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Abstract 

Nitrogen rich glasses in the systems Ca-Si-O-N, Sr-Si-O-N and AE-
Ca-Si-O-N (AE = Mg, Sr and Ba) have been prepared using a novel 
glass-synthesis route, wherein mixtures containing hydrides or metals 
of the modifiers MgH2, CaH2, SrH2/Sr, BaH2, together with SiO2 and 
Si3N4, were heated at 1550-1750oC under a nitrogen atmosphere. The 
limits of the glass forming regions in the Ca and Sr systems and sub-
stitution limits in the AE-Ca-Si-O-N systems have been determined 
and physical properties of the glasses measured. 

Transparent glasses were obtained for a few specific composi-
tions in the Ca-Si-O-N and Mg-Ca-Si-O-N systems. All other glasses 
were found to be translucent gray to opaque black, with the coloration 
of the glasses depending on the modifier. Small inclusions of Ca/Sr 
silicides and, in much smaller amounts, elemental Si are believed to 
be responsible for their poor transparency.  

A large glass forming region was found for the Ca-Si-O-N sys-
tem, with glasses retaining up to 58 e/o N and 42 e/o Ca. In compari-
son, a more narrow glass forming region was found for the corre-
sponding Sr system, with glasses retaining up to 45 e/o N and 39 e/o 
Sr. The glass formation was found to depend on reaction kinetics and 
precursors used. A strong exothermic reaction was observed at tem-
peratures 650–1000oC, providing improved conditions for reaction 
kinetics upon further heating. 

Physical property measurements for the Ca and Sr glasses 
showed that glass transition and crystallization temperatures, viscos-
ity, hardness, Young’s modulus and shear modulus depend strongly 
on the nitrogen content and that these properties increase approxi-
mately linearly with increasing nitrogen content. Glass density and 
refractive index are also dependent on the modifier element and con-
tent, in particular for the Sr glasses.  

Glasses AE-Ca-Si-O-N, with approximately constant (Ca/AE): 
Si:O:N ratios, showed substitution limits for Mg, Sr and Ba of respec-
tively 30, 100 and 46%. Mixed modifier glass properties, such as den-
sity, molar volume, glass transition temperature, hardness, refractive 
index can be related to the effective cation field strength of the modi-
fiers.  
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1. General introduction 

Glass can be defined as a homogeneous material with a random non-

crystalline molecular structure that exhibits glass transformation be-

havior. Man-made glasses have been around for thousands of years.  

Their present applications cover architectural, consumer, security, 

medical and communications applications. Our modern lives de-

pend/interact with glasses in such an intimate manner that we are be-

coming so accustomed to their presence that we rarely stop to reflect 

on the science behind these marvelous and versatile materials. Their 

versatility relies on comparatively cheap raw materials, chemical and 

mechanical durability, non-toxicity and possibility of recycling. Fur-

ther functional improvement of glass materials will be required in the 

future, e.g. to meet the needs of high-capacity and high-speed data 

transmission in information communications systems or to reduce the 

size, weight and energy consumption of various devices. Smart win-

dows (smart glass) is an example of such new technologies, utilizing 

electrochromic, suspended-particle, and liquid-crystal devices. This 

exciting, cutting-edge window technology allows consumers to block 

either all light or just some by simply turning a knob or pressing a 

button. This type of light control potentially saves costs for heating, 

cooling and lighting and avoids costs for installing and maintaining 

motorized light screens or curtains.  

Unlike for crystalline materials, the selection range of the 

composition of glass materials is wide and continuous, and their struc-

tural degree of freedom is high. Glass properties can be altered and 
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optimized by changing the chemical composition, by adding new 

components or by replacing one component by another. To evaluate 

and predict the physical properties of glasses and glass forming melts 

of oxides, chalcogenides, halides and mixed systems, two databases 

are currently available; INTERGLAD, developed by the Japanese or-

ganization “New Glass Forum”, and SciGlass, provided by the Insti-

tute of Theoretical Chemistry in USA. Unfortunately, property evalua-

tions and predictions for oxynitride glasses are not available in the 

data bases due to the lack of underlying data. 

In the pursuit of new glasses, researchers have delineated the 

effects that different cations have on various properties of glasses, 

foremost for pure oxide glasses. This thesis describes the synthesis of 

oxynitride glasses, containing both O and N anions, in the systems 

AE-Si-O-N (where AE is Ca and Sr or a combination of Ca and Mg, 

Sr, Ba). The aim of the work has been to establish glass forming re-

gions and evaluate physical properties of the glasses. 
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2. Oxynitride silicate glasses 

Oxynitride silicate glasses are a branch of high performance glasses, 

obtained by incorporating nitrogen atoms into oxide glass networks of 

e.g. silicates, borates and phosphates.[1, 2] The majority of studied 

oxynitride glasses are silicate glasses, which often also contain Al or, 

less frequently, B. The term oxynitride glass is thus often used syn-

onymously to mean oxynitride silicate glass. Accordingly, the cations 

in oxynitride glasses are similar to those in ordinary silicate glasses, 

being of two kinds: network forming and network modifying. In con-

trast to oxide glasses, two types of anions are present: oxygen (O2-) 

and nitrogen (N3-).  

Silicon oxynitride glasses were first discovered as grain 

boundary phases in silicon nitride based ceramics. Because the high-

temperature behavior of the ceramics is markedly governed by the 

intergranular glassy phases, having a negative effect on the mechani-

cal properties, studies of the glasses became quite important. Since it 

is experimentally very difficult to investigate directly the properties of 

grain boundary phases, research on them in bulk form was initiated. 

Since then, oxynitride glasses have received considerable attention, 

from both scientific and technological points of view, as it was real-

ized that incorporation of nitrogen into silicate glasses causes pro-

found alterations of mechanical properties such as strength, toughness, 

elastic modulus, and hardness.[3-7] It was further found that thermal 

properties are also affected, with oxynitride glasses having higher 

glass transition temperatures (Tg) and lower thermal expansion coeffi-
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cients (α).[8] Oxynitride glasses show furthermore the highest refrac-

tive indexes ever obtained for silicate based glasses.[9] 

 A number of review articles have been written on the subject 

of oxynitride silicate glasses.[2, 10-19] Mulfinger (1966) was one of 

the first investigators to study the incorporation of small amounts (<1 

wt%) of N into silicate glasses, by bubbling ammonia through soda-

lime-silica melts.[20] He suggested that the substitution of nitrogen 

for oxygen must lead to a higher average coordination of the anions, 

and that the increased cross-linking should produce a more rigid glass 

network. Elmer and Nordberg (1967) introduced 3 wt% N into a po-

rous borosilicate glass, by heating in an NH3 atmosphere, and showed 

that the nitrided glasses exhibit higher viscosities and electrical resis-

tivities than the non-nitrided glasses.[21] Davies and Meherahli 

(1971) confirmed that the solubility of nitrogen in glass melts is 

chemical rather than physical, and found that severe reducing condi-

tions had to be imposed in order to dissolve significant amounts of 

nitrogen into the glass melts. Dancy and Janseen (1976) investigated 

the solubility of nitrogen in CaO-SiO2-Al2O3 slags, and compared 

physical and chemical methods of dissolving nitrogen in the melts. 

They discovered that, as Si3N4 was added to the melt under a nitrogen 

atmosphere, nitrogen incorporation was very rapid and reached sub-

stantial levels (4 wt%). Jack (1976) pointed out the close similarity 

between the building units in the structure of silicate glasses (SiO4 

tetrahedra) and those in silicon nitride (SiN4 tetrahedra), and also the 

similarity of the bond lengths of Si-N, Si-O and Al-O, and asserted 

that nitrogen should therefore be incorporable into the network of sili-

cate and aluminosilicate glasses.[22] He was also the first to prepare 
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bulk oxynitride glasses, in the systems SiO2-Al2O3-Si3N4, SiO2-MgO-

Si3N4 and SiO2-Y2O3-Si3N4, with nitrogen concentrations up to 10 

at%. Changes in physical properties due to the incorporation of nitro-

gen were not assessed at this point. Loehman (1979, 1980) was the 

first to report on correlations, for Y-Si-Al-O-N glasses, between the 

amount of incorporated nitrogen and changes in physical proper-

ties.[16, 23]  He prepared glasses with up to 7 at% of nitrogen, and 

found that the glass transition temperature (Tg), microhardness and 

relative fracture toughness all increased with increasing nitrogen con-

tent, whilst the thermal expansion coefficient decreased. Drew et al. 

(1981, 1983) carried out extensive systematic studies on nitrogen con-

taining glasses in M-Si-O-N and M-Si-Al-O-N systems (M = Mg, Ca, 

Y and Nd).[24, 25] Glasses with a fixed cation composition and vary-

ing nitrogen and oxygen contents were prepared, to allow a direct 

comparison between different M-Si-Al-O-N systems and a determina-

tion of the effect on properties of replacing oxygen by nitrogen within 

each system. He found that, for glasses with a constant cation ratio, 

incorporation of nitrogen resulted in increasing viscosity, Tg, resis-

tance to devitrification, refractive index, dielectric constant and ac 

conductivity, for all Mg, Ca, Y and Nd sialon glasses investigated. 

The corresponding M-Si-O-N systems displayed much smaller glass 

forming regions, demonstrating the ability of Al to extend the compo-

sitional ranges of oxynitride glass formation. 

Oxynitride glasses have traditionally been synthesized by 

melting mixtures of glass modifier metal oxides, SiO2 and Si3N4, 

yielding glasses with nitrogen content up to typically ca. 30 e/o (N 

content in equivalents; e/o =3[N]/(3[N]+2[O]), where [N] and [O] are 
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the atomic concentrations of N and O respectively). However, a novel 

synthesis method developed by our group has enabled the preparation 

of oxynitride glasses with significantly higher concentrations of nitro-

gen, as well as modifier additives.[9, 26-29] In this synthesis route, 

the modifier is introduced as a metal or metal hydride, which reacts 

with nitrogen gas at relatively low temperatures and forms reactive 

nitrides with no surface oxide layer. Above ca. 1000oC, they react 

with SiO2 (the oxygen source), and then with the usually inert Si3N4. 

A melt containing Si, O, N, and the electropositive element is then 

formed, which dissolves remaining SiO2 and Si3N4. The final melt is 

then cooled below Tg. The oxynitride glasses in AE-Si-O-N systems 

(where AE is Ca and Sr or a combination of Ca and Mg, Sr, Ba) de-

scribed in this thesis were prepared by using this novel synthesis 

method.  

2.1 Classification 
Silicon based oxynitride glasses have been studied more than other 

oxynitride glasses. These are classified in the following categories.  

 

M-Si-O-N 

Glasses in M-Si-O-N systems (with M = Na[30-32], Li[33],  Mg[24, 

34], Ca[14, 24, 35], La[26, 27, 36, 37], Pr[38], Ce[39], Y[25], 

Al[40]) have been prepared with a wide variety of compositions. The 

framework structure of tetrahedra in the pure oxide glasses is retained 

in them, but with the Si atoms surrounded by both O and N atoms.  

The glass forming capability increases in these systems initially as 

nitrogen is added in the form of Si3N4, but then reaches a maximum 
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and decreases upon further addition. Some glasses, e.g. in the Ca-Si-

O-N and Mg-Si-O-N systems, have been found to be phase separated 

and to have narrow regions of glass formation. 

 

M-Si-Al-O-N 

These systems (where M includes Li[31, 33, 40-42],  Mg[14, 24, 25, 

43-49], Ca[14, 24, 25, 47-50], Ba[48, 49, 51], RE[3, 6, 37, 38, 52-

56], Y[4, 5, 23, 37, 47, 57, 58]) are the ones that have been studied 

most, both from preparation and properties points of view. Their ver-

satility is due to the presence of two good glass formers, i.e. Si and Al. 

Addition of aluminum enlarges the ranges of glass forming regions 

and makes the glasses much easier to melt. Aluminum additions also 

suppress phase separation and give more transparent and homogenous 

glasses.  

 

MI-MI I-Si-(Al)-O-N 

Oxynitride glasses have been prepared with several combinations of 

MI-MI I modifiers: Na-Ca-Si-O-N[30, 59, 60], RE-Mg-Si-O-N[61-

63], La-Y-Si-O-N[64], RE-Si-Al-O-N[65], Mg-Li-Si-Al-O-N[31], 

Mg-Cs-Si-Al-O-N[40], Mg-Ba-Si-Al-O-N[31, 40], La-Er-Si-Al-O-

N[66], Mg-Y-Si-Al-O-N.[67, 68] 

 

Other silicon oxynitride glasses  

Silicon oxynitride glasses have been prepared that in addition contain 

boron: Na-Si-B-O-N[30, 69]  and Ca-Al- Si-B-O-N.[70] Recently, the 

Hampshire group in Limerick, Ireland, reported the formation of sili-

con oxynitride glasses containing fluorine.[71-73] Fluorine, as a non-
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bridging anion in glasses, acts as a powerful network disrupter by sub-

stituting for bridging oxygen ions. Fluorine reduces the glass transi-

tion temperature, viscosity and refractive index, aids crystallization 

and increases the potential for phase separation. Fluoro-alumino-

silicate glasses are used in biomaterials applications as bone substi-

tutes or dental restoratives. The addition of nitrogen could lead to im-

proved mechanical properties for these biomaterials.   

2.2 Synthesis 
It is more difficult to prepare silicon oxynitride glasses than pure ox-

ide glasses.[16] The main difficulties encountered in the preparation 

of oxynitride glasses are (i) high melting temperatures, e.g. 1550oC to 

1800oC, (ii) the requirement of a low oxygen partial pressure during 

the melting, to avoid oxidation of glass forming components, (iii) lim-

ited selection of non-reactive crucible materials, and (iv) the availabil-

ity of a limited number of nitride compounds to be used as source of 

nitrogen. 

Oxynitride glasses can be prepared in a number of ways. Tra-

ditionally, or conventionally, oxynitride glasses are prepared by heat-

ing appropriate powder mixtures of modifier oxide(s) and nitride 

compounds in crucibles and in an Ar or N2 atmosphere. The firing 

temperatures vary between 1550 and 1850oC. The upper limit is de-

termined by thermal decomposition of Si3N4, whereas the lower limit 

is set by the temperature for complete melting of the particular com-

position and the generally high viscosities of the melts at these tem-

peratures. Generally the temperature must thus be high enough to give 

the melt a fluidity that ensures good homogenization, but low enough 
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to avoid decomposition reactions. Most oxynitride glasses have been 

prepared with Si3N4 and AlN as nitrogen sources. Messier and De-

guire[74] concluded, from their work on thermal decomposition in the 

Y-Si-Al-O-N system, that  the use of AlN instead of Si3N4 reduces the 

number of spherical elemental Si precipitates that remain dispersed in 

the glass. Experimentally it was found that more nitrogen can be 

added to silicate melts by dissolving nitrides than by treating them 

with gases such as N2 or NH3. The nitrogen containing compounds 

Mg3N2[16],Ca3N2[70], Si2ON2[16], or Li3N[16]  have also been used 

as nitrogen sources, depending on the composition aimed for. Silicon 

nitride occurs in two common crystallographic modifications (α- and 

β-Si3N4) as well as in amorphous form. All three forms can be used in 

glass synthesis, but the amorphous form dissolves more quickly into 

the melt and produces a more easily homogenized glass. [16]  

Elemental losses have been reported to occur, to a varying de-

gree, during the preparation of oxynitride glasses above ca. 1700oC, 

implying that not all the nitrogen in the starting mixture is incorpo-

rated into the glass. Frischat showed that about 80% of the initial 

amount of N is incorporated in a Na2O-CaO-SiO2 glass when N is 

added as Si3N4.[59] Coon reported substantial losses of B2O3 and 

Na2O upon melting of nitrided borosilicate glasses.[30] Messier and 

Deguire discussed possible decomposition reactions for the system Si-

Y-Al-O-N.[74] They proposed that the following high-temperature 

reactions are relevant for the decompositions in the melt: 

SiO2 (s)  Si (l) + O2 (g)                                                      (1) 

SiO2 (s)  SiO (g) + ½O2 (g)                                               (2) 

Si3N4 (s) + SiO2 (s)  2SiO (g) + 2Si (l) + 2N2 (g)             (3) 
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Si3N4 (s) + Al2O3 (s)  3SiO (g) + 2AlN (s) + N2 (g)         (4) 

Si3N4 (s) +3SiO2 (s)  6SiO (g) + 2N2 (g)                          (5) 

2AlN (s) + SiO2 (s)  SiO(g) + Al2O (g) + N2 (g)              (6) 

 

They concluded that the partial pressures of SiO (g) from reactions (3) 

and (5) at 1725°C are high enough to account for significant thermal 

decomposition. According to reaction (3), elemental Si is formed in 

the melt. The same conclusions were later reached by Chen for La-Y-

Si-O-N glasses.[64] 

The melts must be heated in an inert atmosphere, usually N2, 

in order to avoid oxidation. In a highly reducing atmosphere at high 

temperatures oxynitride melts may be contained in metal (Mo, Nb, Ta, 

W) crucibles, BN crucibles or graphite crucibles, coated with BN 

powder. In the case of BN, small amounts of B have been observed to 

dissolve into the melt.  

Oxynitride glasses may also be prepared by nitrida-

tion/ammonolysis of a base glass or melt. In this method, the base 

glass is treated with nitrogen and/or ammonia gas at some high tem-

perature for extended periods of time. The amount of nitrogen incor-

porated by using this method is rather limited. Oxynitride glasses have 

also been prepared at lower temperatures by using sol–gel tech-

niques.[75-77] Oxide gels can be converted to oxynitride gels by 

treatment with flowing anhydrous ammonia at temperatures in the 

upper part of the range 400–1100oC. The sequence of reactions in-

volves the reaction of ammonia with ≡Si-OH and ≡Si-O-Si≡ groups to 

form amine groups at lower temperatures, followed by condensation 

reactions to form nitride species, with simultaneous loss of oxygen as 

water, at higher temperatures. The use of flowing ammonia gives a 
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continuous replenishment of gaseous reactant and also removes the 

water produced by the various condensation reactions, critical when 

maximizing the incorporation of nitrogen. Oxynitride gels may be 

converted to oxynitride glasses by heating in vacuum at just above the 

glass transition temperature, typically ≈ 900oC. A portion of the nitro-

gen is lost during the gel–glass conversion. Brinker and Haaland[76] 

in this way synthesized dense, colorless and homogeneous glasses 

with up to 2 e/o nitrogen in the Na-Al-Ba-Si-O-N system, and  Ra-

jaram and Day[78] produced glasses in the M-Na-P-O-N system (M = 

alkaline earth element) with nitrogen contents up to 25 e/o. 

