
Novel Route of Oxynitride Glass Synthesis and 
Characterisation of Glasses in the Ln-Si-O-N and Ln-Si-Al-

O-N Systems 

 

By 

 
Abbas Saeed Hakeem   

  عباس                          يمحکدسيع
 

 

 

 
 
 

 
Department of Inorganic Chemistry 

Stockholm University 

2007 

 

 



Doctoral Dissertation 2007 

 

Department of Physical, Inorganic and Structural Chemistry  

Stockholm University 

S-10691 Stockholm 

Sweden 

 
 

 

 

 

 

 

 

 

 

 

 

© Abbas Saeed Hakeem, pp. 1-91 

ISBN: 978-91-7155-523-6 
Printed in Sweden by Printcenter, US-AB, Stockholm  



 

 

Dedication 

 

 

 

To my parents Saeed A. Hakeem and Hussain-Ara S. Hakeem 

 

 

 

 

      رَّبِّ ِزْدِني ِعلًْما
“O Lord! Increase me in knowledge”. 

 (20: 114) Al-Quran 

 

 

 

 

 



 

 

 

 

 

 

 



Abstract  

 The present work has been primarily focused on the glass forming region in 
the La-Si-O-N system, and attempts have been made to find glass forming regions 
by adopting a new synthesis route to produce glasses in oxynitride system. This 
goal can be attained by adding a network modifier in its metallic form instead of as 
an oxide. In this kind of synthesis, the metallic modifier reacts with nitrogen, 
which gives a strongly exothermic reaction at particular temperature. The resulting 
sudden increase in the temperature of the system enables the mixture to react with 
other components at an early stage of the synthesis. This also provides a high 
degree of mixing in the melt, and results in larger glass forming regions than 
reported until now (Figure A shows La from 30 to 62 e/o and nitrogen from 9 of 68 
e/o in the La-Si-O-N system). The better property values (Tg-Tc, hardness and 
refractive index) were achieved over the whole compositional range in the systems.    

 Similarly, glasses containing Al were prepared in the Ln-Si-Al-O-N system, 
where Ln = La, Sm, Gd, Ho, Dy, and in the Ln-Si-O-N system, with Ln = Pr, Sm, 
Gd, Dy. Both systems were examined to study the properties at various nitrogen 
contents, which can be as high as 70 e/o. Glasses were prepared from one 
particular glass composition in the Pr-Si-O-N system by replacing Pr with various 
other La components, in order to study the effect of lanthanide substitution on the 
properties.  

 
 Figure A. The solid line encloses the glass forming region in the La-Si-O-N 
system, as determined in the present work. The dotted line represent the glass 
forming region according to the literature; details are given in figure 11. 
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 A new synthesis route has extended the glass forming region, allowing a 
detailed study of properties such as hardness, glass transition temperature (Tg), 
glass crystallization temperature (Tc), density and refractive index. Comprehensive 
studies of properties may give better understanding of the glass structure. The glass 
transition temperatures range from 950 to 1100°C, and crystallization temperatures 
from 1050 to 1250°C; the hardness can be as high as 12 GPa and the refractive 
index attains the value 2.3 in the La-Si-O-N system. Hardness and refractive index 
were measured in both glass systems (Ln-Si-O-N and Ln-Si-Al-O-N) when 
substituting cations, and a detailed study of replacing La with Pr in the La-Si-O-N 
system yielded substantial effects on the properties of the glasses.  

Higher values of hardness were found: ~13 GPa when applying load of one 
kg, and an increase with decreasing cation radius was noted in both the Ln-Si-O-N 
and the Ln-Si-Al-O-N system, containing of 63 and 61 e/o nitrogen, respectively. 
The hardness increases as the lanthanide ionic radius decreases, and becomes as 
high as 13.5 GPa in the Dy-Si-O-N system, and the refractive index is 2.3 in the 
La-Si-O-N system. A linear increase in the properties Tg-Tc, hardness and 
refractive index with increasing Pr content was found in the Pr-(La)-Si-O-N 
system.   
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1. Introduction 

1.1 History of glass 

The history of glass and the progress of glass manufacturing [1-5] parallel 
developments in other human endeavors – as for example use of metals, means of 
transport, weapons. Ordinary glass is a hard, brittle, transparent inorganic solid. Its 
main component is silicon dioxide (silica), found in nature as sand. Glass is found, 
rarely, in nature where lightning or meteors have struck or near volcanic eruptions. 
It was early on in man’s history used as ornaments and currency. It has been 
suggested that the first glass, manufactured by heating sand mixed with soda lime 
and possibly other components, was in the shape of glass beads or ceramic glazes 
appearing around 4000-5000 B.C. Surviving examples of Egyptian and 
Mesopotamian glass objects date to around 1550 B.C. Glass blowing was first 
developed around 30 B.C. The word glass has an Indo-European root which means 
“shiny object”. The synonym word vitreous comes from the Latin word vitrum for 
glass.  

The use of glass for tableware and windows was well known already in 
antiquity, but it became common only in more recent times, with the advent of 
mass production and commercial sale. Technological advances broadened the 
range of ingredients, shapes, uses, and manufacturing processes. Electricity and 
natural gas replaced the wood and coal that had previously been used in glass 
melting. Glass in our modern society is used as a material for a variety of common 
objects – windows, bottles, tableware, reading glasses, mirrors, flat-panel displays 
and light bulbs. Its versatility relies on comparatively cheap raw materials, 
chemical and mechanical durability, non-toxicity and possibility of recycling. An 
often re-discovered disadvantage of glass as a material is its brittleness [3]  

In parallel with the increased use of glass in modern society, there was a 
growth of the science of glass and a development of special glasses for 
optical/functional uses, notably in Jena, Germany, from the middle of the 19th 
century and onwards, and by the work of Schott, Abbe and Zeiss.[4,6] Many famous 
scientists have contributed to the field of glass science.[1] Faraday studied the 
electrical conductivity and electrolysis of glasses. He also established that the red 
colour of ruby glass was caused by the presence of nano-particles of elemental 
gold.[7] Tammann carried out work on the viscosity of glass melts, glass transition 
temperatures, and the vital dependence of glass formation on melt viscosity. Schulz 
substituted silver ions for sodium ions in silicate glasses and characterized the 
exchange and the diffusion of silver ions. Abbe, Schott, and Zeiss developed 
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glasses for optics and the design of lenses. Turner determined the density, 
conductivity, chemical durability, viscosity and thermal properties of different 
commercial and laboratory glasses.[8] Zachariasen [9] and Warren et al. [10,11] laid the 
foundations for our understanding of the atomic structure of glass. Further 
expansion of the field then followed, and it has been said that in the same way that 
the 1950s was the golden age of metallurgical science, the 1960s was the golden 
age of glass science.[1] 

 

1.2 The nature of glass and glass transition temperature 

On an atomic scale, a glass lacks the translational periodic arrangement of 
atoms that characterizes the crystalline state, and it thus belongs to the group of 
amorphous materials. It usually has a uniform composition and is produced by 
cooling a melt from a high temperature. Ordinarily, when a liquid solidifies at a 
temperature Tm, crystallization occurs and the first-order liquid-solid transition is 
accompanied by abrupt changes in volume and enthalpy (heat of fusion). In glass 
forming systems the crystallization can be avoided if the melt is cooled sufficiently 
fast. The volume change during the formation of a glass from a melt is illustrated 
in Fig. 1. The enthalpy varies in a similar manner. 

 

                        
Fig. 1 Schematic volume-temperature dependencies for a crystal, a liquid and 

a glass.  
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Upon cooling below Tm crystallization may not occur, and the melt becomes 
super-cooled. Upon further cooling, a temperature is reached at which molecules, 
or structural entities, rearrange so slowly that they cannot adequately reach 
equilibrium configurations on the time scale allowed by the cooling rate. The 
structure of the melt is thus “frozen”, and the resulting material is a glass. This 
departure from equilibrium occurs when molecular relaxation times become of the 
order of 100 seconds. At this temperature the rate of change of volume and 
enthalpy as functions of temperature decreases, abruptly but continuously, to 
values comparable to those of a crystalline material. The intersection of the two 
portions of the volume/enthalpy curves provides one definition of the glass 
transition temperature Tg. The glass transition is not an ordinary phase transition, 
since it does not involve discontinuous changes in any physical property. It occurs 
at roughly 2Tm/3. It furthermore depends on the cooling rate. When cooling at a 
slower rate, the melt has a longer time available for configurational rearrangements 
and can become cooler before departing from liquid state equilibrium, i.e. Tg 
increases with cooling rate. In practice, however, the dependence of Tg on the 
cooling rate is rather weak, and Tg is thus an important materials characteristic of 
the glass. According to the common definition of a glass, it must in addition to 
having an amorphous structure also exhibit a glass transition. A rapidly cooled 
glass has a lower density than a slowly cooled one. The properties of a glass with a 
specific composition may therefore vary depending on its thermal history.[12] The 
structure of the glass is essentially the same as for the melt just above Tg, leading 
to designations of glasses as under-cooled liquids. However, this is partly 
misleading, since glass does not show any measurable flow at room temperature. 
Glasses are in principle meta-stable phases and have higher Gibbs free energies 
than their crystalline counterparts.[13] For practical purposes, however, ordinary 
glasses are totally stable, due to very high kinetic barriers for devitrification. 

  

1.3 Viscosity and relaxation of glass melts 

The (shear) viscosity, η, of the glass melt is an important parameter in glass 
formation. Another definition of Tg is the temperature at which η reaches 1013 
poise.[14] The viscosity is given by the ratio of applied force to the rate of flow. If a 
liquid is contained between two parallel plates, each with area A and a distance d 
apart, and a shearing force is applied to the plates, then η = Fd/Av, where v is the 
relative velocity of the two plates. The unit poise has the dimensions of grams per 
centimetre per second. The viscosity of a fluid liquid, e.g. water, is ca. 0.01 poise 
and that of a thick oil ca. 1 poise. For silica, just above its melting point, 1715°C, 
the viscosity is high, 107 poise, and attributable to the presence of strong Si-O 



 

 4

bonds. In order for such a melt to crystallize, many strong bonds have to be broken 
and reformed, and considerable atomic rearrangement is necessary. There are, 
however, clear exceptions to a general relationship between melt viscosity and 
glass-forming ability. E.g., molten mixtures of LiNO3 and Ca(NO3)2 are fluid, but 
readily yield glasses.   

Near Tg, the viscosity of so-called strong melts, e.g. SiO2, follow an 
Arrhenius type law η = Aexp(E/kBT), whereas the viscosity of so-called fragile 
melts, e.g.  NaNO3-Ca(NO3)2, follow a Vogel-Tammann-Fulcher (VTF) equation 

 

                                      η = Aexp(α/(T-T0)) 
  

i.e. their effective activation energy for flow increases as the temperature 
decreases.[14-16] The temperature dependencies of the viscosity of some 
commercially available grade glasses [17] are shown in Fig. 2. 

 

                
Fig. 2.  Schematic graphs of viscosity versus temperature for a selection of 

technical glasses. 
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The structural relaxation [16] that takes place when a melt is cooled, i.e. the 
rearrangement of the average structure, can to a first approximation be described 
by an exponential relaxation function φ(t) = exp(-t/τ), with τ being the relaxation 
time. It can be investigated by applying a rapid temperature change to the melt and 
then monitoring the evolution with time of a macroscopic property, as enthalpy or 
volume. A cooling at a rate of q = dT/dt can accordingly be thought of as taking 
place in a series of small temperature steps ΔT followed by isothermal holds of 
duration Δt =ΔT/q. Near Tg, the magnitudes of τ and Δt become similar, and the 
melt has insufficient time to reach equilibrium. Over a limited temperature range τ 
often has an Arrhenius type temperature dependence, τ = τ0exp(ΔH*/RT), with 
ΔH* being the activation enthalpy. Different theories put forward to explain the 
non-Arrhenius behaviour of the majority of glass melts have been compared by 
Dyre.[18] 

The glass transition Tg is commonly determined by differential scanning 
calorimetry (DSC), by the onset of a rapid increase of the heat capacity Cp at Tg. 
Strong melts have small ΔCp values, and fragile melts large ΔCp values. As ΔCp is a 
measure of the contribution of structural changes to the enthalpy as a function of 
temperature, this implies that strong melts retain their structure to a comparatively 
higher degree as T increases above Tg. The activation enthalpy ΔH* can be 
obtained by DSC measurements at different heating rates, qk, using the expression 
dln(qk)/d(1/Tg) = -ΔH*/R.[19] 

The shear viscosity η is related to the melt relaxation time τ via Maxwell’s 
expression, τ = η/G∞, with G∞ being the instantaneous shear modulus of the liquid, 
i.e., the shear modulus on such a short time scale that the liquid does not have time 
to flow. Although G∞ varies with temperature, its temperature dependence is 
insignificant compared to the appreciable temperature dependencies of relaxation 
time and viscosity, which therefore can be regarded as roughly proportional to each 
other.[20]  

 

1.4 Critical cooling rate 

In order for a glass to form, crystallization must be bypassed. Virtually any 
material will form a glass if the cooling rate is sufficiently high to disallow an atom 
rearrangement to a crystalline state. Kinetic theories of glass formation [21-23] are 
concerned with how fast the melt must be cooled. Crystallization of an under-
cooled melt involves the formation of crystal nuclei followed by their subsequent 
growth. In the case of homogeneous nucleation, nuclei are formed with equal 
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probability throughout the melt. In the case of heterogeneous crystallization, 
growth takes place at nucleation sites on foreign particles, container surfaces, etc. 
The efficiency of foreign particles to act as nucleation sites depends on the contact 
angle between them and the liquid.[24]  The crystallization rate, i.e. growth of the 
crystallites, follows the form shown in Fig. 3.  

 

                      
Fig. 3. The crystallisation rate of an under-cooled liquid as a function of 

temperature. 

 

With increased under-cooling there are two competing effects: an increased 
difference in free energy between the crystalline state and the melt, which favours 
crystallization, and an increased viscosity, which disfavours crystallization, 
resulting in a maximum of the crystallization rate at some point below Tm. In order 
to yield a glass, the melt must thus successfully be under-cooled through the 
temperature region where the crystallization rate is high.  

If the crystallization rates at different temperatures are known, or can be 
estimated, one can calculate the necessary time to form a specified volume fraction 
of crystals, VX/V, as a function of temperature, leading to the construction of so-
called time-temperature-transformation (TTT) curves. A schematic illustration of a 
TTT curve is given in Fig. 4.  
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 Fig. 4. Schematic TTT diagram. The nose-shaped TTT curves give the times 
it takes to form different volume fractions of crystalline material. The cooling rate 
corresponding to curve a is sufficiently fast to avoid crystallization and the slow 
cooling rate corresponding to curve b results in a large fraction of crystalline 
material. The point X shows the temperature Tn where the time required for crystal 
formation, tn, is minimal. 

  

 The crystalline volume fraction that can be accepted for the obtained 
material to qualify as a glass is a matter of choice. A common figure is 1 ppm. The 
critical cooling rate (dT/dt)C needed to obtain a glass is, as shown in Figure 4,  
obtained from a line tangent to the TTT curve and is given by the expression 
(dT/dt)C ≈ (Tm – Tn)/tn.[22] For an SiO2 glass the critical cooling rate is approximate-
ly 1⋅10-5 K/s, while for glassy metals it is typically as high as 106 to 1010 K/s.  

Critical cooling rates thus obtained from TTT curves are overestimated, 
however, because the expression used implicitly assumes that the crystallization 
rate is as high over the whole temperature range from Tm to Tn as it is at Tn. For the 
purpose of obtaining better estimates of necessary cooling rates so-called 
continuous cooling (CT) curves may be constructed from the TTT curves.[24] The 
basic approximation made is that on cooling through a limited temperature range, 
the amount of crystallization equals that given by the TTT curves at the mean 
temperature of the range. At a certain constant cooling rate the cooling curve will 
intersect a chosen TTT curve at a point (t0,T0). The corresponding point (t2,T2) on 
the CT curve is obtained by taking t2-t0 to be the isothermal crystallization time at 
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T = (T0+T2)/2 on the TTT curve. The whole CT curve is obtained by considering 
different cooling rates. In comparison with its corresponding TTT curve it is 
shifted downwards in temperature and towards longer times. Whereas a TTT curve 
shows the time it takes to reach a specified degree of crystallization as a function of 
temperature, a CT curve directly shows the necessary critical cooling time. CT 
curves have been widely used to describe necessary cooling rates of steels.[25]   
Schematic CT curves for two different cooling rates are shown in figure 5, together 
with the corresponding TTT curve. 

 

      
Fig. 5. Schematic CT curves for two different cooling rates (b,c) and the 

corresponding TTT curve (a).     

