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ENGLISH SUMMARY 

In contrast to the periodic arrangements of crystalline lattices, the structure of glass 

is characterized by a lack of long range order. Due to this network arrangement, 

glasses exhibit continuous changes in structure and properties as a function of 

temperature and pressure, although polyamorphic transitions with discontinuous 

changes have been observed in few cases. As a result, the structure and properties of 

glasses are sensitive to the details of their pressure-temperature history (P-T history). 

Substantial research efforts have been devoted to the influence of composition and 

thermal history on the structure and properties of glasses, whereas the influence of 

pressure history is significantly less understood, and to and to an even smaller extent 

the combined effects of pressure-temperature variations. The aim of the current 

thesis is to reveal the influence of combined pressure-temperature treatments on the 

structure and properties of oxide glasses. 

To investigate the bulk properties of glasses, pressure-treated samples of sufficient 

size are required. These can be obtained at relatively low pressures (even <1 GPa) 

by simultaneous application of elevated temperature. In the current work, we focus 

on compression of glasses at their ambient pressure Tg temperature. So far, most 

studies have focused on pressure-induced structural changes, whereas others have 

included properties such as diffusivity, density, glass transition behavior, and 

mechanical properties.  The relation between pressure-induced changes in structure 

and properties is however not well understood. In the present thesis, we investigate 

pressure-induced changes in structure and a range of properties (e.g., elastic moduli, 

glass transition behavior, and hardness) of glasses by using nuclear magnetic 

resonance spectroscopy (NMR), Raman spectroscopy, Brillouin spectroscopy, 

differential scanning calorimetry (DSC), and Vickers indentation. We also 

investigate the influence of variations in compression temperature on densification 

behavior.  

Based on relaxation experiments and comparisons between different densification 

methods, we find changes in different glass properties to depend on specific 

structural changes invoked by compression at Tg. After compression, a general 

relation between relative changes in density and elastic moduli is found is found 

across a variety of glass compositions. Similarly, a general relation between the 

dissociation energy per volume and the plastic compressibility is found across a 

wide range of glass compositions. 
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DANSK RESUME 

I modsætning til det periodiske arrangement i krystallinske gitre er strukturen af glas 

karakteriseret ved manglen på orden over lang skala. På grund af dette netværks 

arrangement udviser glasser kontinuerlige ændringer i struktur og egenskaber som 

funktion af tryk og temperatur, selvom polyamorfe faseovergange med 

diskontinuerlige ændringer er blevet observeret i få tilfælde. Som følge af dette er 

strukturen og egenskaberne af glas følsomme overfor ændringer i deres tryk-

temperatur historie. Betydelig mængder af forskning er blevet udført for at forstå 

indflydelsen af komposition og termisk historie på strukturen of egenskaberne af 

glas, hvorimod indflydelsen af tryk historie er væsentligt mindre forstået, og i endnu 

mindre grad den kombinerede effekt af tryk-temperatur variationer. Formålet med 

nærværende tese er at udrede indflydelsen af kombineret tryk-temperatur 

behandlinger på struktur og egenskaber af oxid glasser. 

For at undersøge egenskaberne af glas er trykbehandlede prøve emner af 

tilstrækkelig størrelse nødvendige. Disse kan produceres ved relativt lave tryk 

(<1GPa) ved samtidig anvendelse af øget temperatur. I nærværende projekt har vi 

fokuseret på tryk af glas ved glasovergang temperaturen, målt ved atmosfærisk tryk. 

Indtil nu har de fleste studier fokuseret på tryk-inducerede ændringer i struktur, 

hvorimod andre har inkluderet egenskaber så som diffusion, massefylde, opførsel af 

glasovergangen og mekaniske egenskaber. Relationen mellem tryk-inducerede 

ændringer i struktur og egenskaber er dog ikke forstået I dybden. I nærværende tese 

undersøger vi tryk-inducerede ændringer i struktur og en række egenskaber (f.eks. 

elastiske moduli, opførsel af glasovergangen og hårdhed) af oxid glasser ved brug af 

kernemagnetisk resonans spektroskopi (NMR), Raman spektroskopi, Brillouin 

spektroskopi, differentiel kalorimetri og indentation. Vi undersøger også 

indflydelsen af variationer i temperaturen anvendt under tryk på densifikations 

opførslen.  

Baseret på relaksations eksperimenter og sammenligninger mellem forskellige 

densifikations metoder finder vi at ændringer i forskellige egenskaber af glas 

afhænger af specifikke strukturelle ændringer induceret efter tryk ved Tg. Vi finder 

at der gælder en general relation for de relative ændringer i densitet og elastiske 

moduli efter tryk. Vi finder også en general relation mellem energien for 

bindingsspaltning pr. volume og den plastiske kompressibilitet, på tværs af en lang 

række glas kompositioner.  

 

. 
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CHAPTER 1. INTRODUCTION 

Glass finds wide applications in modern society, from components in electronic 

systems and energy technology, to building materials and window panes [1]. The 

production of man-made glass reaches back thousands of years, with the very first 

applications being based on its decorative value, optical properties and practical use 

for containers. These applications were based on a soda-lime-silica composition [2], 

presumably due to the availability and glass forming ability of these elements. Early 

challenges in the application of glass lay in the optical quality and the resistance 

towards moisture attack. However, with minor chemical refinements, these 

properties were optimized, and soda-lime-silica based glasses still constitute the 

majority of commercial glasses today, typically used for containers and flat glasses.  

Despite of the thousand years old production of glass, the study of glass structure 

and properties only really started to develop as a field of science (i.e. glass science) 

about 100 years ago [2]. With increasing technological development, a demand for 

improved glasses followed, leading to major advances in glass quality and properties 

in Germany in the late 19
th

 century [2]. For example, a demand for glasses with high 

thermal shock resistance in the late 19
th

 century led to the commercial introduction 

of borosilicate glasses.  

Since then, the development of new glasses has accelerated, resulting in a variety of 

glass compositions ranging in use from batteries and insulation to bioactive 

materials and lightguide fibers [1]. The latter being a notable example, which 

formed the basis of an entire new industry [2]. Today, glass has become an 

important material in modern society, ideally  suited  for  a range of  applications  

due to  a  unique  combination  of  optical  transparency,  ease  of  forming  and  

good mechanical properties. However, with increasing demands for high 

performance glasses, further scientific development is required. 

In the past 100+ years of glass science, studies on glass properties have mainly 

focused on the effects of composition and/or temperature [3][4][5]. These are 

important parameters, manifested in the effect of e.g. composition on viscosity [4], 

which is vital in the processing of glass. The increased understanding of the 

influence of temperature and composition on glass properties has also led to 

composition-property models [6] and temperature-property [7] models, with the 

earliest composition-property model dating as far back as 1894 [3]. Such models 

have previously been successfully applied in the development of glasses, with more 

recent examples including ab initio computer simulations [8].  

Much effort has also been devoted to the study of glass structure [9]. The basic 

concept of an amorphous structure of glass was introduced in the 1930´s, based on 

oxide glasses [10]. In general, the local structure of glass (i.e. coordination 

polyhedra) closely resemble the atomic arrangements found in crystals [11], but 
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lacks the periodic arrangements of crystal lattices. Due to this amorphous nature, a 

complete structural description cannot be obtained similarly for glasses as for 

crystals by diffraction methods. Therefore, a variety of structural probes have been 

applied in the attempt to unravel the structure of glass. These include: Nuclear 

Magnetic Resonance Spectroscopy (NMR), neutron diffraction, small- and wide 

angle X-ray scattering (SAXS/WAXS), X-ray Absorption Fine Structure (XAFS)  

and molecular dynamics simulations [9][10]. This has led to an enhanced 

understanding of glass structure for a variety of glass systems, and based on this 

understanding, models on structure-property relations have also been suggested [12]. 

With a developed understanding of glass structure and properties as a function of 

composition and temperature, studies on the effect of other variables have also 

commenced. In the 1960´s, the response of glass to pressure in the rigid [13] and 

non-rigid state [14], along with subsequent heat treatment (relaxation) [15], was 

studied by McKenzie. It was found that by performing compression at room 

temperature, a lower threshold pressure had to be exceeded for permanent 

densification (i.e. densification is elastic at low pressure and temperature).  With 

higher pressure or temperature, a gradual densification occurred as a function of the 

pressure and temperature applied. This gradual densification stands in contrast to the 

polymorphic transitions seen in minerals, where pressure-induced changes between 

crystal structures cause abrupt changes in density. Glasses generally have a higher 

free volume than their crystalline counterparts and therefore have a lower density. 

E.g. v-B2O3 has a density of 1.81 g/cm
3 

[16][17], which is ~41 % lower than its 

crystalline counterpart (2.56 g/cm
3
) [18], and SiO2 has a density of 2.2 g/cm

3
, which 

is ~20 % lower than its crystalline counterpart (2.65 g/cm
3
) [19]. Significant 

densification of glass is possible, as seen for example in the case of  SiO2, where 

pressure-induced densification of up to 25% has been reported from compression at 

8 GPa at 1100 °C [20].  

A growing number of studies on compressed glasses have described some of the 

structural changes occurring during pressure-densification [21][22][23]. 

Compression studies can enhance our understanding of glass structure, which is 

relevant for the design of glasses with optimized mechanical properties. E.g. 

compressed glasses have been found to display an increased hardness [24][22]. The 

mechanical properties of glass are of utmost importance for application purposes 

and compression may serve as a novel route for optimization of glass properties. A 

detailed understanding of the pressure-induced changes in structure and properties, 

and structure-property relations, however remains lacking.  

1.1. BACKGROUND AND CHALLENGES 

Due to an increased use of glass in technological applications, there is an increased 

demand for advanced glasses with tailored properties. Especially the damage 

resistance of glass is currently receiving wide attention. The damage resistance of 
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glass is highly relevant across various application, from cockpit windows and energy 

technology, to touch screens in personal electronic devices [25]. The recent 

development in damage resistant touch screens is a testimony of the current progress 

within the field.  

An important mechanical property of glass is the hardness, which is a measure of the 

resistance towards elasto-plastic deformation, such as surface scratching. This 

property has become increasingly important with the advent of touch screen devices, 

since scratches compromise the transparency and lower the strength of display 

covers. Hardness was one of the first mechanical properties studied in glass science, 

with the first indentation test in glass being performed in the late 1940´s [26]. Since 

then, indentation testing of glasses has proven an easy method for evaluating the 

hardness of glass. The hardness measured by this method is a product of three 

different deformation modes; elastic deformation, volume conservative shear flow 

and densification [27][28]. Densification during indentation is the dominant 

deformation mode in inorganic oxide glasses, and a deformation mode unique to 

glasses [29]. Therefore, it is of fundamental interest to understand the densification 

behavior of glass in relation to its mechanical properties. 

Furthermore, the density and hardness of glass can be increased through 

compression, making compression of glass a potential method for property 

optimization [15][32][26][28]. Hereby, compression may be of industrial relevance. 

Little is however known about the structural mechanisms governing the pressure-

induced changes in properties. Pressure-induced structure and property changes have 

previously been studied at ambient temperature [23] and elevated temperature 

[33][34][35] within the geological community. These studies have mainly been 

conducted to understand thermodynamics and transport properties under mantle 

conditions in the Earth’s interior. Such studies have demonstrated marked changes 

in glass structure and properties after compression [36][37]. The pressure-induced 

structural changes are fundamentally different than the changes obtained by 

variation of thermal history alone, and therefore compression also offers an 

additional means for fundamental studies on structure-property relations. Studies of 

compressed glasses is therefore of both scientific and practical interest. 

1.2. OBJECTIVES 

The overall objective of this Ph.D. thesis is to study the pressure-induced changes in 

structure and properties of glasses. The focus will mainly be on the pressure induced 

structure-property modifications resulting from compression at Tg, at pressures up to 

1 GPa. However, additional variations of treatment, such as varying compression 

temperature and combined compression and chemical strengthening will also be 

applied, to explore further processing regimes of compressed glasses. 
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 The specific objectives of the Ph.D. thesis are summarized as follows: 

1. Clarify the relation between chemical composition and densification 

behavior of inorganic oxide glasses 

2. Understand the relations between pressure induced changes in structure-

density-mechanical properties 

3. Investigate the relaxation behavior of structure and properties in 

compressed glasses 

4. Investigate the combined effects of compression and ion exchange on the 

mechanical properties of glass 

5. Investigate the influence of compression temperature on the densification 

behavior of oxide glass  

1.3. THESIS CONTENT 

This thesis is organized as a plurality, including an introductory overview of glass 

structure and densification methods, followed by eight journal papers (either 

published or submitted for publication). An overview of the journal papers is listed 

below: 

I.  M.N. Svenson, M. Guerette, L. Huang, M.M. Smedskjær, ”Raman 

spectroscopy study of pressure-induced structural changes in sodium borate 

glass”, Journal of Non-Crystalline Solids, 443, 130–135 (2016)  

II. M.N. Svenson, T.K. Bechgaard, S. D. Fuglsang, R.H. Pedersen, A.Ø. Tjell, 

M.B. Østergaard, R. E. Youngman, J. C. Mauro, S. J. Rzoska, M. Bockowski, 

M.M. Smedskjaer, Composition-Structure-Property Relations of Compressed 

Borosilicate Glasses, Physical Review Applied, 2, 024006 (2014) 

III. M.N. Svenson, L.M. Thirion, R.E. Youngman, J.C. Mauro, S.J. Rzoska, M. 

Bockowski, M.M. Smedskjaer, Pressure-Induced Changes in Interdiffusivity 

and Compressive Stress in Chemically Strengthened Glass, ACS Applied 

Materials and Interfaces, 6, 10436−10444 (2014)  

IV. M.N. Svenson, L.M. Thirion, R.E. Youngman, J.C. Mauro, M. Bauchy, S.J. 

Rzoska, M. Bockowski, M.M. Smedskjaer, Effects of Thermal and Pressure 

histories on the chemical strengthening of sodium aluminosilicate glass, 

Frontiers in Materials, 3, 14, (2016) 

V. M.N. Svenson. R.E. Youngman,  Y. Yue, S.J. Rzoska, M. Bockowski, L. R. 

Jensen, M.M. Smedskjaer, Volume and Structure Relaxation in Compressed 

Sodium Borate Glass, Physical Chemistry Chemical Physics (submitted). 
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VI. M.N. Svenson, G. L. Paraschiv, F. Muñoz, Y. Yue, S.J. Rzoska, M. Bockowski, 

L.R. Jensen, M.M. Smedskjaer, Pressure-Induced Structural Transformations in 

Phosphorus Oxynitride Glasses, Journal of Non-Crystalline Solids, 52, 153-160 

(2016) 

VII. M.N Svenson. J.C. Mauro, S.J. Rzoska, M. Bockowski, M.M. Smedskjær, 

Accessing Forbidden Glass Regimes through High-Pressure Sub-Tg  Annealing, 

In preparation, 2016 

 

VIII. M.N Svenson. M. Guerette, L. Huang, N. Lönnroth, J.C. Mauro, S.J. Rzoska, 

M. Bockowski, M.M. Smedskjaer, Universal  behavior  of  changes  in  elastic  

moduli  of  hot  compressed oxide  glasses, Chemical  Physics  Letters, 651, 88-

91 (2016) 
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CHAPTER 2. STRUCTURE, 

