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Silicate glass has been used by mankind for thousands of years; however in the 19th 

century, glass transformed from a material used for its beauty and ability to hold 

liquids to an engineered material enabling technological advances of the modern era. 

Silicate glasses have enabled modern technologies such as electronic displays, optical 

telecommunications, and advanced optical systems. But the fracture of silicate glass 

components is often the lead cause of failure in glass-containing devices which 

prevents their use in a wider range of applications.  

In order to engineer glasses with superior mechanical durability, it is imperative to 

know the origins of fracture and the behaviors that influence it. Plastic deformation in 

glass has been observed to occur prior to fracture, and it has been shown to control the 

origin of flaws (which influences crack formation) and the evolution of stress (which 

influences crack propagation) under a mechanical contact. Plastic deformation 

behavior can be classified into two main categories: macroscopic behavior and 

morphology and atomic deformation mechanisms. Since the vast majority of work to 

understand plastic deformation has centered on macroscopic behavior, knowledge of 

atomic mechanisms of plastic deformation remains extremely limited.  

The aim of the work presented in this dissertation was to investigate atomic 

mechanisms of plastic deformation in silicate glasses by leveraging the combined 



 

advantages of experimental and computation strategies to observe atomic level 

structural changes due to plastic deformation while circumventing the downfalls of 

both techniques. Specifically, Raman spectra of indentations are analyzed to infer 

atomic mechanisms of deformation from the limited number structural changes 

observable using Raman spectroscopy. Structural analysis of simulated glass 

structures exposes every conceivable structural change with deformation while it is 

limited by the accuracy of physics used to create the structures. The unique 

combination of these two techniques confirms the presence of experimentally 

observable structural changes and explains their broader structural implications to 

create a comprehensive understanding of atomic mechanisms of plastic deformation. 

These mechanisms form the foundation for further study of atomic mechanisms of 

plastic deformation which contribute to the broader understanding of plastic 

deformation, a critical step in the pursuit of fracture and scratch resistant glasses. 



 

v 

BIOGRAPHICAL SKETCH 

Nicole Wiles was born and raised Cedar Rapids, Iowa. She received her Bachelor 

of Arts in Physics and Mathematics from Coe College. During her study at Coe 

College, she began research in glass, specifically electrically conductive glasses. She 

interned at Corning Incorporated where she continued her study of glass, specifically 

light sensitive glasses. With each passing year of glass research, her fascination with 

glass grew which brought her to Cornell University where she has continued her study 

of glass in the Materials Science and Engineering department under the advisement of 

Professor Shefford Baker. After completing her PhD, she started her career as a Glass 

Development Scientist at Corning Incorporated in Corning, NY.   



 

vi 

 

 

 

 

 

 

 

 

 

 

 

To Grandma and Grandpa 

who taught me the joy of learning and the value of education



 

vii 

ACKNOWLEDGMENTS 

 

Without the help and guidance of many people, I would not have completed this 

work. Many thanks go to the following people: 

 

To Professor Shefford Baker for his advising on many things: research, writing, 

presenting, teaching and the philosophy of science.  

 

To Corning Incorporated for its financial support of all the research included in 

this dissertation. 

 

To my committee, Emeritus Professor Francis DiSalvo, Dr. Timothy Gross, and 

Professor Michael Thompson, for making time to participate in my graduate work and 

provide a sounding board on a variety of topics. 

 

To my collaborators, Drs. Galan Moore and Sushmit Goyal, for their expertise and 

guidance in the fields of Raman spectroscopy and molecular dynamics simulations, 

and their generosity with their time to teach me. 

 

To John Mauro, for his encouragement to start this PhD program and efforts to 

make it become a reality. 

 

To Betsy, Joe, Nate, David, and Zach and all the current and former members of 

the Baker group for their companionship, comments and commiseration through the 

years. 

 



 

viii 

To Drs. TJ Kiczenski and Nick Borelli, for their encouragement and mentorship 

during my undergraduate study, my graduate work and beyond. 

 

To my undergraduate mentors, Professors Mario Affatigato, Steve Feller, and 

Ugur Akgun, for their mentorship and advice in all things professionally, academically 

and personally. 

 

To my teachers, Mrs. Neiderhiser, Mr. Russell, Mr. Rieck, and Mr. Kleman, for 

encouraging me to pursue science and mathematics. 

 

To Tanya Street-Burgess and Amy Blades for teaching me how to work hard, 

persevere and be passionate in the midst of failure. 

 

To my grandparents for showing me how to love reading and learning and be a 

good person. 

 

To my parents for always being supportive and encouraging in all my endeavors, 

particularly this one. 

 

Lastly, to my husband, Brian, for his patience during this process. 

 

 



 

ix 

TABLE OF CONTENTS 
 
CHAPTER 1: Introduction  1 
 References  6 
CHAPTER 2: Background  8 
 2.1 Glass structure  8 
  2.1.1 Vitreous Silica  9 
  2.1.2 Calcium Aluminosilicates  11 
   2.1.2.1 Theoretical calcium aluminosilicate structure 11 
   2.1.2.1 Calcium aluminosilicate structure in reality 16 
   2.1.2.3 Reason for studying calcium aluminosilicate glasses 17 
 2.2 Plastic deformation in silicate glasses 18 
  2.2.1. Macroscopic modes of plastic deformation and their behavior and 

morphology  21 
   2.2.1.1 Current state of knowledge 21 
   2.2.1.3 Methods of measurement 22 
  2.2.2 Atomic mechanisms of plastic deformation 24 
   2.2.2.1 Current state of knowledge 24 
   2.2.2.2 Methods of measurement 27 
 2.3 Raman spectroscopy of silicate glass 29 
  2.3.1 How Raman spectroscopy works 29 
  2.3.2 What Raman spectra of silicate glasses look like 35 
  2.3.3 How to assign Raman bands to structural vibrations 37 
  2.3.4 How to interpret Raman spectral changes 39 

2.3.5 Advantages and disadvantages of Raman spectroscopy in silicate 
glasses  39 

  2.3.6 Raman spectroscopy of indentations in silicate glasses 40 
 2.4 Molecular dynamics of silicate glass 45 
  2.4.1 How does Molecular Dynamics (MD) of silicate glasses work 45 
   2.4.1.1 Defining and choosing an interatomic potential 46 
   2.4.1.2 Creating an initial structure 47 
   2.4.1.3 Running a simulation47 
   2.4.1.4 Analyzing a MD glass structure 48 
  2.4.2 Advantages and disadvantages of Molecular Dynamics 49 
  2.4.3 Uses of Molecular Dynamics to study glass 49 
   2.4.3.1 Molecular Dynamics simulations of vitreous silica 49 

2.4.3.2 Molecular Dynamics simulations of calcium aluminosilicate 
glasses  50 

   2.4.3.3 Molecular Dynamics of plastically deformed silicate glasses 51 
2.4.3.4 The need for a systematic compositional study of plastically 
deformed glass  51 

 REFERENCES  53 
CHAPTER 3: Ex-situ Raman Spectroscopy Investigation of Plastic Deformation 
during Indentation of Vitreous Silica  65 
 Abstract  65 



 

x 

 3.1. Introduction  66 
 3.2. Experimental  70 
 3.3. Results  71 
 3.4. Discussion  75 
  3.4.1. Silicate Glass Densification Behavior and Morphology 75 