2.3 Transparency 
Oxynitride glasses are considered as candidates for optical applica-

tions because of their high refractive indices and hardness values, high 

softening temperatures, and resistance to moisture. However, a main 

obstacle to their utilization is their poor transparency in the visible 

region. Oxynitride glasses are as a rule less transparent than corre-

sponding oxide glasses. Frequently they are colored grey to black and 

translucent only in thin sections, with the transparency depending on 

the amount of impurities formed during the synthesis. The opacity of 

oxynitride glasses has been investigated[37, 52, 74, 79], but no sig-

nificant progress has so far been made towards the production of fully 

transparent glasses with high contents of nitrogen. The most common 

reason for the diminished transparency is precipitation of silicon[74, 

79],which is assumed to result from the decomposition of Si3N4[80]  

at temperatures > 1650oC according to: 

Si3N4(s) + SiO2(s) ⇒ 2SiO(g) + 2Si(l) + 2N2(g) 
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Two methods have been suggested to prevent the decomposition of 

Si3N4, or a similar decomposition: synthesis under a high nitrogen gas 

pressure (1.6 MPa)[74] or replacement of Si3N4 by AlN as starting 

source of nitrogen.[37, 74] Despite evidence provided by thermody-

namic calculations and sintering experiments on Si3N4 based materi-

als[81],indicating that high nitrogen pressures should suppress a de-

composition of Si3N4, experimental observations by Messier and De-

guire[74] show that the silicon content can not be reduced to any sig-

nificant extent by applying a high nitrogen gas pressure for Y-Si-Al-

O-N glasses. The transparency of oxynitride glasses has been found to 

increase by reducing the concentration of precipitates, by selecting 

compositions that can be melted at lower temperatures (1450oC), 

where much less decomposition may be expected. Oxynitride glasses 

prepared via sol–gel methods are also comparatively more transparent, 

and silicon-free oxynitride glasses, e.g. P-O-N based ones, are in con-

trast colorless. 

2.4 The role of nitrogen 
The properties of a glass are directly related to its structure. The in-

corporation of nitrogen in silicate glass networks causes profound 

changes in a number of physical properties.  Density, glass transition 

and crystallization temperatures, micro-hardness, Young’s modulus, 

shear modulus, fracture toughness, viscosity, dielectric constant and 

refractive index increase with increasing nitrogen content, while the 

thermal expansion coefficient decreases with increasing nitrogen con-

tent. Most of these changes are attributed to an increased cross-linking 

of the network due to the presence of three-coordinated nitrogen at-
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oms. For rare-earth (RE) oxynitride glasses, it has been shown that all 

properties change linearly with N content, the density of the glass and 

the ionic radius of the RE modifier. The effects of N and RE contents 

are independent and additive.[63, 67] In general, the properties show 

a larger dependence on the N content than on the content of the modi-

fier cations. 

2.5 Physical properties 
Some property dependencies on N content will be illustrated below by 

findings for glasses in M-Al-Si-O-N systems, where M is Na, Mg, Ca 

or Ba.  

2.5.1 Density  
The density of Ca-Al-Si-O-N[50] and Mg-Al-Si-O-N[43] glasses, as 

reported by respectively Sakka and Homeny, is shown in Fig. 2.1 as a 

function of nitrogen content. The density increases almost linearly 

with increasing nitrogen content. This behavior is found to be general 

and is also observed for other AE-Al-Si-O-N[48] (AE = Mg, Ca, Ba) 

glasses.  In addition, an increase in nitrogen content is often correlated 

with an increase in modifier content. A substantial part of the increase 

in density is then due to an incorporation of (heavy) modifier cations.  
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Figure 2.1. Glass density versus nitrogen content for Mg-Si-Al-O-

N[43] and Ca-Si-Al-O-N[50] glasses. 

2.5.2 Hardness 
Hardness is an important parameter since it reflects the amount of 

permanent deformation sustained when a material is subjected to a 

mechanical force. Therefore it gives an indication of the scratch and 

abrasion performance of the materials. The Vickers indentation tech-

nique is widely applied to determine the hardness of brittle materials 

such as glass. In this technique an imprint is made by pressing a dia-

mond with a certain force (load) against the surface of the material. 

The imprint size is dependent on the used load and the hardness of the 

material. Fig. 2.2a and 2.2b show the increase in micro-hardness with 

increasing N content for AE-Al-Si-O-N glasses reported by different 

authors.  
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Figure 2.2. Vickers hardness versus nitrogen content (a) Mg-Si-Al-O-

N[43], Ca-Si-Al-O-N[50] (b) AE-Si-Al-O-N (AE = Mg, Ca, Ba) [49].  

2.5.3 Young’s modulus 
Young’s modulus is a measure of the stiffness of an isotropic elastic 

material, and it can be defined as the ratio of the uniaxial stress to the 

uniaxial strain in the range where the ratio obeys Hooke’s law. The 

modulus depends on the strength of the chemical bonds in the short-

range structure of the glass. The Young’s moduli of Mg-Si-Al-O-N 

glasses and Ca-Si-Al-O-N glasses show a linear increase with nitrogen 

content, as shown in Fig. 2.3.  Other elastic moduli, such as the 

modulus of rigidity and bulk modulus, also increase with increasing 

nitrogen content. An increase in Young’s modulus with increasing 

nitrogen content has also been reported for Y-Al-Si-O-N [82], Na-Si-

O-N[59], Na-Ca-Si-O-N[83] and  Mg-Al-Si-O-N[43] glasses.  

 

b a 
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Figure 2.3. Young’s modulus versus nitrogen content for Mg-Si-Al-O-

N[43] and Ca-Si-Al-O-N[50] glasses. 

2.5.4 Fracture toughness 
Fracture toughness (KIc) is a measure of the resistance to catastrophic 

mechanical failure that a material exhibits in the presence of a crack or 

other defect. Numerous methods have been employed to experimen-

tally measure this parameter for brittle materials. Homeny and 

McGarry estimated the fracture toughness of a series of Mg-Al-Si-O-

N glasses with constant cation contents by using a micro indentation 

technique.[43] They found that the fracture toughness increases line-

arly with nitrogen content. A similar correlation was found by Messier 

in the Y-Si-Al-O-N system.[84] 
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2.5.5 Thermal expansion 
Solids typically expand in response to heating and contract on cooling; 

this dimensional response to temperature change is expressed by their 

coefficient of thermal expansion. The thermal expansion coefficient is 

a thermodynamic property of a substance and a measure of the frac-

tional change in a materials linear dimension per degree of tempera-

ture change. Decreasing linear coefficients of thermal expansion with 

nitrogen substitution are shown for a series of Na-Ca-Si-O-N[85] and  

Li-Si-Al-O-N[41] glasses in Fig. 2.4.  However, Sakka[50] found no 

significant decrease in the thermal expansion coefficients for a series 

of Ca-Si-Al-O-N glasses. 

 
Figure 2.4. Thermal expansion coefficient versus nitrogen content for 

Na-Ca-Si-O-N[85] and  Li-Si-Al-O-N[41] glasses. 
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2.5.6 Glass transition temperature 
The glass transition temperature (Tg) is the temperature at which at-

oms loose their translational degree of freedom. At Tg the glass system 

switches from the behavior of a viscous liquid to the behavior of a 

solid. Tg is a kinetic parameter and thus depends on the cooling rate of 

the melt. The glass transition temperature and viscosity (resistance of 

a liquid to flow) of oxynitride glasses both rise with an increase of 

nitrogen content. The observed increase of Tg with nitrogen content 

for AE-Si-Al-O-N glasses (AE = Mg, Ca) is shown in Fig. 2.5. The 

generally observed increase in these two properties is consistent with 

an increasing degree of connectivity of the glass network with increas-

ing nitrogen content. 

 
Figure 2.5. Glass transition temperature versus nitrogen content for 

Mg-Si-Al-O-N[14] and Ca-Si-Al-O-N[14] glasses. 
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2.5.7 Electrical properties 
Electrical conductivity is a measure of a material’s ability to conduct 

an electric current and is defined as the ratio of the current density J to 

the electric field strength E. Dielectric loss is the loss of energy which 

eventually produces a rise in temperature of a dielectric placed in an 

alternating electric field. Electrical conductivity and dielectric loss 

properties for glasses depend mainly on the mobility of the network 

modifier ions. Kenmuir found that the dielectric constant increased 

with nitrogen content for AE-Si-Al-O-N (AE=Mg, Ca) glasses[47], as 

shown in Fig. 2.6.  

 
Figure 2.6. Dielectric constant versus nitrogen content for Mg-Si-Al-

O-N[47] and Ca-Si-Al-O-N[47] glasses. 

2.5.8 Refractive index 
The refractive index (n) is the ratio of the velocity of light in vacuum 

to that in the medium. it can be varied by varying the chemical com-

position. The n of a glass is determined by the interaction of light with 
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the electrons of the constituent atoms of the glass. Increases in either 

electron density or polarizability of the ions give rise to an increase of 

the refractive index. Low indices are thus found for glasses with only 

low atomic number ions, which have both few electrons and low po-

larizabilities. Since an incorporation of nitrogen increases the density 

of the glass, this will cause an increase in n. The variation of n with 

nitrogen content for different AE-Si-Al-O-N glasses is shown in Fig. 

2.7. The increase is found to be linear or very close to linear. Coon et 

al. concluded that for a series of Y-Si-Al-O-N glasses variations in the 

N content accounted for ca. 92% of the observed changes in refractive 

index.[86]  

 
Figure 2.7. Refractive index (RI) versus nitrogen content for Mg-Si-Al-

O-N[14] and Ca-Si-Al-O-N[14]glasses. 
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2.6 Chemical properties 

2.6.1 Leach resistance 
The chemical durability of a glass, by which most often is meant the 

resistance to corrosion by water and aqueous solutions, is important 

when it is used in practice. The increased cross-linking in the structure 

of oxynitride glasses would be expected to lead to improvements in 

chemical durability. However, this only at temperatures below the 

glass transition temperature where no catastrophic oxidation can take 

place. Loehman found that the weight loss upon immersion in distilled 

water is lowered by one-half to one-third for a Y-Al-Si-O-N[23]  

glass in comparison with the value for the corresponding non-nitride  

glass. Similarly, Frischat and Sebastian found the leach rate in water 

at 60oC of a Na2O-CaO-SiO2[60] glass with 4 e/o N to be 2/3 of that 

of the equivalent oxide glass. Fig. 2.8 shows the weight loss of Na-Si-

O-N[18] glasses plotted versus the nitrogen content for the three types 

of test solutions. The weight loss of the glass specimen decreases, i.e. 

the chemical durability increases, with increasing nitrogen content for 

all three test solutions. Sakka[2] has, however, pointed out that the 

chemical durability of a glass is reduced by the presence of water in-

side the glass and that the incorporation of nitrogen very much re-

duces any water content. This leads to the suspicion that improved 

chemical durability of oxynitride glasses may not be a direct result of 

N entering into and strengthening the glass network, but indirectly 

from a reduction of water content. 

 



22 

 
Figure 2.8. Weight loss upon immersion in different solutions versus 

nitrogen content for Na-Si-O-N[18] glasses. 

2.6.2 Susceptibility to oxidation 
One disadvantage of oxynitride glasses is their relatively high ten-

dency to oxidize at temperatures above Tg. For example, an Y-Si-Al-

O-N glass with 20 e/o N yielded, upon heat treatment in air at 1200°C 

for 20 min, a foamy white product with a soft outside.[10] The oxida-

tion involves diffusion of oxygen into the glass, evolution of nitrogen 

gas, often creating enough pressure to cause foaming if the glass vis-

cosity is low enough, and, usually, a crystallization of the growing 

oxide layer. The susceptibility towards oxidation is dependent on the 

composition of the glass. Wusirika [31] surveyed the oxidation behav-

iors for different M-Si-Al-O-N glasses. For the modifiers M = Li, Mg 

and Mn, coherent, crystalline oxide layers of ca. 0.06 – 0.1mm thick-

ness had formed after 24 h at 1000oC. Glasses containing Na and Ba 
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showed inferior oxidation resistances and foamed upon oxidizing, 

while glasses containing Be showed a high resistance to oxidation 

even at high temperatures, e.g. 1300oC, attributed to Be acting as a 

network former and effecting a tightly knit network with few non-

bridging oxygens. The susceptibility to oxidation is also highly af-

fected by the presence of water vapor in the air, which may react with 

bridging Si-O-Si bonds at the glass surface to produce ≡Si-OH groups, 

thus lowering the glass viscosity and facilitating the diffusion of oxy-

gen into the glass.  

2.7 Glass phase separation 
Phase separated glasses are found for M-Si-O-N compositions (M = 

Ca, Mg, Y) prepared via traditional synthesis routes. Shaw et al.[34] 

found phase separation to occur in an extensive portion of the glass 

forming region in the Mg-Si-O-N system, with most of the glasses 

phase separated into as SiO2-rich and an MgO-rich phase, both con-

taining nitrogen. The phase separation appeared to have occurred dur-

ing cooling of the homogenous melts from temperatures between 1600 

and 1700oC. Some glasses contained fairly large, 2–3 μm, parts of an 

MgO-rich glass phase embedded in a matrix of SiO2-rich phase, and 

some a larger-scale liquid phase immiscibility. Phase separated 

glasses are observed at more SiO2 rich components, especially in the 

Ca-Si-O-N and Y-Si-O-N systems[14], where glass preparation is 

difficult and bubbles form in the melts as a result of the evolution of 

nitrogen. Addition of Al2O3 to either system in amounts greater than 5 

wt% not only increases the glass forming region but suppress also the 

phase separation and gives clear homogeneous glasses.[16]  
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2.8 Crystallization 
The improvement in physical and mechanical properties when nitro-

gen is incorporated into oxide glasses is also realized for glass ceram-

ics. Oxynitride glasses can be heat-treated at appropriate temperatures 

to crystallize and form ceramic materials.[5, 53, 57, 87-89] The crys-

tallization improves the mechanical, high-temperature, and heat resis-

tance properties. The specific crystalline phases formed upon heat 

treatment, and the extent of their formation, determine the properties 

of the material. The crystalline phases formed in turn depend on both 

the composition of the parent glass and the heat treatment. The con-

ventional process to produce a glass ceramic involves two steps: a 

lower temperature heat treatment to induce nucleation, near the crys-

tallization temperature, followed by a controlled growth of the formed 

nuclei. Many glasses require the addition of nucleating agents to pro-

mote the crystallization process[46], but oxynitride glasses can be 

self-nucleating, as Y2O3-SiO2-AlN glasses for which heterogeneous 

nucleation occurs on FeSi particles.[87] 

The glass to ceramic transformation for a glass of composition 

28Y:56Si:16Al:83O:17N (in e/o) has been studied using DTA and 

other classical techniques.[57] Optimum nucleation and crystalliza-

tion temperatures were determined in relation to the glass transition 

temperature. The major crystalline phases present were different 

modifications of yttrium disilicate and silicon oxynitride. Bulk nuclea-

tion was observed to be the dominant nucleation mechanism. 

The main phases identified in crystallized Mg-Si-O-N and Mg-

Si-Al-O-N glasses are Mg2SiO4, MgSiO3, MgAl2O4, α-Mg2Si5Al4O18, 

Mg-N-petalite, Al6Si2O13, Al18Si12O39N8, Si2N2O and μ-Mg2Si5Al4O18. 
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Tredway and Risbud[46] investigated the crystallization of an Mg-Si-

Al-O-N glass and found it to contain cordierite (Mg2Al4Si5O18), and 

the nitrogen to be  concentrated in the residual glass. They also found 

that a nucleating agent, e.g. ZrO2, was necessary for bulk nucleation. 

Hampshire et al.[14] reported that an Mg-N-petalite phase is a main 

crystallization product for Mg-Si-Al-O-N glasses. Leng-Ward et 

al.[90] also found this phase, together with forsterite (Mg2SiO4), upon 

slow cooling of an Mg-Si-Al-O-N melt. 

For the Ca-Si-Al-O-N system, Hampshire et al.[14] found that 

there is a considerable range of nitrogen solubility in the gehlenite 

structure, according to the chemical formula Ca2Si1+xAl2-xO7-xNx, and 

that this phase dominates as crystalline product for Ca-Si-Al-O-N 

glasses. 

2.9 Structural features 
The substitution of nitrogen for oxygen causes a stiffening of the sili-

cate glass due to the higher valency (-III) of nitrogen. The structures 

of the silicon oxynitride glasses contain frameworks of corner-linked 

Si(O,N)4 tetrahedra that are depolymerised depending on the amount 

of modifier cations. The possible linkages of the O and N atoms in 

silicon oxynitride glasses are illustrated in Fig. 2.9. The N atoms are 

thought to be present as N[3], N[2] and N[1]. The species N[0] and N[4] 

are in general disregarded, since N[0] has never been observed in crys-

talline phases, and N[4] only very rarely.[91] The O atoms may be 

present as O[0], O[1] and O[2], with O[0] usually deemed unlikely. 



26 

 
Figure 2.9. Possible linkages of N atoms in oxynitride silicate glasses. 

The glass structure contains different amounts of different Qn 

units, i.e. SiX4 tetrahedra with n bridging X (X = O or N) atoms, de-

pending on the degree of polymerization of the framework. The possi-

ble values of n are from 0 to 4, corresponding to the five different Q 

units illustrated in Fig. 2.10. 

 

 
Figure 2.10. Possible Q units in oxynitride silicate glasses. 
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The evidence for N[3] in oxynitride glasses can be divided into 

direct and indirect evidence. The direct evidence comes from studies 

using solid-state NMR, XPS, IR and Raman spectroscopy, and X-ray 

and neutron powder diffraction, mostly carried out on glasses with 

low nitrogen contents, up to ca. 15 e/o. For Na-Ca-Si-O-N glasses, IR 

absorption bands that peak at 1055 cm-1, assigned to Si-O stretching 

vibrations, shift towards lower wave numbers with increasing N con-

tent, accompanied by an asymmetrical increase of the half-width of 

the band.[85] Since Si3N4 shows asymmetrical Si-N-Si bond stretch-

ing vibrations near 1000 cm-1, this has been proposed as indicating 

that the glass contains N[3]. A photoelectron spectroscopy study of the 

same system indicates that N1s has a single peak with a bonding en-

ergy close to that of Si3N4, indicating a similar environment of N at-

oms.[75] The authors allowed, however, for the possibility also of N[2] 

and N[1] environments due to an intensity contribution to the peak at 

lower binding energies.  