PROPERTIES AND DENSIFICATION 

METHODS OF GLASS 

Different glass compositions show network arrangements and macroscopic 

properties inherent to the glass chemistry. When studying the densification of glass, 

it is therefore relevant to consider a variety of glass compositions in order to 

understand the overall densification behavior of glass. Density driven changes in 

properties are derived from structural changes, and therefore a structural 

understanding of glass is necessary. The structural arrangements of glasses vary 

significantly with composition, and structural knowledge encompassing different 

compositional regimes is therefore needed. However, structural changes as a 

function of density also depend on the processing method [20]. It is therefore also 

relevant to consider the influence of different densification methods.  For example, 

glasses with identical chemical composition and density, but differences in elastic 

moduli and relaxation behavior can be formed, depending on the processing method, 

as recently reported for SiO2 glass densified equally trough hot- or cold compression 

[20]. The processing route (e.g. P-T history) is therefore also of importance in order 

to understand the final glass state. As an introductory overview, the structure of 

relevant glass compositions, properties and densification methods is therefore 

described in the following, 

2.1. GLASS TRANSITION BEHAVIOR 

When cooling a glass-forming melt, continuous relaxation of structure and 

properties occurs. This is illustrated in Figure 2-1, which shows the volume and 

enthalpy of a glass forming liquid during cooling. As shown in the figure, the liquid 

can be cooled below its melting point, into a supercooled liquid, which upon further 

cooling can experience a glass transition. The glassy state and the glass transition is 

widely recognized as one of “the deepest and most interesting unsolved problem in 

solid state theory”, as opined by Anderson [38]. The change from liquid into glass is 

in principle possible for all compositions, if the cooling rate is high enough to avoid 

crystallization. 
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The temperature range which separates the supercooled liquid from a glass is called 

the glass transition region, and it is accompanied by non-monotonic changes in 

properties such as volume, enthalpy and heat capacity [39]. Structurally, this 

temperature range can be considered the point at which the kinetic barriers exceed 

the structural relaxation time. It is however important to emphasize that the glass 

transition does not cause complete structural arrest, as continued relaxation can 

occur below this temperature range [40]. · 

It is convenient to describe the temperature which separates a supercooled liquid 

from a glass by a single temperature. In Figure 2-1 this is denoted by Tga and Tgb. In 

this thesis, these points will be termed the glass transition onset temperatures. As 

seen from the figure, the same glass composition can have different onset 

temperatures. Due to the time dependence of structural relaxation, a high cooling 

rate produces a glass with a high onset temperature, whereas a low cooling rate 

produces a glass with a low onset temperature. This in turn affects the density and 

properties of the final glass. To have a standardized term for the transition 

temperature between the supercooled liquid and glass, independent of kinetic factors 

(i.e. cooling rate), the temperature at which the viscosity equals 10
12

 Pa s has been 

suggested (Tg). This is also how the term Tg is also applied in the current thesis. This 

temperature can conveniently be obtained from DSC measurements, by the onset 

temperature when a heating rate of 10 K/min has been applied, after the glass 

experienced a cooling rate of 10 K/min [41][42]. The temperature at which the 

liquid freezed into a glass is in named the fictive temperature. Different methods for 

 

Figure 2-1. Volume or enthalpy of a glass forming melt as a function of 

temperature. With a sufficiently high cooling rate, the liquid can be cooled below 

its melting point into the supercooled liquid. Depending on the cooling rate, the 

supercooled liquid experiences a glass transition at Tgb (fast cooling) or Tga (slow 

cooling), which in turn affects the volume and enthalpy of the final glass. Figure 

adopted from [39]. 
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determination of this temperature has been suggested [43]. In the case where the 

glass is cooled and re-heated with the same rate (e.g. 2 K/min), the onset 

temperature has been found to corresponds to the fictive temperature [44]. The onset 

temperature is found from the intersection point between the glass Cp and the 

tangent to the steepest point on the up-slope of the glass transition (see Figure 2-2).  
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Figure 2-2. DSC scan of the glass transition region with illustration of relevant 

parameters for characterization of the glass transition behavior. If the glass 

experienced a cooling rate of 10 K/min, followed by a heating rate of 10 K/min 

during the DSC scan, the onset temperature denotes Tg.  

Similarly, the offset temperature can be found from the intersection point between 

the tangent of the supercooled liquid and the tangent of the steepest point on the 

down slope of the glass transition (see Figure 2-2). The temperature interval 

between these two temperature points is denoted ΔTg. The ΔTg obtained when 

applying a heating rate of 10 K/min, after having cooled the glass with 10 K/min, 

has been found to scale with fragility of the glass (i.e. the rate of viscosity change as 

a function of temperature) [4][45]. 

Compression has been found to cause changes in the glass transition behavior [22], 

and to quantify these changes, definition of further parameters is necessary. E.g. 

compression had been found to increase the enthalpy overshoot [1] [22] [44]. The 

enthalpy overshoot is illustrated as the hatched area in Figure 2-2. This area is also 

known to increase with sub-Tg annealing (structural relaxation) [48]. Interestingly, 

the Cp overshoot does not decrease during mechanical stretching, which instead 

causes a sub-Tg exotherm, similar to that seen in hyperquenched glasses [49]. The Cp 

overshoot is caused by an endotherm process. Hereby it represents energy that has 

been released from the system during prior relaxation, and has to be added to the 

system for the glass to convert into a supercooled liquid. The metric of the system 
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(measured by DSC) is energy stored in chemical bonds. This indicates that the 

enthalpy overshoot represent energy released from chemical bonds during structural 

relaxation (e.g. slow cooling), which is returned during heating, allowing for the 

glass-supercooled liquid transition. Based on sub-Tg annealing of hyperquenched 

glass fibers, changes in the Cp overshoot has also been suggested to represent 

primary relaxation, i.e. relaxation of the backbone structure of the glass network 

[50]. 

2.2. STRUCTURE OF GLASS 

Since the introduction of Zachariasens random network theory in 1932 [51], the 

theory on glass structure has developed significantly. A fundamental concept for the 

structure of glass is the different roles occupied by different elements in the glass. 

These include; network formers, intermediates and modifiers. According to this 

theory, certain elements (e.g. Si, B and Ge) form tightly constrained coordination 

polyhedra, defining the backbone structure of the glass (network formers). Other 

elements (e.g. Na, Ca) occupy the interstices within the glass network and hereby 

modify the structure (modifiers). The last category (intermediates) consists of 

elements (e.g. Al) which can act as network formers or network modifiers, 

depending on the glass structure and chemistry. 

An increased development in the theory of glass structure arrived with the advent of 

new analytical methods. In 1985, Greaves applied Extended X-ray Absorption Fine 

Structure (EXAFS) to study the modifier environment in glasses. Based on his 

results, he suggested a modification of the random network theory (modified random 

network theory). According to this theory, modifiers do not distribute randomly 

within the glass network, but gather in channel like structures.  

Using further analytical methods, more composition specific structural features of 

glass networks have also been elucidated. E.g. The use of fluorescence excitation 

and molecular dynamics simulations has proved the presence of boroxol rings in 

B2O3 glass [52][53]. Due to the variation in glass structure as a function of 

chemistry, theory on glass structure within different compositional regimes is 

required. In the following, a brief summary on glass structure within compositions 

relevant for the present thesis is described. 

 SILICATE GLASSES 2.2.1.

SiO2 is a classic glass former and the structure and properties of vitreous SiO2 has 

been widely studied [20]. The structure of vitreous SiO2 has also recently been 

observed by ADF-STEM [54] (cf. Figure 2-3), showing remarkable resemblance 

with the original random network theory by Zachariasen [51]. The basic building 

block of the network is a silicon atom connected to four oxygen atoms in a 

tetrahedral configuration. Tetrahedra are further connected with each other by each 
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corner, with a Si-O-Si angle varying around 144° [55]. Upon the addition of network 

modifiers, oxygens starts changing role from forming bridging oxygens (BOs), 

connecting two network formers, into forming non-bridging oxygens (NBOs), 

connecting a network former with a network modifier. The number of bridging 

oxygens on a tetrahedron are usually described by the Q
n
 notation, where n is the 

number of bridging oxygens. SiO2 glass hereby consists entirely of Q
4
 species, and 

when adding modifiers, the number of BOs on each tetrahedron starts to decrease 

from 4 to 3 (i.e. from Q
4
 to Q

3
) etc. 

 

Figure 2-3. Top: Illustration of Zachariasen´s random network theory for SiO2 

glass. Bottom: ADF-STEM image of two dimensional SiO2 glass. Remarkable 

similarity of the network arrangements is seen between the illustrations. Figure 

reproduced from [54]. 

 ALUMINOSILICATE GLASSES 2.2.2.

Aluminum is an intermediate and can therefore act both as a network former and 

modifier, depending on the glass structure and chemistry. Aluminum can enter the 

glass network in Al
IV

, Al
V
 or Al

VI 
configuration. The valency of aluminum (Al

3+
) 

requires charge balancing to enable the Al
IV

 configuration. When adding modifiers 

to binary SiO2-Al2O3 glass, the modifiers charge balance Al
V
 and Al

VI
 into Al

IV
 

configuration. However, if Al2O3 is added in excess of the network modifiers, Al
V
 

and Al
VI

 is formed [56].  

 BORATE GLASSES 2.2.3.

Vitreous B2O3 consists of boron atoms connected with three oxygen atoms in a 

planar trigonal configuration [52]. These planar trigonal BO3 units are connected in 
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well-defined intermediate range structures (boroxol rings), interconnected by loose 

BO3 units. There is now general agreement that v-B2O3 is comprised of 

approximately 80% boron in boroxol rings [57][58]. 

Upon addition of modifiers,  non-monotonic changes in a range of properties have 

been observed for borate glasses  [59], referred to as the “boron anomaly”. The 

boron anomaly occurs when modifiers cause a coordination change from BO3 to 

BO4, with the latter being charge balanced by the modifier cation [60]. The 

concentration of BO4 increases steadily in the glass until a given alkali concentration 

has been reached. Then alkali addition has a reverse impact on BO4 concentration, as 

further alkali addition causes formation of NBOs. 

 BOROSILICATE GLASSES 2.2.4.

Adding silica into vitreous B2O3 causes intermixing of silica and boron polyhedra, 

resulting in Si-O-B linkages. A high degree of mixing has been found [61], 

approximating random mixing [62]. Upon introduction of network modifiers, NBOs 

and BO4 can be formed. It has been found that especially non-ring BO3 are 

converted into BO4 upon the addition of modifiers [63].  

 PHOSPHATE GLASSES 2.2.5.

Vitreous P2O5 consists of PO4 tetrahedra, with one distinct π-bonded (P=O) oxygen 

on each tetrahedron, termed terminal oxygen (TO). The number of non-bridging 

oxygens (NBO) on the tetrahedra can be described using the Q
n
 notation, where n is 

the number of BO atoms per PO4 tetrahedra. Hereby, pure P2O5 glass is built up of 

Q
3
 tetrahedra only. Upon the addition of modifiers, non-bridging oxygens (NBO) are 

formed. When reaching an equal amount of modifers and phosphorous (e.g. NaPO3), 

the structure ideally consists only of chains  (Q
2
 tetrahedra), interconnected by ionic 

bonds between the NBOs and the modifier cations [64]. 

 

 OXYNITRIDE GLASSES 2.2.6.

Oxynitride glasses are formed by introduction of nitrogen into the anionic network 

of oxide glasses. This can be achieved by inclusion of nitrogen-containing raw 

materials in the melting batch. By further application of pressure-quenching, pure 

nitride glasses have also been formed [65][66]. Alternatively, nitridation can be 

performed by treatment of the oxide glass melt in an anhydrous ammonia 

atmosphere (NH3) at elevated temperature [67][68]. This causes partial substitution 

of nitrogen into the glass network, in either two-fold (Nd) or three-fold (Nt) 

coordination [69]. The introduction of nitrogen increases the network cross-linking 

and causes densification [70] and increased hardness and Tg [71]. For the 

methaphoshate composition (e.g. NaPO3), the introduction of nitrogen causes a 

stepwise conversion of PO4 into PO3N, and PO3N into PO2N2 [72]. 
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2.3. MECHANICAL PROPERTIES OF GLASSES 

Optimizing the mechanical properties of glass is detrimental for future applications 

[25]. Ideally, knowledge on the structure of glass should enable modelling of 

mechanical properties, but the development of damage resistant glasses is hampered 

by an incomplete understanding of structure and structure-property relations. These 

issues can be illustrated by a short summary on the key predictive models for elastic 

moduli and glass hardness. 

The most successful predictive models for the elastic moduli of glass require 

knowledge on the atomic packing  density  and  the  molar  dissociation  energies  of  

the constituent  oxides [73].  This  has  led to successful predictions for silicate and 

aluminosilicate glasses, while showing limited success for phosphate-, borate-, 

germinate- and  aluminate glasses [74][75].  It  has  been  noted that  this model  is  

only  reliable  for  glasses  with  compositions close  to  their  crystalline  

counterparts,  for  which  the  ionic  radii  are accurately  known.  In  the  case  of  

oxide  glasses,  neither  the  atomic volumes  nor  the  bonding  energies  are  often  

known  with  sufficient accuracy [75], i.e. further understanding of glass structure is 

required for successful predictive models. Predictive models for the hardness of 

glass have also been suggested, based on elastic moduli [76] and network topology 

[77][12]. However, these models have only been successfully applied within limited 

compositional regimes. A deeper understanding of glass structure and its relation to 

mechanical properties is therefore required for future property optimization.  

The hardness of glass is the result of three different deformation modes: Elastic 

deformation, plastic densification and volume conservative shear flow. The hardness 

measured from an indentation imprint is the plastic deformation resulting from 

densification and shear flow. The quantities of each process can be determined by 

Yoshida’s method [78]. Following this protocol, the glass to indentation followed by 

2 hrs annealing at 0.9 Tg, which causes relaxation of the densified part of the indent. 

By use of, e.g., atomic force microscopy (AFM), the volumes of the indent before 

and after annealing can be quantified. From the difference in volume, the volumetric 

changes resulting from densification and shear flow can be quantified. 

We have previously applied this method to compressed glasses and found that 

compression increases the hardness of glass primarily by increasing the resistance 

towards densification (see Figure 2-4). 
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Figure 2-4. Volumes of densification and shear flow in indentation imprints of 

aluminosilicate glasses with constant modifier content, but varying 

[K2O]/([K2O]+[Na2O]), as quantified by Yoshidas method [78].  (a) uncompressed 

glasses. (b) glasses compressed at 1 GPa at their respective ambient pressure Tg 

values. Figure adopted and modified from [31]. 

This could indicate that the hardness increases merely due to the bulk density 

increase of the sample after hot compression. However, relaxation experiments of 

compressed glasses have shown a decoupling between the relaxation times of 

hardness and density during ambient pressure annealing. This indicates that the 

pressure-induced hardness increase cannot solely be attributed to the pressure-

induced bulk density increase. 