3.4.2. Interaction of a Fixed Raman Laser Spot with Indentations of 
Different Sizes  79 

  3.4.3. Interpretation of Raman Spectra from Undeformed Silica 87 
  3.4.4. Interpretation of Raman Spectral Changes with Deformation in Glass

     90 
  3.4.5. Analysis of Raman Spectra from Indentations 90 

3.4.6. Interpretation of Macroscopic Densification Behavior and 
Morphology Using Raman Spectra of Indentations 93 
3.4.7. Interpretation of Atomic Mechanisms of Densification using Raman 
Spectra of Indentations  95 

  3.4.8. Comments on using Raman Spectra to Characterize Indentations 100 
   3.4.8.1. Effects of Cracking on Deformation 100 

3.4.8.2. Collecting Confocal Raman Spectra through the Depth of an 
Indentation  102 

   3.4.8.3. Using Raman Spectra as a Measure of Densification 103 
 3.5. Summary and conclusions  106 
 3.6. Acknowledgments  106 
 References  106 
CHAPTER 4: Structural Changes in Tectosilicate Calcium-Aluminosilicate 
Glasses due to Hydrostatic Compression  111 
 Abstract  111 
 4.1. Introduction  112 
 4.2. Structure of Calcium Aluminosilicate glasses 114 
 4.3. Simulations and Analysis  118 
  4.3.1 Molecular Dynamics Simulations 118 
  4.3.2 Structural Analysis  119 
   4.3.2.1. Density and Densification 119 
   4.3.2.2. Bonds and Bond Lengths 119 
   4.3.2.3. Coordination Numbers 120 
   4.3.2.4. Bond Angles  120 
   4.3.2.5. Ring Sizes  120 
   4.3.2.6. Ring Composition  123 
 4.4. Results  123 
  4.4.1. Density and Densification  124 
  4.4.2. Bonds and Bond Lengths  127 
  4.4.3. Coordination Numbers  130 
  4.4.4. Bond Angles  135 
  4.4.5. Ring Sizes  140 
  4.4.6. Ring Composition  144 
 4.5. Discussion  147 



 

xi 

4.5.1. Comments on Interatomic Potentials and Calibration of Molecular 
Dynamics Simulations  147 

  4.5.2. Silica glass at atmospheric pressure 149 
  4.5.3. Silica glass at and after high pressure 151 
  4.5.4. t-CAS glasses at atmospheric pressure 156 
  4.5.5. t-CAS glasses at and after high pressure 167 
 4.6. Conclusions  172 
 4.7. Acknowledgments  173 
 References  174 
CHAPTER 5: Geometric configuration of five-coordinated Al and Si in 
tectosilicate calcium aluminosilicate glasses and its effect on plastic flow 180 
 Abstract  180 
 5.1. Introduction  181 
 5.2. Molecular Dynamics Simulations and analysis 182 
 5.3. Results  184 
 5.4. Discussion  190 
  5.4.1. Geometry of AlIV and AlV (and SiIV and SiV) 190 
  5.4.2. The Berry pseudorotation and AlV (and SiV) angle distributions 195 
  5.4.3. Effect of Berry pseudorotation geometry on properties 198 
 5.5. Summary and conclusions  201 
 5.6. Acknowledgments  202 
 References  202 
CHAPTER 6: Conclusions and Future Outlook 205 
 



1 

CHAPTER 1: Introduction 
 

Silicate glasses make up the basis of nearly every commercial glass application from 

the most technologically advanced such as display glass or optical fiber to the most 

mundane such as windows or kitchenware. In every application, the glass must meet a 

certain threshold for mechanical durability. This work focuses on certain mechanical 

properties of glass that control scratch and fracture resistance, specifically providing a 

detailed understanding of atomic mechanisms of plastic deformation necessary for a 

comprehensive understanding of mechanical durability. 

If we think of glass as a perfectly brittle material, then we would believe that any 

sharp mechanical contact results in fracture. Indeed, all but those who study glass 

commonly believe glass to be very brittle. However, this is not the case. As early as 

the 1940s, scientists showed that under a sharp mechanical contact, glass can 

plastically deform before fracture or simply not fracture at all [1-5]. In subsequent 

decades, it has been shown that plastic deformation is critically important to 

understanding fracture because plastic deformation around a mechanical contact 

influences the nucleation of cracks [6] and the evolution of the stress field [7, 8] 

around such a contact, which together dictate crack propagation [7, 9]. Plastic 

deformation is not just a deformation behavior that precedes fracture; it is a 

deformation behavior which controls fracture. As such, a fundamental understanding 

of plastic deformation is required to control fracture, a necessary constituent when 

engineering glasses with superior mechanical durability. 

While glass plasticity has been studied many times since the first observations of 

the phenomena nearly a century ago [1-5], understanding of plastic behavior is still 

quite limited, both at the macroscopic and, particularly, at the atomic scale. In the past 

few decades, glass structural characterization technologies have improved such that 
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observing structural rearrangements associated with plasticity is possible [10-14], 

albeit still very limited, however no one has taken the step from observed structural 

changes to infer atomic deformation mechanisms.  

The goal of this work is to observe structural rearrangements associated with 

plastic deformation and to infer atomic deformation mechanisms in order describe 

detailed mechanisms backed by experimental and computational evidence as well as 

comment on the nature of macroscopic deformation behavior in silicate glasses. In 

other words, we aim to answer two questions. “What are the atomic mechanisms of 

plastic deformation?”, and “What is the behavior and morphology of plastic 

deformation at the macroscale?”  

In this dissertation, we take a unique approach to understanding atomic 

mechanisms of plastic deformation using two complementary methods: experimental 

Raman spectroscopy of indentations and simulated hydrostatically compression of 

glasses. This is unique because we observe the limited number of structural 

rearrangements measurable in real glasses through experiments but also observe 

structural rearrangements that are not experimentally measurable and only accessible 

through simulations. This is important because such a comprehensive understanding of 

structural changes due to plastic deformation is the only way to determine all possible 

atomic mechanisms of plastic deformation. 

For our experiments, we conducted a series of Vickers indentations on vitreous 

silica at a range of loads and post-analyzed the indentations using Raman 

spectroscopy. Unlike other studies using Raman spectroscopy in indentations, we took 

great care to understand our experimental design and developed a model of our 

indentation relative to the Raman laser spot. This model allowed us to understand the 

evolution of deformation in our Raman spectra and infer mechanisms and behavior of 

plastic deformation which would not possible without such a careful analysis. We 



 

 

 

3 

demonstrated that plastic deformation does not occur only by bond angle changes, as 

is commonly believed [15-22], but rather that bonds break and reform also. We 

propose two detailed mechanisms for both types of plastic deformation, in particular 

two mechanisms of bond breaking and reforming which have never before been 

discussed. However, not every structural motif in the glass is Raman active (i.e. 

observable using Raman), therefore we used simulations to corroborate our 

experimental findings. 

