AT 850-1300 cm-1

N15CxA15-xB10S60 and N15BaxA15-xB10S60 glass series
N15C7.5A7.5B10S60
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N15C12.5A2.5B10S60
N15Ba7.5A7.5B10S60


[image: C:\Users\Asus A450L\Google Drive\0. Master data\PART 4  Results\picture\Dec S3\C12.5.PNG][image: C:\Users\Asus A450L\Google Drive\0. Master data\PART 4  Results\picture\Dec S3\Ba7.5.PNG]

[image: C:\Users\Asus A450L\Google Drive\0. Master data\PART 4  Results\picture\Dec S3\Ba10.PNG][image: C:\Users\Asus A450L\Google Drive\0. Master data\PART 4  Results\picture\Dec S3\Ba12.5.PNG]N15Ba12.5A2.5B10S60
N15Ba10A5B10S60



. 




DECONVOLUTION OF RAMAN AT 850-1300 cm-1

N10CxA20-xB10S60 and N10BaxA20-xB10S60 glass series
N10C5A15B10S60
N10C2.5A17.5B10S60
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N10Ba2.5A17.5B10S60
N10C7.5A12.5B10S60
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DECONVOLUTION OF RAMAN AT 850-1300 cm-1

N10CxA2B10S78-x and N15CxA2B10S73-xglass series


N10C5A2B10S73
N10C2.5A2B10S75.5
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N10C7.5A2B10S70.5
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N15C10A2B10S63
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DECONVOLUTION OF RAMAN AT 850-1300 cm-1

N10CxBa2AyB10S78-x-y glass series
N10C4.9Ba2A7.1B10S66
N10C2.4Ba2A5.7B10S69.9
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N10C2.5Ba2A12.5B10S63
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DECONVOLUTION OF RAMAN AT 1250-1500 cm-1
(Borate group & using wire software)


N15C5A10B10S60
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APPENDIX D
Glass composition and charge balance
	Glass Series
	Glass Code
	Batched Composition (mol%)
	Charge balance (M2O+MO')-[Al2O3]-[B2O3]

	
	