2.4. DENSIFICATION METHODS 

Glasses can be densified by various methods. Traditionally, glasses are produced by 

cooling of a melt with sufficient cooling rate to avoid crystallization. Depending on 

the cooling rate, the glass structure can experience varying degrees of relaxation 

during cooling from the super-cooled liquid through the glass transition region, 

resulting in glasses of different densities and fictive temperatures. Glasses can also 

be produced by other methods, and the choice of production method influences the 

structure and density of the glass.  

The density of glasses can also be modified after production (post-treatment), by e.g. 

compression. This can yield high-density glasses, but the temperature applied during 

compression influences the changes in properties as a function of density, making 

the distinction between different compression methods important.  

 SUB-Tg ANNEALING 2.4.1.

Structural relaxation of the glass network modifies the density and hardness of  

glasses [5]. For normal glasses, this results in a network compaction, whereas it 

causes a network expansion for anomalous glasses (e.g. SiO2). Structural relaxation 
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is not defined solely by the cooling rate applied during quenching, since continued 

structural relaxation can occur below the glass transition region. Hereby, isothermal 

annealing below the glass transition temperature (sub-Tg annealing) can modify the 

structure, density and hardness of glass [2][37]. To obtain this effect, it is important 

that annealing is performed at a temperature below the initial fictive temperature of 

the glass. The density variations that can be obtained by variations in cooling rate or 

by sub-Tg annealing are however limited to a few percent, and other methods for 

studies on structure-density-property relations are therefore desired. 

 COLD COMPRESSION 2.4.2.

Compression at room temperature is conventionally referred to as cold compression, 

in contrast to compression at elevated temperature (hot compression). Cold 

compression can be performed by compression in diamond anvil cells (DACs) 

where high pressures (> 10 GPa) can easily be reached. Various types of designs 

have been developed for diamond anvil cells, but all are based on the same core 

principle, illustrated in Figure 2-5. However, by using this method, only small 

sample specimens can be processed (μm
2
 range). High pressures can also be reached 

with other instrumental designs, such as multianvil or piston cylinder devices, 

producing samples typically in the mm
2
 range. Coupled with in situ structural 

characterization (e.g., vibrational spectroscopy, inelastic X-ray scattering, X-ray and 

neutron diffraction), these types of compression experiments have been applied to 

explore key structural transformations occurring during densification within a 

variety of glass systems [80][81][82][21][83][84][85][86].  

 

 

Figure 2-5. The basic principle of the DAC consists of a sample being placed 

between the flat parallel faces of two opposed diamond anvils. Pressure is 

generated when a force pushes the two opposed anvils together. Figure adopted 

from [87]. 
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However, the limitations in specimen dimensions suitable for these types of 

compression methods are problematic in relation to analysis of macroscopic 

properties (e.g., hardness and durability), and for potential industrial applications, 

where larger sample specimens would typically be required. The structural analysis 

which can be obtained by these methods is however relevant in terms of 

understanding fundamental structural changes during densification of glass.  

 HOT COMPRESSION 2.4.3.

Compression can be performed at elevated temperature, causing permanent 

densification at significantly lower pressures than required in cold compression 

[88][89][90][91][20]. At room temperature, most pressure-induced structural 

changes remain reversible upon decompression, at pressures below 5–10 GPa [92]. 

However, by compressing glasses at their glass transition temperature (Tg), a linear 

increase in density is obtained as a function of pressure, at pressures below 1 GPa 

[24][22]. Furthermore, hot compression also enables the preparation of bulk sample 

specimens (cm
2
 range), allowing for more comprehensive mechanical testing (e.g. 

Vickers indentation). However, while there have been numerous studies of glass 

structure as a function of pressure at room temperature, there are much fewer 

examples of simultaneous pressure and temperature treatment on glass structure.  

Previous studies have found that permanent densification can be obtained below 1 

GPa by compression at temperatures above ~0.7 Tg [93][30]. The temperature at 

which a glass or glass forming melt is compressed is determining for the structure 

and properties of the resulting glass [20]. A range of studies have been conducted on 

glasses quenched from melts under pressure [38][45][95][96]. This has provided 

rich structural information, often on chemical systems relevant for earth sciences 

[33][34][35][36][37]. During compression at elevated temperature, a sample is kept 

under the targeted pressure-temperature conditions for a time above the estimated 

relaxation time. Afterwards, the sample is cooled and then decompressed. One 

problem encountered with this type of compression scheme is however that the 

pressure inside the pressure chamber is usually temperature dependent. This can 

cause a transient pressure drop during cooling. If pressure drops before, or while, the 

cooling melt is undergoing a glass transition, relaxation times are still short enough 

for structural relaxation at the transient pressure. Compression at temperatures above 

Tg, has therefore been found to result in samples with lower density than 

compression at Tg [96]. 

When compressing glasses at Tg, the transient pressure drop during cooling is low, 

within the temperature regime where structural relaxation can occur on an 

experimental time scale (i.e. >0.7 Tg). Using the example in Figure 2-7, the transient 

pressure drop is ~10%. It has previously been found that compression at 

temperatures around Tg resulted in very similar densities [93], so no significant 

relaxation is expected from this pressure drop. This type of compression 
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experiments have not been as widely studied as pressure-quenching, but has recently 

gained attention [25][26][48]. By performing compression at Tg, fewer problems 

with structural relaxation occurs because of transient pressure drops during cooling. 

Furthermore, by performing compression at Tg, glasses are compressed at constant 

viscosity (i.e. 10
-12

 Pa sec). This allows for comparison of pressure induced changes 

inherent to the chemical compositions, rather than factors influenced by differences 

in viscosity at the given compression temperature, e.g. if compression was 

performed at constant temperature rather than constant viscosity. We note that the Tg 

value of glasses can change as a function of pressure, but the changes are expected 

to be small within this pressure regime [97][98]. In our studies we have focused 

mainly on compression at the ambient pressure glass transition temperature (Tg) of 

the glasses.  

Our hot compression experiments were conducted at the Institute of High Pressure 

Physics in Warsaw, Poland. The glasses were isostatically compressed inside a 

vertically positioned nitrogen gas pressure chamber, with an internal diameter of 6 

cm. Inside the gas pressure chamber was placed a multizone cylindrical graphite 

furnace. PtRh6%–PtRh30% thermocouples were used to monitor the temperature 

during the experiments, arranged along the furnace and coupled with an input power 

control electronic system. The pressure was monitored by manganin gauges, 

positioned in the low temperature zone of the pressure chamber. The pressure and 

temperature was controlled with an accuracy of 1 MPa and 0.1 K, respectively. 

Typically, a few glass samples were placed inside an Al2O3 crucible during the 

experiment, as illustrated in Figure 2-6.  

 

Figure 2-6. Illustration of the gas pressure chamber applied in our hot compression 

experiments. Samples were stacked in a Al2O3 crucible, separated by Al2O3 baffles. 

Nitrogen gas was used as the compression medium. Figure adopted from [30]. 

When performing experiments, pressure was increased up to a point below the final 

targeted pressure. Then a constant heating rate of 600 K/h was applied up to the 
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glass transition temperature, causing an increase in pressure up to the final targeted 

pressure (see Figure 2-7).  
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Figure 2-7. Pressure-Temperature profile of a representative hot compression 

experiment. Pressure inside the pressure-chamber depends on temperature, so the 

applied pressure was achieved in combination with design of the temperature 

scheme.  

The system was kept at the final pressure at Tg for 30 min, followed by cooling 

down to room temperature, at a constant rate of 60 K/min. A small pressure drop 

occurred during cooling, and after cooling, further decompression followed with a 

rate of 30 MPa/min. It should be noted that nitrogen was used as the compression 

medium, since its permeability in silicate glasses is low, in contrast to e.g., helium 

[99]. 

The current work has focused primarily on compression at the ambient pressure Tg 

values of glass at pressure up to 1 GPa. Under these conditions, a linear increase in 

density and properties has been found after hot compression, as a function of the 

pressure applied, for various glass compositions [19][22][100]. This linear 

dependence on pressure allows for the definition of a term that states the resistance 

towards densification of a given glass composition, when compressed under these 

conditions. This term in named the plastic compressibility: 

β =
Δρ

ρ0P
 

Where Δρ is the pressure-induced density increase, ρ0 is the density of the 

uncompressed glass and P is the pressure applied. This parameter allows for 

convenient comparison of densification and property changes as a function of 

composition. 
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Though the pressure-annealing scheme described in Figure 2-7 was applied for the 

majority of our pressure experiments [72], [100]–[104], we also applied a 

specialized pressure-annealing scheme for one study on the effects of in situ sub-Tg 

annealing  [105]. In this experiment, we first conducted a conventional hot 

compression step (as described above). However, for some samples, the hot 

compression step was not followed by regular cooling and decompression, but 

instead the temperature was lowered to 0.9 Tg, while pressure was kept constant at 1 

GPa (see Figure 2-8). Then samples were kept under these conditions for 2 Hrs or 24 

Hrs, followed by cooling and decompression. 
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Figure 2-8. Temperature pressure profile including a hot compression step (step 1, 

solid lines) and and in situ sub-Tg annealing step (step 2, dashed lines). 

2.5. RELAXATION 

Relaxation of glass forming liquids (i.e., relaxation in the equilibrium state) has been 

widely studied [106]. However, non-equilibrium relaxation (i.e. relaxation at 

temperatures below Tg) has received much less attention, due to the exceedingly 

long timescales involved with relaxation at these temperatures. Various models have 

been suggested to describe non-equilibrium relaxation of glasses [107][40], but 

experimental validation of the models is complicated by the relaxation timescales 

involved, and the fact that non-equilbrium relaxation depends both on the 

temperature applied and the thermal history of the glass [50]. 

Relaxation of compressed glasses has not been widely studied [47].  Relaxation can 

be performed by various annealing protocols. In the current thesis, relaxation has 

been performed by isothermal annealing at ambient pressure. This can provide 

interesting information on the pressure-induced structure and property changes [15], 

but also help to evaluate the stability of compressed glasses for application purposes. 
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Previously, the elastic moduli of SiO2 glasses densified equally through hot- or cold 

compression has was  investigated during relaxation [20]. This showed 

fundamentally different relaxation behaviors of glasses of the same composition and 

density, but densified by different methods. In addition, recent relaxation 

experiments have shown a pressure-induced increase BO4 concentration of a borate 

glass to remain constant during subsequent density relaxation [22].  

Relaxation experiments can also be applied to obtain a deeper understanding of 

pressure-induced changes in mechanical properties. Compression has previously 

been found to increase the hardness of glass linearly as a function of pressure 

[24][22]. By application of Yoshida’s method on hot compressed aluminosilicate 

glasses, it has been found that the pressure induced hardness increase is caused by 

an increased resistance towards densification [31] (as described in section 2.3). The 

same mechanism has been found to increase the hardness of pristine glasses after 

sub-Tg annealing (i.e. increasing resistance towards densification) [79]. The 

increased resistance towards densification during indentation of hot compressed 

glasses cannot solely be attributed to the increased bulk density. This is inferred 

from relaxation experiments, showing that hardness relaxes faster than density 

[22][101] (see Figure 2-9). This indicates that hardness and density are mutually 

independent. This in turn indicates that the pressure induced hardness increase is 

caused by a strengthening of the glass network, but further understanding of the 

structural origin is required. 

It is of convenience to define a relaxation function that describes the changes in 

properties during relaxation as a function of relaxation time. This can be described 

as follows: 

 

Figure 2-9. Changes in density and hardness during ambient pressure annealing 

(0.9 Tg) of a hot compressed borate glass. Inset: Density and hardness as a function 

of pressure after hot compression. Figure adopted from [22]. 
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Mρ(ta) =
ρ(ta) −ρ(∞)

ρ(0) −ρ(∞)
 

 

Where Mρ(ta) varies between 1 and 0 and gives the fraction of the property relaxed 

at time ta . In the above equation density is inserted as an example, withρ(0), ρ(ta) 

and ρ(∞) being the density before annealing, at the given annealing time step, and 

density of the uncompressed sample after infinite annealing time, respectively. The 

equation can be similarly applied for other properties (e.g. hardness). As an 

approximation to the value obtained after infinite annealing time, we have used the 

value obtained after prolonged annealing (e.g. > 10 000 min) of an uncompressed 

sample.  

Experimental data normalized through the relaxation function can be fitted with the 

Kohlrausch stretched exponential function [108]: 

 

Mρ(ta) = exp [−
𝑡𝑎
𝜏

β

]  

 

This again provides the fraction of the property relaxed at a given annealing time 

step (ta). The variable τ is the characteristic relaxation time for the decay and 0 <β 

≤ 1 is the dimensionless stretching exponent. It has previously been suggested that β 

assumes universal values, with β = 3/5 corresponding to relaxation processes 

involving both short- and long range rearrangements, whereas β = 3/7 corresponds 

to relaxation dominated by long range rearrangements [109].  
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CHAPTER 3. INFLUENCE OF 

COMPRESSION TEMPERATURE ON 

DENSIFICATION BEHAVIOR 

Only few comparative studies on the structural changes occurring during hot and 

cold compression have been performed [20][110][111]. The structural differences 

between glasses recovered from hot- and cold compression are therefore not well 

understood. An improved understanding of these differences might, however, enable 

the prediction of structural changes occurring during hot compression, based on 

results from cold compression of analogous systems. This could in turn aid in the 

development of glasses recovered from hot compression with tailored properties, 

since studies on cold compressed glasses are far more numerous. 

By performing compression at elevated temperatures (e.g. Tg), permanent 

densification of glass can be achieved at pressures significantly lower than by 

compression at room temperature. At room temperature, there is a lower threshold 

pressure (typically around 5-10 GPa  [92]) for permanent densification of glasses. 

For hot compressed glasses, permanent densification has been found at pressures 

down to 0.1 GPa [24].  

It has previously been found that temperatures of ~0.7 Tg are necessary for 

permanent densification at 1 GPa, for a borosilicate glass [93] and an 

aluminosilicate glass [30]. The onset temperature for permanent densification within 

this pressure regime may provide further understanding on the densification 

mechanisms operating during hot compression. However, only few studies have 

systematically investigated the relation between temperature, pressure and structure 

in this temperature range [112][93].  
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3.1. DENSIFICATION AT DIFFERENT TEMPERATURES 

To evaluate the impact of the compression temperature on structure and properties, 

we begin by considering the effect on density. We compressed a commercial 

aluminosilicate glass at 1 GPa at various temperatures [104][105]. The resulting 

densities of the samples are shown in Figure 3-1.  
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Figure 3-1. Density of an aluminosilicate glass after compression at 1 GPa, plotted 

as a function of the compression temperature (Tg=650 °C). Compression duration 

was identical for all glasses (i.e. 0.5 Hrs). Figure adopted and modified from [102].  