Using Molecular Dynamic (MD) simulations of calcium aluminosilicate and silica 

glasses, we imposed hydrostatic stresses up to 15 GPa and analyzed the structure at all 

length scales (from a single bond length to many Angstroms) before, during, and after 

compression. Such large simulations of a wide range of compositions and pressure has 

never been done before, so these simulations serve two important purposes. First, our 

simulations provide not only the first comprehensive compositional study of CAS 

glasses but also the first comprehensive structural study which reports structure 

metrics before, during and after plastic deformation in hydrostatically compressed 

glasses which is necessary to elucidate structurally changes due to elastic deformation 

or due to plastic deformation. Second, our simulations provide the first bridge between 

simulation data, typically only reported at pressure, and experimental data, typically 

only reported after pressure. We corroborated and quantified the plastic deformation 

mechanisms proposed by our experimental work and observed a host of other 

mechanisms which are not measurable with Raman spectroscopy. With such detailed 

simulations and analysis, we were able to explain the interplay between plastic 

deformation mechanisms to provide a comprehensive list of structural changes 

induced by plastic deformation in hydrostatic compression. 

Our simulations revealed that AlV, an Al bound to five oxygens, rather than the 

more common AlIV, an Al bound to four oxygens, is an important species in the glass 
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structure during and after plastic deformation. While it has been speculated elsewhere 

[23-28] that AlV plays a role in plastic deformation, AlV is difficult to measure 

experimentally (only NMR can detect Al coordination), however our analysis of 

simulated calcium aluminosilicate structures in a wide composition range provided the 

first glimpse into AlV geometry which appears invariant with pressure or composition. 

We suggest that AlV exhibits a Berry pseudorotation-like geometry which means that 

AlV can adopt a wide range of configurations with a minimal energy penalty. Because 

of its inherent flexibility in such a geometry, we can explain why AlV facilitates flow, 

be it plastic deformation at room temperature or high temperature viscous flow. This is 

particularly important because for the first time a detailed mechanism of plastic 

deformation has been proposed which reveals how bond angle changes (i.e. network 

folding) can facilitate bond breaking and reforming.  

By combining experiment with detailed simulations, we have provided a clearer 

understanding of atomic mechanisms of plastic deformation and have proposed 

precise mechanisms which up to this moment have not been described. Both of which 

have contributed to an understanding of plastic deformation that will enable informed 

engineering decisions in the next generation of scratch and fracture resistant glasses. 

This dissertation is comprised of six chapters. Chapter 1 being this chapter. In 

Chapter 2, we explain all of the necessary theory and existing literature context to 

understand our simulations and experiments. It is divided into four sections: glass 

structure, plastic deformation in silicate glasses, Raman spectroscopy of silicate 

glasses and molecular dynamics of silicate glasses. In Chapter 3, we focus on 

analyzing Raman spectra collected from indentations in silica. A model of the 

experimental design is developed which is used to interpret spectra and infer plastic 

deformation mechanisms and behavior. In Chapter 4, we analyze a range of calcium 

aluminosilicate structures before, during and after hydrostatic compression. A careful 
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analysis reveals a multitude of structural changes which we argue are interconnected 

and from which we can infer plastic deformation mechanisms. In Chapter 5, we 

explore the Berry pseudorotation geometry of AlV using molecular dynamics 

simulations and how its geometry can facilitate deformation. Lastly, in Chapter 6, we 

provide a summary of the main conclusions of Chapters 3, 4 and 5 and suggests 

particularly influential areas of future study which would enhance our knowledge of 

plastic deformation in silicate glasses.  
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CHAPTER 2: Background 
This dissertation focuses on plastic deformation in glass particularly at the atomic 

scale. In order to interrogate plastic deformation at the atomic scale, we measured 

structural changes induced in calcium aluminosilicate and silica glasses by plastic 

deformation using two methods: Raman spectroscopy of indentations and molecular 

dynamics simulations of hydrostatically compressed glasses. An understanding of the 

work described in this dissertation requires a knowledge of four fields of glass science: 

glass structure, plastic deformation in silicate glasses, Raman spectroscopy of silicate 

glasses, and molecular dynamics simulations of silicate glasses. In order to put this 

work in context and provide the foundation from which this work is built, it is 

necessary to know the existing understanding of macroscopic behavior and atomic 

mechanisms of plastic deformation, which is described in Section 2.2. In order to 

understand atomic mechanisms of deformation, it is necessary to have an 

understanding of glass structure, specifically of vitreous silica and the calcium 

aluminosilicates used in this dissertation. This description is provided in Section 2.1. 

The basic theory and literature context (necessary and not otherwise explained in 

Chapters 3,4, and 5) to understand our methodology are described in the remaining 

sections (2.3 and 2.4). Section 2.3 focuses on Raman spectroscopy of silicate glasses, 

and Section 2.4 focuses on molecular dynamics simulations. 

2.1 GLASS STRUCTURE 

A fundamental understanding of glass structure is required to understand structural 

changes with deformation. For vitreous silica (Section 2.1.1) and calcium 

aluminosilicates (Section 2.1.2), the following sections define the terminology 

commonly used to describe glass structure, describe predictions of glass structure 
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based on a simple charge balance model, and describe existing experimental and 

simulation measurements of the structure. 

2.1.1 Vitreous Silica 

The basic structural unit in silica glass is a tetrahedron formed by Si surrounded by 

four O (Figure 2.1) [1]. This is referred to as four-coordinated Si or SiIV. The O-Si-O 

(intratetrahedral) bond angles within tetrahedra are tightly constrained by the 3-

dimensional structure and can only be varied slightly around the ideal value of 109.5˚. 

Tetrahedra are joined to each other at corners to form Si-O-Si connections. The Si-O-

Si (intertetrahedral) angle is constrained only by the requirement that oxygens on 

adjacent tetrahedra not overlap and can adopt a wide range of angles from 120-180 ˚ 

[2]. Each tetrahedron is then connected to as many as four other tetrahedra, and each 

of these to as many as three additional tetrahedra and so on, forming a network (Figure 

2.2). For this reason, Si is called a “network former” [1]. Because the Si-O-Si angles 

vary from connection to connection, the network has no long-range order. This, along 

with the presence of a glass transition, is what establishes vitreous silica as a glass [1]. 

Because of the 3-dimensional structure, a path can be found starting from one 

tetrahedron and moving sequentially to adjacent tetrahedra that leads back to the 

original tetrahedron. These paths form three dimensional structures known as rings 

(Figure 2.2). In vitreous silica, such rings typically consist of between 3 and 12 

tetrahedra [3]. 
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Figure 2.1: 2-dimensional schematics of silica tetrahedra. Black circles represent Si; 

white circles represent O. (left) A perspective view of a silica tetrahedra 

showing the topmost oxygen in the plane of the page, bottom two oxygens 

emerging from the page and the fourth O into the depth of the page. (right) 

A top view of a silica tetrahedra where the fourth O is bonded 

perpendicular to the page. For ease and clarity of 2-dimensional 

representation, this orientation will be used henceforth. 

 

 

Figure 2.2: A 2-dimensional schematic of silica tetrahedra joined at the corners to 

form ring structures. Black circles represent Si; white circles represent O. 

All oxygens are bound to two Si but the second bond to oxygens around 

the perimeter of this schematic has been omitted for clarity.  
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2.1.2 Calcium Aluminosilicates 

Calcium aluminosilicates, used in this dissertation, are of geological and industrial 

importance. In this section, we explain the theoretical structure and how it’s slightly 

different from the real structure as well as our reasoning for choosing the calcium 

aluminosilicate compositions we studied. 