 

1.5 Structure of silicate glasses 

The characteristic structural units in silicate glasses are SiO4 tetrahedra, with 
an Si-O distance close to 1.62 Å, which are linked to each other by corner-sharing. 
The existence of the tetrahedra imposes restrictions on possible local atomic 
arrangements. Other types of glasses or amorphous solids have quite different basic 
structural units, of atomic or molecular kind, which impose different restrictions on 
the structure.[26] Only the structure of silicate glasses will be dealt with here. The 
structure of silicate glasses or their corresponding melts lack long-range 
periodicity, and the standard tool for structural studies – diffraction – gives limited 
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information. Short-range order, within a ∼1.6 to 3 Å radius from a central atom, is 
manifested as cation polyhedra such as tetrahedra and octahedra. Medium-range 
order, between ∼3 and 6 Å, includes next-neighbour environments around a central 
atom and may involve different tetrahedral Qn units, with n denoting the number of 
tetrahedra linked to the central tetrahedron, or rings of corner-linked SiO4 
tetrahedra. Order at ∼6 to 10 Å distances may involve particular tetrahedral 
framework topologies. A glass may furthermore have an order at longer distances 
in the form of fluctuations of composition or structure. In view of the limited 
information provided by diffraction techniques, it is, in order to obtain a valid 
assessment of the structure of a glass, very valuable to use a combination of many 
available techniques. Techniques that are local atomic probes include infrared (IR) 
spectroscopy, Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), X-
ray absorption near-edge fine structure (XANES) spectroscopy, electron energy 
loss spectroscopy (EELS) and nuclear magnetic resonance (NMR) spectroscopy. 
Techniques that yield atomic pair correlation functions are diffraction, using X-
rays, electrons or neutrons, and extended X-ray absorption fine structure (EXAFS) 
analysis. The use of direct imaging techniques, such as scanning electron 
microscopy (SEM), transmission electron microscopy (TEM) and atomic force 
microscopy (AFM) are expected to become more useful as their attainable 
resolution increases. Two illustrative examples of studies where a multitude of 
techniques have been used to elucidate the structure of an amorphous material are 
provided by Ba-silicate glasses [27] and amorphous Si3B3N7.[28]  

Early theories of silica glass structure envisaged it to consist of very small 
(7.5 to 25 Å) crystallites with an atomic arrangement like larger crystals of the 
same composition. These were superseded by the, still largely accepted, random-
network model proposed by Zachariasen [9] and Warren,[10,11] in which the silicate 
tetrahedra share corners but where there is no order similar to that in crystals 
beyond ca. 8 Å. A modified crystallite model was later proposed by Porai-
Koshits,[6] in which the glass is assumed to contain small more highly ordered 
regions, with a total volume fraction of ca. 80%, which are interconnected by less-
ordered regions. Small crystal-like domains are also postulated in the para-crystal 
model of Philips and the strained-crystal model of Goodman.[29,30] The random-
network model is consistent with the analysis of experimental X-ray scattering data 
by Mozzi and Warren.[31] They concluded that (i) essentially all Si atoms are in 
tetrahedra with Si-O distances of 1.62 Å, (ii) essentially all O atoms are linked to 
two Si atoms, and (iii) the Si-O-Si angles vary from 120 to 180°, with a maximum 
in the distribution at ca. 144°. This angle may be compared with an average Si-O-
Si angle of 139° for crystalline silicates. [32]   
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In silicate glasses, the cations other than Si4+ can be classified as either 
network formers, which can form polyhedra that link through corners to form a 
network, or network modifiers, which tend to depolymerise these networks. 
Dietzel[33] introduced the parameter of cation field strength (CFS), Z/d(M-O)2, 
where Z is the charge of the cation and d(M-O) the mean cation-oxygen distance, 
and classified as network forming cations those with CFSs between 1.4 and 2.0, as 
intermediate those with CFSs between 0.5 and 1.0, and as modifiers those with 
CFSs between 0.1 and 0.4. When modifier cations are added to a silica-based glass, 
they disrupt the tetrahedral network and create non-bridging O atoms, i.e. O atoms 
that are linked to only one Si atom. At high enough modifier contents, the network 
becomes so depolymerised that the ability of the corresponding melt to form a 
glass diminishes.  

Other metal oxides are as a rule added to silicate glasses in order to give 
them specific properties or for property optimization. Frequent larger-amount 
additives are Li2O, Na2O, CaO, Al2O3 and B2O3. Other additives may be used in 
smaller amounts to impart colour. In some systems, glasses are easily obtained that 
contain very large amounts of additive, e.g., SiO2-PbO glasses may contain as 
much PbO as 75 mol%.[34,35] Alkali-alkaline earth and magnesium glasses 
containing less than 50 mol% SiO2 have also been prepared.[6,36,37] Such low Si 
content glasses have been dubbed invert glasses, and their existence shows that 
silicate glasses can be obtained in the absence of a Si network. 

For SiO2-Na2O glasses a modified random network model has been proposed 
by Grieves, [38] according to which the glass contains regions of network formers 
and inter-network regions rich in modifiers. The model suggests that, when the 
volume fraction of modifier exceeds 16%, there are percolation channels through 
which the modifier cations can migrate. The validity of the model is related to the 
question whether modifier cations cluster in silicate glasses. For SiO2-Na2O-La2O3 
glasses containing 1-10 % La2O3, there is evidence that La3+ ions cluster, regardless 
of their concentration. [39-41] At low concentrations, La is found to behave as a 
modifier and to have an average coordination of 6.5 O atoms. At higher 
concentrations, La-O-La linkages form, associated with La clustering. It has also 
been suggested that La3+ ions may compete with Si4+ ions for O atoms to the extent 
that they isolate O atoms from the silicate network, implying the presence of 
phase-ordered regions rich in La.  
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1.6 Synthesis of glasses and glass ceramics 

Pure silica glass has many attractive properties, such as a high softening 
point, chemical inertness and a high transparency, but is difficult and expensive to 
make. The melting point of SiO2 is 1713°C, and the resulting melt is very viscous. 
Common glas, e.g. for windows, contains only about 70 % SiO2 and in addition 
Na2O and CaO.  For bulk production of common glass a direct batch process [42] at 
elevated temperatures is used. The process consists of the four steps of mixing raw 
materials, batch melting, fining, and homogenization. In the fining step, bubbles 
are removed from the melt, e.g. by making them rise physically to the surface or by 
addition of fining agents.  

High-silica glasses with ∼96% SiO2 are manufactured by the Vycor 
method.[43] The process involves first the preparation of a sodium borosilicate glass 
melt, which upon under-cooling separates into two liquid phases that solidify into a 
phase-separated glass. [44,45] The sodium borate-rich component is then leached out 
by acid treatment, leaving an SiO2-rich matrix that is further heat treated at ca. 
1000°C to get a non-porous glass. Phase separation in glasses, although in general 
unwanted, can thus be utilized to improve glass properties, e.g. chemical durability 
in the case of Pyrex glass. 

Glasses are also manufactured from gels, using the alkoxide route. [46] The 
first fundamental step consists in hydrolysis and condensation of alkoxides of Si 
and additional metals in organic solvents. The obtained gel is then dried, densified 
and sintered. High-homogeneity and high-purity glasses are obtainable by the sol-
gel route. Glasses can furthermore be made with compositions that are outside 
those attainable by conventional melting methods. Disadvantages of the sol-gel 
process include high cost, in general long processing times and a difficulty to 
produce large pieces. One of the main applications is for functional coatings, e.g. 
for mirrors, windows and lenses. Glass fibres can also be made, usually at high 
temperatures and using a bulk preformed rod, however. By deliberately avoiding 
densification of the gel, monoliths with very high porosities, up to 98%, can be 
obtained, so-called aerogels. A high-tech application is producing bulk glasses with 
a continuous variation of refractive index, so-called gradient index glasses. [47,48]  

Glass ceramics [6,49,50] are crystalline materials made from a glass by 
controlled homogeneous or heterogeneous crystallization. Usually a small 
proportion of residual glass phase is present. They can be made transparent, 
translucent or opaque, depending on the crystal size and difference in refractive 
index between the crystals and the residual glass phase. Overall, they are stronger 
under impact or strain than ordinary glasses, by a factor of roughly 5, and have 
much higher deformation temperatures. Their thermal expansion coefficient can 
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furthermore be designed to be close to zero. They then become resistant to thermal 
shock and are in this capacity used in cooking ware and as hotplates on stoves. 
Other applications of glass ceramics include bearings, due to their high wear 
resistance, metal coatings, ceramic-to-metal seals and armour.        

 

1.7 Optical uses of silicate glasses 

To a large extent the uses of (ordinary) glasses depend on their transparency 
in the visible range of the light spectrum.[4] This is so in particular in the field of 
optics, where lenses are traditionally made out of glass. They have here the 
advantages that they are isotropic and that their properties, because of the lack of 
micro-structure, are largely determined by the composition, which can then be 
adjusted so as to yield the desired property value. For example, the refractive index 
can be increased in silicate glasses by adding oxides of lead, barium or titanium. 
Thorium also gives glass a high refractive index and also a low dispersion, i.e. 
change in refractive index with wavelength of the light, although extended use is 
hindered by its radioactivity. Boron may in a similar way be added to change 
thermal and electrical properties. Iron is used in glass for absorbing infrared energy 
and cerium for absorption at UV wavelengths. 

Pure silica glass has a high transparency over a wide range of wavelengths, 
and is used in telecommunication optical waveguides (fibre optical cables) at 
wavelengths from 600 to 2500 nm.[51] Attenuation losses are usually due to the 
presence of OH groups and transition metal impurities. Er-doped fibre amplifiers 
are located in repeater stations to periodically boost the signal power. 

Glasses are used as hosts for lasing rare-earth ions in solid state lasers. [48,52] 
The most important lasing ions are Nd3+, Er3+, Yb3+ and Ho3+. Desired properties of 
the laser host are a high absorption of the pump radiation, high induced emission 
cross section, a high concentration of active lasing ions and a long fluorescence 
lifetime. Silicate glasses in general show relatively long lifetimes, but large 
fluorescence half-widths. Glasses have the advantage that they can relatively easily 
be additionally doped with a second type of ion, e.g. Cr3+, that efficiently absorbs 
the pump radiation and then transfers the energy to the lasing ion, so-called 
sensitizers. 

In connection with the development of future optical information systems 
and light-operated sensors, there is an increased interest in non-linear glasses.[48,53] 
The intensity I of a light beam inside a material increases, very slightly, the 
refractive index of the material (the optical Kerr effect) according to n = n0 + n2⋅I, 
with n0 and n2 respectively the linear and non-linear refractive indices. For 
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applications the response time of the material is also of great importance, and 
silicate glasses turns out to have generally very fast response times. In general, n2 is 
large for glasses with high n0, and high non-linear refractive indices are 
accordingly found for silicate glasses containing larger amounts of Pb, Bi, Ti and 
Te. Magneto-optical glasses [48,54] are also used in optical information systems. 
These rotate the polarization direction of linearly polarized light when a magnetic 
field is applied (the Faraday effect). The amount of rotation is proportional to the 
so-called Verdet constant, which is negative for diamagnetic glasses and positive 
for paramagnetic glasses. For diamagnetic glasses the Verdet constant generally 
increases with increasing refractive index, and for paramagnetic glasses it increases 
with increasing concentration of rare-earth ions, with especially large values 
observed for Pr, Tb and Dy.    

 

1.8 Non-silicate glasses 

In oxide non-silicate glasses the main network former is not SiO2 but instead 
another oxide such as B2O3, P2O5, GeO2, TeO2, As2O3, Sb2O3, Bi2O3, TiO2 or 
V2O5.[4] The basic molecular structural units that form the glass matrix depend on 
the type of network former. In borate glasses these are both BO4 tetrahedra and 
BO3 triangles, and in telluride glasses very distorted tetrahedra. Non-silicate 
glasses also include those based on halides such as BeF2 and ZrF4, and 
chalcogenides of P, As, Sb, Si and Ge.  

Some non-silicate glasses are studied for obtaining better models of glass 
formation, e.g. glasses based on BeF2, while others exhibit unique properties that 
cannot yet be obtained in silicate glass systems. They are then often classified as 
special glasses and are used in key components of various devices in the fields of 
optics, electronics and opto-electronics. As examples, glasses with high contents of 
TiO2 are useful when both high refractive index and light weight are desired, ZrF4 
glasses are potentially useful for their very low optical attenuation at a wavelength 
of 3.5 μm, and tellurite glasses exhibit extreme optical properties, such as 
refractive indices of about 2.1 to 2.3.[4] 

The most extensively studied group of non-silicate glasses are chalcogenide 
glasses, containing S, Se and Te together with elements like P, As, Sb, Si and 
Ge.[55,56] They are (usually) semiconductors with band gaps in the near infrared. As 
a consequence they are opaque in the visible spectral region. Their practical 
importance derives principally from their high transparency for infrared wave-
lengths up to ca. 20 μm. They also exhibit a range of photo-induced effects [57] 
which are utilized in solar-cell technology and photocopying techniques. The 
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cation:anion ratio in chalcogenide glasses can be varied within wide limits, and the 
glass structures contain a variety of basic molecular units.[58] In order to avoid 
contamination by oxygen, chalcogenide glasses must be prepared in an inert 
atmosphere, usually by using closed containers.    

A special kind of non-silicate glasses is glassy or amorphous metals.[59] The 
first glassy metal prepared was Au3Si in the 1960’s.[60] They are obtained in the 
form of thin ribbons or fibres by using very high cooling rates, achievable by 
techniques such as melt-spinning or using twin rollers. The simplest explanation 
why crystallization is prevented is by a mismatch of atomic sizes and consequent 
strain hindrances between atomic clusters formed during cooling. Compositions of 
binary glassy metals can be divided into those containing a transition or noble 
metal and a metalloid, like Si, B, C and P, and those containing one early and one 
late transition metal. Compared to ordinary (crystalline) metals they are harder and 
have better corrosion resistance. Extensive efforts are presently made to make 
larger objects of them.[61] 
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2. Oxynitride silicate glasses 

2.1 Crystalline oxonitridosilicates and sialons 

Nitrides and oxynitrides[62-66] are man-made materials that are not found in 
nature, with the exception of small amounts of sinoite (Si2N2O) in meteorites. The 
majority of binary nitrides of transition metals are metallic, with low formal 
oxidations states of the metals. In ternary systems transition metals may, however, 
have high oxidations states due to the so-called inductive effect, i.e. the donation of 
electrons from an electropositive element to a transition metal-nitrogen bond. Non-
metals that form binary nitrides with ionic/covalent bonds include the elements Al, 
B, P and Si. 

Historically, the incentive to study silicon nitrides, or nitrido-silicates, was to 
make new materials with improved properties. It was realized in the 1950s that the 
compound Si3N4 has properties (high strength, good wear resistance, high 
decomposition temperature, good oxidation resistance, excellent thermal-shock 
properties, resistance to corrosive environments) that makes it suitable for high-
temperature engineering applications. This led to extensive studies of sialons,[67-70] 
compounds where a part of the Si and N atoms are simultaneously replaced by Al 
and O according to the mechanism Si4+ + N3- ⇔ Al3+ + O2-. Sialons are presently 
used in a variety of applications, as cutting tools, grinding media, burners, welding 
nozzles, heat exchangers and engine parts. They are compositionally related to 
oxonitrido-silicates in that a part of the nitrogen is replaced by oxygen. During the 
last decades, the number of known nitrido-silicate and sialon structures has 
continuously increased, notably by work done by Schnick and co-workers[71-73] in 
Germany, as well as other research groups. The interest in them has originated 
from both a desire to extend the crystal chemistry of silicates and to find new 
materials for applications, e.g. with high hardness or as hosts for luminescent 
ions.[74,75]    

The crystal chemistry of nitrido- and oxonitrido-silicates is similar to that of 
ordinary silicates in that the structures exhibit various linkages of Si(N/O)4 
tetrahedra, but there are also very significant differences.[71,76] The main difference 
is that N atoms may be bonded to three, or even four, Si atoms (N[3] and N[4]). 
Frameworks containing linked SiN4 tetrahedra have therefore in general a higher 
connectivity, or degree of condensation, than frameworks built up from only SiO2 
tetrahedra. The maximum (average) connectivity is found in the α- and β-
modifications of Si3N4, where all nitrogen atoms are bonded to three Si atoms.[70]  

In ordinary silicate structures, isolated O[0] atoms do exist,[32,77] but are 
comparatively rare. As the O:Si ratio increases from two, as in SiO2, there is a 
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relative increase of O[1], so-called apex oxygen atoms, and the silicate frameworks 
show a depolymerization in the sequence: frameworks of tetrahedra  layers of 
tetrahedra  rings or chains of tetrahedra  isolated Si2O7 groups  isolated SiO4 
tetrahedra.[32,78] The frameworks in structures of (oxo)nitrido-silicates have in 
comparison a larger possible variety, due to the occurrence of N[3], and, to a much 
lower extent, N[4]. It is furthermore not uncommon for the structures to 
simultaneously contain anions such as X[1], X[2] and X[3] (X = O and/or N).      