	Na2O
	MgO
	CaO
	BaO
	Al2O3
	B2O3
	SiO2
	

	N7.6M1.1C3.0AxB7.6S80.7-x 
	N7.6M1.1C3.0A1B7.6S79.7
	7.6
	1.1
	3
	0
	1
	7.6
	79.7
	-1.34±1.08

	
	N7.6M1.1C3.0A2.5B7.6S78.2 
	7.6
	1.1
	3
	0
	2.5
	7.6
	78.2
	-2.45±1.05

	
	N7.6M1.1C3.0A5B7.6S75.7 
	7.6
	1.1
	3
	0
	5
	7.6
	75.7
	-7.7±1.14

	
	N7.6M1.1C3.0A5.2B7.6S75.5
	7.6
	1.1
	3
	0
	5.2
	7.6
	75.5
	-7.89±1.12

	
	N7.6M1.1C3.0A7.5B7.6S73.2
	7.6
	1.1
	3
	0
	7.5
	7.6
	73.2
	-8.46±1.14

	N15C5AxB10-xS70
	N15C5A0B10S70
	15
	0
	5
	0
	0
	10
	70
	-9.36±1.25

	
	N15C5A5B5S70
	15
	0
	5
	0
	10
	0
	70
	-15.32±1.59

	N15C5AxB20-xS60
	N15C5A5B15S60
	15
	0
	5
	0
	5
	15
	60
	-3.19±1.08

	
	N15C5A10B10S60
	15
	0
	5
	0
	10
	10
	60
	-17.92±1.59

	
	N15C5A15B5S60
	15
	0
	5
	0
	5
	15
	60
	-21.1±1.57

	N15CxA15-xB10S60
	N15C7.5A7.5B10S60
	15
	0
	7.5
	0
	7.5
	10
	60
	-0.11±1.27

	
	N15C10A5B10S60
	15
	0
	10
	0
	5
	10
	60
	6.33±1.20

	
	N15C12.5A2.5B10S60
	15
	0
	12.5
	0
	2.5
	10
	60
	11.48±1.28

	 
	N15Ba7.5A7.5B10S60
	15
	0
	0
	7.5
	7.5
	10
	60
	8.92±1.11

	N15BaxA15-xB10S60
	N15Ba10A5B10S60
	15
	0
	0
	10
	5
	10
	60
	19.68±0.94

	
	N10C2.5A17.5B10S60
	10
	0
	2.5
	0
	17.5
	10
	60
	-20.64±1.53

	N10CxA20-xB10S60
	N10C5A15B10S60
	10
	0
	5
	0
	15
	10
	60
	-17.91±1.50

	 
	N10C7.5A12.5B10S60
	10
	0
	7.5
	0
	12.5
	10
	60
	-18.26±1.57

	
	N10Ba2.5A17.5B10S60
	10
	0
	0
	2.5
	17.5
	10
	60
	-10.93±1.43

	N10BaxA20-xB10S60
	N10Ba5A15B10S60
	10
	0
	0
	5
	15
	10
	60
	-10.06±1.37

	 
	N10Ba7.5A12.5B10S60
	10
	0
	0
	7.5
	12.5
	10
	60
	-9.22±1.44

	
	N10C2.5A2B10S75.5
	10
	0
	2.5
	0
	2
	10
	75.5
	-4.14±1.19

	N10CxA2B10S78-x
	N10C5A2B10S73
	10
	0
	5
	0
	2
	10
	73
	-0.1±1.30

	 
	N10C7.5A2B10S70.5
	10
	0
	7.5
	0
	2
	10
	70.5
	3.47±1.21

	
	N15C7.5A2B10S65.5
	15
	0
	7.5
	0
	2
	10
	65.5
	9.18±1.16

	N15CxA2B10S73-x
	N15C10A2B10S63
	15
	0
	10
	0
	2
	10
	63
	9.68±1.28

	 
	N15C12.5A2B10S60.5
	15
	0
	12.5
	0
	2
	10
	60.5
	20.7±0.98

	
	N10C2.4Ba2A5.7B10S69.9
	10
	0
	2.4
	2
	5.7
	10
	69.9
	-12.58±1.33

	N10CxBa2AyB10S78-x-y
	N10C3.6Ba2A10.1B10S64.3
	10
	0
	3.6
	2
	10.1
	10
	64.3
	-15.59±1.47

	
	N10C4.9Ba2A7.1B10S66
	10
	0
	4.9
	2
	7.1
	10
	66
	-15.1±1.47

	 
	N10C2.5Ba2A12.5B10S63
	10
	0
	2.5
	2
	12.5
	10
	63
	-11.64±1.27





APPENDIX E
Table E1. Physical and thermal properties of glass series.
	Glass Code
	Density     
(g cm-3)
	Molar Volume (cm3 mol-1)
	Packing density
	Glass Transition Temperature (ºC)

	
	
	
	
	