2.1.2.1 Theoretical calcium aluminosilicate structure 

Calcium aluminosilicates (CAS) are similar to vitreous silica in that they too are 

formed of tetrahedra which join to form rings. However, Ca and Al play unique roles 

in the structure distinctly different from Si and O in vitreous SiO2, as explained 

generally (i.e. for many other non-silica glass components) by Varshneya [1] and 

specifically for CAS glasses below.  

Al enters the glass as a “network former” like Si where it is bonded to a number of 

oxygens. However, Al in a tetrahedral configuration with four oxygens has a partial 

charge of -1, and thus requires a nearby cation to balance the charge to form a charge 

neutral glass. In CAS, calcium cations provide a positive charge needed to balance Al 

tetrahedra. Since each Al tetrahedron has a charge of -1, each Ca+2 charge balances 

two Al tetrahedra. In this role, Ca+2 is called a “charge compensating modifier,” and a 

set of two AlIV and an Ca+2 can replace two SiIV as depicted in Figure 2.3 in the yellow 

circle.  

However, CaO and Al2O3 need not be present in equal portions to form a glass. In 

the case where Ca > 2 Al (commonly known as the percalcic region), the excess Ca is 

not needed for charge balancing Al tetrahedra, and therefore Ca incorporates into the 

glass structure by creating non-bridging oxygens (NBOs or equivalently, OI) which 

satisfy charge neutrality. NBOs are oxygens which are bound with only one network 

former. Most often, they are associated with a cation. In this role, Ca+2 is called a 
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“network modifier,” and each Ca+2 associated with two NBOs can replace two 

network bonds (e.g. Si-O or Al-O) as depicted in Figure 2.3 in the purple circle.  

 If Ca < 2 Al (commonly known as peraluminous region), then not every Al can be 

charge balanced by Ca, therefore AlV is forced to form to minimize partial charge. 

AlV, an Al bound to five oxygens, is a partially charged species, and thus is not 

favorable unless there are no charge balancing cations present. AlV forms rather than 

AlIV because but AlV has a smaller partial charge (-0.4 vs -1) [4]. AlV incorporates into 

the glass network like a SiIV, that is bound to O with no charge compensators present, 

but with five oxygen bonds instead of four as depicted in Figure 2.3 in the green 

dashed circle.  

If Ca = 2Al, the simplest possible structure of a calcium aluminosilicate is formed. 

Compositions where Ca = 2Al are along the “tectosilicate join” as depicted on a CaO-

Al2O3-SiO2 ternary phase diagram in Figure 2.4. These glasses are henceforth referred 

to as calcium tecto-aluminosilicates (t-CAS) In this case, every Al tetrahedron can be 

charge-balanced using every Ca in the structure, so no NBO or AlV should exist in the 

ideal structure. In an ideal t-CAS structure, all Si and Al are in tetrahedral 

configurations, and for every two Al tetrahedra, there is exactly one Ca+2 to charge 

balance them. This ideal structure is depicted in Figure 2.5. 
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Figure 2.3: A 2-dimensional schematic representation of a calcium aluminosilicate 

glass which depicts three possible structural arrangements of Ca and Al in 

the structure. The yellow circle shows a Ca charge balancing two Al 

tetrahedra. The purple circle shows a Ca modifying the glass structure by 

forming two NBOs. The green dashed circle shows an AlV. The fourth O 

bound to each Si or Al is bonded perpendicular to the page. Black circles 

atoms are Si; open circles are O; blue circles are Al; red circles are Ca. All 

oxygens are bound to two Si/Al but the second bond to oxygens around the 

perimeter of this schematic has been omitted for clarity. 
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Figure 2.4: A calcium aluminosilicate ternary diagram with the tectosilicate join, 

where there are equal parts of CaO and Al2O3, highlighted in red. 
  



 

 15 

 
 
 
 
 

 

Figure 2.5: An “ideal” calcium tecto-aluminosilicate structure as predicted by the 

charge balancing model described in Section 2.1.2. The fourth O bound to 

each Si or Al is bonded perpendicular to the page. Black circles atoms are 

Si; open circles are O; blue circles are Al; red circles are Ca. All oxygens 

are bound to two Si/Al but the second bond to oxygens around the 

perimeter of this schematic has been omitted for clarity. 
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2.1.2.1 Calcium aluminosilicate structure in reality 

The calcium aluminosilicate structures predicted by the simple charge balance 

models described above provide a good baseline, but experimental observations have 

shown that true coordination numbers of Al and O at all compositions (percalic, tecto, 

and peraluminous) deviate somewhat from such a simple model. Using nuclear 

magnetic resonance (NMR), a quantitative technique for measuring coordination 

number albeit only capable of directly measuring this metric, studies [5-20] have 

shown that in all CAS compositions, the fraction of NBO and AlV present in reality 

exceeds that predicted by the simple model outlined above, even while Si remains 

four-coordinated [19, 20]. For example, in 0.25CaO-0.25Al2O3-0.5SiO2, a tectosilicate 

composition which should have neither NBO nor AlV according to the simple model, 

Stebbins and Xu [21] reported 5% NBO. In other tectosilicate compositions, 0.2CaO-

0.2Al2O3-0.6SiO2 and 0.35CaO-0.35Al2O3-0.3SiO2,, Thompson and Stebbins [6] 

reported equal parts NBO and AlV, 3% and 6% respectively.  

A number of structural characteristics of CAS glass, besides coordination number, 

the only characteristic predicted by the simple model, have been measured 

experimentally [5-18, 22-38]. Using x-ray and neutron diffraction, Al-O and Si-O 

bond lengths [24, 28].  Many studies have also suggested the presence of medium 

range order (beyond nearest neighbors) structural features that are not predicted by the 

simple model. Using NMR, Lee et al. [39] and others [12, 15, 22, 23] have 

demonstrated that Al-O-Si bonds are preferred over Al-O-Al bonds which is consistent 

with the hypothesis of “aluminum avoidance” first proposed by Loewenstein [40]. 

Also using NMR, Thompson [6] reported NBO bonding preference. Si-NBO bonds 

are much more prevalent than Al-NBO bonds which is consistent with the theory of 

bond order proposed by Pauling and adapted for glass by Bunker and Brow [4]. Using 
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NMR and TEM, two studies [41, 42] have suggested that cations like Ca aggregate 

into “ion channels” to produce modifier-rich and modifier-poor regions in the glass.  

Computational methods such as molecular dynamics (MD) [23, 30-32, 34, 35, 37, 

38, 43-48] have confirmed nearly every experimental observation and provided greater 

detail of structural characteristics as not every structural motif in the glass is 

experimentally measurable. In addition to the coordination numbers [23, 30, 35, 43-

45, 48] and bond lengths [30, 44, 45], the existence of OIII [35, 47], average bond 

angles [30, 37, 44, 47, 49], bonding preference of Si to NBO and Al to OIII [30, 44], 

and the role of AlV consistent with the Al avoidance [34, 47], have all been 

demonstrated using MD. 

2.1.2.3 Reason for studying calcium aluminosilicate glasses 

Calcium aluminosilicates serve as excellent model glasses for geological glasses and 

commercial compositions used in cover glasses on the exterior of electronic displays 

(e.g. Corning Gorilla Glass) which require a high degree of mechanical durability. 

Commercial compositions are primarily aluminosilicate with a large number of 

modifiers which serve various roles like reducing the melting point, reducing included 

bubbles (i.e. fining agents), or enhancing optical or mechanical properties, to name a 

few. Since each of these many components plays a particular, albeit in many cases 

minor, role in the structure, the resulting glass behavior (including mechanical 

behavior) is determined by the interplay of all the components.  