The Si-N bond is furthermore more covalent than the Si-O bond, and the 
effective charge of Si is thus expected to be lower in SiN4 than in SiO4 tetrahedra. 
Consequently, there are nitrido-silicate structures that contain edge-sharing SiN4 
tetrahedra,[79,80] whereas edge-sharing SiO4 tetrahedra have not been established for 
any silicate. Another unique structural feature for nitrido-silicates is Si atoms 
coordinated octahedrally by N atoms.[81] 

 

2.2 Oxynitride silicate glasses and their properties 

A number of review articles have been written on the subject of oxynitride 
glasses.[82-91] They were discovered in the 1960s. Mulfinger obtained a soda-lime-
silica glass containing about 3.2 wt% N by adding Si3N4,[92] and Elmer and 
Nordberg introduced small quantities of nitrogen into a porous high-silica-content 
glass by passing NH3 gas through it.[93] Already in these early works it was realized 
that nitrogen incorporation strongly influences glass properties, such as increasing 
the softening point, viscosity and resistance to devitrification. The interest in 
oxynitride glasses increased considerably when the development of Si3N4 based 
ceramics (sialons) began in the late 1960s. Various oxide additives are used to 
promote liquid phase sintering of sialon ceramics, which after sintering contain a 
glassy or partially crystallized grain-boundary phase. The composition and amount 
of the grain-boundary phase strongly influences grain growth behaviour, grain 
morphology and mechanical properties. Kenneth Jack, the originator of sialons, is 
said to be the first to suggest that oxynitride glass formation regions might be 
extensive.[67]    

During the four decades since their discovery, oxynitride glasses have been 
prepared in many different chemical systems, notably by the work of Hampshire, 
Thompson and others in England. The systems also include such that do not 
contain Si and where the network-forming element is instead P or B.[82,90,94,95] The 
majority of studied oxynitride glasses are, however, silicate glasses, which often 
also contain Al or, less frequently, B. The term oxynitride glass is thus often used 
synonymously to mean oxynitride silicate glass. Common modifier elements are 
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Li, Na, Mg, Ca, Y and the rare-earth elements. Addition of nitrogen in metal oxide 
– silica systems lowers the eutectic temperatures.[85] At the same time the melt 
viscosities increase. With the further addition of Al the glass forming regions 
become more extensive, and melting can be carried out at comparatively low 
temperatures and with low element losses. Most work on oxynitride glasses has 
been carried out in M–Si–Al–O-N and M-M´-Si-O-N systems. The N content is 
usually given in equivalent %. The equivalent % (e/o) for an anion C in a 
compound with two anions C and D, with respective valences vc and vd, is given by 
vC⋅[C]/(vC⋅[C] + vD⋅[D]), where [C] and [D] are the respective atomic 
concentrations. The nitrogen contents in oxynitride glasses typically range up to 30 
e/o. The maximum N content in Ln-Si-Al-O-N glasses, with Ln = Nd, Sm, Gd, Dy, 
Er, Yb, is, however, reported to be higher than 40 e/o at 1700°C, with the 
maximum solubility of nitrogen being slightly above 50 e/o.[96,97] Zhang et al. also 
reported that the maximum solubility of nitrogen in M-Si-Al-O-N systems with M 
= La and Nd exceeds 45 e/o.[98]  

The characteristic properties of oxynitride silicate glasses are that they have, 
in comparison with oxide glasses with similar compositions, high elastic (Young’s) 
moduli (ratio of linear stress and strain), high hardness values, high electrical 
resistances, high glass transition and crystallization temperatures, high melt 
viscosities and high refractive index. The thermal expansion coefficients are lower 
in comparison, however. The glasses are furthermore found to have high chemical 
inertness, both for acids and alkali, which has been attributed to a hindrance of ion 
transport by a higher elastic modulus and denser glass structure.[81,99,100] All the 
properties listed above can be attributed to the structural role of N in the glasses, 
described in section 2.5, as they show a much larger dependence on the N content 
than on the cation composition. The most striking characteristic property is the 
high elastic modulus. Sakka[81] has pointed out that such high values cannot be 
achieved by any pure oxide glass, and Rouxel[101] concluded, in a recent review 
paper on the elastic properties of glass, that the highest elastic modulus reported so 
far for an inorganic non-metallic glass is E = 186 GPa for a Y0.15Si0.15Al0.1O0.35N0.15 
oxynitride glass.  

The unique properties of oxynitride glasses have led to a search for areas of 
applicability. At present, bulk oxynitride glasses are not used in any actual 
application. The increased 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.[102] Amorphous thin layers of Si(O/N) glass are also 
applied as substrates on CVD discs. Potential areas of applicability that have been 
proposed include high elastic modulus glasses for computer hard discs, ceramic 
seals, coatings on metals, containment of nuclear waste, high electrical resistivity 
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coatings for use at high temperatures and glass fibres. Oxynitride glasses may also 
be crystallized to form glass ceramics.[90] Optical applications of oxynitride glasses 
are rare, because they are hard to make translucent when the N content is high. 
Provided that they can be made translucent, they may find applications due to their 
high refractivity indices, as hosts for luminescent ions or, when containing large 
amounts of rare earth elements, as Faraday rotators.     

 

2.3 Preparation of oxynitride silicate glasses 

Most of the oxynitride glasses have been prepared from silicate based melts 
at temperatures typically from 1500 up to 1750°C. The starting materials are 
usually powder mixtures of oxides and nitrides. The temperature must be high 
enough to give the melt a fluidity that ensures good mixing, but low enough to 
avoid decomposition reactions. The nitrogen is usually added in the form of Si3N4 
and/or AlN, but other sources such as Ca3N2, Mg3N2, Si2ON2, Li3N have also been 
used.[86,90] It has been found experimentally that more nitrogen can be incorporated 
into the melts by dissolving nitrides into them than by treating the melts with N2 or 
NH3 gas. The melt must be heated in an inert atmosphere, usually N2, in order to 
avoid oxidation. Materials that have commonly been used for melt containers are 
BN, BN lined graphite and Mo. In the case of BN, small amounts of B have been 
observed to dissolve into the melt. A selection of reported oxynitride glasses and 
their preparation conditions are given in Table 1.   

 

Table 1. Selection of oxynitride silicate glasses and their preparation 
conditions. Pt crucibles have been used to pre-melt oxide precursors. The nitrogen 
content is given in e/o in cases where both the O and N content is reported and in 
wt% otherwise.  

System N source Temp. (°C) Crucible(s) Atmosphere N content 

Na-Si-Ca-O-N[103] Si3N4 1350 Pt and C Ar 6 wt% 

Na-Si-B-O-N[104] Si3N4 1500-1600 Pt and BN N2 2.13 wt% 

Mg-Si-O-N[67] Si3N4 1700 BN N2 10 at% 

Mg-Si-Al-O-N[105] Si3N4 1500-1800  SiO2, Mo, C N2  ----------  

Ca-Si-Al-O-N[106] AlN 1530-1750 Pt and BN N2 5.5 wt% 

Ba-Si-Al-O-N[107] Si3N4 1740 Mo Ar 12 e/o 

Y-Si-Al-O-N[67] AlN 1650 BN N2 10 at% 
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Y-Si-Al-O-N[108] AlN 1550-1700 BN Ar 7  at% 

Y-Si-Al-O-N[109] Si3N4 1700 BN N2/100 KPa 21 e/o 

Y-Si-Al-O-N[110] AlN/ Si3N4  1650-1750 BN N2/200 KPa 13.3 at% 

La-Si-O-N[111] Si3N4 1650-1700 BN  N2 (30atm) 38 e/o 

 

Element losses are often observed when oxynitride glasses are prepared 
above ca. 1700°C. Messier and Deguire have discussed possible decomposition 
reactions for the system Si-Al-O-N.[110] 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) 

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) are at 1725°C high enough to account for a significant thermal decomposition. 
According to reaction (3), elemental Si is formed in the melt. The same 
conclusions were later reached by Chen et al.[112] 

Oxynitride glasses may also be prepared by treatment of oxide gels, obtained 
via sol-gel routes, or porous glasses with flowing NH3 gas at temperatures 400 -
1100°C.[82,90]  

Oxynitride silicate glasses are in general not translucent and are either black 
or have a grey or greyish-brown colour, with the colour intensity increasing as 
nitrogen content increases. The colouring is not due to the presence of nitrogen as 
such, but has been attributed to small amounts of particles of either metallic Si or 
silicides. Makishima et al.[111,113] thus succeeded in preparing a clear glass with a 
high nitrogen content (38 e/o) in the La-Si-O-N system by applying an N2 gas 
pressure of 30 atm. Oxynitride glasses prepared via sol-gel methods are 
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comparatively more transparent, and  silicon-free oxynitride glasses, e.g.  P-O-N 
based, are in contrast colourless.  

 

2.4 Property dependencies for oxynitride silicate glasses 

For oxynitride silicate glasses, a number of physical and mechanical property 
values, including hardness, fracture toughness, elastic modulus and refractive 
index, increase with increasing nitrogen content. The properties have been found to 
vary linearly with N content, density of the glass and ionic radius of rare-earth 
(RE) glass modifier/dopant, with the effects of N and RE contents being 
independent and additive.[114,115] The properties in general show a larger 
dependence on the N content than on the content of the modifier cations.   

Property dependencies on N content may be illustrated by findings for Y-Si-
Al-O-N glasses. The variation of Vickers hardness with N content is shown in Fig. 
6.  

  
Fig. 6. Vickers hardness, HV, versus nitrogen content for Y-Si-Al-O-N 

glasses; (•) = 20 e/o Y,[116] (∆) = 20 e/o Y,[117] (x) = 25.5  e/o Y,[118] (■) = 29-33 e/o 
Y,[109] (○) = 25-41 e/o Y.[119] A load of 100 g was used in all measurements. 
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Fig. 7. Refractive index for different Y-Si-Al-O-N glasses as a function of N 

content: (■) =  12-15 e/o Y,[120] (•) = 12 e/o Y,[121] (○) 12-15 e/o Y.[122]  

 

The variation of the refractive index with nitrogen content for different Y-Si-
Al-O-N glasses is shown in Fig. 7. The increase of refractive index with nitrogen 
content is found to be linear, or very close to linear. Coon et al.[120] concluded that 
variations in the N content accounted for ca. 92% of the observed changes in 
refractive index. The dependencies on N and Y content were determined to be 
dn/d[N] = 0.009(1) at%-1 and dn/d[Y] = 0.010(5) at%-1.    

The hardness and elastic modulus of glasses RE-Si-Al-O-N are found to 
increase linearly with increasing cation field strength of the RE3+ ions. The cation 
field strength (CFS) is here defined as Z/r2, where Z and r are the oxidation state 
and ionic radius, respectively. Observed Vickers hardness values for RE-Si-Al-O-
N glasses with different RE elements are plotted as a function of the RE CFS in 
Fig. 8. The same trend is observed for pure oxide silicate glasses. Becher et al.[116] 
found that the elastic modulus increased by 16 – 22% for oxynitride glasses 
containing up to 30 e/o of N, and by 21 – 26% for oxide glasses with comparable 
compositions, in the series La – Nd – Gd – Y – Lu. Concomitantly, the glass 
transition temperature was found to increase and the thermal expansion coefficient 
to decrease. The authors suggested that the latter effect might be due to the number 
of apex oxygen atoms increasing with the size of the modifier cation.  Lofaj et al. 
[114,123] similarly found that for RE-Si-Mg-O-N glasses, containing 20 – 24 e/o of N, 
the hardness and thermal expansion coefficient vary linearly by ca. 13% with RE 
CFS.  
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Fig. 8. Vickers hardness, HV, versus RE CFS for RE-Si-Al-O-N glasses: (□ 

and •) = 25RE:18Si:56Al, 6 and 17 e/o N respectively,[96]  (∆) = 28Re:56Si:16Al, 
17 e/o N and (○) = 30RE:45Si:25Al, 30 e/o N,[116] and (■) = 28RE:56Si:16Al, 17 
e/o N.[124] A load of 100 g was used in all measurements. 

 

 Properties such as hardness and refractive index of glasses are in general 
largely determined by glass composition. Winkelmann and Schott[125] were the first 
to propose a model for predicting glass properties using the additivity principle,[126] 
i.e. multiple regression using linear functions. A certain property P is accordingly 
given by an expression of the type  

                                      ∑ ⋅+=
=

n

1j
jj0 cbbP  

where b0 is the model intercept, n the number of components excluding the 
main one (usually silica), bj component-specific coefficients and cj the fractions of 
the components. The expressions are as a rule only valid over limited concentration 
ranges. Extended methods are presently available that give relatively accurate 
property estimations for oxide glasses, including glasses that do not contain 
Si.[127,128] The program SciGlass contains a data base with data for 286000 glasses 
and covers calculation of properties like viscosity, density, heat capacity and 
enthalpy, refractive index and its dispersion, surface tension, elastic moduli.[129] For 
oxynitride glasses such property estimations are not possible due to lack of 
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underlying data. Attempts have, however, been made to extract information on the 
basis of the additivity principle. De Graaf et al.[119] calculated load-independent 
Vickers hardness values for Y-Si-Al-O-N glasses and found a fair agreement with 
observed data by using a component value for Si3N4. By using linear expressions 
for the refractive index, Coon et al.[120] derived a value for the ionic refractivity of 
nitrogen ions in Y-Si-Al-O-N glasses that agrees very well with the value predicted 
for Si3N4. Schrimpf and Frishat[130] calculated the elastic modulus of Na-Ca-Si-O-N 
glasses. The calculated values increased with N content but were found to be 
relatively insensitive to the way nitrogen was assumed to be incorporated, i.e. as 
N[3] or N[2].     

 

2.5 Structure of oxynitride silicate glasses 

The structures of oxynitride silicate glasses are assumed to be quite similar to 
those of ordinary oxosilicate glasses and to contain frameworks of corner-linked 
Si(O,N)4 tetrahedra that are depolymerised depending on the amount of modifier 
cations.  The still unresolved key issue is to what extent N is present as N[3], i.e. 
linking 3 Si tetrahedra. The possible linkages of the X (X = O or N) atoms in 
oxynitride silicate glasses are illustrated in Fig. 9. The N atoms may be present, in 
different proportions, as N[3], N[2] and N[1]. The species N[0] and N[4] are not 
considered likely, because N[0] has not been observed in crystalline phases, and N[4] 
only very rarely. The O atoms may be present as O[0], O[1] and O[2], with the 
possibility of O[0] usually disregarded. 

 

         
 

Fig. 9.   Possible linkages of N atoms in oxynitride silicate glasses. 

 

Depending on the degree of polymerization of the framework, the glass 
structure contains different Qn units, i.e. SiX4 tetrahedra with n bridging X atoms. 
The possible values of n are from 0 to 4, corresponding to the five different Q units 
illustrated in Fig. 10.   
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Fig. 10. Possible Q units in oxynitride silicate glasses. 

 

The average n value is related to the average number of anions per 
tetrahedron, rXT = (nO + nN)/nSi, by n = 8 - 2⋅rXT. For pure oxide silicate glasses, 
average integral n values from 0 to 4 imply, respectively, glass structures with 
isolated SiO4 tetrahedra, Si2O7 units, rings or chains of tetrahedra, sheets of 
tetrahedra and a condensed 3-D tetrahedral framework. If the presence of O[0] can 
be excluded, the only anion species are O[1] and O[2] and the average number of 
apex O[1] per tetrahedron can be calculated as nNBO = 2(rXT -2). The local glass 
structure may vary from region to region, however, and there is for example a 
possibility that there are regions rich in modifier cations, having comparatively 
depolymerised frameworks, and that these regions alternate with regions having 
more condensed frameworks.  

For oxynitride silicate glasses the picture of the structure becomes more 
complicated because a significant fraction of the nitrogen atoms may be present as 
N[3]. The average number of apex X[1] per tetrahedron is then dependent on the 
fraction of N[3], x3,  according to nNBX = 2(rXT-2)-4⋅x3/3.[131] Most of the studied 
oxynitride silicate glasses furthermore contain Al. Al is a network forming element 
and substitutes for Si in the framework of tetrahedra, however also possibly present 
in AlO5 and AlO6 polyhedra in minor amounts.   