A study on Ca-Mg-Si-Al-O-N[92] glasses, having up to 14 e/o 

N, reached similar conclusions. At higher concentrations of N, the 

XPS spectra were interpreted as indicating more than one bonding 

state for N, probably N[3] and N[2]. It is here interesting to note that the 

XPS spectra for Si free Na-P-O-N glasses show very similar fea-

tures.[15, 93] A study by Raman spectroscopy of Si-Y-Al-O-N[58] 

glasses showed only two broad peaks centered at about 300 and 950 

cm-1. Their continuous nature indicates a lack of long range order, and 

the data indicated that as the nitrogen content increases there is an 

increase in the short range order. In a Raman investigation on Er-Si-

Al-O-N[94] glasses, the authors concluded  that as the nitrogen con-
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tent increases, the proportion of Q3 species decreases and there is a 

corresponding increase in the proportion of Q4 species, implying a 

reaction of the type Q3
O + N = Q4

(O,N), corroborating that nitrogen in-

creases the cross linking, via the transformation of Q3
 oxide species 

into Q4 oxynitride species.  

A structural study of a Na-Si-O-N glass with 13.3 e/o N by 

neutron powder diffraction yielded an average coordination number of 

nitrogen of 2.42, corresponding to 58% N[2] and 42% N[3].[95] An 

MD calculation[32, 95] for the same the glass yielded an average co-

ordination number of nitrogen of 2.3. A neutron powder diffraction 

study of a Y-Al-Si-O-N glass with 7.3 e/o N yielded a mean number 

of 2.86 Si atoms around an N atom.[18]  

The indirect evidence for a significant fraction of N[3] in oxyni-

tride glasses lies in the observed increase in Tg, viscosity, hardness 

and Young’s modulus with increasing nitrogen content. As originally 

put forward by Mulfinger[20],  the property changes can be explained 

by increased cross linking of the glass framework by nitrogen in the 

form of N[3]. This hypothesis is supported by the fact that the observed 

values of the approximately additive properties of Young’s modulus, 

hardness and refractive index are well reproduced by calculated ones 

when using component values for Si3N4[85, 86], indicating that the N 

bonding is similar in oxynitride glasses and Si3N4. An ab initio mo-

lecular orbital calculation, carried out on model molecules for silicon 

oxynitride glass, N[Si(OH)3]3, and silica glass, (HO)3SiOSi(OH)3, 

yielded a much larger bending force constant for the former molecule, 

which was taken as an indication of a predominance of N as N[3] in 

oxynitride glasses.[18]  
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2.10 Applications 
The unique properties of silicon oxynitride and Sialon glasses have led 

to a search for areas of application. Commercial applications are at 

present held back by high cost, relatively difficult preparative proce-

dures, lack of transparency and poor oxidation resistance. The increase 

in chemical inertness upon N incorporation in a glass is, however, 

utilized in the production of ordinary window glass, by cooling the 

glass plates under a flow of N2 gas.[96] Amorphous thin layers of Si 

(O/N) glass are also applied as substrate on CVD discs.  Potential ar-

eas of application that have been proposed include high elastic 

modulus glasses for computer hard discs, ceramic seals, coatings on 

metals, encapsulation of nuclear waste for long term storage, joining 

of structural ceramics, high electrical resistivity coatings for use at 

high temperatures and glass fibers. Based on improved hardness, an-

other possible application of silicon oxynitride glasses is bullet-proof 

armor. Oxynitride glasses can potentially be used in special windows 

where their higher elastic moduli would allow them to remain stiff in 

thinner sections, thus allowing weight and energy savings. Colored 

RE sialon glasses could be used for novel glass decoration enamels. 

Optical applications of silicon oxynitride glasses are harder to foresee, 

as it is difficult to obtain fully transparent silicon oxynitride glasses 

with high N contents. Provided that they can be made transparent, 

they may find applications due to their high refractivity indices, for 

design of new miniaturized lenses and prisms, as hosts for lumines-

cent ions or, when containing large amounts of rare earth elements, as 

Faraday rotators. 
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2.11 Alkaline earth-Si-O-N glasses 
The majority of studied silicon oxynitride glasses contain aluminum, 

because the addition of aluminum extends the glass forming regions 

and makes the glass much easier to melt at lower temperatures. Glass 

forming regions for systems that do not contain aluminum, i.e. AE-Si-

O-N, have only been the subject of a few studies, and limits of glass 

forming regions have only been reported for AE = Mg[24, 34], 

Ca.[14] The reported glass forming regions are shown in Fig. 2.11. In 

the case of Mg, glasses have been obtained with 15 to 35 e/o Mg and 5 

to 17 e/o N. In the Ca-Si-O-N system, glasses have been obtained for 

N and Ca contents up to respectively 18 e/o and 32 e/o. The maximum 

amount of nitrogen incorporated in AE-Si-O-N glasses prepared by 

traditional synthesis methods is less than 20 e/o. 

 
Figure 2.11. Reported glass forming regions for AE-Si-O-N systems; 

solid circle = Ca[14], dotted circle = Mg[24], dotted ellipse= 

Mg[34]. 
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3. Scope of the present work 

The aim of the work presented in this thesis is to develop a better un-

derstanding of the formation, properties and structure of nitrogen rich 

glasses in the Ca-Si-O-N and Sr-Si-O-N systems. The limits of the 

glass forming regions in both the Ca-Si-O-N and Sr-Si-O-N systems 

have been determined for glasses prepared by using the new synthesis 

route developed by our research group, in which the modifiers Ca or 

Sr are used in metallic or metal hydride form. The main work includes 

the following aspects: 

 

 Determining glass forming regions in the Ca-Si-O-N and Sr-

Si-O-N systems. 

 Determining the effects of nitrogen and alkaline earth cations 

on properties such as density, glass transition and crystalliza-

tion temperatures, hardness, Young’s modulus, shear modulus, 

Poisson’s ratio and refractive index. 

 Studying the interaction between chemical composition and 

properties of high nitrogen-content mixed alkaline-earth oxyni-

tride glasses, Ca-AE-Si-O-N, with AE = Mg, Sr, Ba. 

 Assessing the transparency and oxidation resistance of Ca-Si-

O-N glasses. 

 Structurally characterizing the glasses by different techniques, 

e.g. SEM, TEM, NMR and Raman. 

 Comparing results obtained for the different systems among 

themselves and with other reported results. 
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4. Experimental 

4.1 Materials specifications and powder mixing 
Oxynitride glasses in the alkaline earth silicon oxynitride systems 

were prepared from mixtures of MgH2 (95.5% metal basis, Alfa Aesar 

GmbH & Co), CaH2 (98% with Mg <1%, Alfa Aesar GmbH & Co), 

BaH2 (95.5% metal basis, Alfa Aesar GmbH & Co), Sr metal (99.9% 

in mineral oil, ABCR GmbH & Co), CaO (99.9% ChemPur GmbH), 

Si3N4 (ChemPur GmbH), and SiO2 (99.9%, ABCR GmbH & Co) 

powders. All chemicals were stored in a glove box compartment under 

Ar atmosphere to avoid exposure to air. The powders were weighed 

inside the glove box and then pressed into pellets. Six gram batches 

for each composition were placed in niobium crucibles, covered with 

parafilm for avoiding air contact during the transport from the glove 

box to the furnace. Fig. 4.1 shows a flow diagram for the glass prepa-

ration and characterization route followed. 
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Figure 4.1. Glass preparation and characterization route followed for 

AE-Si-O-N glasses. 

4.2 Fusion methods 

4.2.1 Graphite furnace 
A photograph of the graphite furnace used is shown in Fig 4.2. It has 

two chambers, an upper hot one and a lower cold one. The samples 

were inserted in the lower chamber, and the furnace was then evacu-

ated and flushed with nitrogen three times to remove residual air. Pro-

gram parameters, time and temperature, were then set for the desired 

heat treatment and the samples were jacked up into the upper cham-

ber. The glasses were prepared by heating to 1650°C within 2 hours, 

holding this temperature for two hours, and then cooling by switching 
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off the furnace and simultaneously jacking down the samples into the 

cold chamber. The average cooling rate was 15oC/min from 1650 to 

1100oC. The advantages of using the graphite furnace include a ho-

mogeneous temperature distribution inside the furnace and that up to 

ca. 5 samples can be fired simultaneously. Long synthesis durations 

and slow cooling rates can be disadvantageous. 

 

 
Figure 4.2. Photograph of the graphite furnace setup. 

4.2.2 Radio frequency furnace 
The radio frequency (RF) furnace works on the principle that an alter-

nating current in a work coil sets up an electromagnetic field that in-

duces a circulating current generating heat in the work piece. The nio-

bium crucible containing the sample pellet was placed within a con-

tainer made of Al2O3, the space between the crucible and container 

was filled with boron nitride powder, and this set-up inserted within 

the furnace coil. An air tight quartz tube with flowing nitrogen gas, 

Hot chamber

Cold chamber
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introduced from the bottom and leaving at the top, enclosed the sam-

ple assembly, as shown in the photograph in Fig. 4.3. 

The mixtures were melted at 1500–1750oC, depending on the 

composition. The samples were heated up to 650oC during 15 minutes 

and, when using metal hydrides, held at this temperature for 30 min-

utes to drive off hydrogen. The samples were then heated to 1000oC 

during 15 minutes and held at this temperature for 30 minutes, for a 

complete reaction of the metals with nitrogen gas, and then finally 

heated up to 1500–1750oC during 1 to 2 hours, depending on the 

composition. The melts were cooled by turning off the furnace at the 

end of the run.  

The MH2 (M = Mg, Ca, Sr, Ba) powders decomposed at rela-

tively low temperatures, ca. 250oC, to fine-grained and nominally 

oxygen-free metal, which was found to be highly reactive towards the 

nitrogen gas as well as the SiO2 and Si3N4 powders, and a strong exo-

thermic reaction could be observed at temperatures below 1000oC, 

with a heat evolution depending on the amount of metal or metal hy-

dride powder used. 

 One advantage of using a RF furnace is shorter synthesis du-

ration. The induction heating of the crucible is direct and almost in-

stantaneous (> 1500oC in less than 10 sec), and no warm-up or cool-

down ramps are required. Faster cooling rates can be achieved in 

comparison with a graphite furnace. When using an RF furnace it is 

also possible to observe visually all stages (reaction kinetics) during 

the synthesis. The drawback of using an RF furnace is an inhomoge-

neous temperature, a result of the induced current in the crucible heat-
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ing its surface, implying that the outside of the sample will be heated 

up more quickly than the inside. 

 
Figure 4.3. Photograph of the radio frequency furnace setup, showing 

the flow direction of nitrogen gas. 

4.3 Characterization techniques 
The prepared glasses were examined by X-ray powder diffraction 

(XRPD), light microscopy, scanning electron microscope (SEM), 

transmission electron microscope (TEM), solid state nuclear magnetic 

resonance (NMR) and Raman spectroscopy. Determined properties of 

obtained glasses were glass transition temperatures, density, micro-

hardness, viscosity, Young’s modulus and refractive index. 
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The amorphous nature of the glasses was verified by XRPD, 

using either a Panalytical X’pert PRO MPD diffractometer or a 

Guinier–Hägg camera, both using CuKα1 radiation. A light micro-

scope (Olympus PMG3, Japan) equipped with a digital camera was 

used to observe the surface morphology of the samples. The amounts 

of impurities present in the form of metal silicides were estimated by 

light microscopy. 

For microstructure examinations, specimens were prepared by hot-

mounting them in bakelite, grinding with silicon carbide papers, and 

polishing with a diamond powder impregnated wheel. Microstructure 

examinations were carried out with JEOL 820 and JSM 7000F scan-

ning electron microscopes. Cation concentrations were determined by 

energy dispersive X-ray (EDX) point analysis on polished and carbon-

coated surfaces, using respectively LINK AN10000 and LINK INCA 

systems. The SEMs were operated at acceleration voltages of 15 kV, 

and specimen images were acquired in backscattered electron mode to 

obtain compositional contrast. Nitrogen and oxygen contents were 

determined by weight, using combustion analysis with a Leco Detec-

tor (TV-436DR). In the analysis, a sample is crushed into powder and 

20–40 mg put into a tin foil crucible. The crucible is folded together 

and enclosed in a spring-like nickel crucible. The unit comprises an 

EF-500 electrode furnace where combustion takes place at very high 

temperatures (3000°C) in a graphite crucible. The nitrogen is released 

as N2 and measured with a thermal conductivity cell. The oxygen 

forms CO/CO2 with the carbon in the crucible, and these gases are 

measured with an infra-red detector.  
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For TEM observations, the samples were crushed in an agate 

mortar, dispersed in ethanol and transferred to carbon micro-grids. 

High-resolution TEM (HRTEM) was performed with a JEOL JEM-

3010 microscope operating at 300 kV (Cs = 0.6 mm, point resolution 

1.7 Å). Images were recorded with a CCD camera (MultiScan model 

794, Gatan). 

NMR spectra were acquired from finely ground powders at a 

magnetic field of 9.4 T (Varian Infinity spectrometer), corresponding 

to the Larmor frequencies 79.51 MHz for 29Si and −104.28 MHz for 
27Al. 29Si experiments used 6 mm zirconia rotors spinning above 7.0 

kHz. These rates are sufficient to remove the very weak spinning 

sidebands outside of the centre band signal region of interest. The 

oxynitride glass spectra were typically recorded using 30o–45o pulses 

and 200–380 accumulated signal transients. Relaxation delays ranged 

from 660 to 1200 seconds, sample based on results from separate satu-

ration–recovery experiments. The oxide glasses and the oxynitride 

sample were doped with 20 μmol/g Gd3+ to enhance spin–lattice re-

laxation, which permitted using shorter relaxation delays of 200 sec-

onds and 90 pulses for excitation. Except for these samples, 150 Hz 

Gaussian broadening was employed in the spectral processing.  

Raman spectra were collected with an automation system de-

signed and built at the department of earth sciences at Uppsala Uni-

versity. The Raman system consists of an imaging spectrometer 

(HoloSpec, Kaiser) equipped with a holographic transmission grating 

(HoloPles) and a thermoelectrically cooled CCD detector (Andor).  

The grating simultaneously disperses two separate spectral tracks onto 

the CCD detector, which results in a Raman spectrum over a very 
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broad spectral range of -250 to 5000 cm-1. The wide wave number 

range, including both high-wave-number intramolecular vibrations 

and low-wave-number translation–vibration modes, is collected under 

the same physical conditions. Raman emission was excited in back-

scattering geometry by the 514.5 nm line of an argon-ion laser, pro-

viding up to 50 mW of power. The Rayleigh line and stray light were 

efficiently rejected by two holographic notch filters (Kaiser). Data 

were collected in accumulation mode at room temperature for a total 

time of 180 s at a laser power of 6.5 mW. For each sample five Raman 

spectra were collected. 

4.4 Property measurements 

4.4.1 Density and calculation of molar volume and compactness 
Densities were measured according to the Archimedes principle in 

distilled water at 22 ± 1oC, assuming a density of 0.998 g/cm3 for wa-

ter. Density values were calculated using the expression ρ = (md/ md-

mw)×ρwater, where md is the weight of the dry sample and mw the 

weight of the immersed sample. Sample weights were between 200 

and 400 mg, and measured glass densities were reproducible to 

± 0.005 g/cm3. 

The molar volume (MV) of a glass is equal to the volume of 

one mole of the glass and is obtained by dividing the molecular weight 

of the glass by its density. The MV was calculated using the expres-

sion 

ρ

mx
MV i

ii∑
=  
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with xi and mi being respectively the mole fraction and molar mass of 

element i, and ρ the density of the glass. 

The compactness (C) of a glass is defined as the ratio of the 

summed volume of the individual ions in one mole of glass to the cor-

responding volume of one mole of glass. C was calculated using the 

expression  

MV

NVx
C i

ii∑
=  

with Vi being the ion volume for element i, calculated using the ionic 

radii given by Shannon[97], and N denoting Avogadro’s number. 

4.4.2 Differential thermal analysis 
Glass transition temperatures (Tg) and crystallization temperatures 

(Tc) were measured on crushed pieces of glass, using a SETARAM 

Labsys TG-DTA 1600 instrument. Samples were heated up to 1350oC 

in flowing nitrogen in Pt cups, using a heating rate of 25oC/min. The 

onset point of an endothermic drift on the DTA curve was taken as 

representing Tg, and the onset of an exothermic peak as corresponding 

to Tc. The precision in the Tg and Tc measurement was estimated to be 

± 5oC. 

4.4.3 Viscosity 
The viscosity η of the glasses was determined from indentation creep 

tests performed with a spherical sapphire indenter. The experiments 

were carried out in air between 800 and 1100oC. During the test, a 

spherical indenter with radius R is impressed into the surface of the 

sample at a constant load oP , and the indentation/penetration depth h is 
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recorded as a function of the elapsed time t. The following relation 

was used to calculate the viscosity: 

(t)Kh
ν)P(1
23

o−
=η with 23

c3γ
2R4K =  

where oP  is the applied constant load, ν  Poisson’s ratio for the glass, 

for which a value of 0.5 was used in the calculations, R  the radius of 

the spherical indenter, having a value of 500µm, γc a parameter given 

by the shape of the indenter, here c3γ = 2, and  (t)h 23  was obtained 

by fitting the linear  range of (t)h 23  versus t . 

4.4.4 Hardness 
The hardness of glasses is usually defined in terms of either scratch 

hardness, using Moh’s scale, or indentation hardness, using a Vickers 

indenter. The micro hardness measurements were carried out on pol-

ished samples using a Matsuzawa micro hardness tester Model MXT-

α1, and a Vickers hardness testing machine equipped with a pyrami-

dal diamond indenter under an applied load varying from 300 to 

500 g. The indentation dimension for each sample was measured with 

a light microscope (Olympus PMG3, Japan) under a magnification of 

200, and hardness values were calculated in GPa according to An-

stis[98], using the expression Hv = (18.42 P)/d2, where P [N] is the 

load applied on the indenter and d [µm] is the average indentation 

diagonal length, as shown in Fig. 4.4. Twelve indentions per specimen 

were normally recorded and their mean value and standard deviation 

then calculated. 
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Figure. 4.4. Principle of Vickers indentation measurements. 

4.4.5 Refractive index 
The refractive index n for glasses is commonly measured by immer-

sion techniques or by determining the Brewster angle. Since the ma-

jority of the present glasses were not transparent, n was estimated by 

measuring the Brewster angle θB on polished glass surfaces, with a 

laser light source operating at λ = 640 nm, and using the equation 

n = tan(θB). The principle of the measurement is illustrated in Fig. 4.5. 