In order to study the role of structure in plastic deformation, which is presently not 

well known, we must begin with a simple composition where all of the interactions 

between individual components can be extracted. We have chosen to use a 

tectosilicate calcium aluminosilicate because silica and alumina are present in the 

largest mole fraction in commercial glasses and thus are likely to play the most 
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important roles in plastic deformation. Calcium oxide is used as a simple substitute for 

the many modifying oxides used in a commercial glass. Specifically, we have chosen 

calcium tecto-aluminosilicates because this composition has the simplest possible 

structure as described above. As explained above, while tecto-aluminosilicates are not 

actually entirely free of NBO and AlV in reality, they still contain the smallest 

quantities (< 10%) of NBO and AlV for any given CaO:Al2O3 ratio, and therefore are 

the simplest initial structure. These simplest achievable structures, t-CAS, are the best 

candidates for beginning the study of structural evolution of glass during and after 

plastic deformation and inferring atomic mechanisms of plastic deformation. 

2.2 PLASTIC DEFORMATION IN SILICATE GLASSES 

Silicate glasses are commonly regarded as brittle materials, but in fact, silicate glasses 

exhibit plastic deformation behavior. In the 1940s, several researchers impressed 

diamond tips into silicate glasses and observed that under a certain force exerted on 

the tip (indenter), residual imprints or scratches remained with no visible cracking [50-

53] (Figure 2.6)  

Since then plastic deformation in glasses has been the subject of continuous, albeit 

on a small scale, study. Two terms commonly used to describe how glass plastically 

deforms are “densification” and “shear” meaning hydrostatic and deviatoric strain, 

respectively [54-58]. Glasses which are thought to plastically deform primarily by 

densification are categorized as “anomalous” glasses [54] which are silica and low-

modifier containing glasses. Shear is associated with plastic deformation in “normal” 

glasses such as soda lime silicates or other glasses with moderate to high amounts of 

modifying oxides [54]. 

Most commonly “densification” and “shear” are used synonymously with 

hydrostatic and deviatoric strains. However, they are sometimes treated as mutually 



 

 19 

exclusive, which they are not. Any strain state can be represented by a hydrostatic (i.e. 

densification) and a deviatoric (i.e shear) component. There is no reason to assume in 

silicate glass (or any material) that it is possible to achieve a single component of 

strain with any given applied stress and that that component is a function of the glass 

composition. 

Occasionally “densification” and “shear” are used synonymously with hydrostatic 

and deviatoric stress. For example, densification (i.e. hydrostatic stress) produces 

densified (i.e. hydrostatically strained) glass [59]. When “densification” and “shear” 

are used, it is often implied that there is a 1:1 relation between applied stress and 

corresponding strain response, in other words, affine deformation [60]. However given 

the lack of long range order in a glass, it is not obvious that affine deformation occurs. 

Mackenzie [61] demonstrated that a small amount of deviatoric stress in a primarily 

hydrostatic applied stress resulted in a higher amount of hydrostatic strain than a glass 

which had been compressed a nominally pure hydrostatic stress. 

In nearly every study, densification and shear are not explicitly defined, and the 

reader is left to determine the author’s meaning. To combat this ambiguity, in this 

dissertation, the words “densification” and “shear” will be used synonymously with 

hydrostatic and deviatoric strains respectively. 

Despite a large number of studies on the plastic deformation of silicate glasses, a 

unified language and mutual understanding of concepts involved with plastic 

deformation of glass is lacking. The following sections elaborate existing knowledge 

about macroscopic modes of deformation and atomic level mechanisms of plastic 

deformation through the self-consistent language and conceptual framework we 

developed.  
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Figure 2.6: Early demonstrations of plasticity in silicate glasses. From left to right, 

Bernhardt [53], Ryschkewitsch [50], Taylor [51], Custers [52]. Bernhardt [53] 

and Taylor [51] demonstrated indentations in glass could be formed without 

without fracture, and Ryschkewitsch [50] and Custers [52] demonstrated the 

formation of plastic turnings after scratching glass.  
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2.2.1. Macroscopic modes of plastic deformation and their behavior and 
morphology 

Defining a constitutive law (stress-strain relation) for plastic deformation in glass is 

not simple because many of the simplifying assumptions applied to crystalline metals 

are not valid in glass. For example, it is well known that silica can plastically densify 

under hydrostatic stress [59, 61-63], whereas shear by dislocation motion, a plastic 

deformation mechanism of a single crystal phase, is volume conserving.  

In this dissertation, we define “deformation modes” to be the strain response to 

stress. 

2.2.1.1 Current state of knowledge 

At present, there are two contradictory hypotheses about how densification 

proceeds in a glass at a continuum level. Some believe that densification occurs 

discontinuously between two “states” of glass [64-70]; and some believe that 

densification increases monotonically with pressure [71-74]. These hypotheses are 

discussed in further detail in Chapter 3 Section 4.1. 

Like densification, it is still unclear whether shear is homogenous or not. 

Hundreds of studies have observed the presence of pile up around indentation. Pile up 

demonstrates the presence of a nominally homogenous deformation phenomena [75, 

76]. However, some studies report the presence of shear bands [55, 77-84], which are 

planes of high shear strain without fracture inhomogenously distributed in the glass. 

Because shear banding occurs, there are two types of shear known: discrete shear 

bands and homogenous shear. Little is known about how shear behaves since 

characterization (size, quantity, extent) of these two types of deformation has not been 

done before.  
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2.2.1.3 Methods of measurement 

In order to induce plastic deformation and study a glass’s plastic response, two 

popular methods have been used: hydrostatic compression and indentation. 

Hydrostatic compression experiments are typically performed with a diamond 

anvil cell or belt press [59, 61-63]. In a diamond anvil cell, a small sample of glass is 

placed in a cavity and surrounded by a pressure mediating medium, typically a liquid, 

that in theory, distributes the stress imposed by the compression of the surrounding 

diamond anvils. Such experiments are nominally hydrostatic, however the actual stress 

state applied is dependent on the pressure mediating medium’s ability to maintain its 

hydrostatic character when under extreme pressure [61]. Hydrostatic compression 

experiments of silicate glasses have been performed hundreds of times since the first 

reports [61, 62] in the early 1950s and 1960s. In most experiments, the density of the 

glass sample before and after compression is measured along with the pressure during 

compression. The residual densification as a function of pressure is reported [59, 61-

63]. 

Indentation is another technique for inducing plastic deformation. Because the 

indentation deformation is constrained by the surrounding material, it induces an 

elastic and plastic deformation response with both a hydrostatic and deviatoric 

component. Below a certain threshold load, the glass does not crack, so it is possible 

to study only elastic and plastic deformation. 

Indentation is the most common technique for studying plastic deformation in 

glass because of the ease with which the glass plastically deforms by this method and 

for practical considerations. Indenters are relatively inexpensive; sample preparation is 

fairly simple, and the time required to conduct experiments is minimal. 