The evidence for N[3] in oxynitride glasses can be divided into direct and 
indirect evidence. Direct evidence is rather scant but has been put forward in 
studies using IR and Raman spectroscopy, XPS, NMR [see references in paper 89] 
and neutron powder diffraction (NPD). It should be noted that these studies have 



 

 25

been carried out on oxynitride glasses with comparatively low N contents, below 
15 e/o. In IR spectra of Na-Ca-Si-O-N glasses with up to 10 e/o of N, a band at 
1055 cm-1 shifts to lower wave numbers with increasing nitrogen content, together 
with an asymmetrical increase of the half-width of the band.[130] Since Si3N4 shows 
asymmetrical Si-N-Si bond stretching vibrations near 1000 cm-1, this was proposed 
as indicating that the glass contains N[3]. XPS spectra of glasses in the same system 
shows an N 1s binding energy very close to that observed for Si3N4, indicating 
similar environments of N atoms.[132] The authors, however, also stated that an 
observed intensity contribution to the peak at lower binding energies could be 
indicative of N[2] and N[1]. Similar conclusions were reached in a later study on Ca-
Mg-Si-Al-O-N glasses containing up to 14 e/o N. [133] 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] bonded to Si. Here it is interesting to note that XPS 
spectra for Na-P-O-N glasses show very similar features.[90,95] Analysis of NPD 
data for an Na-Si-O-N glass with 13.3 e/o N yielded a mean number of 2.42 Si 
atoms around an N atom, corresponding to 58% N[2] and 42% N[3].[134] A similar 
analysis for 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.[89]  

The indirect evidence for significant amounts of N[3] in oxynitride glasses 
rests on the fact that the magnitudes of properties such as Young’s modulus, 
viscosity and hardness increase with increasing nitrogen content. This has been 
explained, as originally put forward by Mulfinger,[92] by N increasing the cross-
linking of the glass framework in the form of N[3]. A further point that seems to 
support this hypothesis is 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,[130,129,120] indicating that 
the N bonding is similar in oxynitride glasses and Si3N4. Ab initio molecular orbital 
calculations have furthermore shown that the bending force constant for the model 
molecule N[Si(OH)3]3 is very much larger than for the molecule O[Si(OH)3]2, and 
this has been given as an argument for the predominance of N as N[3] in oxynitride 
glasses.[89]      

The experimental evidence presently at hand thus indicates that for N 
contents below ca. 15 e/o both N[2] and N[3] are present in oxynitride glasses. Two 
comments seem to be appropriate here. First, if one starts with a pure oxide 
composition and replaces x at% O by N, one has to remove 3x/2 at% O in order to 
retain charge balance. The removed O may be taken as O[1], leading to a glass 
structure containing less O[1], an unaltered amount of O[2] and more N[3]. The 
average connectivity of the framework, and the average linkage of the anions, will 
invariably increase upon addition of N, provided that the ratio of modifier cations 
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to Si remains constant. The question is rather how the average linkage of the anions 
is distributed over the different anions. It has indeed been proposed that the 
linkages may be redistributed according to the reaction scheme N[3] + O[1]  N[2] + 
O[2].[134] If the reaction is complete, a glass structure emerges with no N[3], 
substantially less O[1] and substantially more X[2]. One may well ask why this kind 
of glass structure should be less hard than one containing N as N[3] only. Secondly, 
for the La-Si-O-N glasses dealt with in this thesis, the average connectivity on the 
whole does not decrease with increasing nitrogen content, since the La content 
increases in proportion. Broadly speaking, the average connectivity is independent 
of the anion composition for these glasses. 

Assessments of the structures of oxynitride glasses have focused strongly on 
the glass network and less on characteristics of the modifier cations. The average, 
or most common, coordination number (CN) in oxosilicate glasses or melts is 8 for 
La and 6 for Yb.[30] The mean CN of La in an La12.3Si14.0Al12.2O55.1N6.5 oxynitride 
glass was estimated as 10(1) from an analysis of X-ray diffraction data, with no 
clear preference for La to bond to either O or N.[135]  

 

2.6 Oxynitride glasses in systems M-Si-O-N 

As already stated, most of the oxynitride glasses studied contain Al, because 
the glass forming regions are then more extensive and melting can be carried out at 
comparatively low temperatures. Glass forming regions for systems that do not 
contain aluminium, i.e. M-Si-O-N, have only been the subject of a few studies, and 
only for M = Mg, Y and Ce. The observed glass forming regions are shown in Fig. 
11. In the case of Mg, glasses have been obtained with 15 to 28 e/o Mg and 10 to 
12 e/o N.[121,136] In the Ce-Si-O-N system, glasses have been obtained for nitrogen 
contents up to 23 e/o and ca. 40 e/o Ce. [137] For La, the maximum amount of N 
incorporable by traditional synthesis methods is ~18 e/o. [138]  
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Fig. 11. Previously reported glass forming regions for M-Si-O-N systems. 
Full lines = Mg,[121,136] dashed lines = Ce,[137] dotted lines = Y.[121,138] The slanted 
lines show constant [O,N]/[Si] ratios from 2 (lower) in steps of 0.5. 

 

The major goal of the present work is to increase the glass forming region in 
the La-Si-O-N system and glass formation in the Ln-Si-(Al)-O-N system by using 
an alternative synthesis route, and to study the variation of properties with 
composition.  
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3. Experimental procedure  

3.1 Synthesis procedure 

Oxynitride glasses were prepared from a mixture of La metal (Compur, 
Germany), SiO2 (Aerosil, OX 50, Degussa-Houls AG, Germany), α-Si3N4 (SN-
E10, UBE Ind. Ltd., Japan), and La2O3 (Compur, Germany) powders. All the 
chemicals were stored in a glove box compartment with Ar atmosphere to avoid 
exposure to air.  

Synthesises were carried out in a graphite furnace and a high frequency 
furnace at different temperatures and with different time durations to evaluate the 
melting temperature. The powders were carefully weighed inside the glove box and 
subsequently pressed into tablets (18 mm in diameter and with a total weight of 
10 g, height depending upon the compaction and compositional ratio of the 
chemicals. Niobium crucibles were used. In order to avoid prolonged exposure to 
air during the transfer of the samples from the glove box to the furnace, the 
crucibles containing the pressed tablets were covered with para-film. After 
preparation of the calculated composition, the samples were inserted into the 
graphite furnace or high frequency furnace.    

The graphite furnace was flushed with nitrogen and evacuated three times to 
remove residual air. Simultaneously, the program parameters, time and 
temperature, were set for the desired treatment. The graphite furnace consists of 
two chambers, one hot (upper) and one cold (lower). Before running the program, 
the samples were jacked up into the hot chamber. They were then quenched by 
switching off the furnace and were jacked down into the cold chamber for faster 
cooling. To achieve faster cooling rates, nitrogen was introduced into the cold 
chamber instead of the hot chamber during cooling. An average cooling rate from 
1750oC to 900oC is 15oC/sec. Another cooling technique used during the synthesis 
is to increase the flow rate of nitrogen. To achieve an even faster cooling rate, the 
size of the niobium crucible could be reduced.  

When using the high frequency furnace, the prepared tablet and niobium 
crucible were placed into a boron nitride container, whereupon the whole set-up 
was inserted within the furnace coil. An airtight quartz tube through which nitrogen 
flowed enclosed the sample as shown in Fig. 12.  

   



 

 29

                            
Figure 12. Picture shows the high frequency furnace setup and the flow of 

nitrogen gas. 

The samples in the high frequency furnace were heated to 1400°C in 10 min, 
held there for 60 min, and thereafter heated to 1650-1800°C between 1 and 4 hours 
depending on the composition of the La-Si-O-N system. It was found that 
preparations in the Pr-Si-O-N system could be synthesized between 1600-1725°C 
in 30 minutes to 2 hours. Addition of Al2O3 to the Ln-Si-Al-O-N system also 
helped to decrease synthesis temperature and time. The glasses were quenched in 
such a manner as to avoid the build-up of internal stresses during cooling. The 
samples were quenched from the melting point to 900 °C in 2 min, then from 900 
to 500 °C in 30 min, and then further down to room temperature in 1 to at most 2 
hours. Furthermore, the produced glasses were annealed to remove any remaining 
thermal shock features induced by the quenching process. To that end, the samples 
were reheated to 800°C at a rate of 5°C/min, held there for 1 h and then cooled to 
room temperature at a rate of 2°C/s/min. The annealing process was carried out in a 
tube furnace under a flow of nitrogen gas.  

 

3.2 Characterization techniques 

The samples were examined in a scanning electron microscope, and selected 
compositions were analyzed by X-ray diffraction. Scanning electron microscope 
(SEM) samples were prepared by customary methods, and the same samples were 
also used in the light microscope. Transmission electron microscopy (TEM) was 
done to observe nano-size crystallites and the structure of the glasses. To 
investigate local structural order, glasses were studied by solid state nuclear 
magnetic resonance. 

← Gas 

Gas →

↓
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   3.2.1 Light microscopy 

A light microscope was used to observe the surface morphology of the 
samples. A light microscope equipped with a digital camera was used to observe 
any scratches on the surface as well as any secondary phases or impurities.    

 

   3.2.2 Scanning electron microscopy  

Specimens were prepared by mounting them in Bakelite (hot mounting) with 
subsequent grinding on silicon carbide papers. Specimens were then polished on a 
diamond-impregnated wheel. The microstructure examination was carried out 
using a JEOL 820 microscope equipped with a Link Energy Dispersive X-ray 
analyser (EDX) system. The SEM was operated at an acceleration voltage of 20 
kV. Micrographs of the specimens were acquired in backscattered electron mode 
(BSE), to obtain the compositional contrast. The cationic percentage compositions 
of glass and crystalline phases were evaluated through EDX point analyses and 
normalized to 100 %.   

 

3.2.3 Transmission electron microscopy 

TEM foils/crushed samples were examined by electron energy-loss 
spectroscopy, using a dedicated scanning transmission electron microscope VG 
HB501 UX with a cold field emission gun and an electron energy-loss 
spectrometer, Gatan Enfina 1000, attached in parallel. High resolution TEM 
(HRTEM) studies were done with a Jeol H-8100 (200 keV, EDXS) and JEM 3010 
and 4010 (400 keV) microscopes. 

 

3.2.4 X-ray powder diffraction 

All glasses were examined with Huber Guinier 670 for quick examination 
and later by exposure of Guinier-Hägg films.  

 

3.2.5 Solid state nuclear magnetic resonance   

 Solid state Nuclear Magnetic Resonance (NMR) spectroscopy has been used 
extensively for structural characterization of solid phases; in materials science it 
has been applied to minerals, ceramics, glasses as well as micro- and meso-porous 
materials. NMR exploits the fact that the nuclei of many isotopes (for instance 29Si, 
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27Al and 17O) possess a property called “spin”, which effectively makes their nuclei 
behave as microscopically small bar magnets. As such, they interact with magnetic 
fields in their surroundings. The sample one wishes to study is placed in a strong 
magnetic field (generated by a superconducting magnet) and is subjected to intense 
pulses of radio-frequency irradiation. After the irradiation, the nuclei send back 
signals that may be interpreted in the resulting NMR spectrum.  

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 30-45 pulses and 200-
380 accumulated signal transients. Relaxation delays ranged from 660 to 1200 
seconds, selected sample based on results from separate saturation-recovery 
experiments. The oxide glasses and the oxynitride sample were doped with 10 
μmol/g Gd3+ to enhance spin-lattice relaxation, which permitted using shorter 
relaxation delays of 200 seconds and 90 pulses for excitation. Except for these 
samples, 150 Hz Gaussian broadening was employed in the spectral processing.  

 

3.2.6 Density measurements 

Densities were measured using the Archimedes method in distilled water. 
Semi-polished samples were used for the measurement, and the sample weights 
were between 200 and 500 mg. Ten measurements were recorded, from which a 
mean value and standard deviation was deduced.  

 

3.2.7 Hardness testing 

Vickers hardness measurement provided quick and useful information as a 
guide to the mechanical properties of the materials in all the heat-treated 
conditions. Hardness testing was performed with a Matsuzawa microhardness 
tester Model MXT-α1, and a Vickers hardness testing machine equipped with a 
pyramidal diamond indenter under an applied load of 1000 g. An average of five to 
seven indentions per specimen were normally recorded. The mean value and 
standard deviation was then calculated. The indentations were examined by light 
microscopy, and the diagonal lengths of the indentations were measured. The mean 
diagonal length for each reading was used to calculate the Vickers hardness. 
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The measured hardness notably depends on the load, which involves a 
substantial influence of the indentation size effect (ISE). The measured hardness 
was simple in a load-dependent. A substantial decrease of the apparent hardness 
with increasing load was observed. At higher loads, the load-hardness curves are 
expected to level out, although this does not occur within the measured range. Over 
the whole load range, these curves show that the loads that have been used 
according to the literature (0.1 to 0.5 kg) lead to severe overestimation of the load-
independent hardness of the glasses. Figure 13 (a) shows hardness as a function of 
applied load for two different glass compositions, and (b) shows a light image of an 
indent yielded by a 2 kg load. Arrows show the diagonal length of the indent. 

  

 
Figure 13. (a) Hardness as a function of applied load for two glass 

compositions  and (b) a light image showing an indent made by a 2 kg load. 
Arrows show the diagonal length of indent. 

 

3.2.8 Nitrogen and oxygen measurement 

Anions were determined by combustion analysis, and a Leco Detector (TV-
436DR) was used to detect the weight percentage of nitrogen and oxygen. The 
glass sample was crushed into a powder of which 20-40 mg was put into a tin foil 
crucible. The crucible was folded into a small volume and then sealed into a nickel 
spring-like crucible by twisting the upper edge of the spring. Thereby the sample 
was entrapped into the tin foil, and this foil was enclosed in the nickel spring-like 
crucible. Subsequently, the sample was inserted into the detector. The detector has 
a microprocessor that records both nitrogen and oxygen. The unit comprises an EF-
500 electrode furnace, where combustion takes place in a graphite crucible 
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 The gas analyzer is divided into two parts, one for measuring nitrogen and 
another for measuring oxygen. The sample gases in the nitrogen measurement path 
pass through preheated copper oxide, which converts carbon monoxide into carbon 
dioxide. Carbon dioxide is then removed with an absorbent (Lecosorb). Remaining 
gases pass through a thermal conductivity cell, which detects the nitrogen content.  

 

3.2.9 Refractive index measurement 

The refractive index was determined using an in-house built apparatus for 
measuring the Brewster angle, θB,[139] with a laser light source operating at λ = 633 
nm. The refractive index n was calculated from n = tan(θB). The samples were 
mounted in Bakelite for the measurements, and their surfaces were finely polished 
with 4000 mesh SiC paper, then with fine fabrics of 20 µm, 6 µm, and 1 µm. The 
precision of the measurement of n was estimated to be 0.03 on the average, 
corresponding to an error of ca. 1° in 2θB. 

 

 
Figure 14. Graph showing intensity vs. angle. The red curve shows polarized 

light intensity, where the minimum intensity on the red curve is the Brewster angle, 
64°. The blue curve shows intensity of unpolarized light. 

 

The refractive index measurements were carried out by finding the Brewster 
angle as shown in Fig. 14. At this particular angle Rp goes through minimum and 
again increases in intensity with increasing angle. This is known as Brewster’s 
angle, θB, as mentioned earlier. Mixing polarizations Rs and Rp yields unpolarized 
light. Polarization of visible light can be observed by using a polarizing filter. 
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Rotating the filter while viewing incoming light will change the intensity if linearly 
polarized light is present. 

 

3.2.10 Differential thermal analysis 

Differential thermal analysis (DTA) was carried out in order to detect the 
glass transition temperature (Tg) and crystallisation temperature (Tc). The 
instrument used was a Lanbsys™ TG-DTA 1600 series simultaneous thermo-
gravimetric differential analyser. Small samples (100 mg) were analysed in 
platinum crucibles, in a flowing argon atmosphere. An empty platinum crucible 
was used as reference material. The onset point of an endothermic drift on the DTA 
curve corresponds to the beginning of the transition range defined as Tg, while the 
peak of the exothermic is taken as Tc. 
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4. Results 

4.1 Synthesis procedure and characterization of glasses 

A large number of compositions were synthesized to find the glass forming 
region. Glass formation was found by studying compositions with different N:O 
ratios and Re:Si ratios within the Re-Si-O-N and Re-Si-Al-O-N systems, where Re 
= La, Ce, Pr, Nd, Sm, Gd, and Dy, which act as a metallic modifiers. The region of 
glass formation was studied completely in the La-Si-O-N and partly in the Pr-Si-O-
N system. Tables 2 and 3 show the compositions that form glass in these systems. 
Boron nitride was added to few compositions in Table 3 to find the glass 
compatibility with addition of BN to the melt, and up to 4.5 wt.% of BN could be 
successfully added into the glass.  

 

Table 2. The table shows initial compositions and glass compositions in the 
La-Si-O-N system. Glass compositions were calculated from the EDX analysis for 
cations and the combustion analysis for anions. 