Only limited densification was obtained by compression below 100 °C. When 

compression temperature was around 0.7 Tg (450 °C), a slightly increased 

densification was observed. When compressing at higher temperatures, significantly 

increased densification was obtained, with the maximum densification remaining 

approximately constant at temperatures near Tg. This is similar to previous findings 

for a borosilicate glass [93]. ,   

We also studied the structural changes resulting from variation of compression 

temperatures, using 
23

Na and 
27

Al MQMAS NMR. The results are shown in Figure 

3-2. A non-linear shift to higher resonance frequency is seen for the 
23

Na MAS peak, 

with increasing pressure. 
27

Al MQMAS NMR was only performed on three samples, 

but the 
27

Al δCS shows the same trend as the 
23

Na MAS shift. Usually linear changes 

in structure are seen as function of density when glasses are compressed at Tg, e.g. 

boron [22][95] or aluminum coordination [113]. Similarly, linear changes in 

hardness are also usually observed [24][22]. The non-linear 
23

Na MAS shift to 

higher frequency with density may indicate differences in the densification 

mechanisms as a function of compression temperature, but no direct comparison 

with literature results was possible for glasses compressed at Tg. Included in the plot 

is also a pristine glass densified by ambient pressure sub-Tg annealing. Sub-Tg 

annealing caused a shift for both the 
23

Na MAS NMR peak and the 
27

Al δCS in the 

opposite direction as hot compression. This indicates that compression and sub-Tg 

annealing densifies glasses through fundamentally different structural mechanisms. 
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This aligns with recent molecular dynamics simulations, where it was that found 

compression and sub-Tg annealing impact different parts of the glass network [114]. 

3.2. HOT AND COLD COMPRESSION OF A SODIUM BORATE 
GLASS 

To further investigate the differences and similarities between hot- and cold 

compressed glasses, we studied a sodium borate glass in situ during cold 

compression and ex situ after hot compression, using Raman spectroscopy [104]. In 

the following, a description of the structural changes occurring during hot- and cold 

compression is provided. 

Borate glasses are interesting model systems for studies on pressure induced 

structural changes, since they display significant changes in both short- and medium 

range order upon compression. This include changes in coordination number of 

boron (B
III

 to B
IV

) and superstructural units (e.g. boroxol rings) [115][116].  For 

vitreous B2O3, a polyamorphic phase transition has also been suggested to occur 

during decompression [82]. However, only limited high-pressure studies on alkali 

borate glasses have been conducted [80]. We studied the pressure induced structural 

changes in a sodium borate glass at pressures up to ~9 GP, using a diamond anvil 

cell (DAC) combined with in situ micro-Raman spectroscopy [104]. The pressure 

induced changes in the Raman spectra are shown in Figure 3-3.  
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Figure 3-2. 
23

Na MAS NMR shift and 
27

Al isotropic chemical shift for an 

aluminosilicate glass compressed at 1 GPa at various temperatures (ta=0.5 Hrs). 

Included is also a non-compressed sample annealed at 0.9 Tg for 168 Hrs. Figure 

modified and adopted from [103]. 
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Figure 3-3. Raman spectra of the sodium borate glass during compression up to ~9 

GPa, after baseline subtraction and area normalization [117]. Spectra are vertically 

offset for presentation. Figure adopted from [110]. 

The two sharp peaks at 770 cm
−1 

and 805 cm
−1

 represent symmetric breathing 

vibration of triborate and/or tetraborate rings [118][119], and symmetric breathing 

vibration of boroxol rings [57][120][53], respectively. From the figure, a decrease in 

the ring structures is seen with increasing pressure, along with an increase in the 650 

cm
-1

 peak (assigned to loose BO3 [121]). The pressure-induced decrease in Raman 

peaks representing ring structures (770 cm
−1

 and 805 cm
−1

), combined with the 

increase in the Raman peak representing loose BO3 (650 cm
−1

), indicates a 

conversion of ring BO3 into non-ring BO3 during compression. The sodium borate 

glass is structurally analogous to v-B2O3 and is therefore expected to behave 

similarly under pressure. For v-B2O3, it has previously been found that a breakage of 

boroxol rings occur during cold compression, based on neutron diffraction [17] and 

Raman spectroscopy data [115]. Furthermore, a similar breakage of boroxol rings 

has also been found after hot compression of v-B2O3, based on Raman spectroscopy 

[122], 
11

B 3QMAS NMR spectroscopy [116], 
11

B NMR spectroscopy [94], and X-

ray diffraction data [94]. In contrast, a reaction scheme involving the stacking of 

boroxol rings rather than dissolution of the rings, during cold compression of v-

B2O3, has recently been suggested based on oxygen K-edge spectra [21]. Much less 

structural data is available for compressed alkali borate glasses, and based on our 

Raman spectra, we suggest a conversion of rings into non-rings as the most likely 

scenario under compression. 

The same glass composition was also studied after hot compression, and a 

comparison between the Raman spectra of the hot- and cold compressed samples 

can be seen in Figure 3-4. It can be seen that the same qualitative changes are 

observed during cold compression and after hot compression, indicating similar 

structural changes. However, the Raman spectra shown for the cold compressed 

glass was measured at 1.4 GPa, i.e. within the elastic regime of densification. This 
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indicates that the same structural changes can occur elastically during cold 

compression and in-elastically after hot compression. This, in turn, indicates that 

these structural changes do not govern density, and that other structural changes may 

additionally occur during hot- and cold compression, which are not monitored by 

Raman spectroscopy.  
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Figure 3-4. Raman spectra of a sodium borate glass in situ during cold 

compression, and ex situ after hot compression, compared with the Raman spectra 

of the as-prepared glass. Figure adopted from [110] 

Previous studies comparing the structural changes occurring from hot- and cold 

compression, using other structural probes, however found fundamental structural 

differences. A recent 
11

B MAS NMR experiment probed the MAS shift of a 

borosilicate glass in situ during cold compression and ex situ after hot compression 

[111]. Here it was found that hot compression caused a shift to lower frequency, 

whereas cold compression caused a shift to higher frequency. This indicates 

fundamentally different structural changes occurring during hot and cold 

compression. A recent comparative study on SiO2 glasses densified equally through 

hot- and cold compression also showed that the hot compressed sample was more 

homogenous in structure than the cold compressed sample, and that the two samples 

showed different relaxation behaviors during ambient pressure annealing [20].  

Analogous to these findings, differences in the structural changes resulting from hot- 

and cold compression may also apply to the investigated sodium borate glass, which 

are however better monitored by other structural techniques. 
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3.3. SUMMARY 

When densification is obtained by compression at different temperatures, a non-

linear change in the 
23

Na MAS resonance frequency is seen as a function of density. 

This is in contrast to the linear changes in hardness [24][22] and boron [22][95] and 

aluminum [113] coordination, usually observed for glasses compressed at Tg. The 

non-linear change in the 
23

Na MAS shift may indicate temperature-dependent 

densification mechanisms. However, no direct comparison with literature results on 
23

Na MAS NMR shifts was possible. It was also demonstrated from changes in 
23

Na 

MAS NMR shifts and 
27

Al δCS that densification by ambient pressure sub-Tg 

annealing and hot compression cause fundamentally different structural changes. 

This aligns with recent molecular dynamics simulations, showing different types of 

structural changes resulting from hot compression and ambient pressure sub-Tg 

annealing [114] 

Comparison of the Raman spectra of a sodium borate glass, measured in situ during 

cold compression and ex situ after hot compression, showed no qualitative 

differences in structural changes. Due to the same structural changes being observed 

after hot compression (permanent densification) and during elastic densification 

(cold compression <~5 GPa), it is inferred that the densification mechanism cannot 

be monitored by Raman spectroscopy. 
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CHAPTER 4. STRUCTURE OF HOT 

COMPRESSED GLASSES 

Continuous structural changes in hot compressed glasses have previously been 

found as a function of density. Only in few cases have abrupt changes in density and 

structure been reported in compressed glasses (i.e. polyamorphism) [82][123]. 

Mechanisms for pressure-induced structural changes have been suggested  [124], but 

the relation between pressure-induced changes in structure and density is not well 

understood. The structural changes resulting from hot compression have previously 

been studied by NMR [17][72][80][125][113][126][127][128], x-ray [94] and 

neutron [17] diffraction, molecular dynamics simulations [5][25] and Raman 

spectroscopy [20]. In general, an increase in coordination number of network 

formers is found after compression [18][73][81][126][127][128], along with a 

compaction of modifier sites [22][95][125][113],  and changes in medium range 

order [20][8][18][20][25]. From the variety of pressure-induced structural changes, 

it has not yet been possible to unambiguously identify the structural basis for 

densification.  

4.1. SHORT RANGE ORDER 

The short range order of glass is usually defined by the first coordination sphere of 

the given element. This includes changes in coordination number of network 

forming species and changes in network modifier environments. Increased 

coordination of network formers has previously been reported in hot compressed 

glasses of various compositions. This includes an increased coordination of boron 

(B
III

 to B
IV

) [22][112], silicon (Si
IV

 to Si
V
 or Si

VI
) [22][126][127][129] and 

aluminum (Al
IV

 to A
lV

 or Al
VI

) [128]. It has also been found that pressure-induced 

coordination increases are promoted by the presence of NBOs in the pristine glass 

[95][124][127][130][131]. This has been suggested to occur by a mechanism 

converting modifiers from a charge modifying role into a charge balancing role 

[124]. However, minor changes in coordination numbers  have also been found in 

hot compressed glasses with low NBO content (NaAlSi3O8) [37][36]. Using MAS 

NMR, we have studied the pressure induced changes in modifier and network 

former environments after hot compression at 1 GPa at Tg for a borosilicate [101], 

aluminosilicate [102][103], sodium borate [104] and a series of sodium phospho-

oxynitride glasses [72]. In the following, the observed pressure induced changes are 

described. 
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 MODIFIER ENVIRONMENT 4.1.1.

Pressure-induced changes in modifier environments have previously been studied in 

situ during cold compression using diffraction techniques [132], and ex situ after hot 

compression using NMR [95][125][22][113]. Changes in 
23

Na environment of 

compressed glasses are relatively easy to study using 
23

Na MAS NMR. The 
23

Na 

resonance frequency has previously been found to shift to higher frequency after hot 

compression [95][125][22][113].  

In anhydrous crystalline silicates and aluminosilicates, an approximately linear 

relation between 
23

Na δCS and Na-O bond lengths has previously been found, as 

shown in Figure 4-1. In the original paper showing this relation, a formula for 

determination of bond lengths was not derived [133]. However, in a latter study on 

the relation between 
23

Na δCS and Na-O bond lengths in borate and germanate 

crystals, this data was fitted with a linear regression, in addition to fits for data on 

borate and germanate crystals. This provided simple formulas for calculation of 

bond lengths in silicate, aluminosilicate, borate and germanate glasses, based on the 
23

Na δCS shift [134]. The relations are shown in Table 1. Based on these relations, 

the pressure induced volume changes of the 
23

Na site in an aluminosilicate glass has 

been estimated [95]. Here it was found that compaction of the modifier site scaled 

with overall densification of the sample. The quantification was however based 

solely on pressure induced changes in the 
23

Na MAS NMR shift. It was argued that 

at high magnetic fields, the 
23

Na MAS NMR peak is controlled mainly by 

distributions in isotropic chemical shift, and to a lesser extent by second order 

quadropolar broadening. Hereby, the changes in Na-O bond length after 

 

Figure 4-1. Relation between mean Na-O bond length and 
23

Na isotropic chemical 

shift, based on anhydrous silicate and aluminosilicate crystals. Figure modified and 

adopted from Ref. [133].  



CHAPTER 4. STRUCTURE OF HOT COMPRESSED GLASSES 

41 

compression should be possible to evaluate directly from the changes in the 
23

Na 

MAS NMR shift, instead of the isotropic chemical shift.   

Table 1. Linear fit parameters from the relation between Na-O bond length (Å) and 

the 
23

Na δCS shift (ppm), showing the slope, intercept, R value of the fit and the 

number of data points the fit was based on. Table reproduced from  [134]. 

 

Composition Slope Intercept R Number of 

data points 

Silicates -67 (6) 179 (16) 0.96 13 

Germanates -47 (25) 130 (68) 0.88 3 

Borates -144 (38) 366 (96) 0.91 5 

Carbonates -66 (21) 159 (52) 0.87 6 

 

We performed 
23

Na MAS NMR measurements on a hot compressed borosilicate 

glass [101], aluminosilicate  glass [102][103], and sodium borate glasses  [104]. In 

all cases, the 
23

Na MAS NMR shift was found to move to higher frequency after 

compression, consistent with literature results [95][125][22][113]. Using 
23

Na 

MQMAS NMR, the quadropolar coupling constant and the chemical shift of 
23

Na 

can be calculated based on the center of gravity in the MAS dimension and the 

isotropic dimensions (see appendix A). Using the relations listed in Table 1, we find 

the volume compaction of the 
23

Na site in the aluminosilicate glass to be 3.46% after 

compression at Tg and 1 GPa, which is close to the density change of the bulk 

sample (~3%). However, when applying the relation for borates (see Table 1) to the 

sodium borate glass, we find volume compaction of the 
23

Na site (0.48%) to be 

much smaller than the density increase of the sample (5.6%). It should be noted that 

the relation between Na-O bond length and isotropic chemical shift in borates is 

more uncertain, since fewer data points were available for the linear regression (see 

Table 1). It should further be noted that if we used 
23

Na MAS shift instead of 
23

Na 

isotropic chemical shift, values for compaction of the 
23

Na sites much were found 

much lower than the bulk density change for both the aluminosilicate and the 

sodium borate glasses 

  



STRUCTURE-PROPERTY RELATIONS OF PERMANENTLY DENSIFIED OXIDE GLASSES 

42
 

 COORDINATION CHANGES OF NETWORK FORMERS 4.1.2.

We performed 
11

B MAS NMR on a sodium borosilicate glass [101] and a sodium 

borate glass [104]. After compression at 1 GPa, the boron concentration found in 

fourfold coordination increased from 20.6% to 21.3% for the sodium borate glass, 

and from 70% to 77% for the borosilicate glass. This is an increase in BO4 

concentration of ~10% in each case, despite of the borate- and borosilicate glasses 

having widely different plastic compressibility (0.056 and 0.029, respectively). This 

is similar to a previous finding for a borosilicate glass [93].  

We also studied pressure induced changes in aluminum speciation in a commercial 

aluminosilicate glass [102][103]. In the pristine glass, all 
27

Al was fourfold 

coordinated. When compressing the glass at 600 °C at 1 GPa, an increase in Al
V
 

from 0% to 1.7% was found. However, when compressing the sample at higher 

temperature (Tg=652 °C) at 1 GPa, no increase in Al
V
 was found. This might be 

caused by a pressure drop during cooling (as described in section 2.4.3). It has 

previously been found for aluminosilicate glasses that compression at temperatures 

above Tg resulted in lower densities and average aluminum coordination than 

compression at Tg [96]. This was explained by a transient pressure drop during 

cooling from above Tg, down through the glass transition region. It should however 

be noted that the coordination changes involved are very small. 

Finally, we performed 
31

P MAS NMR on a NaPO3 glass compressed at 1 GPa at Tg 

[72]. After compression, only a small shift to lower resonance frequency was found, 

i.e. no speciation change.  

 SPECIATION CHANGES IN OXYNITRIDE GLASSES 4.1.3.