Typically Vickers (square pyramid) or Berkovich (triangular pyramid) diamond 

indenters are used to indent glasses because they are self-similar. Self-similar meaning 
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that the shape of the indentation does not vary with depth, only the scale of the 

indentation. Barring size dependent deformation in the indented material, self-similar 

indentations result in identical stress fields scaled to the indentation depth. In theory, 

this decouples the material’s deformation and the indenter’s applied stress in order to 

isolate the material’s deformation for study. However, it must be noted that the stress 

field applied under an indenter is not simple. It contains hydrostatic and deviatoric 

components which vary depending on position relative to the indenter.  

There are two common method for determining the presence of densification or 

shear plastic deformation. Before the 1980s, exploration of glass deformation behavior 

was limited to characterization via by optical interferometry or sometimes electron 

microscopy [55-57, 81, 85]. Using simple observation, scientists determined that if the 

index of refraction increased in the indentation, the density was higher, therefore 

densification had occurred [58]. If the indentation had pile-up (that is material above 

the surface of the glass around the edges of the indentation) then there was at least 

some shear [55] 

The vast majority of studies focused on plastic deformation at the macroscopic 

scale attempt to quantifying densification (using methods based on questionable 

assumptions [63, 71, 86]) and/or associate densification and shear to particular 

compositions [54-58]. The behavior and morphology of densification and shear is one 

particularly glaring gap in understanding. Shear is believed to occur homogenously 

and heterogeneously, but no one has proposed how that occurs at a macroscopic scale, 

other than in shear bands. Densification, on the other hand, is believed by some to be a 

“phase transformation” behavior and by others a “continuous” behavior. Obviously 

these two are mutually exclusive, but at present, no studies have made an effort to 

distinguish between the two hypothetical behaviors. 
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2.2.2 Atomic mechanisms of plastic deformation 

In this dissertation, “atom-level mechanisms” or “mechanisms of plastic deformation” 

are processes by which the glass structure at the atomic scale accommodates 

macroscopic plastic deformation.  It is important to understand atom-level 

mechanisms of plastic deformation because they dictate the resulting structural change 

after deformation and overall macroscopic deformation. An understanding of the 

underlying atom-level mechanisms of plasticity will explain why different glass 

compositions deform the way they do and how to engineer glasses that deform in a 

controlled way. 

2.2.2.1 Current state of knowledge 

The most commonly reported mechanism of plastic deformation is intertetrahedral 

bond angle change (e.g. Si-O-Si). Since intertetrahedral bond angles do not have the 

rigid angular constraints of intratetrahedral bond angles (O-Si-O), proponents of this 

mechanism believe that intertetrahedral bonds can act as flexible links in the network 

which accommodate plastic deformation [61, 66, 69, 70, 87-100]. Cooperative motion 

of intertetrahedral bond angles can result in an altered shape or total volume of the 

ring as shown in Figure 2.7. Many studies mention this mechanism for plastic 

deformation, particularly associated with densification, and do not discuss any others 

[61, 69, 70, 87-89, 101], and some suggest that intertetrahedral bond angle changes are 

the only structural change needed for densification to occur [88]. But there are some 

groups who believe that intertetrahedral bond angle changes alone cannot account for 

all plastic deformation [66, 91-100]; in other words, intertetrahedral bond angle 

changes are not the only mechanism. 

Those who mention another mechanism use somewhat vague and non-

standardized terminology. In this dissertation this mechanism is called “bond breaking 
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and reforming.” The concept of bond breaking and reforming is consistent with the 

idea that plastic deformation is permanent. If bonds are broken and reformed, the 

initial structure is not preserved, and therefore some permanent deformation has 

occurred. However, proponents of bond breaking and reforming rarely go into detail 

about how it works: which bonds are being broken and reformed, how it is affected by 

stress, what are the other structural effects and how do they change. The most 

common additional detail about bond breaking and reforming given is that it is 

associated with ring size changes [91, 93, 94, 96, 97]. Again, no detail on how exactly 

rings change is reported.  

There is only one detailed investigation of how bond breaking and reforming 

occurs [97] rather than merely purporting its existence. Nomura et al. use molecular 

dynamics to simulate indentation of silica and provide detailed mechanisms of Si-O 

bond break and reform, propagating through the network, and accommodating 

deformation. They show that undercoordinated atoms (e.g. SiIII or OI) are point defects 

which can propagate through the glass by Si-O bonds breaking and reforming along 

the glass network. A single SiIII does not migrate through the glass but a SiIII binds 

with a nearby O which forces the O to break the bond with its initial Si so that that Si 

is now three coordinated and the original Si is SiIV. Nomura et al. also claim that small 

rings (<5) increase and large rings decrease (>4) in silica under indentation, but don’t 

describe how the mechanism they propose results in ring size changes.  

At present, intertetrahedral angle change and bond breaking and reforming are 

mechanisms associated with densification. No mechanisms have been associated with 

shear. How any mechanism relates to particular strains or is induced by a particular 

stress is presently wholly unexplored, but a relationship between stress, strain and 

mechanism is necessary to understanding plasticity of glass as whole.  
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Figure 2.7: Schematic representation of intertetrahedral bond angle changes in a ring. 

The grey outline below is the original ring, and red arrows show the changes in 

tetrahedral configuration via intertetrahedral bond angle changes. Black circles 

represent Si; white circles represent O. All oxygens are bound to two Si but the 

second bond to oxygens around the perimeter of this schematic has been 

omitted for clarity. 
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2.2.2.2 Methods of measurement 

The only way to observe atomic mechanisms of plastic deformation as they happen is 

to use a time resolved simulation technique. A time-resolved molecular dynamics 

(MD) simulation generates a series of snapshots (spaced very closely in time) of a 

glass structure (xyz positions of all atoms). Atomic mechanisms of plastic deformation 

can be observed as they occur using these snapshots in succession. This technique was 

used by Nomura [97] in the only study which elaborates on directly observed atomic 

mechanisms of plastic deformation in silicate glasses. Admittedly this technique is 

very computationally intensive, takes careful analysis and can only be used with a 

very small number of atoms in the simulation. 

At present, there are no other methods of observing mechanism of plastic 

deformation in glass that are not time resolved simulations, however there are a 

number of experimental and simulation techniques to measure structural changes 

induced by plastic deformation. While structural changes themselves are not atomic 

mechanisms of plastic deformation, it is possible to infer atomic mechanisms of plastic 

deformation from observed structural changes. For the most part, this capability has 

been ignored, and existing studies report structural changes with plastic deformation 

and do not comment on possible atomic mechanisms. 

There are a number of common structural characterization tools of glass which are 

capable of measuring at least some structural changes from which atomic mechanisms 

can be inferred.  

X-ray and neutron diffraction have been used in combination with hydrostatic 

compression to measure structural changes after [102-104] and, sometimes, during 

deformation [105-107]. While it is technologically possible to collect diffraction data 

at high pressure which is ideal for inferring atomic mechanism, it is very difficult to 

extract any information out of diffraction data of glass beyond bond lengths without 



 

 28 

using complementary simulation techniques to essentially reverse engineer the 

structure which matches the observed diffraction data. This additional layer of analysis 

reduces confidence in inferred atomic mechanisms and is thus not explored further in 

this dissertation.  

Nuclear magnetic resonance (NMR) has been performed on many hydrostatically 

compressed glasses after decompression [7, 9, 20, 108-112]. While NMR cannot 

measure glasses in-situ (at high pressure), it is possible to quantitatively determine the 

coordination change with pressure, but with such limited structural data, it is 

impossible to relate observed coordination number increase with pressure [7, 9, 20, 

108-112] to atomic mechanisms of deformation that do not involve coordination 

number changes. In other words, only atomic mechanisms can be inferred if they 

involve coordination number change. 