ID no. Starting composition Glass composition La e/o N e/o 

1 La5Si10O22N3.67 La5.81Si10O24.22N2.99 30.3(5) 13.9(4) 

2 La6Si10O23.2N3.867 La8.14Si10O29.164N2.03 37.8(6) 9.2(3) 

3 La4Si 10O20 N4 La5.87 Si 10O22.3 N4.3 34.(5) 18.2(4) 

3a La4Si 10O20 N4 La5.87 Si 10O22.3 N4.3 34.(7) 18.2(6) 

4 La5Si10O19.25N5.5 La7.62Si10O25.57N3.90 36.3(4) 17.6(2) 

5 La6Si10O20.3N5.8 La7.90Si10O26.56N3.53 37.2(5) 15.6(7) 

6 La7Si10O21.35N6.1 La8.15Si10O25.93N4.19 37.9(8) 18.2(3) 

7 La3Si10O14.7N6.53 La7.84Si10O26.17N3.73 37.1(3) 17.3(6) 

8 La4Si10O15.6N6.933 La7.06Si10O22.27N5.55 34.6(6) 24.9(4) 

9 La5Si10O16.5N7.33 La7.45Si10O23.59N5.05 35.8(6) 21.9(3) 

10 La6Si10O17.4N7.73 La7.59Si10O22.95N5.62 36.27(3) 24.4(6) 

12 La8.89Si10O20N8.89 La12.22Si10O24.01N9.55 47.8(5) 35.3(3) 

13 La3.33Si10O12.5N8.33 La8.52Si10O23.25N6.36 38.9(6) 27.1(7) 

14 La5Si10O13.75N9.167 La8.25Si10O20.28N8.06 38.2(5) 34.1(3) 
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16 La6Si10O14.5N9.67 La8.82Si10O20.89N8.22 39.8(3) 33.4(4) 

17 La8.89Si10O16.67N11.11 La16.1Si10O29.68N9.62 54.6(7) 31.3(5) 

18 La13.3Si10O20N13.3 La16.45Si10O26.24N12.28 55.2(5) 40.1(4) 

21 La3.33Si10O10N10 La11.62Si10O23.89N9.03 46.5(8) 34.1(3) 

22 La5 Si 10O11 N11 La13.4Si10O16.78N15.54 50.1(8) 56.9(3) 

23 La5.714Si10O11.4N11.4 La11.03Si10O20.42N10.75 45.2(4) 43.3(8) 

24 La6.67 Si 10O12 N12 La14.62Si10O18.4N15.67 52.2(3) 58.3(6) 

25 La8.89Si10O13.3N13.3 La12.04Si10O19.7N12.24 47.4(4) 45.8(7) 

26 La13.33Si10O16N16 La18.15Si10O23.02N16.13 57.6(5) 49.1(3) 

30 La8 Si 10O8 N16 La11.7Si10O11.53N17.34 46.7(3) 65.7(4) 

31 La7.33 Si 10O10 N14 La10.64Si10O12.92N15.36 44.3(4) 62.6(5) 

33 La6 Si 10O8 N12 La12.33Si10O9.42N19.38 48.1(4) 67.9(5) 

34 La7.67 Si 10O9 N15 La13.1Si10O12.57N18.23 49.4(6) 66.8(3) 

35 La8.89Si10O10N15.56 La14.04Si10O19.39N14.5 51.3(3) 48.9(6) 

37 La8.89Si10O6.67N17.78 La21.72Si10O10.11N28.32 61.9(5) 67.3(3) 

38 La8.89Si10O3.33N20 La18.08Si10O6.59N27.03 57.5(6) 76.4(3) 

 

 

Table 3. The table shows initial compositions in the Pr-Si-O-N system. 
Cations were measured by EDX analysis and anions by combustion analysis . 

ID 
no. 

Starting 
composition 

Glass composition Pr e/o N e/o 

Pr1 Pr4.33Si10O7N13 Pr6.55Si10O13.66N10.78 32.96(6) 54.20(5) 

Pr2 Pr6.33Si10O7N15 Pr7.76Si10O13.45N12.13 36.79(3) 57.5(6) 

Pr4 Pr3.33Si10O10N10 Pr8.65Si10O18.7N9.21 39.36(4) 43.3(3) 

Pr5 Pr7.33Si10O10N14 Pr9.53Si10O17.97N10.88 41.68(6) 47.60(6) 

Pr6 Pr6.67Si10O12N12 Pr8.65Si10O19.43N9.03 39.36(5) 41.10(6) 
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Pr7 Pr6.33Si10O13N11 Pr8.94Si10O20.85N8.4 40.13(4) 37.60(5) 

Pr8 Pr7.67Si10O9N15 Pr9.49Si10O16.71N11.69 41.58(3) 51.20(6) 

Pr10 Pr8Si10O8N16 Pr12.1Si10O16.95N14.13 47.57(4) 55.57(4) 

Pr11 Pr6Si10O8N14 ------ ------ ------ 

Pr12 Pr4.67Si10O6N14 ------ ------ ------ 

Pr13 Pr8.67Si10O6N18 ------ ------ ------ 

Pr14 Pr6.67Si10O6N16 ------ ------ ------ 

Pr15 Pr7.33Si10O7N16 ------ ------ ------ 

Pr3H Pr4.67Si10O18N6 Pr6.34Si10O24.41N3.4 32.24(4) 17.30(7) 

Pr4H Pr2Si10O14N6 ------ ------- ------ 

 

 

Table 2 shows all the compositions that were synthesized from mixtures of 
La (metal), SiO2 and Si3N4, except for a few which could not be balanced without 
adding La2O3, namely compositions 1, 2, 5, 6, 12, and 18. It was found that the 
composition that has a high oxygen content in the form of Re2O3 and SiO2 in the 
starting mixture could react with the crucible materials, e.g. niobium. However, 
using ceramic crucibles, lanthanum metal reacts directly with the ceramic material 
(e.g. BN, graphite, graphite sprayed with BN, Si3N4). This observation thus 
restricts synthesis conditions to the use of only metallic crucibles, e.g. Nb, Mo, Ta, 
and W, of which Nb crucibles were found to be most favourable in this case. 
Calculation of the glass compositions is shown below.  

 

Glass compositions were calculated as in the following example:  

Starting composition: La5Si10O22N3.67  

SC = 15 and SA = 25.67 

EDX analysis: 

La = 36.74 at%    Si = 63.26 at% 

La = (36.74*15)/100 = 5.51     Si = (63.26*15)/100 = 9.48 

La5.51Si9.48 
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MC = (5.51*138.91)+(9.48*28.8) = 1031.59 g 

Wt% of oxygen and nitrogen from combustion analysis : 

Wt% of O = 25.54 

Wt% of N = 2.77 

Total wt% of O and N = 28.31 

Total wt% of La and Si = 100-28.31 = 71.69 

Wt of O and N in grams = (28.31*1031.59)/71.69 = 407.37 

Wt of O in grams           = (407.37*25.54)/28.31 = 367.51 

Wt of N in grams           = (407.37*2.77)/28.31 = 39.86 

O = 367.51/15.99 = 22.97 

N = 39.86/14.007 = 2.84 

Therefore glass composition = La5.51Si9.48O22.97N2.84 

                                          or = La5.81Si10O24.22N2.99 

 

The synthesized compositions 3 and 3a in Table 2 both formed glass, though 
the colours of the two glasses were entirely different. The starting mixture 
compositions and final glass compositions are identical, as both EDX and 
combustion analyses show the same values for all the elements in both glasses. 
Figure 15a shows an optical macrograph of the glasses (Table 2, composition 3 and 
3a) and b shows a polished glass piece of composition 34 from table 2. The result 
suggests that the reaction kinetic has a great influence on the colour of the glasses. 
It was found that composition 3a formed a liquid instantly when heated in the radio 
frequency furnace, in contrast to composition 3.  
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a

 

b

 
Figure 15(a,b). Optical macrograph showing compositions 3 

(La2O3+SiO2+Si3N4) and 3a (La+SiO2) from Table 2, and b showing a polished 
glass piece of composition 34 from table 2.  

 

Most of the glasses were found to be opaque and generally had a deep brown 
colour. Silicide impurities were found by optical microscopy in the most of the 
glasses containing lanthanum and nitrogen in higher amounts, and small quantities 
in size and volume were observed by SEM. SEM micrographs showed small 
amounts of spherical La silicide particles in La-Si-O-N samples and Pr silicides in 
Pr-Si-O-N samples. The size of the particles was typically 1 μm or less. Their 
amount was estimated as typically less than 1 vol%. In compositions with 2 – 4 
vol.% impurities they could be controlled by heat treatment to decrease with 
increasing holding time. In Fig. 16 a and b, optical micrographs are shown of a 
sample (no. 23 in Table 2) held at 1800°C for 2 and 4 hours, respectively. The 
optical micrograph in Fig. 16b shows a much lower volume fraction than Fig. 16a.  

Elemental silicon was not observed in SEM. However, TEM investigation 
showed that the glasses do contain very small amounts of tiny Si particles, but that 
the amounts are far less than those of the silicides present in the glasses.  
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Figure 16. Light micrographs showing the presence of La silicides (white 

spots) in a glass (no. 23 in Table 5) held at 1800°C for (a) 2 hours and (b) 4 hours 
(black spots from polishing). 

 

Starting compositions are plotted in the quaternary diagram shown in Fig. 17, 
with circles representing compositions that resulted in glasses and crosses 
compositions that were found to yield partially crystalline phase(s). A number of 
compositions were synthesised along the La2O3-SiO2 axis of the quaternary 
diagram in Fig. 17. It was found that none of the compositions formed glass; they 
melted around 1700°C, but upon quenching crystallization occurred, and most of 
the compositions reacted and consumed the walls of the crucibles. For other, glass-
forming, compositions elemental analysis of the prepared glasses showed that they 
contained considerably lower contents of nitrogen and silicon than the starting 
mixtures, and thus that loss of these elements occurs at the comparatively high 
preparation temperatures (1650-1800°C) used. The determined glass compositions 
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are shown in Fig. 18, together with some previously reported glass compositions in 
the systems M-Si-O-N with M = La and Ce.  

In Fig. 18, lines have been included that show constant values of the ratio 
X:M = [O,N]/[Si]. Most of the obtained glasses have X:M ratios between 2.5 and 
3.5, but some of them show values approaching 4. It is quite rare for silicon based 
glasses to have such high values of this parameter, since it apparently implies a 
very low connectivity of the frameworks of tetrahedra. The high values suggest 
that the glass structures differ in some fundamental way from those of previously 
investigated glasses with lower N contents. The densities of the glasses were found 
to range between 4.2 and 5.4 g/cm3. However, the density is strongly correlated 
with the La content of the glass framework.  

 

 
Figure 17. Starting mixtures for glasses prepared in the La2O3–SiO2–LaN–

Si3N4 system. Circles represent glasses formed, and crosses represent partially 
crystalline samples.  
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Figure 18. Glasses obtained in the La2O3–SiO2–LaN–Si3N4 system. The 

slanting lines show selected constant values for the ratio X:M = [O,N]/[Si].   

  

Table 3 shows some glass compositions containing high amounts of Pr and 
N. Here, synthesis limitations were similar to those in the lanthanum (La-Si-O-N 
system). However, the syntheses proceeded very smoothly in the Pr-Si-O-N 
system, and glass formed much more quickly than in the La-Si-O-N system. The 
synthesis time was only between 30 and a maximum of 90 minutes for mixture 
weights of 6 to 8 g. The result depends on the weight of the mixture and the 
geometry of the crucible, thus, for example, 6-10 g of a mixture in an 18 mm 
diameter crucible, can be homogeneously heated in the radio frequency furnace. In 
the graphite furnace, weight and geometry do not matter much, but the synthesis 
time is 10 times longer than in the radio frequency furnace.  

Most of the lanthanide metals were tried for ability to form glass, and it 
appeared that these metals behave quite similarly when forming glass, yielding an 
exothermic reaction at an early stage of synthesis. A few compositions were tested 
departing from the same starting mixture but with different network modifiers in 
metallic form, and all of these formed glasses having nearly the same composition. 
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This was done to compare the properties of glasses having the same stoichiometry 
but different metal ions. This effect of individual lanthanides is described in the 
later section of properties. Table 4 shows the starting and glass compositions in the 
Ln-Si-O-N system (Ln=La, Pr, Sm, Gd, and Dy).  

 

Table 4. Table shows initial compositions and glass compositions in the Ln-
Si-O-N system. Glass compositions were calculated from EDX analysis for cations 
and combustion analysis for anions. 

ID Starting composition Glass composition Ln e/o N e/o 

1 La6.67 Si10 O12 N12 La14.56Si10O17.45N16.26 52.2(3) 58.3(6) 

2 Pr6.67 Si10 O12 N12 Pr14.73 Si10O17.47N16.42 52.5(4) 58.5(5) 

3 Sm10Si10O12N12 Sm13.44Si10O17.19N15.31 50.2(4) 57.2(4) 

4 Gd6.67 Si10 O12 N12 Gd16.5Si10O18.48N17.51 55.3(5) 58.7(5) 

5 Dy6.67 Si10 O12 N12 Dy15.46Si10O17.84N16.9 53.7(4) 58.7(6) 

6 La7.33Si10 O10 N14 La10.64Si10O12.92N15.36 44.3(4) 62.6(5) 

7 Pr7.33Si10 O10 N14 Pr10.95Si10O13.44N15.32 45.1(4) 63.1(4) 

8 Sm11Si10O10N14 Sm6.8Si10O14.87N17.02 50.5(7) 63.2(4) 

9 Gd7.33Si10 O10 N14 Gd11Si10O13.43N15.38 45.2(5) 63.2(5) 

10 Dy7.33Si10 O10 N14 Dy11Si10O13.43N15.38 45.2(5) 63.2(4) 

11 La6 Si10 O14 N10 La8.82Si10O17.87N10.23 39.8(3) 33.4(4) 

12 Pr6 Si10 O14 N10 Pr8.93Si10O17.7N10.46 40.1(4) 33.2(3) 

13 Gd6 Si10 O14 N10 Gd8.96Si10O17.79N10.43 40.2(3) 33.6(5) 

14 Dy6 Si10 O14 N10 Dy9Si10O17.65N10.56 40.3(4) 33.3(4) 

 

The glasses with high nitrogen content in the Ln-Si-Al-O-N system were 
prepared by the same method as described for the La-Si-O-N system. Nitrogen was 
incorporated in these glasses to a much higher extent (61 e/o nitrogen) than in 
glasses previously reported in any oxynitride glass system (a maximum of ~40 e/o 
nitrogen Sm-Si-Al-O-N system[140] and lower in many other systems;[106,108,115,121] 
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clear glass cannot obtained above 15 e/o nitrogen[140] by any synthesis method 
applied).  

The syntheses were primarily carried out by standard procedures, as 
described earler, by firing SiO2 and Si3N4 with metal modifiers in a nitrogen 
atmosphere and with addition of AlN. It was observed that the solution of added 
AlN was incomplete, and some of it remained undissolved in the liquid  because of 
its strong bonding and stability, which could not be overcome by the applied 
solution treatment (time and temperature) or liquid composition. Because of this 
limitation, aluminium had to be added in oxide form, i.e. as  Al2O3 instead of AlN, 
as an admixture to the composition. Experimental observation shows that Al2O3 
reacts and dissolves into the liquid much better and faster than AlN. Figure 19 
reveals some undissolved AlN near the crucible walls. It is thus easier to dissolve 
Al2O3 than AlN in the Ln-Si-Al-O-N system. Table 5 shows a few selected 
prepared compositions that form glass in the Ln-Si-Al-O-N system. 

 

Table 5. Table shows initial compositions and glass compositions in the Ln-
Si-Al-O-N system, where Ln=La, Sm, Gd, Dy, and Ho. Glass compositions were 
calculated from EDX analysis for cations and combustion analysis for anions. 

ID 
no. 

Starting composition Glass composition Ln e/o N e/o 

1 La7.03Si10Al1.11O15.55N11.11 La11.59Si10Al1.9O23.79N10.98 43.18 42.4 

2 La10Si10Al2.5O12.5N17.5 La12.53Si10Al4.11O17.57N18.3 41.79 61.05 

3 La8.1Si10Al4,28O17.14N14.29 La13.93Si10Al6.56O25.97N16.5 41.18 48.89 

4 La10.42Si10Al2.81O17.89N14.64 La12.61Si10Al3.94O22N15.22 43.46 58.94 

5 La10.96Si10Al2.81O16.26N16.26 La14.56Si10Al4.21O20.64N18.34 46.30 70.31 

6 La3.33Si10 Al3.33O20N6.67 La5.34Si10Al5.4O25.24N7.2 22.18 29.73 

7 Sm12.14Si10Al4.29O17.14N14.29 Sm13.36Si10Al6.26O19.94N15.21 27.63 57.43 

8 Gd8.1Si10Al4,28O17.14N14.29 Gd13.93Si10Al6.56O25.97N16.5 41.18 48.89 

9 Gd10Si10Al2.5O12.5N17.5 Gd11.59Si10Al1.9O23.79N10.98 41.79 61.05 

10 Dy10Si10Al2.5O12.5N17.5 Dy11.59Si10Al1.9O23.79N10.98 41.79 61.05 

11 Ho10Si10Al2.5O12.5N17.511 Ho11.59Si10Al1.9O23.79N10.98 41.79 61.05 
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Figure 19.  SEM micrograph shows glass in the Nb crucible and AlN starting 
powder (in black colour as arrow indicating) on the walls of the Nb crucible.   