To study the influence of anion substitution on the densification behavior of glass, 

we conducted compression experiments on a series of NaPO3-3/2XNX glasses with 

N/P ratio varying between 0 and 0.37 [72]. Using 
31

P MAS NMR, we found a 

decrease in the fraction of PO4 units and an increase in the fraction of nitrided 

species (PO3N and PO2N2 units) after compression at Tg at 1 Gpa. This indicates 

either an increased average coordination of nitrogen, or increased nitrogen content in 

the samples, after hot compression. Both scenarios are considered unlikely, based on 

the following reasons: 

 

1. The NaPO4 base glass did not show presence of nitride species after 

compression and compression in pure a N2 atmosphere is known to cause 

no, or very limited, nitridation [71]. 

2. Changes in coordination numbers of nitrogen can be monitored by Raman 

bands located at ~630-640 cm
-1

 (three-fold nitrogen) and ~810-815 cm
-1 

(two-fold nitrogen). These Raman bands did not show changes in intensity 

after compression. 
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We therefore suggest an alternative explanation in the following. 

  

Deconvolution of 
31

P MAS NMR spectra for NaPO3-3/2XNX glasses requires a 

minimum of three components, which are assigned to PO4, PO3N, and PO2N2 

tetrahedra, respectively [135]. An increase in the PO3N peak was seen after 

compression. However, this peak overlaps with the Q
1
 peak (~-9 ppm) and the 

discrimination between these units is therefore challenging. If the pressure-induced 

increase in this peak is considered a result of Q
1 

formation, the NMR results can be 

explained without nitridation or coordination changes of nitrogen after compression. 

We therefore suggest the pressure reactions illustrated in Figure 4-2. These two 

reactions involve the exchange of a NBO-Na group with a nitrogen atom between 

two structural units, and can explain conversions between Q2 and Q1 units (reaction 

a), as well as conversions between PO2N2 and a PO3N units (reaction b). From mass 

balance considerations of these reactions, the quantities of structural units in the 

compressed glasses can be calculated. Table 2 shows the structural units determined 

experimentally (NMR) and from mass balance calculations. The suggested pressure 

reactions (Figure 4-2) do not cause any changes in the quantities of Q
2
 and PO2N2, 

i.e. quantities for these structural units are identical for experimental and calculated 

results. 

 

 

Figure 4-2. Suggested pressure induced conversions between structural units in the 

NaPO3-3/2XNX oxynitride glasses, by exchange of a NBO-Na group with a nitrogen 

atom.  (a) Conversion of a Q
2
 unit and a PO3N unit into a new PO3N unit and a Q

1
 

unit. (b) Conversion of two PO3N units into a PO2N2 and a Q1 unit. Figure adopted 

from [72]. 

The experimental and calculated results show overall agreement. An unexpected 

result is however that the calculations show a net loss of Q
1
 (-1.4 at%) in the 

NaPO2.45N0.37 glass. This indicates that Q
1
 must be present in the uncompressed 

NaPO2.45N0.37 glass. Q
1
 is present in the as-prepared NaPO3 glass (4 at%), and small 

amounts of Q
1
 units may remain in the glass upon nitridation. 
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Table 2. Experimental and calculated quantities of Q1 and PO3N units in the 

NaPO3-3/2XNX glasses after compression. Calculated results are based on the 

suggested pressure reaction in Figure 4-2. Values of Q
2
 and PO2N2 units are the 

same in experimental and calculated results. Table modified from [72]. 

       

 

Glass 

Q
1
 fraction (at.%) PO3N fraction (at.%) 

exp. calc. exp. calc. 

NaPO3 (1GPa) 4.0 4.0 0.0 0.0 

NaPO2.79N0.14 (1GPa)  6.0 25.6 19.7 

NaPO2.64N0.24 (1GPa)  3.8 39.1 35.3 

NaPO2.45N0.37 (1GPa)  -1.4 46.0 47.4 

 

4.2. MEDIUM RANGE ORDER 

Changes in medium range order of hot compressed oxide glasses are not well 

understood. Previous studies on hot compressed SiO2 glass have shown a change in 

ring statistics, with an increase in the fraction of smaller rings [20]. In borate 

glasses, a breakage of rings has also been found after compression [8][18][20][25]. 

The intermediate range order of borate glasses consists of ring structures with well-

defined bond angles. We applied Raman spectroscopy and 
11

B MAS NMR to study 

the structural changes in a sodium borate glass before and after hot compression 

[104]. A decrease in the fraction of ring-BO3 was evident from both the Raman and 
11

B MAS NMR spectra after compression, along with an increase in the fraction of 

non-ring BO3. This indicates dissolution of rings during hot compression, as also 

previously suggested for v-B2O3 [116][122] [94] and an alkali borate glass [136]. 

Using 
31

P MAS NMR, we studied the pressure induced changes in a NaPO3 glass. 

The uncompressed glass consists of chains of Q
2
 units terminated by Q

1
 units. After 

compression, the only pressure induced changes observed was a shift to lower 

resonance frequency, i.e. no speciation changes were found. 

Based on 
31

P MAS NMR, we suggested a conversion of Q
2
 units into Q

1
 units after 

hot compression of a series of oxynitride glasses (see section 4.1.3). An increase of 

Q
1
 units implicates an increase of terminal phosphate units on the chains in the glass 

network, i.e. a decrease in the average chain length and an increased number of 

chains. 
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4.3. COMPOSITION-PLASTIC COMPRESSIBILITY RELATIONS 

The plastic compressibility of glass is fundamentally governed by its chemistry. 

Previous studies on hot compressed oxide glasses have mainly focused on isolated 

glass compositions [24][22][26][31][37], with only few studies on systematic 

variations of composition. One study on a calcium borate glass with varying Na2O 

content  showed a clear decrease in the plastic compressibility with increasing 

modifier content [24]. A recent study on the effect of substitution of modifier 

species (K2O for Na2O), with constant total modifier content, showed a decrease in 

the plastic compressibility with increasing [K2O]/([K2O]+[Na2O]) [31]. Another 

study on the effect of modifier substitution (MgO for CaO), at constant total 

modifier content, found a mixed modifier effect (i.e. non-linear changes) in the 

plastic compressibility [30]. Such studies highlight the important influence of 

modifiers on the plastic compressibility of glass. 
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Figure 4-3. The concentration of BO3 in a borosilicate glass series, plotted against 

the plastic compressibility of the glasses. The inset shows the relation between the 

total boron concentration ([BO3] + [BO4]) and the plastic compressibility, for the 

same borosilicate glass series. Figure adopted from [101]. 

To understand the relation between chemical composition and densification 

behavior, we performed two studies with systematic changes in chemical 

composition. These include a study on the effect of network former substitution (B 

for Si) in a borosilicate glass series [101], and a study on the effect of anion 

substitution (N for O) in a sodium methaphosphate glass [72]. Network former 

substitution is expected to show a large effect on the plastic compressibility of 

glasses. In Figure 4-3, the effect of varying boron concentration (B/Si) on the plastic 

compressibility of a borosilicate glass series is shown. From the inset of the figure, a 

linear correlation between boron concentration and plastic compressibility is seen. 

However, this relation is improved if only considering the BO3 concentration in the 
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glass (main figure). The linear increase in plastic compressibility with increasing 

BO3 concentration demonstrates the impact of network formers on the plastic 

compressibility. The linear relation across varying pressure-induced structural 

changes indicates that the plastic compressibility depends primarily on network 

former speciation (i.e. BO3, BO4 or SiO2), as opposed to the medium range 

structures formed by these units. 

We also studied the effect of anion substitution on the plastic compressibility of a 

series of NaPO3-3/2XNX glasses. In Figure 4-4. the effect of increasing nitrogen 

concentration on the plastic compressibility is shown. 
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Figure 4-4. Plastic compressibility of a series of NaPO3-3/2XNX oxynitride glasses 

plotted as a function of their nitrogen content (N/P ratio). Figure adopted from [72]. 

An initial decrease in the plastic compressibility is seen with increasing nitridation, 

which is reversed upon further nitridation. The plastic compressibility of the base 

NaPO3 glass is very low, as well as for the nitrided glasses. The low plastic 

compressibility may be caused by the high modifier concentration in the base NaPO3 

glass, as it has previously been found that increasing modifier content significantly 

decreased the plastic compressibility of glass [24]. In turn, the low plastic 

compressibility of the base NaPO3 glass may inhibit anion substitution from 

showing a clear effect on the densification behavior. 
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4.4. STRUCTURE AND DENSITY RELAXATION OF HOT 
COMPRESSED GLASSES 

The pressure induced changes in density and properties can be relaxed by ambient 

pressure annealing. The relaxation time depends on the annealing temperature, and 

by selection of prober annealing temperatures, a step-wise monitoring of density and 

property relaxation can be performed. Only limited data on this type of experiments 

has been published and the relaxation behavior of compressed glasses is generally 

not well understood. For example, the timescale of density relaxation can currently 

not be predicted. However, an interesting observation is found when plotting data 

for density relaxation at 0.9Tg at ambient pressure, for glasses compressed at Tg at 1 

GPa (see Figure 4-5). The relaxation times appear to follow a master curve, despite 

of the different chemistries of the glasses. However, further data is required to 

investigate whether this trend applies for further glass compositions. 
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Figure 4-5. Relaxation function (see section 2.5) of three glasses during ambient 

pressure annealing at 0.9 Tg, after hot compression at 1 GPa at Tg. Data on soda-

lime borate taken from ref [22], data on sodium borate taken from [104] and data 

on aluminosilcate glass taken from [105]. 

Understanding the structural changes during relaxation may also help to elucidate 

the structural origin of pressure induced density changes. To obtain a deeper 

understanding of structure-density relations, we compressed a sodium borate glass at 

1 GPa at Tg, and monitored structural changes throughout relaxation by 
11

B MAS 

NMR, 
23

Na MAS NMR, Raman spectroscopy [104].  
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The BO4 concentration of the samples throughout density relaxation is shown in 

Figure 4-6. It can be seen that BO4 concentration followed density throughout 

relaxation. The figure also shows an uncompressed sample, subjected to prolonged 

annealing at 0.9 Tg, at ambient pressure. This sample shows that the BO4 

concentration changes more as a function of density, when densification is obtained 

through changes in thermal history, as compared to changes in pressure history. 
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Figure 4-6. BO4 concentration in the compressed samples throughout relaxation, as 

quantified by 
11

B MAS NMR. Included for comparison are also an uncompressed 

glass, annealed at 0.9 Tg (K) for 168 Hrs and the as-prepared glass. The inserted 

line represents changing fictive temperature for glasses without pressure effects. 

Figure adopted from [104]. 

Figure 4-7 shows the ring to non-ring BO3 ratio of the same samples. From the 

figure it can be seen that the ring/non-ring BO3 ratio decreased after hot 

compression, but that the ratio also decreased in a similar manner with increasing Tf. 

Hereby, the same ring/non-ring BO3 ratio can be obtained across various densities. 

As similarly seen for the BO4 concentration, the rate of change in the ring/non-ring 

fraction as a function of density is also higher when changes are imposed by 

variations in the thermal history, rather than pressure-temperature history. 
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Figure 4-7. The ring/non-ring BO3 ratio of the compressed samples throughout 

ambient pressure relaxation, as quantified by 
11

B MAS NMR. Included for 

comparison are also an uncompressed sample, annealed at 0.9 Tg (K) for 168 Hrs 

and the as-prepared sample. The inserted line represents changing fictive 

temperature for glasses without pressure effects. Figure adopted from [104]. 

The changes in the 
23

Na MAS shift were also monitored throughout relaxation. The 

results are shown in Figure 4-8.  
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Figure 4-8. 
23

Na MAS shift of the compressed samples throughout ambient 

pressure relaxation, as quantified by 
23

Na MAS NMR. Included for comparison are 

also an uncompressed glass, annealed at 0.9 Tg (K) for 168 Hrs and the as-prepared 

glass. Figure adopted from [104]. 
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From the figure it can be seen that the 
23

Na MAS shift moved to higher frequency 

after compression. During relaxation, it gradually relaxed towards the uncompressed 

value. It can also be seen that the value of the uncompressed sample, sub-Tg 

annealed at ambient pressure for 168 Hrs, aligned with the trends of the compressed 

and relaxed samples. This is in contrast to the BO4 concentration and the ring/non-

ring BO3 ratio, for which a different relation with density was seen for compressed-

relaxed samples and the as-prepared sample sub-Tg annealed at ambient pressure for 

168 Hrs. 

4.5. SUMMARY 

We monitored pressure-induced structural changes after compression at Tg in an 

aluminosilicate [104][105], a sodium borate [104], a borosilicate [101] and a series 

of oxynitide methaphosphate glasses [72]. We found densification of glasses to be 

accompanied by a compaction of modifier environments, coordination changes of 

network formers and changes in intermediate range structures (e.g. rings). We 

further suggested a pressure reaction for the oxynitride glasses, primarily causing an 

increase in Q
1
 units after hot compression. We also monitored changes in BO4 

concentration, ring/non-ring BO3 ratio and 
23

Na environment during relaxation of a 

hot compressed sodium borate glass [104]. For the BO4 concentration and the 

ring/non-ring BO3 ratio, it was found that similar changes could be obtained across 

varying density, depending on the densification method, indicating that these 

structural parameters do not govern bulk density of the glass. Changes in the 
23

Na 

environment however followed density throughout ambient pressure relaxation.  

An interesting observation was also made when plotting relaxation times of density 

during ambient pressure 0.9 Tg annealing, for three different glasses compressed at 

Tg. Relaxation times were found to align to a master curve, despite of the glasses 

having different compositions and compressibilities. The cause of this alignment in 

relaxation times is not understood. 
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CHAPTER 5. HARDNESS AND ELASTIC 

PROPERTIES OF HOT COMPRESSED 

GLASSES 

Improving the mechanical properties of glass is a key issue for enabling future 

technological applications [25]. The structural basis of properties such as hardness, 

crack resistance and brittleness are however not well understood, and predictive 

models for hardness have only been applied within limited compositional regimes 

[76][77][12]. Compression can modify the mechanical properties of glass, but the 

structural basis for this modification is not well understood. It is therefore relevant to 

obtain a deeper understanding of the pressure-induced changes in mechanical 

properties of glass.  

5.1. PRESSURE INDUCED INCREASE IN HV AND ELASTIC 
MODULI 

Pressure compaction increases the hardness of glass [22][24][93][30]. The pressure 

induced increase in Hv has previously been found to scale with the pressure induced 

density increase, for various glass compositions [22][24][93].  