The measurement precision was estimated to be about ±0.05, corre-

sponding to an error in 2θB of approximately 2o. 

               
Figure. 4.5. Experimental setup used for measuring Brewster’s angle 

(image taken from Wikipedia). 
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4.4.6 Elastic properties 
An accurate method of determining elastic properties is based on the 

use of ultrasonic velocity measurements. It is a dynamical method that 

enables measurements of attenuation and hence relaxation related pa-

rameters. Samples of small sizes, sometimes less than a cm in thick-

ness and in the form of plate or disc, are sufficient to measure sound 

velocities. It also provides determination of the elastic properties as a 

function of temperature by using a suitable variable-temperature 

cell.[99] The principle of the measurements is shown in Fig. 4.6. 

 

 
Figure 4.6. Experimental setup used for measuring elastic properties 

(taken from reference 99). 

They are based on time-of-flight measurements of pulse-

echoes. A piezoelectric transducer, driven by shock excitation, and a 

pulser/receiver (Model PR 35, JSR Ultrasonics, USA) generate longi-

tudinal and transverse sound waves. Silicon oil or other multipurpose 

high-viscosity liquids are used as ultrasonic couplings between the 

specimen, delay rod and transducer. The transit time for a wave round 

trip for multiple echoes of the primary signal was measured by a digi-
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tal oscilloscope. The specimen thickness was determined using a digi-

tal micrometer with an accuracy of ± 2μm. The ultrasonic velocities of 

longitudinal (vl) and transverse (vt) waves were calculated from the 

thickness and transit time values at room temperature. The time sepa-

rating two successive echoes τ is related to the propagation velocity vt 

by τ = 2L/vt where L is the length of sample. The following relations 

were used to obtain Young’s modulus (E), shear modulus (G) and 

Poisson’s ratio (ν) of the glasses: 

[ ] ( )[ ]143E 2222 −−−= tltl VVVVρ  

       tV 2G ρ=  

       [ ] 1)2/( −= GEv  

with ρ being the density of the glass.  
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5. Synthesis and characterization of Ca-

Si-O-N and Sr-Si-O-N glasses 

Ca-Si-O-N glasses have been known for quite some time. Drew et 

al.[24] in 1981 were the first to report the formation of Ca-Si-O-N 

glasses, and Hampshire et al.[14] in 1985 reported the limits of the 

glass forming region. The reported glass formation range is relatively 

narrow, with Ca contents from 20 to 32 e/o and N contents below 20 

e/o. The glasses were found to have a propensity for phase separation, 

resulting in opaque, milky appearances, closely resembling those of 

Mg-Si-O-N glasses.[24, 34] Neither Hampshire et al. nor Drew et al. 

discussed the properties of the glasses. Hanada et al.[35] in 1988 re-

ported glass transition temperatures, density, thermal expansion coef-

ficients and Young’s modulus values as a function of nitrogen content 

for Ca-Si-O-N glasses with nitrogen contents up to 35 e/o. In contrast, 

according to our knowledge, there are no previously published studies 

on Sr-Si-O-N or Sr-Si-Al-O-N glasses and their properties.  
 This chapter describes the preparation of Ca-Si-O-N and Sr-

Si-O-N glasses, their determined glass forming regions and charac-

terizations of the glasses. Glasses in the Ca system were prepared by 

using CaH2 as starting material, and in the Sr system by using Sr 

metal, in order to enhance reaction kinetics. The obtained glasses were 

characterized by optical microscopy, PXRD, SEM, TEM, NMR and 

Raman spectroscopy. Glass transparency, oxidation resistance and 

resistance to moisture and steam were also investigated.  
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The concentrations of glass components are, in this thesis, and 

in the included articles, predominantly given in equivalent percentages 

(e/o), rather than atom or weight percentages. As an example, for a 

system containing the two cations Ca2+ and Si4+, the equivalent per-

centage of Ca, [Ca]e/o, is given by  [Ca]e/o =100 × VCa⋅[Ca]at%/( 

VCa⋅[Ca]at% + VSi⋅[Si]at%), where VCa and VSi are the valences of Ca 

(+2) and Si (+4) respectively, and [Ca]at% and [Si]at% are the atomic 

percentages of Ca and Si. Equivalent percentages of anions are calcu-

lated separately in the same way. By using equivalent percentages, 

compositions can conveniently be shown in quaternary phase dia-

grams, e.g. the one in Fig. 5.1a. One equivalent of an element always 

reacts with one equivalent of another element. As one moves from left 

to right in the diagram, 6O2- is gradually replaced by 4N3-, and from 

bottom to top 3Si4+ is replaced by 6Ca2+. The number of equivalents 

remains constant, so any point in the diagram represents a combina-

tion of 12 positive and 12 negative valency units.  

Because of elemental losses during the synthesis, the composi-

tion for every prepared glass was determined experimentally. Cation 

compositions were determined by EDX analysis, and anion composi-

tions by combustion analysis. The precision of the determinations is in 

both cases estimated to be of the order of 1 at% or 1.5 e/o. Glass com-

positions were calculated as in the following example for a glass with 

starting composition Ca5Si10O17.5N5  (sample no. 23 in Table 5.1): 

The sum of cations is set arbitrarily to 15 and the sum of anions 

arbitrarily to 22.5 

EDX analysis gave 32.914 at% Ca and 67.086 at% Si 

No of Ca = (32.914*15)/100 = 5.51   
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No of Si = (67.086*15)/100 = 10.06 

The cation composition is thus Ca4.92Si10.06 

which has a formula weight of (4.92*40.09)+(10.06*28.8)  

= 486.97 g 

Combustion analysis gave 38.20 wt% O and 5.13 wt%  N 

The total weight of O and N is thus 43.33 wt%  

The total weight of Ca and Si is thus 100-43.33 = 56.67 wt% 

The total weight of O and N corresponding to the cation compo-

sition Ca4.92Si10.06 is  (43.33*486.97)/56.67 = 372.34 g 

The separate weight of O is (372.34*38.20)/ 43.33 = 328.26 g 

The separate weight of N is (372.34*5.13)/ 43.33 = 44.08 g 

The number of moles of O is thus 328.26/15.99 = 20.33 

The number of moles of N is thus 44.08/14.007 = 3.16 

The glass composition is thus Ca4.92Si10.06O20.33N3.16 

This composition is, however, not charge balanced. Adjusting 

the total number of O and N in the formula gives the final charge 

balanced formula Ca4.90Si10O20.17N3.15 for the glass  

 5.1 Synthesis 
A large number of compositions were synthesized in order to deter-

mine the glass-forming regions in the Ca-Si-O-N and Sr-Si-O-N sys-

tems. The Ca samples were heat treated at 1500 to 1650oC using either 

a radio frequency furnace or a graphite furnace, while samples in the 

Sr system were prepared solely using the radio frequency furnace, at 

temperatures 1600 to 1750oC. The starting compositions are shown in 

the quaternary diagrams given in Fig. 5.1a (Ca system) and Fig. 5.2a 

(Sr system), with circles representing compositions that formed 
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glasses and crosses those that were found partially crystalline. The 

formation of glass was found to be highly dependent on the precursors 

used and their reaction kinetics. For example, samples with composi-

tions along the diagonal of the quaternary diagram in Fig. 5.1a formed 

glasses (e.g. samples 22 and 44 in Table 5.1) when using Ca3N2 and 

SiO2, but did not yield glasses when using starting mixtures with four 

components, i.e. SiO2-CaO-Ca3N2-Si3N4. Similarly, compositions to-

wards the oxygen rich side of the quaternary diagram did not form 

glasses under the present experimental conditions. We believe how-

ever, that the glass forming region extends further towards the left and 

bottom part of the phase diagram, and that glasses with high oxygen 

contents can be prepared by alternative routes. Compositions that 

formed glasses in the Ca and Sr systems are tabulated in Tables 5.1 

and 5.2, respectively. 

The observed glass forming regions, for samples with deter-

mined cation and anion contents, are shown in Fig. 5.1b. and Fig. 5.2b 

for the Ca-Si-O-N and Sr-Si-O-N systems, respectively, The glass 

forming region in the Ca system extends up to Ca contents of 42 e/o 

and N contents of 58 e/o.  The found glass forming region extends to 

significantly higher N contents than those previously reported for the 

other alkaline earth containing systems.[24, 34, 51] We believe that 

the extension can be attributed to the use of CaH2 as starting material, 

since studies of the systems M-Si-O-N with M = La[9, 38], and 

Pr[38] have shown that large glass forming regions are achieved when 

using metal precursors for the electropositive elements.  
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Figure 5.1. (a) Starting mixtures for glasses prepared in the Ca-Si-O-

N system. Circles represent formed glasses and crosses represent par-

tially crystalline samples.  

 

 

 

 

 

 

 

 

 

 

(b) Glasses obtained in the Ca-Si-O-N system. The slanting lines show 

selected constant values, from 2.25 to 3.00, for the X:Si ratio = 

[O,N]/[Si]. 

 

a 

b 
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Sr contents up to 36 e/o and N contents up to 45 e/o were suc-

cessfully incorporated into the glass network in the Sr-Si-O-N system. 

While glass formation in the Sr-Si-O-N system has not been studied 

before, the observed glass forming region extends to significantly 

higher N contents than those reported for the other alkaline earth con-

taining systems. We believe that the extension can be attributed to the 

use of elemental Sr as starting material. 

The use of a hydride or metal precursor as additive has the ad-

vantage that hydrides or metals function as a nitrogen source by react-

ing with the nitrogen atmosphere and thus facilitate the preparation of 

nitrogen rich compositions. During heating, a strong exothermic reac-

tion was observed at temperatures 650–1000oC, associated with a 

rapid nitridation of the electropositive elements, resulting in the for-

mation of both crystalline and amorphous phases, which then melted 

upon further increase of the temperature. The temperature at which a 

melt formed was found to increase with increasing amount of Si3N4 

and decrease with increasing electropositive elements content. The 

time for melt formation was also found to decrease with increasing 

Ca/Sr content. 

A few Sr glasses were also prepared using SrD2 (available by 

the courtesy of the metal hydride group at the department) instead of 

Sr metal as starting material (denoted SrD-A, SrD-B, SrD-C and Sr D-

D in Table 5.2), in order to examine the effect on the glass formation 

of adding the Sr modifier in a different form. These glasses showed 

high losses of N and Sr, and incorporation of only 10 e/o N and 25 e/o 

Sr was achieved, as shown in the bottom left corner of Fig. 5b. The 
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reason for the high Sr and N element losses is not known, but could be 

due to the high volatility of the very fine-grained Sr3N2 formed.   

The determined glass forming regions show that an increase in 

N content is accompanied roughly by corresponding increases of the 

glass modifier contents. The Ca-Si-O-N glasses have X:Si (X = O,N) 

ratios between 2.33 and 3.08, cf. Table 5.1 and Fig. 5.1b. The X:Si 

ratios for the Sr-Si-O-N glasses are between 2.2 and 2.8, cf. Table 5.2 

and Fig. 5.2b, and, with the exception of two glasses, fall in the range 

2.5 to 2.7. Since the X:Si ratio is a measure of the average connec-

tivity of the glass network, the similar X:Si ratios indicate that the 

structures of the glasses are similar and do not change radically with N 

content.  

   

 

 

 

 

 

 

 

 

 

 

Figure 5.2. (a) Starting compositions heat-treated in the Sr-Si-O-N 

system. Filled circles represent formed glasses and crosses partially 

crystalline samples. The circle enclosing a “C” represents a partially 

crystalline sample that was used for a comparison of X-ray powder 
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diffraction patterns of glasses and a crystallized sample (cf. section 

5.7), (b) glasses obtained in the Sr-Si-O-N system. The ellipse at the 

left corner of the diagram shows glasses obtained using SrD2 as Sr 

source. 

5.2 Element losses during synthesis 
Element analyses of the glasses showed that considerable shifts in 

composition had occurred during the heat treatment, as seen in Tables 

5.1 and 5.2.  Elemental losses have previously been reported for dif-

ferent kinds of oxynitride glasses. Nitrogen loss was found to be 

dominant, along with loss of Si and a smaller amount of modifiers. A 

comparison of nominal and determined N contents for the Ca-Si-O-N 

glasses is shown in Fig. 5.3. The losses of Si and Ca were found to 

depend on the starting composition: when Ca-rich, Ca was preferen-

tially lost (e.g. samples 5, 6, 7, 10 and 11 in Table 5.1). The Ca loss 

was also larger for initial compositions with large amounts of Ca (e.g. 

samples 10 and 11 in Table 5.1). Significant Si losses occurred for 

starting compositions with 65 to 75 e/o of Si. No losses of Ca and Si 

were noticed for starting compositions with 75 to 80 e/o Si (e.g. sam-

ples 71 and 72 in Table 5.1).  

 

Table 5.1. Initial compositions and glass compositions for the pre-

pared glasses in the Ca-Si-O-N system: composition of starting mix-

ture, determined glass composition, Ca content in at%, Si content in 

at%. O content in at%, N content in at%, Ca content in e/o, N content 

in e/o, X:Si ratio = [O,N]/[Si]. 
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Glass  
ID 

Starting 
composition 

Glass composition Ca 
/at% 

Si 
/at% 

O 
/at% 

N 
/at% 

Ca/ 
e/o 

N/ 
e/o 

X:Si 

1 Ca8.57Si10O14.29N9.5 Ca9.94Si10O17.73N8.14 21.69 21.83 38.70 17.77 33.2 40.1 2.59 

2 Ca8.57Si10O11.43N11.43 Ca8.69Si10O14.56N9.43 20.36 23.43 34.11 22.09 30.3 49.3 2.40 

3 Ca8.57Si10O8.57N13.33 Ca9.74Si10O13.57N10.78 22.09 22.68 30.78 24.45 32.8 54.4 2.44 

5 Ca13.33Si10O16.67N11.11 Ca12.90Si10O20.93N7.98 24.90 19.30 40.40 15.40 39.2 36.4 2.89 

6 Ca13.33Si10O13.33N13.33 Ca11.77Si10O16.30N10.31 24.33 20.67 33.69 21.31 37.1 48.7 2.66 

7 Ca13.33Si10O10N15.11 Ca11.04Si10O13.21N11.89 23.93 21.67 28.63 25.77 35.6 58.0 2.51 

10 Ca20Si10O12N18.67 Ca13.28Si10O17.38N10.58 25.92 19.52 33.92 20.65 39.9 47.8 2.80 

11 Ca20Si10O16N16 Ca12.91Si10O20.37N8.36 25 19.37 39.45 16.19 39.3 38.1 2.87 

12 Ca9Si10O14N10 Ca9.30Si10O17.8N7.66 20.78 22.34 39.77 17.11 31.8 39.3 2.55 

13 Ca9.49Si10O17.28N8.16 Ca9.60Si10O18.53N7.40 21.09 21.96 40.70 16.25 32.5 37.5 2.59 

14 Ca10Si10O12N12 Ca10.3Si10O17.58N8.49 23.08 22.41 28.96 25.55 34.0 42.0 2.61 

15 Ca30Si10O15N23.33 Ca10.07Si10O12.92N11.40 22.69 22.53 29.11 25.68 33.4 57.0 2.43 

20 Ca8.6Si10O12.9N10.5 Ca9.31Si10O17.24N8.05 20.87 22.42 38.65 18.04 32.0 40.0 2.53 

21 Ca10.5Si10O11N13 Ca11.25Si10O16.25N10 23.68 21.05 34.21 21.05 36.0 48.0 2.63 

22 Ca5Si10O20N3.33 Ca5.29Si10O21.61N2.46 13.44 25.41 54.90 6.25 20.9 14.6 2.41 

23 Ca5Si10O17.5N5 Ca4.90Si10O20.17N3.15 12.82 26.16 52.77 8.24 19.7 19.0 2.33 

25 Ca10.8Si10O16.9N9.3 Ca10.9Si10O21.55N6.24 22.39 20.54 44.26 12.82 35.0 30.0 2.78 

30 Ca10.77Si10O13.85N11.28 Ca10.74Si10O16.08N9.76 23.06 21.47 34.52 20.95 35.0 48.0 2.58 

34 Ca8.57Si10O17.14N7.62 Ca9.3Si10O22.18N4.75 20.12 21.63 47.98 10.27 31.8 24.3 2.69 

35 Ca10.77Si10O10.77N13.33 Ca10.13Si10O15.38N9.84 22.34 22.05 33.91 21.70 33.5 49.0 2.52 

40 Ca13.33Si10O15N12.22 Ca12.32Si10O18.52N9.19 24.63 19.99 37.02 18.37 38.2 43.0 2.77 

44 Ca13.33Si10O20N8.89 Ca11.81Si10O22.06N6.50 23.45 19.85 43.80 12.91 37.1 30.7 2.86 

45 Ca16.36Si10O14.55N14.55 Ca12.33Si10O18.28N9.38 24.67 20.01 36.57 18.76 38.0 44.0 2.77 

46 Ca13.60Si10O18.59N10.06 Ca14.65Si10O23.12N7.69 26.42 18.03 41.69 13.87 42.0 33.0 3.08 

47 Ca12.98Si10O18.25N9.86 Ca13.31Si10O21.39N7.96 25.28 18.99 40.62 15.12 40.0 36.0 2.94  

48 Ca12.48Si10O18.05N9.78 Ca12.56Si10O21.58N7.32 24.41 19.43 41.94 14.22 38.5 33.7 2.89  

61 Ca14.28Si10O13.06N14.19 Ca12.71Si10O16.81N10.6 25.36 19.95 33.54 21.15 39.0 48.5 2.74 

62 Ca13.58Si10O12.78N13.9 Ca12.46Si10O16.29N10.77 25.16 20.19 32.90 21.75 38.5 50.0 2.71 

65 Ca13.04Si10O11.96N14.28 Ca11.56Si10O14.87N11.14 24.30 21.02 31.26 23.42 36.5 53.0 2.60 

71 Ca6.67Si10O18.67N5.33 Ca6.67Si10O20.8N3.91 16.12 24.17 50.27 9.45 25.0 22.0 2.47 

72 Ca6.67Si10O17.33N6.2 Ca6.67Si10O19.47N4.8 16.29 24.43 47.56 11.73 25.0 27.0 2.43 
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High elemental losses were also observed for the Sr system, in 

particular when SrD2 was used a source of Sr. Measurements of the 

nitrogen contents of the glasses by combustion analysis showed that 

about 10 to 30 e/o of the initial nitrogen, including here the nitrogen 

incorporated upon the nitridation of the modifier source by the N2 at-

mosphere, was lost upon melting, as can be seen in Fig. 5.2. Nitrogen 

loss was found to depend on the amount of nitrogen in the starting 

mixture, the melting temperature and the holding time. The losses 

were found to increase for high amounts of nitrogen in the starting 

mixture, increasing temperature and, to a smaller extent, with increas-

ing holding time. The losses may partly be due to the decomposition 

reaction proposed by Messier and Deguire[74], whereby Si departs as 

gaseous SiO. The reaction implies, however, the formation of elemen-

tal Si, whereas the glasses contain only minor amounts of elemental Si 

as evidenced by TEM investigations. 