 

By increasing the temperature to 1700°C, the glass forming region can be 
dramatically enlarged. It is clear that temperature is an important variable in the 
incorporation of nitrogen into the melt and in the formation of glass. On the other 
hand, raising the temperature from 1600°C to 1700°C increased the weight losses 
from 2-3 w/o up to 4-6 w/o, and at temperatures in excess of 1750°C weight losses 
were as high as 10 w/o in the Ln-Si-Al-O-N system. that the most evident losses 
are caused by silicon and nitrogen leaving the system.   

Table 6 shows glasses containing Pr and La in the (Pr,La)-Si-O-N system. 
These glasses were prepared as a study of the effect of substitution on the 
synthesis, hardness, refractive index, and density of the selected composition. The 
syntheses proceed smoothly with large amounts of Pr substituted for La. Synthesis 
times increase and some losses are also observed at higher La contents. 
Compositional analysis shows that the amount of (Pr,La) is between 50-55 e/o and 
nitrogen between 56 to 59 e/o. This investigated glass compositions vary from Pr 
to La between Pr12.1Si10O16.3N14.58 and (Pr,La)14.31Si10O17.5N16, and the density 
increases with substitution of Pr for La, varying from 4.87 to 5.49 g/cm3.   
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Table 6. The table shows starting compositions, glass compositions, Pr e/o, 
La e/o and N e/o in the (Pr,La)-Si-O-N system.  
ID Staring composition Glass composition Pr e/o La e/o N e/o 

PrM2 Pr0.16La7.64Si10O8N16 Pr0.41La13.9Si10O17.5N16 3.0(5) 51.07(7) 57.85(5) 

PrM5 Pr0.4La7.6Si10O8N16 Pr0.77La12.54Si10O17.3N15.12 5.45(4) 48.46(6) 56.73(6) 

PrM10 Pr0.8La7.2Si10O8N16 Pr13.65La13.45Si10O18.38N15.89 9.28(4) 50.21(4) 56.45(4) 

PrM20 Pr1.6La6.4Si10O8N16 Pr3.17La13Si10O19.1N16.76 19.19(4) 49.38(6) 56.78(5) 

PrM30 Pr2.4La5.6Si10O8N16 Pr4.6La11.38Si10O19.4N16.37 25.63(5) 46.04(7) 55.87(7) 

PrM40 Pr3.2La4.8Si10O8N16 Pr6.1La9.87Si10O19.22N16.5 31.4(4) 42.53(3) 56.27(4) 

PrM50 Pr4La4Si10O8N16 Pr6.37La6.62Si10O17.07N15 32.32(2) 33.17(4) 56.89(3) 

PrM60 Pr4.8La3.2Si10O8N16 Pr7.26La5.34Si10O16,85N14.7 35.26(6) 28.68(6) 56.73(7) 

PrM70 Pr5.6La2.4Si10O8N16 Pr10.1La4.7Si10O17.9N16,3 43.28(6) 26.32(3) 57.65(6) 

PrM80 Pr6.4La1.6Si10O8N16 Pr12.1La3.16Si10O18.23N16,42 47.56(3) 19.14(2) 57.45(4) 

PrM90 Pr7.2La0.8Si10O8N16 Pr10.89La1.33Si10O16,02N14.87 44.95(4) 9.09(3) 58.19(5) 

PrM100 Pr8Si10O8N16 Pr12.1Si10O16.3N14.58 47.93(5) 0 57.35(4) 

 

4.2 Glass formation and synthesis reaction mechanism 

Attempts were made to study the synthesis reaction mechanism. in order to 
provide some understanding of the glass formation and the presence of impurities. 
The mechanism was studied by carrying out heat treatments of selected 
compositions, with intermediate quenches to arrest the reaction. For this purpose a 
starting mixture of composition La5.71Si10O11.43N11.43 was selected, and the 
following heat treatment: The treatment started with slow heating to 900°C, at 
which point a strong exothermal reaction took place and the sample briefly attained 
a temperature estimated by pyrometer observation to be between 1600 and 1800°C. 
The samples were then, one after the other, slowly heated to 1200, 1400, and 
1600°C, respectively, and held at each temperature for 1 hour. Samples for 
characterization were acquired by interrupting the heating at each of these 
temperatures, as mentioned above, after 10 min and 1 hour, with great care taken to 
avoid any oxidation of heat treated mixture in the glove box. XRD analysis of the 
mixture was then run in the diffractometer vacuum chamber.  

Three major crystalline phases were identified as: pseudo-hexagonal 
LaSiO2N,[141] apatite type La10Si6O24N2 and α-Si3N4. In addition, samples were 
found to contain small amounts of La4Si2O7N2 and LaSi2.[142] Representative X-ray 
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diffraction patterns (XRDP) of samples containing these phases are shown in 
Fig. 15. In addition, some samples yielded weak reflections that could be assigned 
to La3Si2, La2SiO5 and, possibly, high-temperature cristobalite, SiO2.[142] 

 
Figure 20. XRPD patterns for samples heated to, from top to bottom, 900°C 

holding time 10 min, 1200°C for 1 h, and 1600°C for 1 h. The marked phases are 
LaSiO2N (•), La10Si6O24N2 (Ο), α-Si3N4 (■), LaSi2 ( ), and La4Si2O7N2 (|). The 
two unmarked strong reflections are from the internal Si standard used.  

 

In brief, samples were observed to contain large amounts of oxygen-rich La 
oxynitride phases, unreacted Si3N4, and some minor amounts of La silicides. The 



 

 48

major phase, LaSiO2N, increased in amount with heating temperature, and was the 
only identified crystalline phase in the sample heated to 1600°C. The phases 
La10Si6O24N2 and La4Si2O7N2, were observed in samples heated to 1200-1400°C. 
The LaSi2 phase was found in almost all the samples except one heated to 1600°C, 
and La3Si2 in smallest quantity at 900°C. For samples heated to 900-1400°C, the 
same amount of Si3N4 was found, but relatively less in the sample heated at 
1600°C.  

 Samples were also analysed by light microscopy and SEM. They were found 
to be semi-porous and were mounted in resin instead of Bakelite, because the low 
viscosity resin provides better binding and holding of semi-porous solid pieces. 
After overnight solidification of the resin, the samples were ground and polished in 
ethyl glycerine to avoid reaction with water during sample preparation. The ethyl 
glycerine layer also helps to avoid air contact to some extent. Figure 21 is a light 
micrograph showing the morphology and porosity of the sample. 

 

                               
 Figure 21. Light micrograph showing porosity in the sample. 

 

Routine carbon coating was done to prepare SEM samples, and SEM images 
of polished surfaces showed a similar morphology to samples heated at 
comparatively low temperatures, 900-1200°C. They were quite porous, containing 
up to 100 μm large voids, as can be seen in the light micrograph in Fig. 21. It was 
observed in the SEM micrographs that the porosity decreased with increasing 
heating temperature, and samples heated to 1400-1600°C exhibited nearly full 
compactness. BSE images for samples heated to different temperatures are shown 
in Fig. 22.  

The results show two major phases in all samples: glass and LaSiO2N, see 
e.g. Fig. 22 (c). EDX analysis showed that the glass phase had a cation 
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composition of 53.7(8) % La and 46.3(8) % Si. In samples heated at 1400-1600°C, 
the microstructures contain LaSiO2N crystallites, as shown in Figs. 22 (c,e,f), 
which reveal that LaSiO2N may formed rapidly during cooling, and larger regions 
containing LaSiO2N and glass were often observed. The crystallization of LaSiO2N 
upon cooling might be assisted by large-scale compositional fluctuations in the 
glass and/or the presence of undissolved particles acting as primary nucleation 
sites. Secondly, for samples heated to lower temperatures, 900-1200°C, the glass 
and LaSiO2N present have most probably formed during the rapid temperature 
increase and subsequent fast cooling that occurs upon heating at 900°C. During this 
heating program the samples briefly attained temperatures of 1600-1800°C. 

 

 
Figure 22. SEM BSE images of samples heated to (a) 1200°C/10 min, (b) 

1400°C/10 min , (c) and (d) 1400°C/1 h, (e) 1600°C/10 min, (f) 1600°C/1 h.   
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Figures 22 (a,d) show the silicides LaSi2 and La3Si2 with spherical 
morphology. It is observed at low temperatures that the silicide particles are quite 
large (20-30 µm) and surrounded by a layer containing a more La-rich glass and 
Si3N4. At higher heating temperatures, the spherical particles become smaller, with 
a size of 10 μm and less. Figures 22 (e,f) show the distribution of silicide particles 
within the samples. The results show that the La silicides gradually dissolve into 
the glass with increasing temperature and time, and a similar result was found by 
XRD. According to Bulanova et al.,[143] LaSi2, a solid solution phase with 
composition ranging from LaSi2 to LaSi1.65, which melts congruently at 1730°C, 
whereas La3Si2 melts peritectically at 1470°C. The oxygen-rich oxynitride phases 
La10Si6O24N2 and La4Si2O7N2 could not be reliably differentiated by EDX analysis, 
due to their similar cation compositions. Larger particles, of 10 μm size, with 
corresponding compositions were observed in samples heated to 1200-1400°C. 
Some of the unreacted Si3N4 was found in two types of microstructures, as shown 
in Fig. 22 (d): as up to 5 μm crystals within the glass matrix and in spherical 10-50 
μm diameter regions containing a mixture of an La-richer glass. Starting mixtures 
have particle sizes below 0.1 μm, and grain growth takes place in Si3N4 during the 
heating procedure. Dispersed Si3N4 powder was found throughout the sample in the 
form of small isolated particles. 

The formation of La-rich oxynitride glass occurs during the heat treatment at 
900°C. It is observed from the results that the crystalline silicides and oxygen-rich 
oxy-nitride phases are gradually dissolved into the glass when the temperature rises 
from 900°C to 1600°C, and the materials consolidate. But inhomogeneities still 
remain in the samples after the heat surge, and it is difficult to dissolve remaining 
phases without applying high temperatures. 

 

4.3 Scanning electron microscopy 

SEM gives quick information about the surface and homogeneity of the X-
ray amorphous glass samples. It was found that small quantities of crystalline 
impurities could not be detected by X-ray in the bulk glass matrix. BSE provides 
evidence of these impurities, and EDX gives the compositional homogeneity. 
Small amounts of impurities can be reduced by changing the synthesis parameters 
to yield impurity-free glasses. Figure 23 shows SEM micrographs of the different 
morphologies and crystalline phases in the glass matrix.   
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Figure 23. SEM images show (a) two phases in the glass matrix, (b) white 

spherical silicide particles and phase separation, (c) dendritic growth in the glass 
matrix, and (d) needle- or lath-like crystalline particles and glass phase at grain 
boundaries of the needles. 

 

Figure 23 (a) The glass sample gives weak X-ray reflections, but the image 
shows the presence of two glass phases by EDX compositional analysis and black 
coloured undissolved Si3N4. Image (b) shows two glass phases and silicide 
particles. Image (c) shows the growth of dendrites, and (d) needle-like particles of 
a crystalline phase. Figure 24 shows an SEM micrograph of impurity free glass.  
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Figure 24. SEM micrograph showing a homogeneous glass surface with no 

apparent impurities. A scratch was left on the surface to indicate the resolution.  

 

4.4 Transmission electron microscopy 

TEM was used to investigate the homogeneity of the glasses and to detect the 
presence of minor amounts of impurities in some glass compositions. The TEM 
images in Fig. 25 (a,b,c and d) show the glass matrix from sample 34 in Table 2 
and the presence of silicon on the edges of the precipitate (ppt.). The interface 
between  Si and glass shows no fringes indicating order, but at the interface 
between Si and precipitate ordered fringes in silicon can be seen. The La:Si ratio is 
1:3. Figures 26 a, b and c show TEM images and EELS spectra. 
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a

  

 
 

Figure 25. Transmission electron micrographs showing (a) glass matrix and 
selected area diffraction pattern (SADP), (b) silicide particle, and (c and d) 
enlarged areas of Si and La-silicide, respectively, from image (b).  
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Figure 26. Images show TEM images of: a) core of the ppt., b) edge of the 

ppt. and c) edge of the glass, and EELS analysis. 

 

Figure 27 shows a TEM image and EELS spectra yielding glass composition 
data for sample 34 in Table 2. The EELS graphs show no evidence of any 
compositional fluctuation. The TEM samples were prepared in three different 
manners to avoid artefacts of preparation. Figures 28 a, b and c show TEM images 
of ion milled, crushed, and replica, respectively. The images all show distinct 
features of spherical shape, either in contrast and/or as topographic impressions. 
Since these samples have high La contents, this morphology might indicate local 
fluctuations of the La concentration and/or medium range ordering in the structure. 
Further TEM investigation is needed give more details of the structure and 
homogeneity, in order to provide understanding of the structure and properties of 
these glasses.  
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Figure 27. EELS spectra show no evidence of compositional fluctuation 

along the 100 nm line scan. A beam diameter of 2.5 nm was used. 

 

 
Figure 28. TEM samples were prepared by three methods: (a) from carbon 

replica, (b) crushed sample, and (c) ion milled sample. The TEM micrographs 
show spherical and/or circular features at the nm scale. 

 

4.5 Solid state nuclear magnetic resonance   

We have used 29Si and 27Al NMR to study the local environments of Si and 
Al atoms in two Ca-Si-O-N glasses[144] and several members of the La-Si-(Al)-O-N 
glass system.[131] Our main objective was to identify and quantify the various 
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tetrahedral SiO4-pNp environments present in the glass networks for different anion 
and cation glass compositions.  

The chemical shift (position of a peak in the NMR spectrum) provides 
information about the local chemical environment of the nucleus generating the 
peak, and it serves as a “fingerprint” of the nucleus of each distinct structural unit 
present in the sample. Generally, the chemical shift depends on the identity of 
atoms surrounding the observed nucleus, as well as on its coordination.  It is 
important to note that the chemical shift of the nucleus only reflects its immediate 
“chemical” (i.e. electronic) environment. However, this fact combined with the 
element-specific character of NMR, makes it one of few techniques available to 
study the structures of glasses (or any structurally disordered phase lacking long-
range order) such as the oxynitride glasses of the present thesis. The use of rapid 
sample spinning, so-called magic-angle spinning (MAS) narrows the spectral peaks 
and improves the resolution in the NMR spectrum.  

The silicon and aluminium environment was investigated by 29Si and 27Al 
MAS-NMR.[131,144] The tetrahedral coordination corresponds to a distinct observed 
chemical shift, and also indicates the number of bridging anions from the ratio of 
corresponding Qn units. The results show that the introduction of nitrogen as well 
as modifier ions has a strong effect on the relative numbers of Q units. 29Si NMR 
evidenced a progressive formation of Si-N bonds, as the introduction of nitrogen 
increases the formation of SiO3N and SiO2N2 tetrahedra, of which the latter are 
dominant in nitrogen-rich glass networks.  

Table 1 in ref.[131] shows the compositions, X:M ratios, hardness and 
densities of the glasses. It can be seen that X:M increases with increasing nitrogen 
content, which may be attributed to the higher degree of cross linking of the 
structural units. Table 3[131] shows the 29Si chemical shift in Fig. 2,[131] and Table 5 
of the same reference shows the ratio of bridging and nonbridging anions (BX and 
NBX) calculated from X:M and an assumption of most probable units present in 
the structure. As indicated by the Table, the number of NBX units increases 
gradually with increasing nitrogen content, which means more Q2 and SiO2N2 
units. This leads to two statements about the effect of increasing nitrogen content: 
i) a higher degree of cross linking instead of O2- or N3- connected to silicon, and ii) 
a higher degree of framework fragmentation in the glass network, because the 
lanthanum content increases in proportion, resulting in an increase of X:M and thus 
a more fragmented structure. It has been reported[145] that the properties also 
change with increasing atomic number of the lanthanide, corresponding to 
decreasing ionic radius, namely that the glass network is tightened when the ionic 
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radius of the modifier ions decreases, so that a higher degree of cross linking is 
achieved relative to the nitrogen content. 

 
Figure 29. 29Si MAS spectra recorded at 9.4 T and arranged according to 

increasing N content of the glasses. Peak maxima (in ppm) are indicated at the 
lower right of each spectrum, and asterisks mark positions of spinning sidebands. 
The two dashed lines through the peak maxima of the La (9.9 N e/o) and La (52.6 
N e/o) spectra reveal the enhanced 29Si deshielding as the N and La contents of the 
glasses increase. The two minor peaks marked by circles in (b) derive from 
unknown impurity phases  (as per reference no. 131, Fig.2, article 4). 