	N7.6M1.1C3.0A1B7.6S79.7
	2.3988 ± 0.0043
	25.44
	0.50
	569 ± 10

	N7.6M1.1C3.0A2.5B7.6S78.2 
	2.4081 ± 0.0037
	25.61
	0.45
	579 ± 10

	N7.6M1.1C3.0A5B7.6S75.7 
	2.3934 ± 0.0028
	26.20
	0.44
	582 ± 10

	N7.6M1.1C3.0A5.2B7.6S75.5
	2.3857 ± 0.0044
	26.32
	0.44
	591 ± 10

	N7.6M1.1C3.0A7.5B7.6S73.2
	2.3944 ± 0.0045
	26.63
	0.44
	607 ± 10

	N15C5A0B10S70
	2.4507 ± 0.0025
	24.94
	0.50
	582 ± 10

	N15C5A5B5S70
	2.4793 ± 0.0026
	25.30
	0.49
	595 ± 10

	N15C5A5B15S60
	2.4655 ± 0.0031
	25.83
	0.50
	670 ± 10

	N15C5A10B10S60
	2.4705 ± 0.0036
	26.44
	0.49
	637 ± 10

	N15C5A15B5S60
	2.4939 ± 0.0037
	26.84
	0.50
	680 ± 10

	N15C7.5A7.5B10S60
	2.5576 ± 0.0036
	25.09
	0.52
	572 ± 10

	N15C10A5B10S60
	2.5861 ± 0.0037
	24.37
	0.53
	572 ± 10

	N15C12.5A2.5B10S60
	2.6235 ± 0.0031
	23.58
	0.53
	565 ± 10

	N15Ba7.5A7.5B10S60
	2.8182 ± 0.0034
	25.40
	0.53
	562 ± 10

	N15Ba10A5B10S60
	2.9335 ± 0.0051
	24.79
	0.51
	556 ± 10

	N15Ba12.5A2.5B10S60
	2.9989 ± 0.0052
	21.79
	0.48
	553 ± 10

	N10C2.5A17.5B10S60
	2.4653 ±0 .0022
	28.75
	0.50
	647 ± 10

	N10C5A15B10S60
	2.5643 ± 0.0013
	28.14
	0.52
	638 ± 10

	N10C7.5A12.5B10S60
	2.6591 ± 0.0030
	27.62
	0.54
	653 ± 10

	N10Ba2.5A17.5B10S60
	2.4056 ± 0.0019
	28.46
	0.48
	651 ± 10

	N10Ba5A15B10S60
	2.4227 ± 0.0019
	27.78
	0.47
	618 ± 10

	N10Ba7.5A12.5B10S60
	2.4619 ± 0.0020
	26.87
	0.46
	650 ± 10

	N10C2.5A2B10S75.5
	2.4161 ± 0.0027
	25.65
	0.51
	580 ± 10

	N10C5A2B10S73
	2.4460 ± 0.0023
	25.29
	0.51
	574 ± 10

	N10C7.5A2B10S70.5
	2.4728 ± 0.0028
	24.98
	0.51
	572 ± 10

	N15C7.5A2B10S65.5
	2.5453 ± 0.0034
	24.30
	0.50
	572 ± 10

	N15C10A2B10S63
	2.5640 ± 0.0022
	24.09
	0.51
	570 ± 10

	N15C12.5A2B10S60.5
	2.5846 ± 0.0022
	23.86
	0.52
	569 ± 10

	N10C2.4Ba2A5.7B10S69.9
	2.4507 ± 0.0039
	26.68
	0.50
	626 ± 10

	N10C3.6Ba2A10.1B10S64.3
	2.4891 ± 0.0031
	26.99
	0.50
	655 ± 10

	N10C4.9Ba2A7.1B10S66
	2.4864 ± 0.0053
	26.49
	0.50
	660 ± 10

	N10C2.5Ba2A12.5B10S63
	2.4877 ± 0.0091
	27.43
	0.50
	601 ± 10





Table E2. Structural properties of glass series.
	Glass Code
	Raman bands - centre line and shoulder position (cm-1)
	Raman polymerisation index
	FTIR central line position in cm-1

	
	
	
	

	
	LFB
	LFB shoulder
	MFB
	HFB               (850 -1300)
	HFB shoulder
	HFB              (1300 -1450)
	
	

	
	
	
	
	
	
	
	
	