 
Figure 5.3. Comparison of nominal and determined N contents for Ca-

Si-O-N glasses. 
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Table 5.2. Initial compositions and glass compositions for the pre-

pared glasses in the Sr-Si-O-N system: composition of starting mix-

ture, determined glass composition, Sr content in at%, Si content in 

at%, O content in at%, N content in at%, Sr content in e/o, N content 

in e/o, X:Si ratio = [O,N]/[Si]. 
Glass 
ID 

Starting composi-
tion 

Glass composi-
tion 

Sr 
/at% 

Si 
/at% 

O 
/at% 

N 
/at% 

Sr/ 
e/o 

N 
/e/o 

X:Si 

Sr1 Sr5Si10O15N6.67 Sr3.33Si10O19.92N2.27 9.38 28.15 56.08 6.39 14.5 14.6 2.22 

Sr2 Sr5Si10O12.5N8.33 Sr8.02Si10O19.29N5.82 18.60 23.19 44.73 13.50 28.6 31.1 2.51 

Sr3 Sr6.66Si10O17.33N6.22 Sr4.94Si10O20.30N3.09 12.89 26.09 52.96 8.06 19.8 18.6 2.34 

Sr4 Sr6.66Si10O16N7.11 Sr8.52Si10O19.55N5.98 19.34 22.70 44.38 13.58 29.8 31.0 2.55 

Sr5 Sr6.66Si10O13.33N8.89 Sr9.41Si10O22.21N4.80 20.27 21.54 47.85 10.34 32.0 25.0 2.70 

Sr6 Sr7.40Si10O18.08N6.21 Sr5.98Si10O18.96N4.68 15.09 25.24 47.86 11.81 23.0 27.0 2.55 

Sr7 Sr8.57Si10O17.14N7.61 Sr9.23Si10O19.50N6.48 20.42 22.12 43.13 14.33 31.6 33.3 2.60 

Sr8 Sr8.57Si10O15.71N8.57 Sr9.99Si10O22.74N4.84 21.01 21.02 47.80 10.17 33.5 24.1 2.76 

Sr9 Sr8.57Si10O14.29N9.52 Sr8.67Si10O17.67N7.33 19.85 22.90 40.46 16.79 30.3 38.4 2.50 

Sr10 Sr8.57Si10O11.43N11.43 Sr10.41Si10O18.06N8.23 22.29 21.41 38.67 17.62 34.3 40.6 2.63 

Sr11 Sr10.77Si9.75O13.5N11 Sr7.66Si10O20.27N4.93 17.87 23.33 47.30 11.50 27.6 26.3 2.52 

Sr12 Sr10.08Si10O15.38N11.28 Sr9.50Si10O18.26N7.49 20.99 22.10 40.35 16.55 32.2 38.1 2.58 

Sr13 Sr10.08Si10O12.31N12.31 Sr11.23Si10O17.19N9.36 23.50 20.93 35.98 19.59 36.0 45.0 2.66 

Sr14 Sr13.33Si10O16.67N11.11 Sr11.05Si10O19.08N7.98 22.98 20.80 39.68 16.55 35.6 38.6 2.71 

SrD-A Sr8.57Si10O14.29N9.5 Sr6.23Si10O25.85N0.31 14.71 23.61 61.18 0.50 23.75 1.82 2.62 

SrD-B Sr10Si10O14N10.67 Sr5.32Si10O24.14N0.79 13.22 24.85 59.98 1.96 21.01 4.68 2.49 

SrD-C Ca8.57Si10O11.43N11.43 Ca6.33Si10O24.21N1.42 15.09 23.83 57.70 3.38 24.04 8.09 2.56 

SrD-D Ca10Si10O10N13.33 Ca5.57Si10O22.59N1.98 13.88 24.91 56.28 4.93 21.78 11.62 2.46 

 5.3 Impurities 
Optical microscopy and SEM observations showed that the majority 

of the Ca and Sr glasses contain small amounts of spherical particles 

of Ca/Sr silicides. We hold it likely that, during the synthesis, part of 

the initial Si3N4 and SiO2 is reduced at an early stage to form silicides 

with the modifier element. At the high synthesis temperatures used, 

the silicides are molten, which accounts for their spherical particle 
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shape. The reaction mechanism for this reduction is not known, but 

possibly it involves a direct reaction between Ca metal and Si3N4 to 

produce CaxSiy + N2 or Ca2N3 + Si, with a subsequent reaction of Ca 

and Si. The Sr glasses were also found to contain impurities in the 

form of spherical particles of Sr silicides, as shown in Fig 5.4a. The 

majority of the particles showed uniform compositions and a uniform 

back scattered electron image contrast, cf. Fig. 5.4b. Some showed, 

however, a pronounced internal structure, with entrapped particles of 

Si-rich phase(s), probably Si or Si3N4, and an enrichment of Ca in the 

surrounding glass, cf. Fig. 5.4c. This may be taken as an indication 

that the silicides gradually dissolve during the synthesis. The size of 

the spherical particles ranged from less than 0.2 µm to 4 µm and more. 

The amount of silicide particles was estimated as less than 2 vol%, but 

in some samples it was as high as 5 vol%. Their amounts showed no 

clear variation with glass composition. In addition, the TEM and Ra-

man spectroscopy investigations showed that the glasses contained 

minute amounts, much less than the silicides, of elemental Si. The 

presence of silicides and elemental Si is evidently unwanted and is 

assumed to be the cause of the low glass transparency. They may fur-

thermore act as nucleation sites for crystallization of the glasses.  
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Figure 5.4. (a) Light microscope image and SEM back scattered elec-

tron images showing particles of Sr silicide (b) or Si rich particles (c) 

in an Sr-Si-O-N glass (7 in Table 5.2). 

 5.4 Transparency 
Oxynitride glasses are as a rule less transparent than ordinary oxide 

glasses, which is a main obstacle to their utilization; they are usually 

tinted dull grey at best and at worst they are opaque grey or com-

pletely non-transparent. The poor transparency is due to precipitates of 

Si and, for the present glasses, predominantly silicides. The glasses 

obtained in the Sr system were opaque black and the variation in color 

did not change much with the amount of Sr. On the other hand, 

glasses made by using SrD2 were translucent gray and more transpar-

10μm 
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ent than the glasses made by using Sr metal. The glasses made by us-

ing SrD2 were in accordance found to contain much smaller amounts 

of Sr silicides. 

However, our findings are that transparent Ca-Si-O-N glasses 

with high nitrogen contents can be achieved for certain compositions 

under specific conditions. High purity starting materials and slow 

cooling rates were found to be important for the transparency. A pho-

tograph of a transparent glass (1 in Table 5.1) with a Ca:Si ratio of 

33:67 e/o and an O:N ratio of 60:40 e/o is shown in Fig. 5.5. The sam-

ple was prepared by heating to 1650°C within 2 hours, held at this 

temperature for another two hours and then cooled to 1100°C at a 

cooling rate of approximately 1.15oC/min. For comparison, photo-

graphs of translucent and opaque glasses with the same composition, 

obtained under identical conditions except for the application of 

higher cooling rates of respectively 5 and 15°C are also shown in Fig. 

5.5. Similar routes for obtaining transparent glasses were, however, 

not successful for all compositions. Further process development is 

clearly needed in order to acquire an understanding of impurity/defect 

exclusion. 
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Figure 5.5. Photographs of glasses with composition Ca9.94Si10 

O17.73N8.14, cooled from 1650 to 1100 oC at a rate of (a) 1.15 oC/ min 

(b) 5 oC/ min (c) 15 oC/ min.  

These observations imply that impurities or micro-

heterogeneities cause the poor transparency, rather than incorporation 

of nitrogen in the glass network. The transparent glasses were used for 

measuring IR and UV absorption spectra, through the courtesy of 

Prof. U. Hålenius at the Museum of Natural Sciences in Stockholm. 

Fig. 5.6 shows the observed linear absorption coefficient of a 1.40 mm 

thick plate of a transparent Ca glass (1 in Table 5.1) from the UV to 

the IR region. The value of the absorption coefficient is less than 0.3 

cm-1 in the transparency region.  
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Figure 5.6. Linear absorption coefficient for a transparent glass with 

composition Ca9.94Si10O17.73N8.14 (a) UV/VIS and FTIR, (b) IR. 

5.5 Resistance to moisture and steam  
In an experiment, a high nitrogen content transparent Ca glass was sub-

jected to moisture condensation and steam, along with samples of win-

dow glass and quartz glass for comparison. The glass pieces were 

mounted in plastic, as shown in Fig. 5.7, and finely polished before im-

mersing in liquid nitrogen. After withdrawing the sample from the liq-

uid nitrogen, the surfaces of all three glasses were covered by a thick 

layer of frozen mist, which melted after ten minutes, leaving a few re-

maining water droplets.  The treatment had no noticeable effect on the 

surfaces of the Ca oxynitride and quartz glasses, while the surface of the 

polished window glass was less lustrous.  

The samples were also held in front of a jet of steam for a few 

minutes and then examined after 1, 5 and 10 minutes. While both the 
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window and quartz glass surface lost their shine to some extent, the Ca 

oxynitride glass surface was noticeably less affected by the treatment. 

The conclusion from the two experiments is that the high nitrogen con-

tent Ca oxynitride glass has a higher resistance to sudden change by 

moisture and steam.  

 

 

 

 

 

 

 

 

Figure 5.7. Photograph of polished surfaces of a Ca oxynitride glass, a 

quartz glass and a window glass after 5 minutes’ immersion in liquid 

nitrogen. 

 5.6 Oxidation behavior  
Their oxidation resistance limits high temperature uses of oxynitride 

glasses in air. In order to explore the oxidation behavior for the pre-

sent high-nitrogen Ca glasses, a few selected compositions were heat 

treated up to 1400oC in air in a Pt crucible. No noticeable oxidation 

was observed below 900oC. For most of the investigated glasses, se-

vere oxidation occurred at temperatures above the glass transition 

temperature. After 30 minutes at 1050oC, the surfaces became porous 

and contained bubbles from gas evolution. Similar observations were 

reported by Wusirika.[31]The presence of the bubbles led to the for-

Quartz glass 
Window glass 

Ca glass 



62 

mation of an irregular interface and was followed by the formation of 

a white oxide layer. Continued heating resulted in breaking of the 

bubbles and a thick foamy oxide coating on a hard basis of glass. An 

increase in temperature favored the formation of bubbles and in-

creased porosity of the oxidized layer, as shown in Fig. 5.8, which 

facilitates further oxygen access. For longer oxidation times, the oxi-

dized layer appears either in the form of big porous bulges or a 

smoother scale with severe cracks and pores. At high temperature, ca. 

1400oC, the platinum crucible reacted with the glass and formed plati-

num crystals on the glass surface. The SEM observations suggest that 

the glass is very soft at this temperature and is squeezed out in some 

parts of the sample to form the bulges. EDX analysis showed substan-

tial enrichment in Ca at the surfaces of the oxidized layer, having a 

Ca:Si ratio of 82:28 at%, in comparison with 50:50 at% within the 

bulk. Similar oxidation behavior was found for the Sr containing 

oxynitride glasses. 

 

 

 

 

 

 

 

 

Figure 5.8. SEM images showing the surface morphology for a Ca 

oxynitride glass (5 in Table 5.1) after oxidation in air at (a) 1100oC and 

(b) 1200oC 

a b 
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5.7 Characterization by SEM, TEM and PXRD 
All the glasses were characterized by SEM in order to assess their 

homogeneity and amounts of impurities, i.e. the silicides.  Elemental 

silicon was not observed by SEM. TEM investigations confirmed that 

the glasses were amorphous, as shown in Fig 5.9. Some of the glasses 

were found by TEM to contain very small amounts of tiny Si particles. 

The amounts are, however, much less than those of the silicides pre-

sent.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9. An HRTEM image with corresponding electron-diffraction 

pattern (inset) of a Ca oxynitride glass (6 in Table 5.1). 

Two PXRD patterns recorded under identical settings are 

shown in Fig. 5.10, one from a Sr oxynitride glass (labeled SrD-B in 

    2 nm 
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Table 5.2) and one from a crystallized Sr composition (labeled © in 

Fig. 5.2a). Fig. 5.11 shows the PXRD pattern for a ground mixture of 

99 wt% of the glass and 1 wt% of the crystallized sample. It is clear 

that an amount of 1 wt% of the crystalline phase is easily detectable in 

the powder pattern. The inability to detect the silicides, present in 

amounts up to 5 vol%, by PXRD seems to suggest that they could be 

partly amorphous or poorly crystallized. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.10. XRPD patterns of (a) a Sr oxynitride glass with composi-

tion Sr5.57Si10O22.59N1.98 and (b) a crystallized Sr oxynitride glass 

sample. The powder patterns were recorded with identical settings 

and using a variable divergence slit with 10 mm irradiated sample 

length. 
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Figure 5.11. XRPD pattern of a mixture of the phases, containing 1 

wt% of the crystallized sample.  

 5.8 Nuclear magnetic resonance 
Solid state nuclear magnetic resonance (NMR) is a powerful tech-

nique for studying local atomic environments. As this technique is 

element-specific, it allows careful investigation of the atom of interest, 

and its nearest neighbors, without any interference from other similar 

atoms. In comparison, by XRD analysis it is difficult to distinguish 

between atoms that do not differ much in atomic number. 

Relative positions of peak maxima in NMR spectra are called 

chemical shifts. Chemical shifts reflect the interaction of a nucleus 

with a magnetic field through electrons. The difference in electron 

environment of identical atoms leads to different peak positions, i.e. 

they will have different chemical shifts. Therefore, chemical shifts 

vary for atoms of different coordination number, and they also depend 

on the nature of the nearest and next-nearest neighboring atoms, even 

if surrounding species are very similar in nature; they can even be 

sensitive to the differences in interatomic bond lengths and angles. All 
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these properties make NMR a unique technique for studying local 

structure and environment. 

To date, a number of NMR investigations have been done on 

Ca-containing oxynitride glasses. The 29Si and 27Al NMR experiments 

were done to determine the coordination number of Si and Al, as well 

as the polymerization degree of the network (Qn - units) and define the 

dominating units (amount of nitrogen atoms in the tetrahedra, which 

can vary from 0 to 4). It has also been proved that increased nitrogen 

content can be easily detected, as the peak maxima shift towards more 

positive values with increasing nitrogen content.[9, 61]  

 
Figure 5.12. 29Si MAS NMR spectra of two Ca oxynitride glasses (13 

and 46 in table 5.1). The dashed line through the peak maximum of 

the sample 46 spectrum indicates a chemical shift of -62 ppm. 

Fig. 5.12 displays 29Si NMR spectra of two Ca oxynitride glass 

samples. The signal positions (-60.5 ppm and -61.7 ppm for samples 
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13 and 46, respectively, in table 5.1) indicate that in these glasses Si is 

present in tetrahedral coordination.  

The chemical shift for amorphous silica has been found to be 

-112 ppm. This value corresponds to the highest negative chemical 

shift for silica-based materials where Si is four-coordinated. As the 

silica network depolymerizes (Q1-Q3 units are formed), the chemical 

shift changes by +10 ppm for each depolymerization step. Increasing 

N content also causes a positive shift of peak maxima. 

As the Ca/Si ratio differs for these samples, the polymerization 

degree differs as well. The X:Si values suggest dominating Q2 units 

for glass ID 46 (X:Si=3.08) and mixture of Q1 and Q2 with domination 

of Q1 units for glass ID 13 (X:Si=2.59). Taking into account that 

forming one non-bridging atom results in a +10 ppm shift and one 

incorporated nitrogen atom produces +9 ppm shift [100], it was as-

sumed that the peak in the glass ID 46 spectrum can be assigned to 

dominating SiON3 species of Q2 units. The glass sample 13 was con-

cluded to be dominated by Q1 units. Its peak maximum position can 

be assigned to Q2 units of SiO3N together with Q1 units of SiO2N2 . 

The spectrum from glass sample 13 is visibly broader than the glass 

sample 46 peak, a result of contributions from all the possible species 

of Q2 and Q1 units. 

It is to be noted that it is hard to make any precise conclusions 

without a deconvolution analysis of the spectra. As the obtained spec-

tra are relatively broad, there is without doubt a distribution of several 

species, and it is only possible to speculate which species are dominat-

ing. 
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5.9 Raman spectroscopy 
Raman spectra were collected in the frequency range 200–2000 cm-1 

for the Ca and Sr glasses, as well for a selection of previously pre-

pared La-Si-O-N glasses.[38] The data are presently being evaluated, 

and only some general initial observations will be given here. The 

spectra show that the glasses in all systems contain elemental Si, 

which gives a sharp peak at 522 cm-1. The intensity of the Si peaks 

decreases, however, with increasing N content and no Si peaks are 

observed for Ca and Sr glasses with N contents above ca. 30 e/o. The 

spectra show a high background of fluorescence, which increases with 

increasing N content, implying that the recorded spectra have in gen-

eral a poorer quality for high N content glasses. The evolvement of 

peaks with increasing N content was found to be very similar for the 

Ca and Sr glasses, as well as for the La glasses, both with respect to 

frequency and the N contents at which the bands appear and are pre-

sent. Only minor frequency shifts were thus observed for glasses with 

similar N contents but different modifier contents, or, equivalently, 

different X:Si ratios. This seems to indicate that there is no strong in-

fluence on the vibrational frequencies of the modifiers, and that the 

frequencies are predominantly governed by the presence of different Q 

units and Si(O,N)4 tetrahedra.  
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Figure 5.13. Background-subtracted segments of Raman spectra for, 

from bottom up, Sr-Si-O-N glasses number 1, 4 and 14 in Table 5.2, 

with N contents of 14.6, 31.0 and 38.6 e/o respectively. The intensities 

of the spectra and the segments within each spectrum are scaled indi-

vidually.        