0.02 0.03 0.04 0.05
0.0

0.5

1.0

1.5

2.0

 

 

d
H

V
/d

p
 (

G
P

a
/G

P
a

)

 (GPa
-1
)

R
2
 = 0.987

 

Figure 5-1. Relative increase in hardness (dHv/dP) plotted as a function of plastic 

compressibility (β), determined after hot compression at Tg and 1 GPa, for a series 

of borosilicate glasses with constant modifier content. Figure adopted from [101]. 
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By studying the pressure induced increase in hardness and density across a series of 

borosilicate glasses, we found a linear relation between the relative changes in 

density and hardness (see Figure 5-1). That a constant relation between the pressure-

induced increase in hardness and density applies, across varying compositions, 

indicates that these changes are rooted in fundamental physical relations between 

density and hardness. This aligns with our findings on the pressure induced changes 

in elastic moduli of hot compressed glasses [100] (cf. Figure 5-2), where we 

demonstrated a common relation between the pressure induced changes in elastic 

moduli and density across a variety of oxide glass compositions. Hardness and 

elastic moduli are known to correlate [74][137][76], so an increased hardness is also 

expected from an increased elastic moduli, i.e. the trends of Figure 5-1 and Figure 

5-2 are mutually supportive.  
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Figure 5-2. The normalized changes in bulk modulus (ΔB/(B0P)) as a function of 

plastic compressibility (β) for various glass compositions compressed at their 

respective ambient pressure Tg values. The dashed line represents a least squares 

linear fit (R
2
=0.90) to the data (intercept equal to -0.015±0.018 and slope equal to 

3.97±0.39). Figure adopted from [100].  

This is further supported by a recent compilation on the relative changes in hardness 

and density after hot compression (cf. Figure 5-3). Across the borosilicate glass 

series, and the glasses included in Figure 5-2 and Figure 5-3, a variety of structural 

changes occur upon compression. Despite the details of the pressure induced 

structural changes, the common relations between hardness, elastic moduli and 

density indicate that a fundamental physical relation between these properties exists.  

It is interesting whether the correlation between relative changes in density and 

hardness of hot compressed oxide glasses also applies to oxynitride glasses. We 

studied the pressure induced changes in density and hardness of a series oxynitride 

methaphosphate glasses [72]. The effect of compression on density and hardness is 

shown in Figure 5-4. 
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Figure 5-3. Relative changes in hardness (dHv/Hv,0P) plotted against the plastic 

compressibility (β) for a variety of glass compositions after hot compression. 

Figure adopted from [138]. Inserted line represents a least squares linear fit to the 

data.  

The changes in density and hardness correlate, indicating that similar relations 

between densification and hardness also apply for oxynitride glasses. However, it 

should be noted that the pressure induced changes in hardness and density for the 

oxynitride glasses are very small. 
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Figure 5-4. Pressure induced changes in density and hardness for a series of 

NaPO3-3/2XNX oxynitride glasses, plotted against their nitrogen content (N/P ratio). 

Figure adopted from [72].  
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Despite of the relation between hardness and density appearing to indicate a physical 

relation between these parameters, it is unlikely that this is the explanation. During 

ambient pressure sub-Tg annealing of hot compressed glasses, the pressure-induced 

density and hardness changes have been found to de-couple in relaxation times [22]. 

This indicates that the hardness is not governed by the density, but rather by specific 

pressure-induced structural changes. That specific structural changes are important 

for the changes in mechanical properties is further illustrated by comparing the 

changes in longitudinal wave velocity with changes in density, when densification is 

obtained by hot compression or ambient pressure sub-Tg annealing (cf. Figure 5-5). 

The longitudinal wave velocity is proportional to the elastic moduli, and used here 

since more data was available from the literature on this parameter. If the changes in 

longitudinal wave velocity were only governed by density, the trends for both 

densification methods would overlap. These trends do however not overlap. Instead, 

the relative changes in longitudinal wave velocity are higher, as a function of 

relative density increase, when densification is obtained by ambient pressure sub-Tg 

annealing than by hot compression. This aligns with the hardness increasing more as 

a function of density, when densification is obtained by ambient pressure sub-Tg 

annealing, instead of hot compression [84][85]. This indicates that specific structural 

changes occurring during ambient pressure sub-Tg annealing and hot compression 

govern the changes in elastic moduli. A difference in bulk modulus has also been 

found for SiO2 glasses densified equally through hot- or cold compression [20]. 
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Figure 5-5. Relative changes in longitudinal wave velocity and density, for samples 

densified through ambient pressure sub-Tg annealing or hot compression. The 

inserted arrow connects two samples of identical composition (SiO2). Figure 

adopted from [100]. 
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5.2. CHEMICAL STRENGHTENING AND HOT COMPRESSION 

Chemical strengthening, also referred to as ion exchange, is a method widely applied 

in industry for the strengthening of glasses for e.g. cockpit windows and display 

covers in personal electronic devices. The treatment is performed by producing a 

glass with a small ion (e.g Na
+
) included in the melting batch. After melt-quenching, 

the glass is submerged into a salt bath (e.g. KNO3) at elevated temperature, where 

the smaller ion (e.g. Na
+
) is substituted with a larger ion (e.g. K

+
) through inter-

diffusion. Inclusion of the larger ion, into sites previously occupied by the smaller 

ion, causes a local expansion of the ion site [139]. This structural modification 

causes a compressive stress in the glass surface, which is balanced by a tensile stress 

in the interior of the glass. The compressive surface stress inhibits the formation and 

propagation of cracks, increasing the damage resistance of the glass. The treatment 

also increases the hardness of the glass (as measured on the glass surface). 

We investigated the impact hot compression combined with ion exchange on the 

hardness of a commercial aluminosilicate glass. The glass was either submitted to 

ion-exchange and then hot compression (post-compression), or first submitted to hot 

compression and then ion exchanged (pre-compression). We found that post-

compression did not modify the hardness when compression was performed at low 

temperature (i.e. below 450 
o
C). However, raising the compression temperature 

caused diffusion of K
+
 ions in the glass surface during compression, causing a 

decrease in K
+
 surface concentration which decreased the hardness of the glass  (see 

Figure 5-6). 
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Figure 5-6. Hardness and K
+
 concentration in the surface layer of samples 

subjected to ion exchange (10 Hrs in KNO3 salt bath at 410 
o
C) followed by 

compression at various temperatures for 0.5 Hrs. A relation between K
+
 surface 

concentration and hardness is seen. Figure adopted from [102]. 
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In contrast, pre-compression was found to increase the hardness of the glasses. The 

changes in hardness for samples compressed and ion exchanged were found to scale 

with the pressure induced changes in Na
+
 environment, as quantified by 

23
Na MAS 

NMR. Figure 5-7 shows the changes in hardness as a function of 
23

Na δCS . The plot 

includes pre-compressed and post-compressed samples, as well as a pristine sample 

sub-Tg annealed for 168 Hrs followed by ion exchange.  
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Figure 5-7. Hardness as a function of 
23

Na chemical shift (δCS) for samples before 

(grey symbols) and after (colored symbols) ion exchange (IX). 
23

Na δCS was 

measured on ion exchanged samples and assumed also to apply similarly for 

samples before ion exchange. This assumption is supported by MD simulations 

[139], which found ion exchange not to cause significant changes in the Na
+
 

environment. The dashed lines are guides for the eye. Figure adopted from [114]. 

Across all the samples (with one exception) the changes in hardness are found to 

scale with the changes in 
23

Na chemical shift. It is interesting that a common relation 

applies for the glasses, across the different densification methods. Sub-Tg annealed 

samples normally exhibit a different hardness vs. density relation than hot 

compressed samples [102][103]. This indicates that the chemical shift does not only 

depend on the density, but rather on specific structural changes closely related to 

hardness.  
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5.3. COMBINED EFFECT OF HOT COMPRESSION AND SUB-TG 
ANNEALING ON GLASS HARDNESS 

Hot compression and ambient pressure sub-Tg annealing can increase the hardness 

and density of glasses [84][85]. However, the hardness increase obtained by ambient 

pressure sub-Tg annealing is higher, as function of density, than that obtained by hot 

compression [114]. This indicates that different structural mechanisms operate 

during the two densification methods. Comparative studies on the effect of ambient 

pressure sub-Tg annealing and hot compression are few [114][140]. The structural 

changes resulting from ambient pressure sub-Tg annealing and hot compression have 

recently been studied using molecular dynamics simulations [114]. Here it was 

suggested that ambient pressure sub-Tg annealing mainly causes changes in short 

range order, whereas hot compression mainly causes changes medium range order. 

We have made a comparative structural analysis of a commercial sodium 

aluminosilicate glass after hot compression and ambient pressure sub-Tg annealing. 

The results can be seen in Figure 3-2 in section 3.1. From the figure it can be seen 

that ambient pressure sub-Tg annealing and hot compression caused opposing 

changes in the 
23

Na MAS NMR shift and 
27

Al isotropic chemical shift, confirming 

that fundamentally different structural changes occur under these two densification 

methods. 

Due to the different structural mechanisms causing the same qualitative changes in 

hardness and density, it was found interesting whether sub-Tg annealing and hot 

compression could be combined. Combining these two methods in sequence is 

however difficult, since the effects of one treatment cancels the effects of the other 

treatment (e.g. ambient pressure sub-Tg annealing causes relaxation of pressure 

induced property changes). Instead we combined hot compression and sub-Tg 

annealing by performing sub-Tg annealing in situ under pressure (1 GPa), after 

compression at Tg at 1 GPa. The procedure is described in Figure 2-8. First, the 

samples were conventionally hot compressed (Tg, 1 GPa, 30 min). Then, pressure 

was kept constant while the temperature was lowered to 0.9 Tg. Hereby, sub-Tg 

annealing was performed in situ (1 GPa) for durations of 2 Hrs or 24 Hrs, followed 

by cooling and decompression. The density of the samples are shown in Figure 5-8., 

along with the densities of uncompressed samples annealed at 0.9 Tg for the same 

durations. The combination of compression at Tg and in situ sub-Tg annealing caused 

an increased density. Furthermore, the density increase as a function of annealing 

time was similar, regardless of the pressure applied. Sub-Tg annealing at different 

pressures also affected the hardness of the glasses, as shown in Figure 5-9. The 

figure shows that ambient pressure sub-Tg annealing resulted in a different hardness-

density relation than hot compression, with an equivalent effect on hardness 

regardless of the pressure apllied during sub-Tg annealing. Furthermore, increasing 

the annealing time at Tg and 1 GPa did not alter the density or hardness of the 

samples.  
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Figure 5-8. Density of pristine samples after annealing at 0.9 Tg (ambient pressure) 

and hot compressed samples after annealing at 0.9 Tg (1 GPa). Figure adopted from 

[105]. 

2.44 2.46 2.48 2.50 2.52

5.83

6.22

6.61

7.00
 

 

t

T
a
 = 0.9 T

g
:

 Ambient pressure

 1 GPa

T
a
 = T

g
:

 1 GPa

H
v
 (

G
P

a
)

Density (g/cm
3
)

t

 

Figure 5-9. Hardness and density of uncompessed samples annealed at 0.9 Tg, 

samples annealed at Tg and 1 GPa for various durations, and samples annealed at Tg 

and 1 GPa followed by annealing at 0.9 Tg at 1 GPa Arrows denote increasing 

annealing time at 0.9 Tg. All three sets of samples were annealed for 0, 2, or 24 Hrs. 

The inserted orange line shows hardness-density relation of samples without sub-Tg 

annealing (i.e. effect of hot compression). Inserted black lines show hardness-

density relation as a function of sub-Tg annealing. Figure adopted from [105]. 
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5.4. HARDNESS RELAXATION IN HOT COMPRESSED GLASSES 

A decoupling between the timescales of density and hardness relaxation has 

previously been found for hot compressed glasses [22]. However, only limited data 

is available for this type of experiment, so for further investigation of this 

phenomenon, we investigated the relaxation times of hardness and density in a hot 

compressed silicate glass [101]. In Figure 4-8 the relaxation function and the 

strecthed exponential fit (described in section 2.5) are plotted for the density and 

hardness during ambient pressure relaxation. 
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Figure 5-10. Relaxation function (M) and Kolsrauch fit (M(ta)) for density and 

hardness of a hot compressed silicate glass during ambient pressure annealing at 

0.92 Tg. Figure adopted from [101]. 

The figure shows that hardness and density relax at different timescales, as 

previously observed for another compostion [22]. To compare the timescales of 

hardness relaxation for different glass compostions, hot compresed glasses relaxed 

at the same relative Tg temperature (0.9 Tg) are plotted in Figure 5-11. The glasses 

were compressed at Tg and 1 GPa (aluminosilicate glass) or 0.57 GPa (borate glass) 

prior to ambient pressure relaxation. The figure shows that time scales for hardness 

relaxation of the two glasses do not clearly overlap, as was found for density 

relaxation (see Figure 4-5). However, hardness measurements usually have higher 

uncertainty than density measurements, and there is significant scatter in the 

hardness data, so no conclusion is drawn from this data. 
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As described in section 5.3, we investigated glasses subjected to hot compression 

followed by in situ (1 GPa) sub-Tg (0.9 Tg) annealing. This type of treatment was 

found to successfully combine the effects of hot compression with the effects 

usually seen from ambient pressure sub-Tg annealing. Because the two treatment 

methods modify the density and hardness through different structural mechanisms, it 

was found interesting to investigate the relaxation behavior of glasses with the 

effects of both treatments combined. The results are shown in Figure 5-12. The glass 

compressed by conventionally hot compression (Tg, 1 GPa) showed a decoupling 

between density and hardness during relaxation. This aligns with previous results 

[22]. However, the samples also subjected to in situ (1 GPa) sub-Tg annealing (0.9 

Tg) did not show this decoupling. This is a surprising finding and might indicate a 

coupling between the structural parameters governing hardness and those governing 

density, after this type of treatment. A recent molecular simulations study on the 

effects of hot compression and ambient pressure sub-Tg annealing found hot 

compression to affect primarily medium range order, whereas sub-Tg annealing 

modified primarily short range order [114]. A possible explanation is that hot 

compression causes compaction resulting in some elements being positioned in 

setting with weak bonding. Sub-Tg annealing may allow for changes in the bond 

environment within these settings, causing increased network connectivity and a 

coupling between relaxation processes of different parts of the glass network.  
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Figure 5-11. Relaxation function (M) (see section 2.4.3 for description) for the 

hardness of an aluminosilicate glass [105] and a borate glass [22] during ambient 

pressure sub-Tg annealing (0.9 Tg).    
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5.5. SUMMARY 

Compression at Tg increases the density, hardness and elastic moduli of glasses with 

a constant relation between the relative changes in density, hardness and elastic 

moduli. This indicates a fundamental physical relation between these changes. 

However, relaxation experiments show that the timescales of hardness and density 

relaxation decouple during ambient pressure annealing, indicating that these 

parameters are not mutually dependent. Furthermore, we also find that change in 

longitudinal wave velocity (proportional to elastic moduli) dependent on the 

densification method applied, and not just the density. This again indicates that 

changes in elastic moduli depend on specific structural changes in the glasses, rather 

than just density. 
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Figure 5-12. Relaxation function (M) and Kolsrauch fit (M(ta)) for density and 

hardness throughout ambient pressure relaxation at 0.9 Tg. Prior to relaxation, all 

samples were compressed at Tg (1 GPa). This was followed by annealing at 0.9 Tg 

(1 GPa), for durations of a) 0 Hrs, b) 2 Hrs, c) 24 Hrs (compression protocol 

described in section 2.4.3.) Figure adopted from [105]. 
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Ion exchange of hot compressed glasses resulted in a higher hardness than ion 

exchange on uncompressed glasses. The hardness increase resulting from hot 

compression, with and without ion exchange, could be related to pressure-induced 

changes in the 
23

Na environment. Based on these results, it is suggested that a more 

compacted 
23

Na site causes a larger increase in hardness after ion exchange. This 

can be understood by the K
+
 ion substituted into the Na

+
 site exerting a larger 

pressure on the glass network when the Na
+
 site is compacted. This may in turn 

increase the compressive stress in the glass surface, resulting in an increased 

hardness. 