	N7.6M1.1C3.0A1B7.6S79.7
	454
	630
	791
	1078
	1172
	1421
	2.39
	1047

	N7.6M1.1C3.0A2.5B7.6S78.2 
	448
	633
	796
	1063
	1172
	1423
	2.82
	1051

	N7.6M1.1C3.0A5B7.6S75.7 
	463
	593
	794
	1068
	nd
	1436
	2.84
	1045

	N7.6M1.1C3.0A5.2B7.6S75.5
	469
	588
	798
	1089
	nd
	1437
	2.90
	1038

	N7.6M1.1C3.0A7.5B7.6S73.2
	474
	588
	804
	1061
	nd
	1419
	2.68
	1018

	N15C5A0B10S70
	481
	580
	796
	1079
	nd
	1434
	2.01
	982

	N15C5A5B5S70
	482
	582
	796
	1080
	1000
	1425
	1.19
	976

	N15C5A5B15S60
	491
	753
	790
	1059
	nd
	1414
	2.08
	972

	N15C5A10B10S60
	487
	575
	774
	1046
	nd
	1415
	2.14
	973

	N15C5A15B5S60
	488
	573
	776
	1027
	nd
	1419
	1.74
	1030

	N15C7.5A7.5B10S60
	494
	630
	783
	1060
	992
	1419
	0.65
	975

	N15C10A5B10S60
	512
	626
	777
	1077
	992
	1434
	0.57
	974

	N15C12.5A2.5B10S60
	547
	630
	794
	1080
	993
	1426
	0.50
	971

	N15Ba7.5A7.5B10S60
	495
	630
	787
	1050
	986
	1446
	0.45
	970

	N15Ba10A5B10S60
	500
	630
	769
	1050
	986
	1432
	0.27
	971

	N15Ba12.5A2.5B10S60
	540
	630
	783
	1064
	986
	1451
	0.41
	961

	N10C2.5A17.5B10S60
	482
	591
	800
	1102
	nd
	1442
	2.38
	1002

	N10C5A15B10S60
	493
	585
	789
	1090
	nd
	1417
	2.52
	998

	N10C7.5A12.5B10S60
	484
	576
	777
	1025
	nd
	1431
	2.26
	977

	N10Ba2.5A17.5B10S60
	468
	595
	798
	1103
	nd
	1416
	2.32
	969

	N10Ba5A15B10S60
	478
	582
	795
	1085
	nd
	1422
	2.37
	954

	N10Ba7.5A12.5B10S60
	489
	584
	789
	1031
	nd
	1429
	1.72
	951

	N10C2.5A2B10S75.5
	483
	630
	794
	1063
	nd
	1428
	2.13
	1013

	N10C5A2B10S73
	451
	630
	797
	1069
	nd
	1465
	2.00
	1008

	N10C7.5A2B10S70.5
	496
	630
	810
	1072
	997
	1435
	1.47
	999

	N15C7.5A2B10S65.5
	531
	630
	794
	1079
	991
	1442
	0.87
	973

	N15C10A2B10S63
	519
	630
	784
	1079
	990
	1433
	0.57
	961

	N15C12.5A2B10S60.5
	548
	630
	787
	1079
	995
	1455
	0.36
	958

	N10C2.4Ba2A5.7B10S69.9
	483
	570
	780
	1061
	nd
	1423
	2.06
	998

	N10C3.6Ba2A10.1B10S64.3
	482
	582
	790
	1085
	nd
	1433
	2.26
	973

	N10C4.9Ba2A7.1B10S66
	485
	580
	789
	1060
	nd
	1436
	2.24
	982

	N10C2.5Ba2A12.5B10S63
	483
	580
	792
	1081
	nd
	1433
	2.39
	984





Table E3. Elastic properties of glass series.
	Glass Code
	Shear modulus, G (GPa)
	Young's modulus, E (GPa)
	Bulk modulus, K (GPa)
	Poisson's ratio, ʋ

	
	
	
	
	

	
	
	
	
	