In Fig. 5.13. Raman spectra are shown for three Sr glasses with 

N contents of 14.6, 31.0, and 38.6 e/o. As the N content increases, 

peaks assignable to Si-O vibrations[101] in the region 800–1100 cm-1 

disappear already at comparatively low N contents, and a series of 

bands progressively appear at 650–800 cm-1. This indicates that the 

vibrational frequencies of the Si(O,N)4 tetrahedra shift to lower values 

as N replaces O in the tetrahedra. 
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Figure 5.14. Observed Raman peaks as a function of wave number in 

cm-1 for Sr-Si-O-N glasses. The numbers show corresponding nitrogen 

contents in e/o relative to the total anion content and the X:Si ratio. 

The evolvement of observed Raman peaks with increasing N 

content for the Sr-Si-O-N glasses is shown in Fig. 5.14. In the region 

650–1100 cm-1 there are nine bands: four bands for low N contents, at 

1010 and 1070 cm-1 for 10% N, 940 cm-1 for ≤ 22% N and 980 cm-1 

up to 29%, three bands for intermediate N contents, 870–890 cm-1 for 

19–35% N, 830 cm-1 for 22–35% N, and 725 cm-1 for 22–35% N, and 

two bands at high N contents, 790 cm-1 for ≥ 29% N and 670 cm-1 for 

≥ 30% N. In addition there are four bands in the region 1100–1900 

cm-1. 

The data seem to indicate that the main features of the spectra 

are governed only by the nitrogen content and not by the modifier, 

modifier content, or X:Si ratio. If this is the case, and if it would be 
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possible to assign the peaks to specific Si(O,N)4 tetrahedra and Q 

units, this could lead to a significant advance in quantitative under-

standing of the networks of the glasses. 

5.10 Single crystal structure determination of 
Ca2.88Si2N1.77O4.23 

Crystals of a cubic oxynitrido-silicate phase with composition 

Ca2.88Si2N1.77O4.23 (41.9 e/o Ca, 38.6 e/o N) were obtained by slow 

cooling of a melt with nominal composition Ca1.71Si2O1.71N2.67 from 

1700°C by 1°C/min in the graphite furnace. Single crystal X-ray data 

were collected using an Xcalibur3 diffractometer equipped with a CCD 

camera and MoKα radiation. The structure was solved in the space 

group 3Pa  by direct methods and refined using the SHELX pro-

gram.[102] Crystal and refinement data are given in Table 5.3 and 

atomic coordinates in Fig. 5.4. A reconstructed (unwarp) image of the 

hk0 layer of the reciprocal space is shown in Fig. 5.15. 

 

Table 5.3. Crystal and refinement data for Ca2.88Si2N1.77O4.23. 

 For
mula 

Ca2.88Si2N1.77O4.23 

Space group 3Pa  (205) 
a / Å 15.0626(1) 
V / Å3 3417.45(8) 
Z 24 
Density / g⋅cm-3 3.067 
μ / mm-3 3.17 
Rint, Nmeas 0.022, 19496 
Nunique, Nobs 993, 945 
R1, wR2 (all) 0.037, 0.092 
Crystal shape Irregular 

 0.10×0.06×0.02 mm 



72 

 

The structure contains isolated 12-rings with compositions 

Si12(O,N)36, as illustrated in Fig. 5.16. Similar rings are found in the 

isotypic structures of K4SrGe3O9 and Na3CaSi3O9.[103] The arrange-

ment of the 12-rings in the unit cell is illustrated in Fig. 5.17.  

 

Table 5.4. Atomic coordinates, equivalent thermal displacement pa-

rameters and site occupancy factors (s.o.f.s) for Ca2.88Si2N1.77O4.23. 
Atom site x y z Ueq/Å2 s.o.f. 

Si1 24d  0.00523(6) 0.27222(6) 0.76314(6) 0.0062(2) 1 

Si2 24d  0.01664(6) 0.24359(6) 0.98434(6) 0.0054(2) 1 

N1/O1 24d  0.0187(2) 0.37784(19) 0.7269(2) 0.0181(7) 0.88/0.12

N2/O2 24d  0.0088(2) 0.2655(2) 0.87432(19) 0.0195(7) 0.88/0.12

O3 24d  0.09049(16) 0.21499(15) 0.72532(16) 0.0124(5) 1 

O4 24d -0.09058(17) 0.23599(16) 0.72954(17) 0.0155(6) 1 

O5 24d -0.01857(17) 0.33800(17) 1.02722(16) 0.0143(5) 1 

O6 24d -0.04416(17) 0.15760(17) 1.01043(16) 0.0148(6) 1 

Ca1 24d -0.12889(5) 0.37111(5) 1.12889(5) 0.0102(3) 1 

Ca2 24d -0.11371(5) 0.38336(5) 0.90384(5) 0.0115(2) 1 

Ca3 8c  0.13955(5) 0.13065(5) 0.85414(5) 0.0159(2) 1 

Ca4 8c  0.2432(3) 0.2568(3) 0.7432(3) 0.010(2) 0.177(5) 

Ca5 8c  0.15708(8) 0.34292(8) 0.65708(8) 0.0194(6) 0.789(6) 

Ca6 8c  0.0803(9) 0.4197(9) 0.5803(9) 0.184(7) 0.301(9) 

Ca7 4a  0.0000 0.5000 0.5000 0.0208(9) 0.781(9) 

 

Attempts to refine the N/O ratios on the anion sites failed us-

ing the single crystal X-ray diffraction data, as expected from the very 

similar atom form factors for O and N. In order to locate the N atoms, 

neutron powder diffraction data were collected with the GEM diffrac-

tometer at ISIS, Rutherford-Appleton laboratory, England. The powder 
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sample used contained in addition to the cubic phase also minor 

amounts of Ca2SiO4 (larnite), Si, CaSi2O2N2, and, unfortunately, an 

unidentified phase, resulting in refinements with χ2 values around 10. 

Refinements using the structure model derived from X-ray data yielded, 

for 2607 reflections with d < 1 Å, χ2 = 13.9 and RI = 4.9 % for a ran-

dom distribution of N and O and χ2 = 8.7 and RI = 4.3 % for N only on 

the bridging sites. The neutron data gives thus strong evidence for that 

the N atoms only reside on the bridging sites. The observed mean dis-

tances from Si to the apex and bridging atoms are respectively 1.640 

and 1.689 Å. 

 
Figure 5.15. Reconstructed image of hk0 reflections. 

The Ca atoms are located in voids in the arrangement of 

packed 12-rings. Several Ca sites, three 8c sites on the space diagonals 

in the unit cell and one 4a site at the origin, are found to be partially 

occupied. Occupancies for these 8c sites were derived by assuming that 
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they have maximal occupancies, restricted by that some adjacent sites 

are to close to each other to be simultaneously occupied, and varying 

the occupancies so as minimize the RF value. Similar, but different, 

partially occupied sites are also present in the structures of K4SrGe3O9 

and Na3CaSi3O9. The Ca2.88Si2N1.77O4.23 compound may thus be a 

member of a solid solution Ca3-xSi2N2-2xO4+2x, with one ideal member 

being Ca3Si2N2O4. The structure of Ca2.88Si2N1.77O4.23 is also similar to 

that of Ca3Al2O6, which also crystallizes in space group 3Pa  with a = 

15.263(3) Å.[104] The structure of Ca3Al2O6 contains, however, 

Al6O18 6-rings and no 12-rings. 

 
Figure 5.16. The 12-ring Si12(O,N)36 nitridosilicate anion in the struc-

ture of Ca2.88Si2N1.77O4.23. Apex anions (red) are O2- and bridging 

anions (blue) are predominantly N3-.  

An illustration of the tetrahedral network and Ca positions in 

the Ca2.88Si2N1.77O4.23 structure is shown in Fig. 5.18 along [100]. The 

structure, as well as the one of Ca3Al2O6, is related to the perovskite 

type structure, with similar positions of the Ca and Si atoms as those for 
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A and B atoms in a ABO3 perovskite. Strong reflections are thus pre-

sent for a sub-cell with asub = a/4 = 3.766 Å ≈ aper.  

 
 

Figure 5.17. Illustration along [111] of the packing of Si12(O,N)36 ani-

ons in the structure of Ca2.88Si2N1.77O4.23. Only the 6 “central” silicon 

atoms of the 12-ring anions have been connected to form hexagonal 

rings. 

The cubic phase was found to be a major phase present for 

many preparations that did not yield glasses but partially crystallized 

samples. This suggests that the glasses and the cubic phase may have 

structural similarities, i.e. that the glasses may contain rings and high 

proportions of N[2] and O[1].  
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Figure 5.18. Illustration along [100] of the structure of 

Ca2.88Si2N1.77O4.23. 

5.11 Conclusions 
As mentioned in the introduction, the main aim of this work has been 

to define the glass forming regions in the AE-Si-O-N systems (AE = 

Ca, Sr). The results demonstrate that glasses can be obtained in rea-

sonable quantities over a wide composition range in both systems. A 

large glass forming region has been found for the Ca-Si-O-N system, 

with glasses containing up to 58 e/o nitrogen and 42 e/o calcium. 

Samples with Ca and N contents higher than 50 and 60 e/o, respec-

tively, were found to be partially crystallized. In comparison with the 

Ca glasses, a more narrow glass forming region was found for the cor-

responding Sr system, with glasses containing up to 45 e/o nitrogen 

and 39 e/o strontium. Samples with Sr and N contents higher than 45 

and 50 e/o, respectively, were partially crystallized.  
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The use of hydrides or pure metals as modifiers, instead of re-

spective oxides, has the advantage that these hydrides/metals effec-

tively functions as nitrogen sources by reacting with the nitrogen at-

mosphere and thus facilitate the preparation of nitrogen rich composi-

tions. During heating, exothermic reactions were observed at tempera-

tures of 650–1000oC, providing improved reaction kinetics upon 

further heating.  

The elemental analysis of the glasses showed that considerable 

shifts in composition had occurred during the heat treatment. Nitrogen 

loss was found to be dominant, about 10–30 e/o, along with loss of Si 

and smaller amounts of the modifier elements (Ca/Sr). The losses of 

the modifiers were more prominent for starting compositions with 

higher amounts of modifiers. The element losses increased with in-

creasing temperature, which might be due to decomposition of the 

melt at the comparatively high preparation temperatures. The tempera-

ture at which a melt formed was found to increase with increasing 

amount of Si3N4 and to decrease with increasing modifier content. The 

time for melt formation was also found to decrease with increasing 

modifier content. 

The obtained glasses were homogeneous, with colors varying 

from translucent gray to opaque black. The coloration of the glasses 

depends on the modifier, with glasses in the Sr system being darker 

(except those obtained by using SrD2) than the Ca glasses. They were 

found to contain impurities in the form of 0.1 µm to 2 µm large 

spherical particles of Ca/Sr silicides, together with much smaller 

amounts of elemental Si; we think it is probable that these have pri-

marily formed by decomposition of silicon nitride during heating. The 
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amounts of these impurities were found to be typically around 1–2 

vol% and less than 5 vol% for all prepared glasses. Their presence is 

evidently unwanted, and is assumed to be the cause of the low glass 

transparency. They may furthermore act as nucleation sites for crystal-

lization of the glasses. However, transparent glasses were obtained in 

the Ca system for compositions near Ca9.94Si10O17.73N8.14, by using 

starting materials of high purity and slow cooling rates. 

Oxynitride glasses oxidize rapidly in air at high temperatures. 

Severe oxidation occurs at temperatures above the glass transition 

temperature, giving rise to a porous oxide scale, due to the evolution 

of gases at the internal surface. EDX analysis indicates enrichment of 

modifier elements at the surface of the oxide layer. 
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6. Physical properties of Ca-Si-O-N and 

Sr-Si-O-N glasses 

Glass properties were measured to determine their dependence on 

composition, i.e. nitrogen content and content and type of modifier. 

The results show quite a broad range of trends over a large range of 

compositions. The influence of the modifiers and nitrogen content of 

the obtained glasses on the properties of density, glass transition and 

crystallization temperatures, hardness, refractive index, Young’s 

modulus, shear modulus, Poisson’s ratio and viscosity are described in 

this chapter.  

6. 1 Density and molar volume 
Measured physical properties of the Ca and Sr silicon oxynitride 

glasses are given in Tables 6.1 and 6.2 respectively. The separate ef-

fects of the modifier and N contents on physical properties are diffi-

cult to ascertain because of the strong correlation of the modifier and 

N contents. For visualization of the variations in physical properties 

they may be illustrated in three-dimensional plots[28],as in Fig. 6.1 

for Sr-Si-O-N glasses.  
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Figure 6.1. Three-D graphs for properties of Sr-Si-O-N glasses; (a) 

X:Si ratio, (b) density, (c), glass transition temperature, (d) glass crys-

tallization temperature, (e) hardness, (f) refractive index. (Taken from 

reference 28).  

Density is the most frequently measured property of glass, and 

density determinations too numerous to mention have been recorded 

for individual glasses prior to further characterizations. Addition of 

nitrogen leads to an increase in density and compactness (C) for the 

Ca and Sr silicon oxynitride glasses, and to a decrease in molar vol-
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ume (MV), which can be attributed to formation of a significant frac-

tion of three-coordinated N in the glass networks. An increase in den-

sity with increasing nitrogen content is also observed for rare earth 

oxynitride glasses.[37, 38, 105] However, the observed density in-

crease can not be explained solely by increasing nitrogen content, be-

cause glass modifier cations also contribute significantly to the den-

sity, as can be seen by the fact that the Sr glasses, with Sr having a 

large atomic weight than Ca, have higher densities than the Ca 

glasses, as shown in Fig. 6.2a. The density as a function of Sr content 

for Sr-Si-O-N glasses is shown in Fig. 6.2b. 

 

 

 

 

 

 

 

Figure 6.2. (a) Glass density as a function of N content for the Ca and 

Sr silicon oxynitride glasses. (b) Glass density as a function of Sr con-

tent for Sr-Si-O-N glasses. 

The compositional dependencies on density for the Ca-Si-O-N 

glasses can here be compared with those of Sr-Si-O-N glasses. Linear 

regression yielded ρ = 2.61(1) + 0.006(2)⋅[N]+ 0.007(4)⋅[Ca] g/cm3 

for the Ca glasses, with Ca and N concentrations in e/o, and ρ = 

2.34(8) + 0.008(3)⋅[N] + 0.039(4)⋅[Sr] g/cm3 for Sr glasses. The data 

indicate that the dependence of ρ on the nitrogen content is similar for 

the Ca and Sr glasses, but for the Sr glasses the density variation de-

a b 
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pends primarily on the Sr content. A fit of the data to a linear depend-

ence of MV on both N and modifier cations content yielded MV = 

7.80(3) – 0.012(4)⋅[N] + 0.011(8)⋅[Ca] for the Ca glasses and MV = 

8.66(2) – 0.011(7)⋅[N] + 0.010(9)⋅[Sr] for the Sr glasses. The data thus 

indicate that increasing N content diminishes the MV and increasing 

modifier cation content increases it. 

 

Table 6.1. Physical properties of Ca-Si-O-N glasses: glass composi-

tion, density (ρ), molar volume (MV), compactness (C), glass transi-

tion temperature (Tg), glass crystallization temperature (Tc), Vickers 

hardness (Hv), refractive index (n). Numbers in parentheses are esti-

mated standard deviations.  
Glass  
ID 

Glass composition ρ/gm⋅cm-3 MV/cm3⋅mol-1 C Tg/oC  Tc/oC  Hv 
/GPa   

n 

1 Ca9.94Si10O17.73N8.14 3.02 7.79 0.575 948 1054 7.6(3) 1.72 

2 Ca8.69Si10O14.56N9.43 3.05 7.64 0.588 990 1150 9.6(2) 1.83 

3 Ca9.74Si10O13.57N10.78 3.12 7.56 0.599 1008 1178 9.9(5) 1.92 

5 Ca12.90Si10O20.93N7.98 3.02 7.96 0.565 912 1040 7.7(5) 1.74 

6 Ca11.77Si10O16.30N10.31 3.09 7.75 0.584 967 1050 8.9(3) 1.85 

7 Ca11.04Si10O13.21N11.89 3.24 7.37 0.618 1010 1170 9.6(2) 1.95 

10 Ca13.28Si10O17.38N10.58 2.94 8.13 0.559 955 1120 8.6(3) 1.76 

11 Ca12.91Si10O20.37N8.36 3.11 7.73 0.582 935 1045 7.7(4) 1.75 

15 Ca10.07Si10O12.92N11.40 3.25 7.29 0.622 1050a - 10.1(2) 1.94 

22 Ca5.29Si10O21.61N2.46 2.80 7.92 0.546 798 930 7.3(5) 1.62 

23 Ca4.90Si10O20.17N3.15 2.81 7.86 0.551 830 970 7.5(4) 1.65 

34 Ca9.3Si10O22.18N4.75 3.02 7.70 0.573 858 1020 7.4(5) 1.70 

44 Ca11.81Si10O22.06N6.50 3.13 7.60 0.588 887 1075 7.7(3) 1.74 

46 Ca14.65Si10O23.12N7.69 3.09 7.85 0.573 - - 7.9(3) 1.75 

72 Ca6.67Si10O19.47N4.8 2.90 7.81 0.562 - - 7.5(4) 1.69 

 
          a value not included in Fig. 6.4b 
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6.2 Glass transition and crystallization temperature 
The glass transition, Tg, depends on the chemical composition of a 

glass. For silicate glasses a high Tg is associated with a high strength 

of chemical bonding and a high polymerization degree of the network. 

Glass transition temperatures, Tg, and crystallization temperatures, Tc, 

for selected Ca-Si and Sr-Si oxynitride glasses with different amounts 

of modifiers and N contents are given in Tables 6.1 and 6.2, respec-

tively. A DTA recording for an Sr10.41Si10O18.06N8.23 glass sample (10 

in Table 6.2) is shown in Fig. 6.3. The glass transition temperatures 

range from 790oC to 1050oC, and the crystallization temperatures 

from 870oC to 1220oC, as seen in tables 6.1 and 6.2 for Ca and Sr con-

taining glasses. The average temperature difference between Tg and Tc 

is approximately 130oC.  

Fig. 6.4a and 6.4b show that there is a significant increase in 

Tg and Tc with increasing nitrogen content. Since an increase in nitro-

gen content by all accounts increases the cross-linking of the glass 

network, the glass transition temperature is expected to increase as the 

nitrogen content of the glass increases. An increase in the glass transi-

tion temperature with increasing nitrogen content has also been found 

for other oxynitride glasses.[4, 5, 23, 37, 38, 49] A fit of the data to a 

linear dependence of Tg on both N and Ca contents yielded Tg = 

738(17) + 4.9(3)⋅[N] – 0.1(6)⋅[Ca]. The data thus indicate that the Ca 

content has far less effect on Tg than the N content. However, glasses 

7 and 15 in Table 6.1 have quite similar nitrogen contents, 58 and 57 

e/o, but different Ca contents, 35.6 and 33.4 e/o, respectively, and 

show a significant difference in Tg, i.e. 1010oC for glass 7 and 1050oC 

for glass 10. The dependence on the Ca content is, however, compara-
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tively more difficult to ascertain because the variation in Ca content is 

smaller than the variation in N content. 