 



 

 58

Results of 29Si and 27Al NMR show the structures of La-Si-(Al)-O-(N) 
glasses over a wide range of cation and anion compositions. The various 
constituent elements, as mentioned above, influence the formation of Si-N bonds 
upon increasing N content, with tetrahedral SiO3N units dominating in glass 
networks comprising < 20 % N, and primarily SiO2N2 units in glasses of higher N 
contents (above ca 35 % in La-Si-Al-O-N glasses and 50 % in samples devoid of 
Al).  

27Al NMR shows that aluminium is predominantly present in tetrahedral 
coordination as AlO4, whereas the glasses with higher nitrogen contents have a 
major fraction of AlO3N structural units. The network modifier ion La3+ serves as 
charge balance versus AlO4 tetrahedra, N atoms in N[1] and N[2] coordinations and, 
when present in large amounts, depolymerizes the glass network via Qn -> Qn-1 

conversions. Consequently, oxynitride glass networks with high La content are 
very fragmented.  

While all three N coordinations are probably always present, significant 
fractions (50 %) of N[3] are only expected for glasses having low La/Si ratios, 
whereas compositions with high La concentrations yield more fragmented structure 
frameworks. On the other hand, the observed increase in, for instance, glass 
transition temperature and microhardness upon the introduction of nitrogen is due 
to more crosslink bonding, according to prevailing arguments. However, the 
improved materials properties may simply originate from the more strongly 
covalent nature of Si-N bonds compared to Si-O linkages, or to longer-range 
structural effects beyond the predictability of local structural features. 

 

4.6 Properties of glasses 

4.6.1 Glass transition and crystallization temperatures 

Glass properties were measured to determine their dependence on 
composition. The results show quite a broad range of trends over the vast range of 
compositions. The glass transition temperatures, Tg, and crystallization 
temperatures, Tc, were measured for most of the selected compositions of La-Si-O-
N glasses. Glass samples were crushed into small pieces of approximately 0.1-0.5 
mm size. It has been reported that powder samples exhibit lower Tc temperatures 
than bulk pieces in the Li-Si-O-N system. Figure 30 shows DTA graphs of two 
glass compositions from Table 7. It was observed that Tg ranges from 950 to 
1100°C, and Tc from 1050 to 1250°C. The average temperature difference between 
Tg and Tc is approximately 120°C.   
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Table 7. Tne table shows data obtained from La-Si-O-N glasses: 
compositions of starting mixtures, glass compositions, La e/o, N e/o, X:M, glass 
transition temperatures (Tg), glass crystallization temperatures (Tc), and densities 
(ρ). Numbers in brackets are estimated standard deviations. 

ID 
no. 

Starting  
composition 

Glass composition La e/o N e/o X:M Tg 
(°C) 

Tc 
(°C) 

ρ 
(g/cm3) 

1 La5Si10O22N3.67 La5.81Si10O24.22N2.99 30.3(5) 13.9(4) 2.72 954 1087 4.24 

2 La6Si10O23.2N3.867 La8.14Si10O29.164N2.03 37.8(6) 9.2(3) 3.12 943 1042 4.48 

4 La5Si10O19.25N5.5 La7.62Si10O25.57N3.90 36.3(4) 17.6(2) 2.95 979 1112 4.70 

5 La6Si10O20.3N5.8 La7.90Si10O26.56N3.53 37.2(5) 15.6(7) 3.01 965 1094 4.44 

6 La7Si10O21.35N6.1 La8.15Si10O25.93N4.19 37.9(8) 18.2(3) 3.01 981 1121 4.55 

7 La3Si10O14.7N6.53 La7.84Si10O26.17N3.73 37.1(3) 17.3(6) 2.99 968 1086 4.69 

8 La4Si10O15.6N6.933 La7.06Si10O22.27N5.55 34.6(6) 24.9(4) 2.78 987 1157 4.44 

9 La5Si10O16.5N7.33 La7.45Si10O23.59N5.05 35.8(6) 21.9(3) 2.86 974 1130 4.56 

10 La6Si10O17.4N7.73 La7.59Si10O22.95N5.62 36.27(3) 24.4(6) 2.86 980 1154 4.66 

12 La8.89Si10O20N8.89 La12.22Si10O24.01N9.55 47.8(5) 35.3(3) 3.36 1053 1175 5.15 

13 La3.33Si10O12.5N8.33 La8.52Si10O23.25N6.36 38.9(6) 27.1(7) 2.96 1030 1118 4.72 

14 La5Si10O13.75N9.167 La8.25Si10O20.28N8.06 38.2(5) 34.1(3) 2.83 1075 1160 4.68 

16 La6Si10O14.5N9.67 La8.82Si10O20.89N8.22 39.8(3) 33.4(4) 2.91 1063 1145 4.77 

17 La8.89Si10O16.67N11.11 La16.1Si10O29.68N9.62 54.6(7) 31.3(5) 3.93 1008 1105 5.46 

18 La13.3Si10O20N13.3 La16.45Si10O26.24N12.28 55.2(5) 40.1(4) 3.85 1010 1113 5.42 

21 La3.33Si10O10N10 La11.62Si10O23.89N9.03 46.5(8) 34.1(3) 3.29 1030 1140 5.14 

22 La5 Si 10O11 N11 La13.4Si10O16.78N15.54 50.1(8) 56.9(3) 3.23 1067 1176 ----- 

23 La5.714Si10O11.4N11.4 La11.03Si10O20.42N10.75 45.2(4) 43.3(8) 3.12 1086 1157 4.91 

24 La6.67 Si 10O12 N12 La14.62Si10O18.4N15.67 52.2(3) 58.3(6) 3.41 ---- ----- 5.27 

25 La8.89Si10O13.3N13.3 La12.04Si10O19.7N12.24 47.4(4) 45.8(7) 3.19 1090 1178 5.28 

26 La13.33Si10O16N16 La18.15Si10O23.02N16.13 57.6(5) 49.1(3) 3.92 1057 1161 5.51 

30 La8 Si 10O8 N16 La11.7Si10O11.53N17.34 46.7(3) 65.7(4) 2.89 1061 1210 ------ 

31 La7.33 Si 10O10 N14 La10.64Si10O12.92N15.36 44.3(4) 62.6(5) 2.83 ------ ------ ------ 

33 La6 Si 10O8 N12 La12.33Si10O9.42N19.38 48.1(4) 67.9(5) 2.88 ------ ------ ------ 

34 La7.67 Si 10O9 N15 La13.1Si10O12.57N18.23 49.4(6) 66.8(3) 3.05 1072 1235 4.99 

35 La8.89Si10O10N15.56 La14.04Si10O19.39N14.5 51.3(3) 48.9(6) 3.39 1062 1166 5.36 
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37 La8.89Si10O6.67N17.78 La21.72Si10O10.11N28.32 61.9(5) 67.3(3) 3.84 968 1103 5.51 

38 La8.89Si10O3.33N20 La18.08Si10O6.59N27.03 57.5(6) 76.4(3) 3.36 1042 1265 5.45 

 

The general trend in the data is that glasses with high N or high La contents 
tend to have high Tg values, but the correlation for such dependence is not strong if 
one includes all glass compositions. Therefore, the glass compositions were 
divided into three X:M ratios: 2.5-3, 3-3.5, and 3.5-4, see Table 7, where X:M = 
[O,N]/[Si]. 

   
Figure 30. DTA recordings for samples with compositions; (a) 

La5.81Si10O24.22N2.99 (no. 1) and (b) La13.1Si10O12.57N18.23 (no. 34). 

 

As seen Fig. 31(a), there is no marked increase in Tg up to 25 e/o of nitrogen, 
but above that concentration it increases fairly rapidly. The graphs in Figures 31 
(b) and (c) show increases in Tg up to 50 e/o, whereupon Tg starts to decrease 
again. It appears as if some transition occurs at or above 50 e/o nitrogen, where the 
structure changes abruptly so as to change the trend in Tg. Therefore, it is important 
to note that the X:M ratio, structural connectivity, and fragmentation influence the 
variation of the Tg temperatures. 
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Figure 31. Glass transition (Tg) and crystallization temperature (Tc) as a 

function of N content for La-Si-O-N glasses with X:M ratios between (a) 2.5 and 3, 
(b) 3 and 3.5, and (c) 3.5 and 4. Lines are drawn for eye guidance only.  

 

TG-DTA data recorded for Pr-containing glasses in the Pr-Si-O-N and Pr-
La-Si-O-N systems show that substituting La ions for Pr lowers the Tg temperature. 
Thus, PrM100 which contains no La has Tg = 1086°C and Tc = 1227°C, whereas 
PrM5 which contains La ions in the glass composition gives Tg = 1031°C and Tc = 
1214°C. Figure 32 shows the recorded DTA graph of composition PrM100.  

 

 
Figure 32. TG-DTA of samples with composition PrM100 from table 6 

(Tg=1086°C, Tc=1227°C).  

 

4.6.2 Hardness measurement in the La-Si-O-N system 

Hardness results are shown in Fig. 33 where Vickers hardness values in GPa 
are plotted against nitrogen content in e/o. It can be seen from the plot that up to 25 
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e/o nitrogen the hardness increases more or less linearly, and this is also supported 
by previous reports.[118,121,122,146] At higher nitrogen contents the hardness curve 
bend and becomes less steep, most prominently between 50 and 68 e/o of nitrogen. 
Table 8 shows a few reported data of hardness in various systems, using various 
experimental procedures.  

 

 
Figure 33. Plot show Vickers hardness in GPa vs. nitrogen in e/o. Points are 

labeled as: X:M = 2.5-3.0 ( ), X:M = 3.0-3.5( ), X:M = 3.5-4.0 ( ). 

 

Table 8. The table shows previous hardness results from the literature. 
System Nitrogen Modifier-ions type and 

fraction 
Al :e/o or 
at.% 

Al2O3:mole 

Hardness 
GPa 

Load Ref. 

Y-Si-Al-
O-N 

0-7 at.% 

0-10 e/o 

Y= 5-16.6 at.% 

12-42 e/o 

3.2-10 at.% 

8-24 e/o 

10-11.5 

5 indents 

200 g 

15 sec 

108 

Na-Si-O-
N 

0-2.4 wt.% 

0-4 e/o 

Na -------------- 3-5-5 

10 indents 

100 g 

20 sec 

146 

Na-Ca-
O-N 

0-2.4 wt.% Na-Ca -------------- 5-6.5  146 

Na-B-Si-
O-N 

0-0.16 
wt.% 

Na-B -------------- 4.2-5.3  146 

Ca-Si- 0-8.66 CaO=30-36 mol% Al2O3 5.4-8.8 100 g 106 
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Al-O-N wt.% 

0-14 e/o 

3-24 mol% 10 sec 

Y-Si-Al-
O-N 

5-15 at.% 

7.3-33.3 
e/o 

Y= 15 at.% 

Y= 33.3 e/o 

15 at.% 

22.2 e/o 

8.8-9.9 

10 indents 

100 g 

10 sec 

118 

Y-SiAl-
O-N 

6.3-15 
at.% 

14.4-33.3 
e/o 

Y= 12.5-15 at.% 

Y=28.5-33.3 e/o 

6.3-13.3 
at.% 

14.4-22.2 
e/o 

9-11.5 

10 indents 

100 g 

------- 

109 

Ba-Si-
Al-O-N 

0-7.7 at.% 

0-11 e/o 

Ba = 36.4 wt.% 5 wt.% 5-6 300 g 

20 sec 

107 

Y-Si-Al-
O-N 

6.3-15 
at.% 

9-21 e/o 

Y = 39-45 wt.% 6-12.6 
wt.% 

8-10.4 100 g 

10 sec 

147 

Sm-Si-
Al-O 

-------------
---- 

Sm2O3=6-25 mol% 

 

10-40 
mole% 

6.5-7.5 100 g 

10 sec 

148 

Ln-Si-
Al-O-N 

17 e/o Ln=28 e/o 

Ln=Y,Ce,Nd,Sm,Eu,Dy,Ho,Er 

16 e/o Y=7.5 

Ce-Er=9-
11.4 

100 g 

15 sec 

124 

RE-Si-
Mg-O-N 

20-24 e/o RE=20 e/o Mg=20 e/o 

RE= Sc,Y,La,Sm,Yb,Lu 

-------------- Sc-Lu 

9.2-10.61 

50g-1 kg 

10 sec 

123 

Re-Si-
Mg-O-N 

20-24 e/o RE=20 e/o  Mg=20 e/o 

RE= Sc,Y,La,Sm,Yb,Lu 

 

-------------- Sc-Lu 

8.9-10.3 

10 Indents 

500 g 

10 sec 

114 

Y-Si-Al-
O-N 

0-17 e/o 32.5-52 e/o 9-32.5 7.7-9.3 Bull’s 
Eq/load 
indenpendent 

119 

Y-Si-Al-
O-N 

17 e/o 16-44 e/o, wt.%, at.%,mol.%? 0-28  9.3 2 kg 149 

La-Si-O-
N 

38 e/o 42 e/o 0 11 100 g 113 

Y–
(Mg,Ca)–
Si–Al–
O–N 

15 e/o Y=0-14 e/o, Mg=7-14, Ca=0-
28 

16 e/o 6.6-9 1 kg 

15 sec 

150 

La-Si-O-
N 

9-68 e/o La = 35-62 e/o ------------ 7.8-11.5 1 kg 

15 sec 

151 
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Er-Si-Al-
O-N 

0-22 e/o Er:Si:Al = 3.45:3:2 ------------ 8.8-9-7 100 gm 

15 sec 

152 

 

4.6.3 Hardness measurement in the Ln-Si-O-N and Ln-Si-Al-O-N systems 

Properties were measured in the Ln-Si-O-N system, Fig. 34 shows hardness 
vs. nitrogen content and the effect of different lanthanide ions. Nitrogen contents 
are 33, 58 and 63 e/o in Fig. 34. It can be seen from the graph that an increase in 
lanthanide atomic number increases the hardness. Similar trends have been 
reported in the literature, and at low nitrogen contents (25 e/o) there is a linear 
increase in the hardness [Table 8, Figure 6 in the introduction].  

 

 
 Figure 34. Graphs showing hardness vs. nitrogen content in Ln-Si-O-N 
systems, where Ln = La, Pr, Sm, Gd, and Dy. Dotted lines are drawn for eye 
guidance only. 

 

Figure 35 shows hardness increase in the La-Si-Al-O-N system up to 
nitrogen levels as high as 61 e/o. It should be noted that the increase rate of the 
hardness values is not as high as at low nitrogen contents. The same effect was 
found in the La-Si-O-N (Fig. 33) system, and it may be explained by the opposing 
effects of framework fragmentation caused by large amounts of La ions and the 
formation of more tightly bonded, cross-linked units with the addition of nitrogen. 

 



 

 65

                               
Figure 35. The graph shows a hardness vs. nitrogen content plot for the La-

Si-Al-O-N system.   

 

The impact of cation field strength (CFS) on hardness is plotted in Fig. 36. 
As the ionic radius decreases (higher atomic no.), the structure becomes more 
compact than for larger ions, which makes glasses denser and harder.  Figure 37 
shows a  hardness vs. mole% Pr plot in the (La,Pr)-Si-O-N system. It is clearly 
seen from the graph that the glass hardness increases with increasing Pr content (Pr 
ions are smaller than La ions). 

 

 
Figure 36. The graph shows hardness vs. cation field strength (CFS) for 

several lanthanide ions. 
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Figure 37. Hardness vs. mole% Pr in the (La,Pr)-Si-O-N system. 

 

4.6.4 Refractive index measurement in the La-Si-O-N system 

The variation of refractive over the whole nitrogen composition range in the 
La-Si-O-N system is listed in Table 2 and plotted in Fig. 38. The plot is divided 
into three distinct regimes: A, B, and C. In range A the refractive index increases 
with increasing nitrogen content, in the B interval it is constant, and within C, the 
refractive index increases at a much higher rate. Again, this could be due to abrupt 
changes in the structural units of the glass framework causing the non-linear 
dependence on increasing nitrogen content. Table 9 shows data from previous 
findings, which corroborate the A regime behaviour. However, the refractive index 
increases with increases in both lanthanum and nitrogen contents up to 40 e/o of 
nitrogen and 45 e/o lanthanum. Then, the refractive index does not change much 
with increasing nitrogen content, but then again increases, for example within the 
60-68 e/o nitrogen range, but the lanthanum contribution is much less as may be 
observed in Fig. 38. As structural information suggests, higher lanthanum and 
nitrogen contents correspond to framework fragmentation and increasing Si-N 
bonding, both of which may affect the refractive index. 
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Figure 38. Graph showing a plot of the refractive index versus nitrogen 

content in e/o. Points are labeled as: X:M = 2.5-3.0 ( ), X:M = 3.0-3.5( ), X:M = 
3.5-4.0 ( ).  