	N7.6M1.1C3.0A1B7.6S79.7
	nd
	nd
	nd
	nd

	N7.6M1.1C3.0A2.5B7.6S78.2 
	29.81 ± 0.28
	71.70 ± 0.03
	40.17 ± 0.32
	0.203 ± 0.003

	N7.6M1.1C3.0A5B7.6S75.7 
	27.25 ± 0.33
	66.27 ± 0.04
	38.93 ± 0.29
	0.216 ± 0.003

	N7.6M1.1C3.0A5.2B7.6S75.5
	27.36 ± 0.34
	66.65 ± 0.04
	39.35 ± 0.31
	0.218 ± 0.003

	N7.6M1.1C3.0A7.5B7.6S73.2
	27.87 ± 0.27
	67.55 ± 0.03
	39.06 ± 0.31
	0.212 ± 0.003

	N15C5A0B10S70
	27.36 ± 0.27
	67.90 ± 0.03
	43.67 ± 0.34
	0.241 ± 0.003

	N15C5A5B5S70
	28.50 ± 0.44
	69.49 ± 0.05
	41.24 ± 0.32
	0.219 ± 0.003

	N15C5A5B15S60
	26.69 ± 0.27
	66.83 ± 0.03
	44.86 ± 0.35
	0.252 ± 0.003

	N15C5A10B10S60
	28.25 ± 0.28
	69.71 ± 0.03
	43.63 ± 0.34
	0.234 ± 0.003

	N15C5A15B5S60
	28.38 ± 0.36
	69.95 ± 0.04
	43.56 ± 0.34
	0.232 ± 0.003

	N15C7.5A7.5B10S60
	28.48 ± 0.36
	71.08 ± 0.04
	47.00 ± 0.36
	0.248 ± 0.003

	N15C10A5B10S60
	30.01 ± 0.29
	74.70 ± 0.03
	48.73 ± 0.37
	0.245 ± 0.003

	N15C12.5A2.5B10S60
	30.81 + 0.38
	76.96 ± 0.04
	51.13 ± 0.39
	0.249 ± 0.003

	N15Ba7.5A7.5B10S60
	28.87 ± 0.38
	71.89 ± 0.04
	47.00 ± 0.35
	0.245 ± 0.003

	N15Ba10A5B10S60
	30.08 ± 0.39
	74.36 ± 0.04  
	46.95 ± 0.35
	0.236 ± 0.003

	N10C2.5A17.5B10S60
	25.72 ± 0.26
	63.83 ± 0.03
	41.05 ± 0.32
	0.241 ± 0.003

	N10C5A15B10S60
	25.27 ± 0.41
	62.14 ± 0.05
	38.27 ± 0.30
	0.229 ± 0.003

	N10C7.5A12.5B10S60
	25.70 ± 0.34
	63.93 ± 0.04
	41.57 ± 0.32
	0.245 ± 0.003

	N10Ba2.5A17.5B10S60
	26.35 ± 0.26
	65.28 ± 0.03
	41.68 ± 0.33
	0.239 ± 0.003

	N10Ba5A15B10S60
	25.00 ± 0.4
	62.35 ± 0.05
	41.04 ± 0.32
	0.247 ± 0.003

	N10Ba7.5A12.5B10S60
	27.24 ± 0.35
	67.71 ± 0.04
	43.88 ± 0.34
	0.243 ± 0.003

	N10C2.5A2B10S75.5
	29.61 ± 0.36
	73.20 ± 0.04
	46.23 ± 0.36
	0.236 ± 0.003

	N10C5A2B10S73
	29.33 ± 0.44
	72.81 ± 0.05
	46.88 ± 0.37
	0.241 ± 0.003

	N10C7.5A2B10S70.5
	29.72 ± 0.36
	74.05 ± 0.04
	48.59 ± 0.38
	0.246 ± 0.003

	N15C7.5A2B10S65.5
	29.74 ± 0.37
	74.71 ± 0.04
	51.03 ± 0.39
	0.256 ± 0.003

	N15C10A2B10S63
	31.00 ± 0.38
	77.29 ± 0.04
	50.85 ± 0.39
	0.247 ± 0.003

	N15C12.5A2B10S60.5
	30.45 ± 0.37
	76.63 ± 0.04
	52.88 ± 0.41
	0.258 ± 0.003

	N10C2.4Ba2A5.7B10S69.9
	26.41 ± 0.34
	65.51 ± 0.04
	42.04 ± 0.33
	0.240 ± 0.003

	N10C3.6Ba2A10.1B10S64.3
	27.39 ± 0.27
	68.71 ± 0.03
	46.61 ± 0.36
	0.254 ± 0.003

	N10C4.9Ba2A7.1B10S66
	26.44 ± 0.27
	66.50 ± 0.03
	45.72 ± 0.36
	0.258 ± 0.003

	N10C2.5Ba2A12.5B10S63
	26.92 ± 0.27
	67.17 ± 0.03
	44.36 ± 0.34
	0.248 ± 0.003







Table E4. Other measured mechanical properties of glass series.
	Glass Code
	Vickers hardness, (GPa)
	Indentation toughness,       MN m-3/2
	Brittleness           (mm-1/2)

	
	
	
	