By combining hot compression with in situ (1 GPa) sub-Tg (0.9 Tg) annealing, an 

increased density and hardness could be obtained. Hot compression and sub-Tg 

annealing have previously been suggested to cause different structural changes in 

the glass network [114]. This is supported by our findings. Furthermore, by 

combining hot compression with in situ (1 GPa) sub-Tg annealing (0.9 Tg), the 

relaxation behavior of the glasses was modified. The decoupling between timescales 

of density and hardness relaxation previously found for hot compressed glasses was 

diminished when additional in situ sub-Tg annealing was also applied. 
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CHAPTER 6. GLASS TRANSITION 

BEHAVIOR OF HOT COMPRESSED 

GLASSES 

The glass transition is fundamental for defining a solid as a glass. It has previously 

been found that hot compression affects the glass transition behavior of glasses 

[25][36]. Investigating the changes in glass transition behavior of compressed 

glasses may aid to further understand the impact of compression on glass structure 

and properties. For example, glasses equivalent in boron coordination and molar 

volume, tailored by compression or ambient pressure cooling rate, have been 

suggested to differ in mid- or long range structural arrangements, based on 

differences in Tf and enthalpy overshoot [112]. Investigating the changes in glass 

transition behavior during relaxation of compressed glasses may also be important in 

order to further understand the relaxation behavior of compressed glasses. 

Differential Scanning Calorimetry (DSC) is a useful method for characterization of 

the glass transition behavior. From DSC scans parameters such as Tf, enthalpy 

overshoot and ΔTg can be quantified (see section 2.1 for description). DSC 

measurements on hot compressed glasses have previously found hot compression to 

cause an increase in the enthalpy overshoot [101][31][22][46] and changes in Tf. 

Typical changes in the glass transition region imposed by compression are shown in 

Figure 6-1. 

 

Figure 6-1. First DSC scans of a borate glass hot compressed at Tg at various 

pressures up to 0.57 GPa. The inset shows the 2
nd

 DSC scan of each sample, i.e. 

scans after full relaxation of pressure induced structural changes. Figure adopted 

from [22].  
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A previous study on hot compressed aluminosilicate glasses found interesting 

relations between the pressure-induced changes in the glass transition behavior, and 

the plastic compressibility. Figure 6-2 shows pressure induced changes in enthalpy 

overshoot and Tf for a series of aluminosilicate glasses with constant modifier 

content, but varying [K2O]/([K2O+Na2O]). 

 

Figure 6-2. Relative changes in enthalpy overshoot and ΔTf after compression at Tg 

at 1 GPa, for a series of aluminosilicate glasses with varying [K2O]/([K2O+Na2O]). 

Figure adopted from [31]. 

From the figure a trend between the pressure-induced changes in density, enthalpy 

overshoot and fictive temperature is seen. These types of relations between pressure-

induced changes in the glass transition behavior and density may provide increased 

understanding on the pressure-induced structural changes after hot compression.  

6.1. IMPACT OF HOT COMPRESSION AND SUB-TG ANNEALING 
ON GLASS TRANSITION BEHAVIOR 

We used DSC to study the impact of sub-Tg annealing on the glass transition 

behavior of an uncompressed and a hot compressed glass. Sub-Tg annealing and hot 

compression have previously been suggested to densify glasses through different 

structural mechanisms [114]. Both methods also cause changes in the glass 

transition behavior. We subjected two set of samples to either ambient pressure 

annealing at 0.9 Tg, or compression at Tg and 1 GPa, followed by annealing at 0.9 Tg 

and 1 GPa (as described in section 2.4.3). DSC scans of the samples can be seen in 

Figure 6-3. The figure shows that hot compression (Tg, 1 GPa) caused an increase in 

the enthalpy overshoot. Sub-Tg annealing similarly caused an increase in the 

enthalpy overshoot for both the uncompressed and the hot compressed sample. The 

enthalpy overshoot did not increase by longer annealing time at Tg and 1 GPa. 
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The increase in the enthalpy overshoot resulting from sub-Tg annealing shows that 

the effect of sub-Tg annealing applies similarly to glasses under different pressures, 

and furthermore, it shows that sub-Tg annealing and hot compression causes 

different changes in the glass transition behavior (i.e. structure of the glass). That 

sub-Tg annealing causes a similar increase in the enthalpy overshoot at different 

pressures aligns with previous results showing that the impact of cooling rate on 

BO4 concentration in a borosilicate glass was pressure-independent [112]. 

6.2. IMPACT OF RELAXATION ON GLASS TRANSITION 
BEHAVIOUR 

Little is known about the changes in the glass transition behavoir during  relaxation 

of hot compressed glasses. A thermodynamic understanding of the relaxation 

behavior may however improve our understanding of the relaxation process. For 

example, the fundamental question of whether full relaxation of pressure induced 

structure and property changes can be achieved by ambient pressure sub-Tg 

annealing remains unanswered. It has previously been found that full relaxation of 

pressure induced structural changes (i.e. BO4 concentration), was not obtained by 

ambient pressure annealing at 0.9 Tg [22]. 
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Figure 6-3. DSC scans of an aluminosilicate glass annealed at ambient pressure at 

0.9 Tg, or compressed at Tg at 1 GPa, followed by annealing at 0.9 Tg at 1 GPa. For 

both set of samples, sub-Tg annealing times were; 0 Hrs, 2 Hrs or 24 Hrs. The 

inserted arrow denotes increasing annealing time. Figure adopted from [105]. 
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Figure 6-4. Glass transition onset temperature, enthalpy overshoot and ΔTg during 

ambient pressure 0.9 Tg annealing of; an uncompressed sample (red squares), a 

sample compressed at Tg at 1 GPa (black squares), and samples hot compressed 

followed by annealing at 0.9 Tg and 1 GPa for 2 Hrs (green squares) or 24 Hrs (blue 

squares). Purple squares show samples hot compressed (Tg, 1 GPa) for durations up 

to 24 Hrs. Figure adopted from [105].  

Using DSC, we investigated the glass transition behavior during relaxation of a hot 

compressed aluminosilicate glass, and glasses subjected to hot compression 

followed by in situ sub-Tg annealing (see section 2.4.3). We studied the changes in 

apparent onset temperature, enthalpy overshoot and ΔTg during prolonged ambient 

pressure annealing at 0.9 Tg. The changes in thermodynamic properties as a function 

of density are shown in Figure 6-4. Relaxation caused each glass to approach the 

same values for these parameters regardless of prior treatment. This indicates that 

full relaxation of all the samples was obtained. In section 6.1 it was described how 

in situ (1 GPa) sub-Tg annealing (0.9 Tg) caused changes in the glass transition 

behavior, as a function of annealing time. From Figure 6-4 it can be seen that the 

changes resulting from different in situ annealing times remained pronounced 

throughout relaxation. Furthermore, it can be seen that equivalent changes in the 

thermodynamic properties was achieved across various densities, i.e. these 

properties are relatively density independent. This points towards specific structural 

changes governing the changes in the glass transition behavior 
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6.3. SUMMARY 

Hot compression causes marked changes in the glass transition behavior, including 

an increase in the enthalpy overshoot, a decrease in the glass transition onset 

temperature and an increase in ΔTg. By perfoming in situ sub-Tg annealing (0.9 Tg) 

under pressure (1 GPa), similar effects can be imposed on the glass transition 

behavior as during ambient pressure sub-Tg annealing (0.9 Tg). This indicates that 

hot compression and sub-Tg annealing affects the structure differently, and that sub-

Tg annealing has a remarkably similar effect on glass at ambient pressure and 

elevated pressure (1 GPa). Relaxation experiments of hot compressed glasses with- 

and without in situ sub-Tg anneling (0.9 Tg) showed that the effects of in situ sub-Tg 

annealing remains pronounced in the glasses throughout relaxation. Furthermore, 

changes in the glass transition behavior indicate that full relaxation of the samples is 

achieved after prolonged ambient pressure sub-Tg annealing, regardless of the prior 

treatment of the glass. The glasses relax towards the state of an uncompressed glass 

subjected to prolonged sub-Tg annealing at ambient pressure (i.e. low fictive 

temperature). 
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CHAPTER 7. DISCUSSION ON 

DENSIFICATION MECHANISMS 

Pressure-induced structural changes have been reported in a variety of glasses 

densified through hot- or cold compression, but relations between structure and 

density remain relatively unclear. Furthermore, the influence of physical properties 

(e.g. Tg and hardness) on the plastic compressibility of glasses is not well understood 

either. In the following, relations between physical characteristic of glasses and 

pressure-induced changes in structure and density will be discussed. 

7.1. STRUCTURAL BASIS OF DENSIFICATION BY HOT 
COMPRESSION 

For all cases of hot compressed glasses we have investigated with 
23

Na MAS NMR, 

a shift of the 
23

Na resonance frequency to higher frequency has been found. A 

similar shift of 
23

Na resonance frequency has previously been found in a variety of 

hot compressed oxide glasses [22][95][125][113]. This shift to higher resonance 

frequency has been interpreted as a shortening of the Na-O bond length [95]. This 

indicates a compaction of the modifier environment upon compression, possibly 

causing densification. However, recent results have shown that increasing modifier 

content dramatically decreases the plastic compressibility of a borate glass [24], i.e. 

indicating that compaction of modifier sites is not the dominant densification 

mechanism. Network modifiers occupy the interstices of the glass network, which in 

turn indicates that compaction of interstitial sites is an important part of the 

densification process. Known pressure induced structural changes include changes 

in intermediate range order (e.g. a conversion between ring and non-ring structures) 

and coordination changes of network formers (e.g. conversion from B
III 

to B
IV

). It is 

therefore relevant to consider whether these structural changes could govern 

pressure-induced densification.  

Based on differences in the partial molar volumes, it has previously been found for a 

pressure quenched aluminoborosilicate [95] and aluminosilicate glasses [125][113] 

that coordination changes of boron and aluminum could not account for overall 

densification. Furthermore, a recent study on a hot compressed soda-lime borate 

glass also found that coordination changes remained constant throughout density 

relaxation [22]. Coordination changes are therefore only expected to account for a 

fraction of the density changes after hot compression. 

Using 
11

B MAS NMR and Raman spectroscopy, we found that compression caused 

a conversion between ring BO3 and non-ring BO3 in a sodium borate glass. 

However, the same conversion could be achieved by increasing the fictive 
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temperature of the glass at ambient pressure (i.e. by decreasing density)(cf. Figure 

4-7). This indicates that the conversion between ring and non-ring BO3 was not the 

dominant pressure-induced densification mechanism, i.e. intermediate range order 

did not correlate with density.  

Based on the above, it is considered unlikely that pressure-induced compaction of 

modifier sites, changes in coordination numbers, or conversions between 

intermediate range structures are the dominant densification mechanisms in hot 

compressed glasses, although they likely all contribute. We therefore infer that 

packing of network forming units, rather than conversions between structural units, 

is the primary cause of pressure-induced densification.
 
This is expected to occur 

primarily through changes in the oxygen linkages connecting network polyhedra 

(e.g. bond angles). A decrease in network bond angles (i.e. Si-O-Si and Si-O-Al) has 

also previously been suggested to occur in hot compressed oxide glasses, based on 

relatively small shifts in 
27

Al and 
29

Si MAS resonance frequencies [125]. Similarly, 

a decrease in bond angles has also been suggested in pressure densified SiO2 [141], 

alkali silicates and aluminosilicates [37]. 

The suggestion that packing of structural units should govern the density increase in 

hot compressed glasses also agrees with our comparative study of hot- and cold 

compressed sodium borate glass [110]. Here it was inferred that the mechanism 

governing density of the glass was not observed by Raman spectroscopy (i.e. 

changes in the packing of structural units could be such a mechanism). It also agrees 

with our study on a NaPO4 glass, where we found that densification was achieved 

without any speciation changes, indicating that packing of structural units, rather 

than conversion between structural units, appear to be the dominant densification 

mechanism. Pressure-induced packing of structural units has also previously been 

suggested as the main densification mechanism for v-B2O3 [17]. 

If oxygen linkages between network forming polyhedra are the main controller of 

pressure-induced densification, it is relevant to consider structural techniques 

capable of monitoring changes in the oxygen environment. 
17

O NMR has previously 

been applied to study pressure-induced structural changes in hot compressed sodium 

silicate [129] and aluminosilicate glasses [37][130][124]. For all the glasses, 

compression caused a significant shift to lower frequency in the isotropic dimension 

[129] [130] [124]. This shift has been suggested to be caused by an increased bond 

length (e.g. Al-O and Si-O) and a decrease in angles between network polyhedra 

[124]. Similarly, a pressure-induced decrease in angles between network polyhedra 

has also previously been suggested for aluminosilicate glasses, based on 
17

O MAS 

NMR [37]. 
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7.2. PHYSICOCHEMICAL BASIS OF DENSIFICATION BY HOT 
COMPRESSION 

Besides the structural aspect of densification, it is also interesting to consider the 

physics governing the process. When looking at parameters typically used to 

characterize glasses, such as density and Tg, no apparent relation with plastic 

compressibility is found (see Figure 7-1). 
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Figure 7-1. Density plotted against the plastic compressibility (β) for a variety of 

glass compositions. Inset: Glass transition temperature (Tg) plotted against the 

plastic compressibility (β). Data taken from: Na2O-B2O3 [104], SiO2 [142], NaPO3 

[72], CaO-Na2O-B2O3 [24], Al2O3-TiO2-P2O5 [143], Na2O-K2O-Al2O3-SiO2 [31], 

Al2O3-B2O3-P2O5-SiO2 [144], Al2O3-B2O3 [138].  

Density is a product of both mass and volume of the glass network. For a purely 

structural approach, it might be more relevant to consider the free volume of glass. 

The free volume of a glass can be quantified by the atomic packing factor (APF) 

[75]. However, when plotting APF against the plastic compressibility for a variety of 

glass compositions, no relation is found (see appendix B). 