 

The data in Fig. 38 show that there is also a, comparatively much smaller, 
dependence of the refractive index on the X:M ratio, implying a minor dependence 
on the La content, in agreement with previous findings (Table 9, Fig. 7). Including 
a linear dependence of refractive index on the La content, [La], in a fit of the data 
with [N] < 60 e/o yielded the dependence: refractive index ∝ 1.9(2)⋅10-3⋅[La], i.e. 
the dependence on [La] is found to be roughly ten times less than on [N].[151] 

 

Table 9. Literature data showing the refractive index (RI) in a number of 
different systems.  
System Nitrogen Modifier-ions type RI Wavelength Ref. 

Na-Al-Si-O Nil Na2O=21-11.40 
wt.%Al2O3=35-12 wt.% 

1.498-1.530 Na-vapour Lamp 
(light source) 

153 

La-Y-Al-Si-Ti-
O 

Nil La2O3=11-20 mol.% 

 

1.68-1.84 Becke Line 
method 

No wavelength 
mentioned 

154 

M-SiAl-O-N 

M=Mg,Ca,Y,Nd 

0-20 e/o M=28 e/o 

Si=56 e/o  

Nd at zero 
N=17 e/o; 

RI ~1.55 

No details 121 
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Al=16 e/o  N =20 e/o =1.9 

Gd-Si-Al-O-N 0-1.9 
wt.% 

(Gd2O3)O.17(Si02)O.69(AlN)O.28(1-

x)(AI2O3)O.14x x=1.06-0.33 
1.68-1.72 No details 155 

Ca-Si-Al-O-N 20 e/o CaO=20-60 mol.% approx. 

Al2O3=30-50 e/o 

1.53-1.68 Becke Line 
method, 

No wavelength 
mentioned 

156 

Y-Si-Al-O-N 8.29-
18.05 
at.% 

Y=11.43-15.98 at.%  1.752-18.53 Becke Line 
method,  
No wavelength 
 mentioned 

120 

Sm-Al-Si-O Nil Sm2O3= 5-30 mol.% 10 mol.% 
Sm2O3= 1.59 

25 mol.% 
Sm2O3= 

1.735 

589 nm, Becke 
 Line method 

148 

Y-Si-Al-O Nil Y2O3= 5-25 mol.% 

 

1.54-1.7 Becke Line 
 method 

157 

Y-Al-O 

(Thin films) 

Nil Y2O3= 0-76 mol.% 

 

1.665-1.78 400-800 nm 
 
spectrophotometer 

158 

M–Si–Al–O–N 

M= La, Nd, Sm, 

Dy, Er, Yb, Y. 

17 e/o M2O3= 25-27 e/o 

 

 

179-1.87 

 

Ellipsometer 

500 nm 

96 

  

Findings show few new features and trends in the glass properties compared 
to previous reports, and attempts have been made to describe the above results in 
such a way as to give a straightforward understanding. As pointed out by Emrah et 
al.,[152] glass properties reflect the glass structure, the structural units, and the 
tightness of the network. This structural view can be described as follows: 1) 
Nitrogen is present in the structural network bonded to Si, as seen from FT-IR by 
the position of the Si–O–Si stretching peak shifting towards that of Si–N.[152] If 
nitrogen were to exist only as precipitated Si3N4, the position of the Si–O–Si peak 
would not be expected to change. Si–N bonding is preferred over Al–N, as 
indicated by 29Si NMR. 2) Nitrogen is present in threefold coordination. However, 
some nitrogen atoms are bonded to only two Si atoms, or even one, instead of 
three. 3) The glass network contains tetrahedral SiO4, SiO3N, and SiO2N2 structural 
groups, identified by 29Si NMR–MAS.[152] This could be the reason for the property 
changes. 
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4.6.5 Refractive index measurement in the Ln-Si-O-N and Ln-Si-Al-O-N 
systems  

Figure 39 shows plots of refractive index vs. nitrogen content in Ln-Si-O-N 
systems. No reports are found in the literature of the refractive index of glasses in 
the Ln-Si-Al-O-N and Ln-Si-O-N systems containing more than 30 e/o nitrogen. 
The refractive index changes with change of lanthanide ions. The graph shows 
decreases in the refractive index as the ionic radius decreases, with the only 
exception of Pr. Refractive index data recorded in the La-Si-Al-O-N system, which 
are shown in Fig. 40, reveal that the refractive index increases with increasing 
nitrogen content.  

 

                                     
Figure 39. Plot of refractive index vs. nitrogen content in the Ln-Si-O-N 

system, where Ln = La, Pr, Sm, Gd and Dy. Dotted lines are drawn for eye 
guidance only. 
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Figure 40. Plot of refractive index vs. nitrogen content in the La-Si-Al-O-N 

system. 

 

Figure 41 illustrates the impact of CFS on refractive index, showing a mainly 
decreasing trend from Pr to Gd and Ho in both glass systems (Ln-Si-O-N and Ln-
Si-Al-O-N), although there is an increase of refractive index from La to Pr in one 
of them. It may be observed nitrogen has a larger effect on the refractive index in 
these glasses than the lanthanide. The present effect of CFS on refractive index 
follows the results found by Redington et al.[96] It is important to mention that the 
literature data concern a limited number of lanthanides and could be fragile; thus, 
Drew et al.[121] investigated only Sm and Y, (28Re:56Si:16Al, nitrogen 18) and 
Redington et al.,[96]  La, Nd, Sm, and Y in the glass composition 25Re:18Si:56Al 
and nitrogen 17 e/o. The compositions are different than in the present work and 
differ from each other; it may thus be hard to compare them here.   
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Figure 41. Graphs showing the refractive index vs. cation field strength 

(CFS) for Ln-Si-O-N and Ln-Si-Al-O-N glasses, with nitrogen contents indicated 
in figure. Dotted lines are drawn for eye guidance only.  

 

Figure 42 shows a graph of refractive index vs. mole% Pr in the (La,Pr)-Si-
O-N system. These findings are quite similar to those reported in the literature for 
low nitrogen contents, namely a linear increase in the refractive index with 
increasing nitrogen content up to ca. 20 e/o. [Table 9, Figure 7 in the introduction]. 
Figure 42 presents glasses with high nitrogen contents, and cation substitution can 
be made in these glass compositions, affecting the hardness and refractive index 
properties of the glasses.  

 
Figure 42. Graph showing the refractive index vs. mole% Pr in the (La,Pr)-

Si-O-N system. 
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5. Discussion  

Glasses have been prepared with and without aluminium (Ln-Si-O-N and 
Ln-Si-Al-O-N) in a number of systems, and containing a number of different 
lanthanide metals. Syntheses proceed smoothly when metallic modifiers were used, 
because this aids the synthesis at low temperature (900°C) by an exothermic 
reaction that results in a sudden rise in system temperature to 1600-1800°C. This 
mechanism makes it possible to retain large amounts of lanthanide and nitrogen, 
which increase the glass forming region (Ln from 30 to 62 e/o and nitrogen from 9 
of 68 e/o in table 2) and facilitates glass formation in the Ln-Si-(Al)-O-N systems. 
Higher nitrogen levels were retained in both systems compared to reports in the 
literature. This enlarged glass forming region enables us to understand the ability to 
form glass and the synthesis parameters required. Furthermore, property 
measurements have broadened the scope of knowledge about these glasses. 

Lanthanide metal in the compositions effectively functions as a nitrogen 
source by reacting with nitrogen. Lanthanide metals are also highly reactive 
towards Si3N4 and SiO2, and intimate mixtures of intermediate phases are formed 
upon the exothermal reaction, providing improved reaction kinetics with further 
heating and providing a liquid phase at an early stage of the synthesis. Then, upon 
cooling, homogeneous glasses are formed over a large range of compositions. 
During the synthesis, the starting composition forms many intermediate phases 
that, except for minor amount of silicides, dissolve into the liquid. X-ray analysis 
shows no evidence of crystalline phase(s) in the glass matrix if the amount is less 
than the detection limit of 2 vol.%. Analysis shows that the glass compositions are 
different than the starting mixtures and that Si and N are lost during the synthesis 
procedure, the total loss being between 3 and 7 wt.%. The losses increase with 
increasing temperature and, to a smaller extent, with holding time. 

The glass transition temperatures range from 950 to 1100°C, and 
crystallization temperatures from 1050 to 1250°C (Fig. 31) for X-ray and electron 
amorphous glass compositions. There is a general trend in the data that glasses 
with high N or high La contents tend to have high Tg values, though the correlation 
for such dependence is not strong when all glass compositions are included. If the 
glasses are grouped according to their X:M values, Tg remains comparatively 
constant up to 25 e/o of N for glasses with X:M between 2.5 and 3, and then  
increases with increasing N content. For X:M between 3 and 3.5, Tg increases 
between 10 and 50 e/o of N, and then decreases with increasing N content. For 
X:M ratios from 3.5 to 4, the number of observations is small, but they indicate 
that Tg remains fairly constant for N contents between 30 and 70 e/o. The 
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decreasing or almost constant values of Tg at high nitrogen and lanthanum, 
contents with high X:M ratios suggest that structural fragmentation must be 
extensive (Fig. 31). For very high X:M ratios and La contents, the present glasses 
may be considered as close to inverted, i.e. that the main matrix is La-(O/N), and 
the hardness is therefore expected to be governed also by La-O and La-N bonds to 
a considerable degree. 

The results show increases in hardness that are consistent with literature data, 
and at high nitrogen contents the rate of levels out. Structural analysis by NMR 
suggests, although there are no literature data to compare to, that the framework 
becomes more fragmented at higher X:M ratios, but on the other hand more Si-N 
bonds are introduced by the addition of nitrogen. The presence of nitrogen results 
in increased hardness, but the rate of change levels out because of the increasing 
concentration of non-bridging anions. The hardness shows similar trends in the Ln-
Si-O-N and Ln-Si-Al-O-N systems with different lanthanides, Ln, as seen from the 
results described in sections 4.6.3, 4.6.4, and 4.6.5. CFS provides a straightforward 
explanation that more dense structures are formed and an increase in density is 
observed as the Ln ionic radius decreases. Substitution of Pr for La shows clear 
evidence of this increase in hardness and density.  

The observed non-linear variation of the refractive index with nitrogen 
content is indicative of changes in the glass structure, and thus bonding between 
different atoms, that are caused by increasing nitrogen content over the wide 
compositional range of 9 – 68 e/o of N (Table 2 and Fig. 38). The structural issues 
elucidated by NMR results in connection with Tg and hardness of the glasses are 
thus equally valid for a discussion of the refractive index. Therefore, the refractive 
index data (n) were divided into three compositional ranges with respect to 
nitrogen content. In range A, with < 30 e/o nitrogen, n increases linearly with 
nitrogen content, in agreement with findings in other studies as shown in Table 9 
(Figure 7 in the introduction). In range B, with nitrogen between 30 to 60 e/o, n is 
nearly constant, and in range C, with nitrogen > 60 e/o, n increases markedly with 
nitrogen content. In range A the glasses have X:M ratios between 2.5 and 3, and in 
range B higher X:M ratios, between 3 and 4. The behaviour of the refractive index 
may be attributed differences in framework connectivity in the different ranges of 
nitrogen content, and in particular the to the connectivity of the nitrogen atoms. 
The relative amounts of N[3] in oxy-nitride glasses are not quantitatively known in 
general, however. In range B, the X:M ratios imply a very fragmented framework 
containing high amount of lanthanum. The nearly constant n in this range might 
thus be due to nitrogen being predominantly present as N[1] and N[2], in relatively 
constant proportions, as NMR data show. Without detailed structural information, 
only speculative reasons can be given for the marked increase of n with nitrogen 
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content in range C. In addition to very high nitrogen contents, all of these glasses 
also have very high La contents, ranging from 30 to 62 e/o (Table 2). 
Speculatively, the high n values might be caused by a segregation at the nanometer 
scale of La- (Figure 28 TEM section) and Si-rich regions, and also by the 
boundaries present between these regions.  

On the other hand, a CFS plot (Fig. 41) shows a decrease in the refractive 
index from Pr onward as atomic number increases, and substitution of Pr for La 
yields a linear increase with composition in the refractive index of the mixed 
lanthanide glass. The number of measurements of refractive index leaves a very 
low possibility of error in the measurement. The relation between changes in 
properties and structural features, as elucidated by NMR, with changing 
composition may thus be very well understood. 
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6. Conclusions 

A large glass forming region was found in the La-Si-O-N system by means 
of an alternative synthesis route, as described in this thesis. A part of the 
quaternary diagram was examined in the Pr-Si-O-N system, and other lanthanides 
form glass in the same manner as La, both with and without Al addition in the 
system. Mixtures were prepared by adding a metallic modifier (lanthanide metal), 
which very much facilitates the synthesis process. Prior to glass formation, the 
metallic modifier reacts with nitrogen, which results in quick liquid formation as a 
result of the exothermic reaction that starts at low synthesis temperatures (900-
1000°C) and raises the system temperature to 1600-1800°C . This sudden increase 
in temperature aids dissolution and provides a highly reactive mass. The mixture 
thus reacts rapidly and produces a liquid, which upon cooling forms glass within a 
large range of composition, thus extending the known glass forming region. The 
formation of glasses in the Ln-Si-(Al)-O-N systems is found to depend strongly on 
the precursors used. Compositions containing aluminium also form glasses, and up 
to 61 e/o nitrogen can be incorporated into the network. As a consequence, the 
glass forming region in the Ln-Si-Al-O-N system could also be extended beyond 
presently known ranges. A number of compositions were therefore synthesized in 
the Ln-Si-Al-O-N system to study the glass forming ability and properties, but not 
the details of the glass forming region.  

Detailed synthesis mechanisms were investigated by interrupting reactions at 
intermediate stages of synthesis. X-ray, light microscopy, and scanning electron 
microscopy were used to study the samples of glass and observed crystalline 
phases. Experiments showed a possible reaction between La metal and Si3N4 to 
produce LaxSiy + N2 or LaN + Si, with a subsequent reaction between La and Si. 
The silicides found in these samples were in the form of larger grains and smaller 
spherical particles, while in the glasses they were found only in the small particle 
sizes. The amounts of silicides are found to decrease upon increasing the 
temperature and the holding time, which indicates that they are mostly remnants of 
the amounts formed early on, during the exothermic reaction, and that their 
amounts can be reduced by using longer holding times.  

A large range of compositions in the La-Si-O-N system enabled a detailed 
study of glass properties. It was found that properties are dependent on 
compositional changes but do not change linearly. Up to a certain composition, e.g. 
50 e/o nitrogen in the case of hardness, the property increase is linear but then it 
levels out. Refractive index change, was found to be even more non-linear. The 
increase in hardness with nitrogen content was found to be non-linear. The variable 
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X:M is strongly correlated with La content, but the data indicate that the hardness 
is not significantly influenced by either X:M or La content. The refractive index 
also increases non-linearly with nitrogen content. Therefore, to understand the 
recorded data, glasses were divided into three compositional ranges: (a) with 
nitrogen < 30 e/o, where the refractive index increases linearly with nitrogen 
content, (b) with nitrogen between 30 and 60 e/o, where the refractive index is 
fairly constant, and (c) with nitrogen > 60 e/o, and refractive index again increases 
distinctly with nitrogen content. This variation of the refractive index indicates that 
various changes in glass structure and bonding between different atoms take place 
in different compositional ranges when varying the nitrogen content over the wide 
range 9 – 68 e/o of N. 

It was found that glass transition and crystallization temperatures depend on 
the X:M ratio, whereas hardness and refractive index are less dependent. 
Temperature trends were made clearer by dividing the  X:M ratio into the intervals 
2.5-3, 3-3.5, and 3.5-4 for presenting changes in the Tg and Tc temperatures. These 
intervals roughly represent different structural units present in the glass network, 
having different influence on the properties. However, X:M influences thermal 
properties, hardness, and refractive indices differently.  

Hardness and refractive index changes were determined when substituting 
lanthanide ions in Ln-Si-O-N and Ln-Si-Al-O-N systems containing 63 and 61 e/o 
nitrogen, respectively. The hardness increases as the lanthanide ionic radius 
decreases. Hardness values in Dy-Si-O-N and Dy-Si-Al-O-N are 13.5 and 11.5 
GPa, respectively. The refractive index also varies as the ionic radius changes, and 
it starts to decrease after Pr. It was found both refractive index and hardness 
increases with increasing concentration of Pr in the (Pr,La)-Si-O-N system.  

In summary, the alternative route of synthesis gives a much larger glass 
forming region than previously observed. Properties change with change of 
composition, and much higher hardness, refractive index, glass transition and glass 
crystallization temperature values were achieved in the Ln-Si-O-N and Ln-Si-Al-
O-N systems than attained in earlier work. 
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