 
Figure 6.3.  DTA recording for an Sr-Si-O-N glass with composition 

Sr10.41Si10O18.06N8.23 (10  in Table 6.2). 

For the Sr glasses, regression analyses yielded Tg = 739(26) + 

7(1)⋅[N] – 2(1)⋅[Sr] °C and Tc = 851(27) + 9(1)⋅[N]– 3(1)⋅[Sr] °C. 

These results also indicate that Tg, as well as Tc, depends primarily on 

the N content, and that there is also a small negative dependence on 

the Sr content. For example, it can be seen clearly from Table 6.2 that 

glasses 9, 12 and 11 have quite similar nitrogen contents, but different 

Sr contents, 30.3, 32.2 and 35.6 e/o respectively, and show a trend of 

decreasing values of Tg with increasing Sr content. The observed gen-

eral increase in Tg with N content and cation field strength for oxyni-

tride silicate glasses has been attributed to increased cross-linking in 

the glass network by three-coordinated nitrogen; and for high CFS the 
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effective force attracting anions increases – consequently the glass 

network becomes more compact, resulting in increasing Tg. 

 

 

 

 

 

 

 

Figure 6.4. (a) Glass transition temperature (Tg) as a function of N 

content for Ca-Si-O-N and Sr-Si-O-N glasses, (b) Glass crystallization 

temperature (Tc) as a function of N content for Ca-Si-O-N and Sr-Si-

O-N glasses.  

6.3 Hardness 
Micro hardness data are given in Tables 6.1 and 6.2 and plotted versus 

N content in Fig. 6.5a and Fig. 6.5b for the Ca and the Sr glasses, re-

spectively. The micro hardness shows a variation between 7.30 and 

10.50 GPa. A linear regression fit yielded Hv = 5.8(4) + 0.066(9)⋅[N], 

with R2 = 0.80 for the Ca containing glasses and Hv = 6.8(4) + 

0.08(1)⋅[N], with R2 = 0.75 for Sr glasses. The data in both systems 

indicate, however, that there is also a dependence on the modifier con-

tent. A linear regression fit on both N and Ca content yielded Hv = 

7.0(5) + 0.08(1)⋅[N] - 0.05(2)⋅[Ca], an improved fit with R2 = 0.89.   

 

 

 

a b 
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Figure 6.5.(a) Glass hardness as a function of N content for Ca-Si-O-

N glasses, (b) Glass hardness as a function of N content for Sr-Si-O-N 

glasses.  

A linear regression fit on both N and Sr content yielded Hv = 

6.7(4) + 0.09(1)⋅[N] - 0.02(2)⋅[Sr] with R2 = 0.75. It can thus be con-

cluded that Hv increases linearly with N content and decreases line-

arly, slightly less markedly, with modifier element content. The de-

creases in the micro hardness values with increasing modifier content 

are presumably caused by the connectivity of the structure concur-

rently decreasing. The increase in micro hardness with increasing N 

content implies that the incorporation of nitrogen into the glass net-

work strengthens the glass structure. This has been attributed to the 

presence of three-coordinated nitrogen. However, an increase in hard-

ness with nitrogen content was observed also for high-nitrogen con-

tent La-Si-O-N[27] glasses with high X:Si ratios, thus implying very 

fragmented networks, suggesting that there might be other causes for 

the observed increase in hardness.  

 

 

 

b a 
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Table 6.2. Physical properties of Sr-Si-O-N glasses: glass composi-

tion, density (ρ), molar volume (MV), compactness (C), glass transi-

tion temperature (Tg), glass crystallization temperature (Tc), Vickers 

hardness (Hv), refractive index (n). Numbers in parentheses are esti-

mated standard deviations. 
Glass 
ID 

Glass composition ρ /g-cm-3 MV/cm3-
mol-1 

C Tg /oC Tc /oC Hv/GPa n 

Sr1 Sr3.33Si10O19.92N2.27 2.99 8.69 0.524 790 920 8.1(4) - 

Sr2 Sr8.02Si10O19.29N5.82 3.80 8.38 0.576 940 1080 9.3(2) 1.68 

Sr3 Sr4.94Si10O20.30N3.09 3.23 8.74 0.532 - - 8.2(4) - 

Sr4 Sr8.52Si10O19.55N5.98 3.72 8.67 0.557 920 1105 9.1(2) 1.66 

Sr5 Sr9.41Si10O22.21N4.80 3.69 8.92 0.543 875 970 8.5(2) 1.73 

Sr6 Sr5.98Si10O18.96N4.68 3.51 8.44 0.560 - - - - 

Sr7 Sr9.23Si10O19.50N6.48 3.86 8.55 0.570 915 1060 9.9(5) 1.68 

Sr8 Sr9.99Si10O22.74N4.84 3.90 8.56 0.568 845 970 8.2(3) 1.74 

Sr9 Sr8.67Si10O17.67N7.33 3.83 8.53 0.572 973 1120 10.1(6) 1.77 

Sr10 Sr10.41Si10O18.06N8.23 4.01 8.53 0.579 960 1106 9.5(5) 1.88 

Sr11 Sr7.66Si10O20.27N4.93 3.59 8.74 0.548 883 1020 8.7(3) 1.65 

Sr12 Sr9.50Si10O18.26N7.49 3.90 8.56 0.573 970 1100 9.4(3) 1.76 

Sr13 Sr11.23Si10O17.19N9.36 4.00 8.74 0.570 965 1124 9.9(4) 1.93 

Sr14 Sr11.05Si10O19.08N7.98 4.07 8.51 0.582 930 1100 10.5(6) 1.87 

6.4 Refractive index 
The variation of refractive index over the whole nitrogen composition 

range in the Ca-Si-O-N system is listed in Table 6.1 and shown in Fig. 

6.6a .The refractive index at 640 nm varies from 1.62 for 15 e/o N to 

1.95 for 58 e/o N. A linear regression fit yielded n = 1.54(4) + 

0.008(1)⋅[N]-0.002 (2)⋅[Ca], with R2 = 0.87. The present data do not 

thus show any significant dependence on Ca content, while 
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Shelby[106] found a trend toward increasing refractive index with 

increasing CaO content for calcium aluminosilicate oxide glasses. 

The refractive index of Sr-Si-O-N glasses varies from a low of 

1.65 to a high of 1.93 and shows a general increase with increasing 

content of strontium. The regression analysis yielded n = 0.88(5) + 

0.006(1)⋅[N] + 0.022(2)⋅[Sr] with R2 = 0.93. The refractive index is 

thus found to increase predominantly with the Sr content, but also 

with N content. The refractive index as a function of Sr content is 

shown in Fig. 6.6b.   

 

 

 

 

 

 

 

Figure 6.6. (a) Refractive index as a function of N content for Ca-Si-

O-N glasses, (b) Refractive index as a function of Sr content for Sr-Si-

O-N glasses.  

6.5 Viscosity 
The incorporation of nitrogen in the silicate glass network has a sig-

nificant influence on the viscosity. The viscosity of glasses strongly 

depends on the number of non-bridging anions (NBA).[107] In oxyni-

tride glasses, most of the nitrogen forms bridging bonds[108], causing 

an increase of the viscosity. Fig. 6.7 shows the variation of viscosity 

with temperature for three Ca-Si-O-N glasses, having nitrogen con-

a b 
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tents of 30, 36 and 58 e/o. Clearly, the incorporation of nitrogen in-

creases the glass viscosity, and glass 7, with a N content of 58 e/o, 

shows the highest viscosity. 

 

 
Figure 6.7. Viscosity as a function of temperature for three Ca-Si-O-N 

glasses. 

6.6 Elastic properties 
 The elastic moduli for a glass depend on the strength of the inter-

atomic bonds as well as the packing state of the atoms. The increase in 

elastic moduli by incorporation of N is also attributable to a closer 

packing of atoms and to the strong covalent nature of the Si-N 

bond.[37] Results of measurements of the elastic properties: Young’s 

modulus (E), shear modulus (rigidity modulus) (G), and Poisson’s 

ratio (ν), of five Ca glasses and three Sr glasses, all with high amounts 

of modifier and N, are given in Table 6.3.  
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Table 6.3. Elastic moduli for AE-Si-O-N (AE = Ca, Sr) glasses: N 
content in e/o, AE content in e/o, Young’s modulus, shear modulus, 
Poisson’s ratio. 
Glass 

ID 
Glass composition N /e/o AE/ e/o Young’s 

modulus / GPa 
Shear modulus / 

GPa 
Poisson’s ratio 

1 Ca9.94Si10O17.73N8.14 40.1 33.2 121 49.00 0.22 

5 Ca12.90Si10O20.93N7.98 36.4 39.2 110 43.40 0.30 

6 Ca11.77Si10O16.30N10.31 48.7 37.1 130 48.12 0.32 

7 Ca11.04Si10O13.21N11.89 58.0 35.6 151 53.22 0.36 

CG-3 Ca12.26Si10O19N8.84 42.0 38.0 122 47.02 0.31 

SG Sr12.73Si10O20.08N8.44 39.0 39.0 105 39.14 0.32 

Sr12 Sr9.50Si10O18.26N7.49 38.1 32.2 103 40.73 0.25 

Sr-D Ca5.57Si10O22.59N1.98 11.1 26.6 83 33.60 0.22 

 

 Fig. 6.8a and 6.8b show, respectively, the elastic modulus and 

shear modulus versus nitrogen content for the Ca glasses. The elastic 

property values are seen to increase almost linearly with increasing 

nitrogen content. It is furthermore found that the values decrease simi-

larly with increasing modifier content. 

 

 

 

 

 

 

 

Figure 6.8. (a) Young’s modulus and ( b) shear modulus as a function 

of nitrogen content for Ca-Si-O-N glasses. 

a b a b 
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6.7 Conclusions 
The present data indicate that the density ρ depends on both N and 

modifier ions contents. The increase of ρ with N content is in agree-

ment with the findings of Sakka[50] and Hanada[35] for respectively 

Ca-Al-Si-O-N and Ca-Si-O-N glasses. They found that the depend-

ence on Ca contents was less apparent. For calcium silicate oxide 

glasses, however, Schwartz[109] found a smaller increase in ρ with 

increasing Ca content. For the Sr containing glasses, the effect of Sr 

content on density is obvious, and ρ increases almost linearly with 

increasing Sr content. An increase of density with increasing Sr con-

tent is also found for Sr silicate oxide glasses.[110] The densities of 

the Sr glasses are higher than those of the Ca glasses with similar 

compositions. Patstuzak[48] compared densities for AE-Si-Al-O-N 

glasses with AE = Mg, Ca and Ba and verified that the density in-

creases with increasing atomic number of AE. 

The glass transition temperatures (Tg) and crystallization tem-

peratures (Tc) in both the Ca and Sr systems depend on the amount of 

nitrogen in the glass network, and an almost linear increase is ob-

served with increasing nitrogen content. The regression analysis indi-

cates that there is also a small negative dependence on the modifier 

ions. For similar compositions, the Sr glasses show somewhat higher 

values for Tg and Tc than the Ca glasses. However, since the glasses in 

the two systems do not have identical composition, a fair comparison 

is not possible. We have not been able to find any reports of glass 

transition temperatures for Mg-Si-O-N, Ba-Si-O-N and Sr-Si-(Al)-O-

N glasses. 
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Only a small number of studies have been carried out on Ca-

Si-Al-O-N[25, 30, 50] glasses. The hardness of these, with N contents 

below 20 e/o, has been found to vary roughly between 6 and 8.8 GPa. 

The present results are in overall agreement with those of the previous 

studies, the hardness of the Ca glasses increasing with N content up to 

ca. 10.1 GPa for 58 e/o N. The Sr glasses have hardness values that 

vary from 8.1 GPa for 14.6 e/o N to 10.5 GPa for 38.6 e/o N. The 

slightly higher hardness values of the Sr glasses are due to the use of a 

smaller indent load (300g) than the load used for the Ca glasses 

(500g). In general, the micro hardness of AE-Si-Al-O-N glasses[49] 

(AE = Mg, Ca, Ba) decreases with increasing atomic number of the 

AE element. 

For Ca-Al-Si-O-N glasses[25] with N contents below 20 e/o 

the refractive index varies from 1.55 to 1.68 and increases with in-

creasing N content. For the present Ca-Si-O-N glasses, n varies be-

tween 1.62 and 1.95 and increases linearly with N content. No signifi-

cant dependence on Ca content is found, although this is compara-

tively more difficult to ascertain, partly due to the fact that the varia-

tion in Ca content is smaller than the variation in the N content. For 

the Sr glasses the n values are found to increase with both Sr and N 

contents, but the effect of the Sr content is stronger than the effect of 

the N content. The variations in refractive index with modifier content 

can probably be attributed to the differences in polarizability of the 

modifier ions, rather than to significant changes in glass structure. 

The determined viscosities of the Ca-Si-O-N glasses show that 

viscosity increases with increasing nitrogen content. This may be at-

tributed to the fact that the nitrogen atoms form bridging bonds, either 
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as N[2] or N[3]. An increase in viscosity with increasing nitrogen con-

tent was also reported by Hampshire et al. for Mg-Si-Al-O-N and Ca-

Si-Al-O-N glasses.[14] The values of elastic properties such as the 

Young’s modulus E, shear modulus G and Poisson’s ratio ν, increase 

with increasing nitrogen content for the Ca and Sr glasses and de-

crease, within the experimental error, linearly with the modifier con-

tents. In previous studies of Ca-Si-O-N[35] and Ca-Si-Al-O-N[111] 

glasses, Young’s modulus values of 132 GPa, for a glass with 35 e/o 

N, and 106 GPa, for a glass with a N content below 10 e/o have been 

obtained. In both studies a linear increase of Young’s modulus with 

increasing nitrogen content was observed. The present results are in 

overall agreement with those of the previous studies, the elastic prop-

erties of the present glasses increasing with N content up to an E value 

of 151 GPa, a G value of 53.22 GPa and a ν value of 0.36, for a Ca 

glass with 58 e/o N.  The Poisson’s ratio value of 0.36 is very high for 

a glass and comparable to values found for metallic glasses (ν≈ 0.4). 

In comparison with the Ca glasses, the Sr glasses show lower values 

of E, G and ν. There are no reports of elastic properties for Mg-Si-O-

N or Ba-Si-O-N glasses. The present data indicate that the elastic 

property values decrease with decreasing cation field strength of the 

AE element. 
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7. Mixed modifier Ca-AE (AE = Mg, 

Sr, Ba) glasses 

This chapter addresses factors that affect physical properties of oxyni-

tride glasses with mixed AE (Ca-Mg, Ca-Sr, Ca-Ba) modifiers, and 

the substitution limits for Mg, Sr, and Ba in a high nitrogen content 

Ca-Si-O-N glass. The compositional dependencies of the properties: 

density, glass transition and crystallization temperatures, micro hard-

ness and refractive index have been investigated. Very few previous 

studies have been devoted to oxynitride glasses with mixed modifier 

cations, and these have been directed at the effects of nitrogen substi-

tution for oxygen rather than the effect of mixed cation modifier ra-

tios.[64, 68] An exception is the study by Pomeroy et al.[65],who 

reported on the properties of mixed modifier rare-earth silicon alumi-

num oxynitride system glasses with constant ratios of Si, Al, O, and 

N. No investigations have, to our knowledge, previously been carried 

out on mixed modifier AE-Si-(Al)-O-N glasses. The properties of the 

present glasses are found to vary with the effective field strength of 

the cations, given by their valences and ionic radii. The starting com-

position for the pure Ca glass was chosen as nominally Ca13.33Si10 

O16.67N11.11 (40 e/o Ca, 50 e/o N, denoted Ca in Table 7.1). In a series 

of experiments, substitution limits were first determined, and four 

glasses were then prepared for each element AE = Mg, Sr, Ba, with 

different modifier compositions AExCa1-x and nominally constant 

(AExCa1-x):Si:O:N ratios. 

 



95 

7.1 Glass formation 
The syntheses were carried out in an N2 gas atmosphere at 1600–

1700oC, with the precise temperature depending on the composition, 

using AEH2 powders as starting materials for the modifier elements. 

The radio frequency furnace was used for the Sr-Ca-Si-O-N and Ba-

Ca-Si-O-N glasses and the graphite furnace for the Mg-Ca-Si-O-N 

glasses. Further details concerning synthesis are found in Chapter 5. 

All obtained glasses were examined by XRPD in order to confirm 

their amorphous nature. The determined glass compositions are listed 

in Table 7.1. 