That APF does not explain the resistance towards pressure densification indicates 

that it is the strength of the glass network, and not the available volume within it, 

which is the governing parameter. The strength of the glass network can be 

quantified from various approaches. When quantifying the strength of the glass 

network from elastic moduli or molar dissociation energy, no relation with plastic 

compressibility is found (see appendix C and appendix D). However, if using the 

dissociation energy per volume, instead of per mole, a correlation with the plastic 

compressibility is seen (cf. Figure 7-2). It is not surprising that a better trend is 
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found when scaling dissociation energy with volume, rather than moles, since 

volume is the metric of importance in relation to densification. However, a 

surprising finding is that the plastic compressibility increases with increasing 

dissociation energy. The cause of this is not understood, but one suggestion is that 

the types of networks formed with high dissociation energies favor a certain type of 

structural reorganization under pressure, facilitating densification. However, this 

requires further investigation. 
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Figure 7-2. The dissociation energy per volume (G) plotted against the plastic 

compressibility (β) for a variety of glass compositions. G was calculated using data 

for dissociation energies from [73], by a similar protocol as described in appendix 

C for the molar dissociation energy. Plastic compressibility values were taken from: 

Na2O-B2O3 [100], SiO2 [100], NaPO3 [72], CaO-Na2O-B2O3 [24], Na2O-K2O-

Al2O3-SiO2 [31], Al2O3-B2O3-P2O5-SiO2 [144], Al2O3-TiO2-P2O5 [100], Al2O3-

B2O3 [138]. The inserted line represents a least squares linear fit to the data 

(R
2
=0.726) with intercept equal to 12.57 and slope equal to 105.17. 

At high plastic compressibility, one borate glass shows large deviation from the 

trend line. This glass is very rich in B2O3 (85 mol%) [24] and is therefore expected 

to contain boroxol rings. The dissociation energies used from [73] are based on 

crystalline structures, and crystalline B2O3 does not contain boroxol rings. This 

might explain the discrepancy. 

Another measure for the strength of the glass network is the hardness of glass. This 

is a measure of the resistance towards elasto-plastic deformation (from non-isostatic 

pressure). This may be used as an approximation to understand the resistance 

towards densification under hot isostatic pressure. However, when plotting hardness 

against plastic compressibility, no relation is found (see Figure 7-3). 
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Figure 7-3. Hardness (Hv) and plastic compressibility (β) of selected glasses. Data 

for aluminosilicates taken from ref. [31], data for aluminoborates taken from ref. 

[138]. Hardness was measured at 1.94 N in all cases and plotted as the average 

value of 30 indents. 

A deeper understanding of the glass hardness can be obtained from AFM 

measurements of indents using Yoshidas method [78]. This provides the volumes of 

densification and shear flow constituting the indentation imprint. The inset of Figure 

7-4 shows the volumes of densification for the same glasses as plotted in Figure 7-3. 

Here no relation with plastic compressibility is found. The main figure shows the 

volume of shear flow plotted against the plastic compressibility of the same glasses. 

Interestingly, a relation between the volume of shear flow and plastic 

compressibility is seen.  It should be noted that data for volumes of shear flow 

combined with plastic compressibility is only available for a limited number of glass 

compositions. Therefore, further test are required to validate the observed trend. The 

trend however indicates that densification during hot compression is related to 

shearing mechanisms.  

It should be noted that investigations on the relations between plastic 

compressibility and properties above is based entirely on property measurement at 

ambient conditions. Various properties may change with increased pressure and 

temperature, and show other relations with the plastic compressibility under those 

conditions. E.g. densification during indentation may not scale with densification at 

elevated temperature, if the structural changes involved with the processes are very 

different.  Pressure-densification at room temperature and at elevated temperature 

has e.g.  previously been found to cause different structural changes [20][112]. 
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 SUMMARY 7.2.1.

When investigating relations between changes in density and short- and intermediate 

range order after compression at Tg, it was found that these changes could not 

account for bulk density changes. Based on these results, we suggest that packing of 

structural units, as opposed to conversions between structural units, govern pressure-

induced densification. We further suggest that changes in oxygen bond angles 

connecting network polyhedra are the main parameter governing pressure-

densification. Changes in oxygen bond angels after hot compression has previously 

been found from 
17

O MAS NMR of hot compressed glasses. 

A relation between the dissociation energy per volume and the plastic 

compressibility was found. No explanation for the cause of this relation can be 

provided at present. One suggestion is however that glasses with higher dissociation 

energies per volume generally form a type of network which favors a type of 

structural reorganization under pressure, facilitating densification. In addition, a 

relation between the shear flow induced by indentation at ambient conditions and the 

plastic compressibility found after compression at Tg was also found. This indicates 

that densification resulting from hot compression is related to shearing mechanisms.  
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Figure 7-4. Volume of shear flow quantified from indentation imprints using 

Yoshidas method [78], plotted against the plastic compressibility (β), as determined 

after compression at Tg at 1 GPa. All indents were made using a load of 0.2 Kgf. 

Shear volumes represent the average of 10 indentations. Data for aluminoborates 

are taken from [138] and data for aluminosilicates is taken from [31]. Inset: 

Volume of densification plotted against the plastic compressibility (β). 
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CHAPTER 8. GENERAL DISCUSSION 

Compression causes marked changes in the structure of glass, including compaction 

of modifier environments, increased coordination number of network formers and a 

decrease in the fraction of intermediate range ring structures. Furthermore, 

compression causes an increase in hardness, enthalpy overshoot and density. The 

pressure-induced changes reach beyond those achievable by variations in 

composition and thermal history alone, and compression therefore offers an 

important means for exploration of structural regimes of glass. 

As a method for property optimization, hot compression has proved efficient in 

increasing the hardness of glass. However, as we have also found [101], the 

hardness increase occurs with an accompanying decrease in crack resistance and 

increase in brittleness [24]. This is not desirable for most applications demanding 

high damage resistance, and the trade-off between improved hardness and 

diminished brittleness and crack resistance therefore poses a big issue in the use of 

compression for property optimization. 

Compression has however shown a valuable tool as a method for the study on 

fundamental relations between structure-property and property-property relations in 

glass. E.g. relaxation experiments of hot compressed glasses offers a method for 

studying changes in structure-density-hardness relations for constant composition. A 

simple observation, such as the decoupling of relaxation times between hardness and 

density during relaxation, may have strong implications for our understanding on the 

structural origin of hardness. This type of experiment offers opportunities for 

structural studies throughout relaxation, enabling an unprecedented method for 

studies on variations in structure and properties for a constant composition.  

The process of densification is an important part of forming an indentation imprint 

by indentation. Hereby, it is important to understand densification processes in order 

to understand the hardness of glass. Hardness and densification behavior in  turn 

influence other mechanical properties, such as crack resistance [8]. The densification 

process induced by indentation may be approximated by studies on hot- or cold 

compression of bulk samples. Compression studies may therefore aid to understand 

the mechanical properties of glass (i.e. densification during indentation). No 

consensus on the pressure-induced structural changes governing densification has 

been achieved so far. 

The pressure-induced structural changes governing density appear to be caused by 

changes in the backbone structure of the glass network, since increasing modifier 

content decreases the plastic compressibility [24]. As described in section Chapter 7, 

we suggest packing of structural units, as opposed to conversions between structural 

units, as the main parameter governing pressure-induced densification. We further 
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suggest that this packing of structural units is governed by changes in oxygen bond 

angles between network polyhedra. Such changes may be difficult to investigate 

unambiguously, though 
17

O MAS NMR indicate these changes to occur in hot 

compressed glasses [37] [124][129] [130].  

Based on a relation between the volume of shear flow induced by indentation, and 

the plastic compressibility resulting from hot compression (see Figure 7-4), we 

suggested the mechanisms governing densification to be related to shearing 

mechanisms. This relation between changes induced by indentation (shearing) and 

changes induced by hot compression (densification) also supports the idea of a 

relation between the structural changes induced by indentation under ambient 

conditions, and the structural changes resulting from hot compression. This principle 

is similar to a previous finding that the plastic compressibility resulting from hot 

compression scales with the extent of the indentation size effect, resulting from 

indentation under ambient conditions [145]. 

Various observations point towards specific structural changes governing the 

properties of hot compressed glasses. When comparing samples after ambient 

pressure sub-Tg annealing with hot compressed samples, and samples subjected to 

hot compression followed by relaxation, we find that similar changes in structure 

(e.g. BO4 concentration, ring/non-ring BO3) and properties (e.g. enthalpy overshoot, 

hardness) can be achieved across different densities, depending on the densification 

method applied. This indicates that these changes depend on specific structural 

features of the glass network. That the properties depend on specific structural 

features is also confirmed by our studies on the combined effects of hot compression 

and in situ (1 GPa) sub-Tg annealing (0.9 Tg). These two methods have been 

suggested to modify density and hardness through different structural mechanisms 

[114]. This is supported by our findings that hot compression (1 GPa, Tg) followed 

by in situ sub-Tg annealing (1 GPa, 0.9 Tg) caused changes in density, hardness and 

glass transition behavior, which cannot be achieved by sub-Tg annealing or hot 

compression alone. Hereby a novel route for design of structure and properties of 

glass is identified. 

It remains a standing question whether full relaxation of pressure induced structural 

changes can be achieved by isothermal sub-Tg annealing (e.g. annealing at 0.9 Tg) at 

ambient pressure. It has previously been found that such treatment of hot 

compressed CaO-Na2O-B2O3 glasses did not cause relaxation of pressure-induced 

BO4 concentration [22]. We performed DSC scans, hardness and density 

measurements on the above described samples (hot compressed and in situ sub-Tg 

annealed) throughout relaxation. The results showed that full relaxation was 

obtained for these parameters after prolonged annealing at 0.9 Tg at ambient 

pressure. It is important to note that the glasses did not relax towards the prior 

uncompressed state, but rather towards the same state as an uncompressed glass 

relaxed under the same conditions (i.e. low Tf). DSC measurements allow for 
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analysis of changes in the glass transition behavior. It is interesting whether a 

relation between pressure-induced changes in thermodynamic properties and 

mechanical properties exist. However, it was found that while both the enthalpy 

overshoot and the hardness increased after compression, the hardness decreased 

while the enthalpy overshoot further increased during subsequent relaxation, i.e. no 

apparent relation between these parameters was found. A similar pattern was seen 

for density. This finding again points towards specific structural changes governing 

different properties of glass, and compression and relaxation experiments offers a 

potential means to identify these changes and study them throughout decoupled 

variations of each parameter.  

Some interesting findings were made on general behaviors of glasses after hot 

compression. It was found that a general relation between the relative changes in 

density, elastic moduli and hardness applies for a variety of glass compositions. The 

structural basis of this relation was not identified, however, such relations 

potentially allow for predictive modelling of changes in properties of glasses outside 

of the compositional regimes investigated. Furthermore, a relation between the 

plastic compressibility and the dissociation energy per volume was found, across a 

wide range of glass compositions. Surprisingly, it was found that increasing 

dissociation energy caused an increased compressibility. We suggested this might be 

caused by networks of high dissociation energies forming network arrangements 

favoring densification under loading. This however remains to be investigated. This 

relation may provide a basis for predictive modelling of compressibilities for various 

glass compositions, knowing only the dissociation energies of the constituent oxide 

components. However, the dissociation energies of the oxide components is based 

on data for crystals, and it should therefore be noted that discrepancies between 

modeled and experimental results can be expected, where glass and crystal structure 

of oxide components show large deviations (e.g. B2O3). Densification during loading 

has previously been found to decrease crack formation and propagation [8]. The 

relation between dissociation energy per volume and plastic compressibility may 

therefore also have implications for designing glasses with high crack resistance.
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Appendix A. Chemical shift and 
quadropolar coupling constant 

The isotropic chemical shift (δCS) and quadropolar coupling product (Pq) was 

calculated from the centers of gravity in the MAS (δ2
CG

) and isotropic dimensions 

(δiso
CG

) accordin to the formulas below: 

𝛿𝐶𝑆 =
10

27
𝛿2
𝐶𝐺 +

17

27
𝛿𝑖𝑠𝑜
𝐶𝐺  

 

𝑃𝑞 = (𝛿𝑖𝑠𝑜
𝐶𝐺 − 𝛿2

𝐶𝐺)1/2𝑓(𝑠)𝑣0 × 10−3 

 

Where F(S) is a constant, i.e. f(S) = 10.244 for spin-5/2 nuclei (
27

Al) or 5.122 for 

spin-3/2 nuclei (
23

Na). ν0 is the resonance frequency of the quadrupolar nucleus in 

megahertz (MHz). Pq can be related to the quadrupolar coupling constant  

(Cq) as Pq = Cq(1 + ηq
2
/3)

1/2
, where ηq is the quadrupolar coupling asymmetry 

parameter.  
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Appendix B. Atomic Packing Factor 

The free volume of a glass network can be quantified by calculating the atomic 

packing factor (APF) [75]. This parameter gives the ratio between the minimum 

theoretical volume occupied by one mole of the ions in the glass and the 

experimentally determined molar volume:   

𝐴𝑃𝐹 = ρ
∑𝑓𝑖 𝑉𝑖
∑𝑓𝑖𝑀𝑖

 

Where fi is the molar fraction and Mi is the molar mass of the ith AxBy constituent 

(e.g. Al2O3), and Vi = (4/3)πNa(xrA
3
 + yrB

3
) is the theoretical volume of the ions, 

with rA being radius of the cation (e.g. Al) and rB being the radius of the anion (e.g. 

O) and Na is Avogadro’s number. Values for  ionic radii can be found in the work of 

Shannon [146]. 

When calculating APF and plotting it against the plastic compressibility, no apparent 

relation is found (see Figure 8-1).  
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Figure 8-1. Atomic packing factor (APF) of selected glasses plotted against their 

plastic compressibility (β). Data taken from; Na2O-B2O3 [104], NaPO4 [72], SiO2 

[100], CaO-Na2O-B2O3 [24], Al2O3-TiO2-P2O5 [100]. 

It should however be noted that calculations of APF are only a theoretical 

approximation, since estimates of the ionic radii are based on crystalline 

configurations, and the effective ionic radii in glasses are not known with high 

accuracy [75]. 
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Appendix C. Dissociation Energy 

 

The molar dissociation energy of each glass was calculated from the molar fractions 

of the constituent oxide components. The dissociation energy of each oxide 

component was taken from [73]. 

U′ =∑𝑓𝑖𝑈
′
𝑖 

Where fi is the molar fraction of the constituent oxide and U’i is the dissociation 

energy (kcal/mole). 
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Figure 8-2. The molar dissociation energy (U´) of various oxide glasses plotted as 

a function of their plastic compressibility (β). Data included from: Na2O-B2O3 

[104], Al2O3-B2O3-P2O5-SiO2 [144], NaPO3 [72], CaO-Na2O-B2O3 [24]. Al2O3-

SiO2 [31], SiO2 [100], Al2O3-B2O3 [138], Al2O3-B2O3-P2O5-SiO2 [144], Al2O3-

TiO2-P2O5 [100]. 

From the figure it may seem that a rough correlation between the molar dissociation 

energy and the plastic compressibility can be seen. However, upon further 

inspection, e.g. the Al2O3-B2O3 glasses or the Al2O3-B2O3-P2O5-SiO2 glasses show a 

very poor correlation with the plastic compressibility.  
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Appendix D. Young modulus 

 

Figure 8-3 shows Youngs modulus of various oxide glass compositions as 

determined by Brillouin spectroscopy, plotted against their plastic compressiblity. 

No apparent relation between Youngs modulus and the plastic compressibility is 

seen from the figure. No relation was found when plotting shear modulus or bulk 

modulus against the plastic compressibility either (not shown).  
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Figure 8-3. Youngs modulus (E) of various oxide glass compositions plotted 

against their plastic compressibility (β), as determined from compression at Tg. 

Data taken from [100]. 
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