Raman spectroscopy has the advantage that it can characterize deformed glasses 

after hydrostatically compression [71, 96, 99, 113, 114] or indentation [71-74, 93, 94, 

115-120], and very rarely it has been used in-situ (at high pressure) [98, 120, 121]. 

While Raman spectroscopy has the advantage that it is a local probe capable of 

measuring small amounts of plastic deformation like that in an indentation, Raman 

spectroscopy is highly qualitative. It is best used to make comparisons between 

different compositions, compressions or other variables but cannot provide direct 

evidence of particular structural changes. In some cases, authors have commented on 

structural changes in a range of compositions but never expounded on that 

understanding to infer mechanisms of deformation.  

Non-time-resolved MD simulations can also be a source of information about 

structural changes with plastic deformation. Unlike experimental techniques, 

simulations have the distinct advantage that every possible structural feature can be 

measured. While not as direct as observing atomic mechanisms occur in time using 



 

 29 

time-resolved MD, non-time resolved MD simulations can generate glass structures 

before, during and after plastic deformation and can be much larger, and therefore 

inferring atomic mechanisms from observed structural changes results in arguably a 

more wholistic, better representation of the bulk behavior of plastic deformation in 

glass. For an overview of existing literature on molecular dynamics simulations of 

deformed glasses, see Section 2.4.3. 

2.3 RAMAN SPECTROSCOPY OF SILICATE GLASS 

Raman spectroscopy is a vibrational spectroscopy technique. A laser of a known 

wavelength is focused on a material, and the wavelength of scattered photons is 

measured. When an incident photon interacts with vibrations in the material, some of 

the energy of the photon can be absorbed by the material, and the resulting scattered 

photon is a different wavelength than the incident photon. The resulting spectrum, 

created by all the scattered photons, is a representation of the vibrational states of the 

material, specifically the vibrational states which can interact inelastically with 

photons.  

This section will cover a simple explanation of how Raman spectroscopy works, 

what Raman spectra of glass look like, how to assign meaning to bands in Raman 

spectra of glass, how to interpret changes in Raman spectra in glass, the advantages 

and disadvantages to using Raman spectroscopy to characterize glass structure, and a 

brief overview of existing experiments using Raman spectroscopy to characterize 

indentations in glass. 

2.3.1 How Raman spectroscopy works 

A Raman spectrum of a sample using a simple optical configuration is produced in the 

following manner as detailed in Introductory Raman Spectroscopy [122] and in 

Modern Glass Characterization [123]. A monochromic laser is focused onto a sample 
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through an optical path which includes a beam splitter and “focusing optics” as shown 

in Figure 2.7. The focusing optics may consist of a simple objective lens(es) or of a 

confocal arrangement that includes an objective lens(es) and a confocal aperture as 

shown in Figure 2.8. A confocal aperture reduces the z-depth of the laser spot which is 

measured by the spectrometer thus increases spatial precision of measurement.  

After passing through the objective, the laser beam passes through air until it 

reaches the sample’s surface. The exact size and shape of the focal volume of the laser 

depends on the sample. In silicate glasses which are transparent to the common Raman 

laser wavelengths used, the laser can be focused down into the material, but even in 

transparent materials, some of the incident laser beam’s photons will be reflected or 

absorbed such that the intensity of the laser beam is diminished in comparison to the 

intensity of the laser beam at the surface.  

A small portion of the photons in the laser beam are scattered by the sample. 

Scattered photons can either Raleigh scatter or Raman scatter. Elastically scattered 

photons, which make up the vast majority of scattered photons, are referred to as 

Raleigh scattered. They interact with the material and cause a vibrational mode to 

change to a virtual high energy state, and a photon of the exact same wavelength (i.e. 

energy) is reemitted as the vibration returns to its initial state (Figure 2.9). However, a 

small portion of scattered photons inelastically scatter (Stokes-Raman scattering). 

They interact with the material, cause a vibration to change to a high energy state, but 

when the vibration comes down from the virtual high energy state, it does not return to 

the same energy level as it was initially (Figure 2.9). Therefore, the emitted photon is 

of higher or lower energy than the initial photon. These photons which have shifted 

wavelength from the laser’s initial wavelength have been Stokes-Raman scattered.  

After interacting with the sample, scattered photons are focused back through the 

optical path. Photons which have not changed energy (i.e. Rayleigh scattered) are 
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filtered out, and the photons which have been Raman scattered travel into the 

spectrometer where they are separated by wavelength using a grating, and their 

intensity is recorded using a charged coupled device (CCD) as shown in Figure 2.7.  
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Figure 2.7: Schematic of the type of Raman spectroscopy setup used in this work. A 

detailed rendering of the focusing optics used in this work can be found in 

Figure 2.8 on the right. (The schematic is available on the Wikimedia 

Commons and was created by Toommm and adapted from Thomas 

Schmid; Petra Dariz (2019). "Raman Microspectroscopic Imaging of 

Binder Remnants in Historical Mortars Reveals Processing Conditions". 

Heritage. 2 (2): 1662–1683. doi:10.3390/heritage2020102. ISSN 2571-

9408. and is used under CC BY 4.0.)  
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Figure 2.8: Two possible configurations of focusing optics used in a Raman 

spectrometer. The schematic on the left depicts a simple objective 

configuration that results in rays (e.g. blue and red) which originate in a 

range of z depths being absorbed by the detector. The schematic on the 

right depicts an objective with a confocal aperture. The confocal aperture 

blocks rays (e.g. red) from a range of z depths deeper or shallower than the 

focal depth (z2) from reaching the detector. This image is from 

https://www.bruker.com/products/infrared-near-infrared-and-raman-

spectroscopy/raman/confocal-raman.html. 
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Figure 2.9: Idealized energy level schematic for light scattering mechanisms and The 

schematic is available on the Wikimedia Commons and was created by Moxfyre and is 

used under CC BY-SA 3.0. 
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2.3.2 What Raman spectra of silicate glasses look like 

Raman spectra of glass are different from crystalline spectra which makes them more 

difficult to interpret. Unlike the sharp, narrow peaks (< 30 wavenumbers) of Raman 

spectra in crystalline materials formed by structural motifs which are very regular and 

symmetric, Raman spectra in glass are comprised of several bands (i.e. broad peaks) 

which span 50 wavenumbers or more because particular structural motifs in glass 

adopt a distribution of configurations due to glass’ random network [123]. In a glass, 

particular structural motifs are not exactly symmetric to each other, but rather form a 

distribution of similar but not identical motifs. This distribution of motifs results in a 

distribution of vibrational states and thus energies of those vibrational states. The 

energy distribution of those vibrational states causes broad bands to form in Raman 

spectra of silicate glasses, rather than the narrow range of structures, vibrations, 

energies and thus peaks which comprise Raman spectra of crystalline materials. Figure 

2.10 shows a Raman spectrum of vitreous silica and crystalline quartz which illustrates 

the difference in Raman spectra with structure of two materials of the same 

composition (SiO2).  