 

Table 7.1. Sample designation, composition of starting mixture, de-

termined glass composition, and contents of AE (AE= Mg, Sr, Ba), 

Ca, Si, O, N in atomic % (at %) and in equivalent % (e/o) of mixed 

modifier AE glasses. 
at%         e/o Glas

s ID 
Starting composi-
tion 

Glass composition 

AE Ca Si O N AE Ca N 
Ca Ca13.33Si10O16.67N11.11 Ca12.90Si10O20.93N7.98 0 24.9 19.3 40.4 15.4 0 39.2 36.4 

CM-2 Mg2Ca11.33Si10O16.6N11.11 Mg0.89Ca10.82Si10O17.90N9.21 1.8 22.2 20.5 36.6 18.9 2.8 34.1 43.6 

CM-4 Mg4Ca9.33Si10O16.67N11.11 Mg2.01Ca8.71Si10O17.72N8.71 4.3 18.5 21.3 37.6 18.5 6.5 28.4 42.4 

CM-5 Mg5Ca8.33Si10O16.67N11.11 Mg2.67Ca8.35Si10O17.84N8.79 5.6 17.5 21.0 37.4 18.5 8.61 26.9 42.5 

CM-6 Mg6Ca7.33Si10O16.67N11.11 Mg3.63Ca7.68Si10O18.13N8.79 7.5 15.9 20.8 37.6 18.2 11.6 24.6 42.2 

CS-2 Sr2Ca11.33Si10O16.67N11.11 Sr1.71Ca10.35Si10O19.81N8.15 2.7 20.7 20.0 39.6 16.3 5.3 32.3 38.2 

CS-4 Sr4Ca9.33Si10O16.67N11.11 Sr4.21Ca9.32Si10O19.57N9.34 8.0 17.8 19.1 37.3 17.8 12.6 27.8 41.7 

CS-5 Sr5Ca8.33Si10O16.67N11.11 Sr5.35Ca8.41Si10O19.91N9.23 10.1 15.9 18.9 37.6 17.5 15.6 24.9 41.0 

CS-6 Sr6Ca7.33Si10O16.67N11.11 Sr6.01Ca7.14Si10O19.70N8.94 11.6 13.8 19.3 38.0 17.3 18.3 21.5 40.5 

CB-2 Ba2Ca11.33Si10O16.67N11.11 Ba1.85Ca10.10Si10O19.23N8.48 3.7 20.3 20.1 38.7 17.1 5.8 31.6 39.8 

CB-4 Ba4Ca9.33Si10O16.67N11.11 Ba3.72Ca8.09Si10O19.79N8.03 7.5 16.3 20.1 39.9 16.2 11.5 25.5 38.0 

CB-5 Ba5Ca8.33Si10O16.67N11.11 Ba4.21Ca7.35Si10O19.84N7.81 8.6 14.9 20.3 40.3 15.9 13.3 23.3 37.1 

CB-6 Ba6Ca7.33Si10O16.67N11.11 Ba5.59Ca6.45Si10O20.87N7.44 11.1 12.8 19.9 41.5 14.8 17.5 20.1 34.8 
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Approximately 30 at% of Mg (relative to Ca) could be substi-

tuted for Ca in the glass matrix with an average determined composi-

tion of (Ca1-xAEx)1.2(1)SiO1.9(1)N0.86(6). The Mg substitution caused a 

change in color of the glasses depending upon the amount of Mg, 

ranging from pink (light red) and translucent for low Mg contents to 

transparent for a Mg content of x = 0.24, as shown by the photograph 

in Fig. 7.1. All Ca could be replaced by Sr. The appearance of the Sr 

substituted glasses ranged from gray to almost black; no systematic 

change with Sr content was observed. Approximately 46% Ca could 

be replaced by Ba, with the glasses varying in appearance from trans-

parent gray to barely translucent black, the transparency decreasing 

with Ba content. 

 
Figure. 7.1 Photograph of Mg-Ca glasses, showing the increase in 

transparency with Mg content for samples CM-2 to CM-5 (cf. Table 

7.1).  
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It was found that the synthesis process involves dissociation of 

some of the components, resulting in drifts from the nominal composi-

tions. Elemental analysis showed that the glasses had considerably 

lower contents of nitrogen and modifiers than the starting mixtures. 

The Mg losses were high, while losses of Sr and Ba were less evident. 

The smallest losses of nitrogen were observed for the Mg substituted 

glasses and the largest ones for the Ba substituted glasses. The varia-

tion of N content in the glasses is, however, much smaller within the 

groups of each substitution element.  

7.2 Electron microscopy 
The glasses were inspected visually and by optical microscopy at 

200× magnification, on polished surfaces of each glass, to evaluate 

their homogeneity and the extent of silicide particles present. The ho-

mogeneity was confirmed by back scattered electron SEM images and 

EDX point analysis. Significant differences in transparency, color, and 

color homogeneity were found between the different Ca-Mg, Ca-Sr 

and Ca-Ba glasses. The Ca-Sr glasses contained small amounts of 

spherical particles of silicides, found also in previous studies, as de-

scribed in chapter 5. The size of the particles ranged from less than 0.1 

µm to 2 µm and their amounts were estimated to be less than 1 vol%. 

The amounts of silicides showed no systematic variation with glass 

composition for these glasses. No silicides were observed in the Mg 

and Ba containing glasses. TEM investigations on selected glasses 

showed homogeneous microstructures, with no evident substructural 

features, and selected area electron diffraction patterns confirmed their 

amorphous nature. A high-resolution electron microscopy image of 
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the Ba containing glass CB-2 (cf. Table 1) is shown in Fig. 7.2. No 

evidence of metallic inclusions, phase separation, or other heteroge-

neities was found on examining several areas, and it was concluded 

that the glasses were microstructurally homogeneous. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 7.2. An HRTEM image with corresponding electron diffraction 

pattern (inset) of the Ca-Ba glass CB-2 (composition Ba1.85Ca10.10 

Si10O19.23N8.48). 
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7.3 Physical properties 
The physical properties of the mixed modifier glasses and the pure Ca 

glass, designated Ca, are given in Table 7.2. The properties all vary, 

within error, linearly with the degree of substitution of AE element for 

Ca.  

 

Table 7.2. Glass designation, density (ρ), molar volume (MV), effec-

tive cation field strength (ECFS), glass transition temperature (Tg), 

crystallization temperature (Tc), hardness (Hv) and refractive index 

(n) for mixed modifier glasses. Numbers in parentheses are estimated 

standard deviations. 
Glass  ID Density/ 

g/cm3 
MV/cm3/mol ECFS (Å-2) Tg /0C TC/0C Hv/GPa n 

Ca 3.02 7.95 1.78 912 1040 9.4(1) 1.74 

CM-2 3.02 7.81 5.31 930 1180 10.4(8) 1.75 

CM-4 3.00 7.67 10.09 - - 11.3(3) 1.75 

CM-5 2.98 7.66 12.68 890 1273 12.0(1) 1.73 

CM-6 2.96 7.63 16.42 - - 12.1(6) 1.70 

CS-2 3.14 8.13 8.06 910 1131 9.4(2) 1.77 

CS-4 3.35 8.35 16.50 - - 9.4(7) 1.84 

CS-5 3.49 8.31 20.31 915 1088 9.4(5) 1.86 

CS-6 3.55 8.34 23.07 - - 9.3(0) 1.88 

CB-2 3.35 8.21 8.58 895 1100 9.4(7) 1.81 

CB-4 3.67 8.48 15.46 - - 9.3(1) 1.86 

CB-5 3.84 8.36 17.40 854 1086 8.9(2) 1.93 

CB-6 3.99 8.69 22.03 - - 8.2(9) 1.97 

 
The density of the Mg containing glasses remains essentially 

constant, whereas it increases linearly with increasing Sr and Ba sub-

stitution, by ca. 0.033(2) (g/cm3)/(e/o Sr), and ca. 0.056(5) 

(g/cm3)/(e/o Ba). The molar volume decreases with increasing substi-
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tution of Mg for Ca, and increases for Sr and Ba substitution. The Ca-

Mg glasses show the lowest molar volumes. For these, the decrease in 

molar volume is a consequence of the density remaining constant even 

though Ca ions are replaced by smaller Mg ions. The compactness is 

essentially the same for all glasses.  

In Ref.[112] physical properties are shown in figures as a 

function of x in Ca1-xAEx. In the following they will instead be shown 

as a function of the effective cation field strength (ECFS) of the modi-

fier cations. The cation field strengths (CFSs) of the modifier ions 

were calculated as, respectively, 3.858, 1.780, 1.366, 1.050 Å-2 for 

Mg2+, Ca2+, Sr2+, Ba2+, using CFS = +2/r2 with r the Shannon-Prewitt 

ionic radius for 6-coordinated Mg and 7-coordinated Ca, Sr and Ba. 

The ECFS was calculated as ECFS = xAE⋅CFSAE + xCa⋅CFSCa, with 

xAE and xCa the fractions of AE and Ca. Within each series of Ca1-

xAEx glasses, changes in ECFS are proportional to changes in x.   

The variation of the density and molar volume as a function of 

ECFS is shown in Fig. 7.3 and 7.4, respectively. 

 
Figure 7.3. Glass density as a function of effective cation field strength 

for (Ca1-xAEx)1.2(1)SiO1.9(1)N0.86(6) glasses. 
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Figure 7.4. Molar volume as a function of effective cation field 

strength for (Ca1-xAEx)1.2(1)SiO1.9(1)N0.86(6) glasses. 

Both the density and the molar volume increase as the larger 

and heavier Sr and Ba ions substitute for Ca ions. When plotted versus 

the ECFS, the variations upon Sr and Ba substitution are quite similar, 

and density and molar volume increase with decreasing ECFS. For the 

Mg containing glasses, the behavior is different, and the molar volume 

and, in particular, the density remain fairly constant upon substitution 

by Mg. Possibly the different behavior for Mg can be due to Mg not 

acting like a modifier but forming part of the glass network.   

Observed glass transition temperatures, Tg, and crystallization 

temperatures, Tc, are listed in Table 7.2 for selected compositions, and 

the DTA recording for the CB-2 glass is shown in Fig. 7.5. Tg varies 

only between 855 and 930oC for the glasses, and clear trends are hard 

to see, but the data suggest that Tg decreases upon substitution by all 

AE elements (Mg, Sr, Ba) and that Tg is lower for the Ba containing 

glasses than for the Mg and Sr containing ones. The average tempera-

ture difference between Tg and Tc is approximately 200oC. As de-
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scribed previously in Chapter 6, Tg is more dependent on the N con-

tent than on the modifier contents.  

 
Figure. 7.5. DTA recording for Ca10.10Ba1.85Si10O19.23N8.48 glass (sam-

ple CB 2).  

The hardness increases markedly with Mg substitution , by ca. 

0.20(4) GPa/(e/o Mg), with the highest observed hardness being 12.2 

GPa for the Mg containing glass with x = 0.30. It remains essentially 

constant upon Sr substitution, and decreases upon Ba substitution, by 

ca. 0.10(3) GPa/(e/o Ba). The hardness increases with increasing 

ECFS in the glasses, corresponding to a strengthening of the glass by 

an increasing strength of the AE-O bonds. In Fig. 7.6, the Vickers 

hardness is plotted against the ECFS.  
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 Figure 7.6. Glass micro hardness as a function of effective cation 

field strength for (Ca1-xAEx)1.2(1)SiO1.9(1)N0.86(6) glasses. 

The refractive index n changes significantly upon Mg, Sr and 

Ba substitution, as seen in Fig. 7.7. The refractive index decreases 

slightly upon Mg substitution, and increases upon substitution by both 

Sr, and, more markedly, Ba. Since the ratios (AExCa1-x):Si:O:N are 

nearly constant, the changes in n are solely due to the substitution by 

another AE element for Ca.   

 
Fig. 7.7. Glass refractive index as a function of effective cation field 

strength for (Ca1-xAEx)1.2(1)SiO1.9(1)N0.86(6) glasses. 
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7.4 Conclusions  
The results demonstrate that large amounts of AE = Mg, Sr and Ba 

elements can be substituted for Ca in an oxynitride Ca-Si-O-N glass 

having approximately constant (Ca/AE):Si:O:N ratios and high con-

centrations of alkali earth elements (ca. 38 e/o) and N (ca. 40 e/o). 

The observed substitution limit for Mg is 30 % (relative to Ca). The 

substitution by Mg resulted in increased transparency of the glasses up 

to 24 %  of Mg. Samples with Mg contents higher than 30 at% were 

partially crystallized. The coordination of Mg2+ in the glasses is not 

known, but is presumably octahedral or tetrahedral, and due to its high 

CFS it may act not only as a modifier ion but also possibly as a net-

work former. High nitrogen content oxynitridosilicate glasses pre-

pared by us have as a rule been opaque. The probable reason for this 

is, in our view, the presence of spherical particles of silicides, and 

possibly also, to a minor extent, the presence of considerably smaller 

amounts of elemental silicon. Obtaining a transparent Mg containing 

glass thus suggests that the formation of silicides in some way is pre-

vented by the presence of Mg. All Ca could be replaced by Sr, using 

synthesis temperatures of ca. 1700oC, with the glasses varying in color 

from gray to almost black, without observed systematic variation with 

Sr content. The observed substitution limit for Ba was 46 %, and the 

glasses ranged in appearance from transparent gray to barely translu-

cent, the transparency decreasing with increasing Ba content. A com-

parison of determined and starting compositions shows that primarily 

alkaline earth metals and N are lost during the heat treatment.  Ap-

proximately 20 e/o of N was lost upon melting. In comparison, higher 

losses were observed for Mg than for Sr and Ba. It was further found 
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that increasing Ba content was accompanied by increasing loss of ni-

trogen. 

The change in density accompanying the substitution by Sr 

and Ba simply reflects the increase in atomic mass of the AE element. 

In contrast, for reasons not known, the density remains fairly constant 

upon substitution by Mg. The glass transition and crystallization tem-

peratures decrease upon substitution by all elements Mg, Sr, Ba, with 

a trend for the Ba containing glasses to have lower glass transition 

temperatures.   

Hardness has frequently been related to the CFS of the modi-

fier elements. For the present glasses, the micro hardness increases 

linearly with increase in ECFS, consistent with a strengthening of the 

network by an increase in the strength of the AE-O bonds. The micro 

hardness decreases in the series Mg, Sr, Ba, with Ba containing 

glasses having the lowest hardness. These results imply that the alka-

line earths also contribute significantly to the glass network strength, 

in addition to the well known increase with increasing nitrogen con-

tent. The Ca-Ba glasses exhibit higher values of refractive index than 

the Ca-Sr and Ca-Mg glasses. The increase of refractive index can be 

attributed to increased polarizability of the modifier ions rather than 

significant changes in the glass structure.  
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8. Concluding remarks 

Glasses have always played an important role in our civilization and 

are expected to do so in the future. The science and technology of 

glasses will certainly expand as a result of the need to develop new 

glasses for advanced applications. Oxynitride glasses are high per-

formance glasses that are obtained by incorporation of nitrogen atoms 

into oxide glass networks. It has been widely established that the in-

corporation of relatively small amounts of nitrogen leads to significant 

changes of the glass network, and therefore to significant changes in 

properties. Oxynitride glasses have traditionally been synthesized by 

melting mixtures with glass modifier metal oxides together with SiO2 

and Si3N4, yielding glasses with nitrogen contents up to typically ca. 

30 e/o.  However, by introducing the modifier instead as a metal or 

metal hydride, oxynitride glasses can be obtained with significantly 

higher concentrations of nitrogen as well as modifier additives. The 

oxynitride glasses in the AE-Si-O-N systems (where AE is Ca and Sr 

or a combination of Ca and Mg, Sr, Ba) described in this thesis were 

prepared by using this novel synthesis method.  

This thesis describes an extensive study of the synthesis, char-

acterization and properties of oxynitride AE-Si-O-N glasses. Apart 

from the effect that nitrogen imposes on these systems, an important 

part of the study has been focused on the role of the alkaline earth 

elements, since the glass properties are nearly as much affected by the 

modifier cations as by the incorporation of nitrogen. The results dem-

onstrate that glasses can be obtained in reasonable quantities over a 
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wide composition range for both Ca and Sr. For Ca, glasses containing 

up to 58 e/o nitrogen and 42 e/o calcium were prepared. In compari-

son, a more narrow glass forming region was found in the correspond-

ing Sr system, with prepared glasses containing up to 45 e/o nitrogen 

and 39 e/o strontium. Transparent glasses could, be obtained in the Ca 

system for compositions near Ca9.94Si10O17.73N8.14, when using starting 

materials of high purity and slow cooling rates. 

A structural investigation of two glasses by solid state NMR 

indicated that Q2 units dominate in a glass with X:Si = 3.08 (46 in 

Table 5.1). The spectrum for a glass with X:Si = 2.59 was broader and 

indicated the presence of various Q2 and Q1 units. For both glasses 

the high N content caused a significant shift of the peak maxima. The 

Raman spectra clearly showed the presence of elemental Si in the Ca 

glasses, but only for samples with N contents less than ca. 30 e/o. A 

preliminary evaluation of the Raman data shows that, as the N content 

increases, peaks in the 850-1100 cm-1 region disappear already at rela-

tively low N contents, and new peaks progressively appear at lower 

wave numbers. This implies that the vibrational frequencies of the 

Si(O,N)4 tetrahedra shift to lower frequencies as N replaces O. The 

evolvement of peaks with increasing N content is found to be very 

similar for the Ca and Sr glasses, as well as for previously prepared 

glasses containing La.[26] Furthermore, only minor shifts are ob-

served for glasses with similar N contents but different modifier con-

tents or, equivalently, different X:Si ratios. 

Because nitrogen enhances the rigidity of the glass network, 

the mechanical properties of the glasses are altered, and the incorpora-

tion of nitrogen leads to increased hardness and elastic modulus val-
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ues. The glass transition and crystallization temperatures also increase 

with increasing nitrogen content. Furthermore, density and refractive 

index increase with nitrogen content, although these properties are 

also strongly dependent on the modifier and modifier content. 

The effects of the AE modifiers on the properties of Si-O-N 

glasses are mainly as expected from their behaviors in oxide glasses. 

For the Sr glasses, the effect of Sr content on density is obvious, and 

the density increases linearly with increasing Sr content. The increase 

in density with Ca content is comparatively less apparent, which may 

be partly due to the fact that the variation in Ca content is smaller than 

the variation in nitrogen content. Regression analysis indicates that 

there is a small negative dependence of glass transition (Tg) and crys-

tallization (Tc) temperatures on the modifier ion contents. Mechanical 

properties, i.e. hardness, Young’s modulus and shear modulus values, 

decrease within error linearly with modifier contents. The refractive 

index varies more rapidly with Sr content than with N content, while a 

similar variation with Ca content is less apparent. 

Glasses containing mixed AE elements were prepared in order 

to gain quantitative knowledge of the factors controlling the properties 

of oxynitride glasses with mixed AE modifiers. The results show that 

large amounts of AE = Mg, Sr and Ba can be substituted for Ca in an 

oxynitride Ca-Si-O-N glass with high concentrations of N (ca. 40 e/o) 

and modifiers (ca. 38e/o), and approximately constant (Ca/AE):Si:O: 

N ratios. The observed substitution limits were, for Mg, Sr, and Ba 

respectively, 30, 100, and 46%.  The transparency of the Mg contain-

ing glasses increased with increasing Mg content, and a totally trans-

parent glass was obtained for x = 0.24. Mixed modifier glass proper-
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ties such as density, molar volume, glass transition and crystallization 

temperatures, hardness, and refractive index can be related to the ef-

fective cation field strength of the modifiers. The density and molar 

volume of the glasses increases substantially upon substitution by Sr 

and Ba, which is attributable to the higher atomic weights of these 

elements. Glass transition temperatures are found to be higher for Mg 

and Sr substituted glasses. The hardness increases upon substitution 

by Mg and decreases upon substitution by Sr and Ba. The hardness 

varies linearly with the effective cation field strength. The refractive 

index increases upon substitution by Sr and Ba and decreases upon 

substitution by Mg. The variations in refractive index are probably to 

be attributed to the differences of the polarizabilities of the modifier 

ions rather than to significant changes in glass structure. 
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