	N7.6M1.1C3.0A1B7.6S79.7
	5.69 ± 0.11
	1.02 ± 0.03
	5.60

	N7.6M1.1C3.0A2.5B7.6S78.2 
	5.68 ± 0.09
	1.05 ± 0.04
	5.41

	N7.6M1.1C3.0A5B7.6S75.7 
	5.52 ± 0.18
	1.02 ± 0.04
	5.40

	N7.6M1.1C3.0A5.2B7.6S75.5
	5.42 ± 0.25
	1.12 ± 0.02
	4.85

	N7.6M1.1C3.0A7.5B7.6S73.2
	5.45 ± 0.16
	1.25 ± 0.04
	4.38

	N15C5A0B10S70
	5.42 ± 0.17
	0.81 ± 0.02
	6.71

	N15C5A5B5S70
	5.53 ± 0.25
	0.76 ± 0.04
	7.26

	N15C5A5B15S60
	4.97 ± 0.04
	0.85 ± 0.02
	5.87

	N15C5A10B10S60
	5.19 ± 0.1
	0.81 ± 0.02
	6.44

	N15C5A15B5S60
	5.32 ± 0.13
	0.75 ± 0.03
	7.12

	N15C7.5A7.5B10S60
	5.63 ± 0.12
	0.63 ± 0.02
	8.87

	N15C10A5B10S60
	5.73 ± 0.12
	0.61 ± 0.04
	9.32

	N15C12.5A2.5B10S60
	5.66 ± 0.18
	0.55 ± 0.05
	10.26

	N15Ba7.5A7.5B10S60
	5.52 ± 0.2
	0.60 ± 0.03
	9.22

	N15Ba10A5B10S60
	5.61 ± 0.12
	0.53 ± 0.03
	10.67

	N10C2.5A17.5B10S60
	5.06 ± 0.06
	1.00 ± 0.07
	5.06

	N10C5A15B10S60
	5.15 ± 0.08
	0.88 ± 0.07
	5.84

	N10C7.5A12.5B10S60
	5.42 ± 0.08
	0.85 ± 0.05
	6.34

	N10Ba2.5A17.5B10S60
	5.05 ± 0.15
	0.93 ± 0.002
	5.42

	N10Ba5A15B10S60
	5.3 ± 0.16
	0.76 ± 0.06
	7.00

	N10Ba7.5A12.5B10S60
	5.39 ± 0.11
	0.78 ± 0.06
	6.87

	N10C2.5A2B10S75.5
	5.81 ± 0.11
	0.79 ± 0.03
	7.38

	N10C5A2B10S73
	5.84 ± 0.08
	0.75 ± 0.02
	7.80

	N10C7.5A2B10S70.5
	5.93 ± 0.08
	0.76 ± 0.03
	7.76

	N15C7.5A2B10S65.5
	5.84 ± 0.17
	0.59 ± 0.02
	9.93

	N15C10A2B10S63
	5.97 ± 0.08
	0.64 ± 0.03
	9.27

	N15C12.5A2B10S60.5
	5.97 ± 0.08
	0.56 ± 0.04
	10.61

	N10C2.4Ba2A5.7B10S69.9
	5.43 ± 0.11
	0.91 ± 0.04
	5.93

	N10C3.6Ba2A10.1B10S64.3
	5.5 ± 0.09
	1.00 ± 0.05
	5.52

	N10C4.9Ba2A7.1B10S66
	5.56 ± 0.08
	0.89 ± 0.04
	6.23

	N10C2.5Ba2A12.5B10S63
	5.7 ± 0.07
	0.76 ± 0.05
	7.45




APPENDIX F: TERNARY DIAGRAM OF COMPOSITION AND PHYSICAL PROPERTIES 
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APPENDIX G: X-Ray Diffraction 
Series N7.6M1.1C3.0AxB7.6S80.7-x
	[image: ]

	[image: ]

	N7.6M1.1C3A1B7.6S79.7
	N7.6M1.1C3A2.5B7.6S78.2

	[image: ]

	[image: ]

	N7.6M1.1C3A5B7.6S75.7
	N7.6M1.1C3A5.2B7.6S75.5

	[image: ]

	

	N7.6M1.1C3A7.5B7.6S73.2
	






Series N15C5AxB20-xS60

Series N15C5AxB10-xS70


	[image: ]

	[image: ]

	N15C5A0B10S70

	N15C5A15B5S60

	[image: ]

	[image: ]

	N15C5A5B5S70

	N15C5A10B10S60

	








	[image: ]


	
	N15C5A5B15S60






Series N15CxA15-xB10S60
Series N15BaxA15-xB10S60


	[image: ]


	[image: ]

	N15C7.5A7.5B10S60
	N15Ba7.5A7.5B10S60


	[image: ]

	[image: ]

	N15C10A5B10S60
	N15Ba10A5B10S60


	[image: ]

	[image: ]

	N15C12.5A2.5B10S60
	N15Ba12.5A2.5B10S60





Series N10BaxA20-xB10S60
Series N10CxA20-xB10S60

 
	[image: ]


	[image: ]

	N10C2.5A17.5B10S60

	N10Ba2.5A17.5B10S60

	[image: ]


	[image: ]

	N10C5A15B10S60
	N10Ba5A15B10S60


	[image: ]


	[image: ]

	N10C7.5A12.5B10S60
	N10Ba7.5A12.5B10S60




Series N15CxA2B10S73-x

	[image: ]Series N10CxA2B10S78-x


	[image: ]


	N10C2.5A2B10S75.5
	N15C7.5A2B10S65.5


	[image: ]

	[image: ]

	N10C5A2B10S73
	N15C10A2B10S63


	[image: ]

	[image: ]

	N10C7.5A2B10S70.5
	N15C12.5A2B10S60.5






Series N10CxBa2AyB10S78-x-y
	[image: ]


	[image: ]

	N10C2.4Ba2A5.7B10S69.9
	N10C3.6Ba2A10.1B10S64.3


	[image: ]


	[image: ]

	N10C4.9Ba2A7.1B10S66
	N10C2.5Ba2A12.5B10S63













APPENDIX H: Differential Thermal Analysis 
 Series N7.6M1.1C3.0AxB7.6S80.7-x
DTA first heating 
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DTA second heating
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