Any two silicate glasses retain the same broad band spectral features, but each has 

particular structural motifs (e.g. NBO, rings, tetrahedra) which contribute to the 

overall spectrum [123]. As shown in Figure 2.10, the spectra from vitreous silica and 

soda lime silicates are very different, yet the bands are always broad. Assigning 

structural motifs to particular bands is difficult, so most studies interpret changes in 

Raman bands as a function of a parameter of interest (i.e. composition, deformation), 

which is much easier as the same theory applies to all Raman spectra, rather than 

develop their own correlations between bands and exact structural motifs. . 
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Figure 2.10: Raman spectra of crystalline silica, vitreous silica, and soda lime silicate 

glass. Each of the spectra have been offset along the arbitrary intensity axis 

from each other for clarity. 
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2.3.3 How to assign Raman bands to structural vibrations 

In order to interpret Raman spectra, an understanding of the structural origins of 

Raman bands must be established. Reaching this understanding is a three-fold process: 

knowledge of the basic glass structure, knowledge of the theoretical Raman activity of 

glass structural motifs, and characterization of similar spectra. 

A knowledge of basic glass structure is the basis for Raman spectral interpretation. 

Using a simple charge balance model like described in Section 2.1.2, an expected 

glass structure can be calculated. Vibrations of short- and medium-range structural 

motifs in the structure could possibly contribute to the Raman spectra.  

Of all vibrations of structural motifs in the glass only particular vibrations are 

Raman active, in other words observed using Raman spectroscopy [122]. Raman 

activity and the factors which contribute to it are explained in great detail in 

Introductory Raman Spectroscopy [122]. In a short synopsis, quantum mechanics 

requires that Raman scattering occurs only with vibrations that have changes in 

electronic polarizability during the course of the vibrational motion. Typically, 

changes in electronic polarizability occur when the two extremes of a vibration cannot 

be made identical after symmetric operations, such as rotations. Vibrational symmetry 

as categorized by molecular group theory is of utmost importance when determining 

whether a vibration is Raman active or not, and therefore Raman active vibrations can 

be identified by their symmetry. Once an understanding of the possible Raman active 

vibrations has been reached, characterization of Raman spectra and correlation with 

Raman active vibrations takes place.  

Correlating Raman spectral features to Raman active vibrations in glass relies on a 

multitude of methods using analogous crystals, isotopic enrichment, and simulations 

[123].  
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Historically, the most popular method of correlation is by characterizing analogous 

crystalline compositions, which have known (or theoretically predictable) links 

between structural features and vibrational states and comparing bands with similar 

Raman shifts which appear in glass spectra. Since analogous crystals are likely to have 

many of the same structural motifs and the Raman spectra of crystals are so well 

characterized, vibrational modes from structural motifs in crystals and vibrational 

modes from very similar structural motifs in the glass produce Raman bands with 

similar Raman shifts, so correlation is possible.  

Another method of correlation is characterizing structures with varying degrees of 

isotopic enrichment [124, 125]. Different isotopes have slightly different quantum 

energy levels and thus slightly different electronic polarizability. By doping a 

particular element with different isotopes, it is possible to identify which Raman bands 

(i.e. vibrational modes) are associated with a particular element.  

The final method of correlation discussed here is calculating Raman spectra from 

vibrational modes and energies generated from simulated structures and theoretical 

models of structure-vibration correlations [49, 126-129]. These methods have garnered 

significant interest in the past few decades, but their use is limited because these 

methods produce spectra which do not match well with the peak position and intensity 

of experimentally well-established and repeatable spectra. Future refinement of the 

theoretical basis for determining vibrations from simulated structures will determine 

whether these methods will ever be able to provide reliable structure-vibration 

correlations with the ability to predict or replicate Raman intensity and shift. 

In practice these three elements (knowledge of basic structure, theoretical activity 

and characterization) are intertwined to produce interpretations of Raman spectra. 
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2.3.4 How to interpret Raman spectral changes 

This section contains a short tutorial on the theory of interpreting Raman spectra and 

spectral changes which are applicable to Raman spectra of silicate glasses [123]. The 

wavenumber range of a band corresponds to the energies of a particular correlated 

vibration as decribed in Section 2.3.2. Larger wavenumbers mean higher energy 

vibrations. If bands shift toward higher wavenumbers that means the vibration is 

increasing in energy, and that is typically interpreted as a shortening of bonds since 

shorter bonds typically have a higher bond energy. The intensity of the Raman spectra 

at a given wavelength is not only a function of the number of a certain structural motif 

which is vibrating at that given wavelength but also on the electronic polarizability of 

the structural motif as well as the symmetry of that particular motif [99]. Loss of 

intensity is commonly interpreted as a reduction in the number of structural motifs 

contributing to a particular vibration, but such a simplistic interpretation should be 

discouraged since electronic polarizability and symmetry are also contributing factors. 

The width of a band, as alluded to above, is dependent on the symmetry of the 

structural motifs contributing to the vibration at that wavenumber. Structural motifs 

which are all very geometrically similar to one another will produce a very narrow 

peak, and a great deal of geometric variability will produce a broad band. 

2.3.5 Advantages and disadvantages of Raman spectroscopy in silicate 
glasses 

Raman spectroscopy of glass is a particularly useful technique because of its ability to 

characterize glass structure, its localizability, and its extensive, existing literature. 

Raman spectroscopy is sensitive to certain aspects of glass structure at short and 

medium range order, from bond lengths to tetrahedra to rings. While not all structural 

features of the glass can be measured using Raman spectroscopy, it is by far one of the 

best structural characterization tools in glass. Also the laser spot can be highly 
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localized to probe region of the glass around 1 μm3 in volume using current 

technology. Because of these unique advantages, Raman spectroscopy has become a 

common glass characterization tool, and in commonly studied glasses like silica, 

extensive work has been done in interpreting each band and associating it with a 

particular structural motif.  

However, Raman spectroscopy has its shortcomings as well. Raman band 

assignment in new glass compositions is difficult and requires careful analysis. Also, 

like any experimental technique, Raman’s utility in characterizing the glass structure 

is limited by which structural motifs are Raman active. Lastly, knowing the exact 

location and volume of material probed by the laser spot is difficult since it depends 

on the laser, the microscope’s objective, and the interaction of photons with the 

sample. In many cases, this is not a problem as the whole sample is nominally 

homogenous, but in cases where the sample is inhomogeneous such as spectra from 

within an indentation which inherently has a range of degrees of deformation or from 

within an ion exchanged layer which inherently has a composition gradient, 

uncertainty in the laser spot is important. 

2.3.6 Raman spectroscopy of indentations in silicate glasses 

Existing studies using Raman spectroscopy to characterize indentations [71-74, 93, 94, 

115-120] generally aimed to determine one of two aspects of deformation in glass. 

Either they were interested in the size, shape and degree of deformation around 

indentations [71-74] or they compared structural changes with deformation in a 

number of glass compositions [93, 94, 115-118]. Neither of which explain atomic 

mechanisms of deformation. 

Those who characterize the size, shape and degree of deformation around 

indentations collect a large number of Raman spectra in a grid of positions around the 
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indentation from the top (and occasionally through the depth) and/or side of the 

indentation and, using a densification relation to translate Raman spectra to 

densification, calculate the degree of deformation at each position [71-74] (Figure 

2.11).  

While their measurements of the size and shape of plastically deformed material 

surrounding an indentation from a top view are likely quite accurate, they make a 

series of poor experimental design decisions which make it difficult to interpret or use 

other parts of their data. 

First, the use of confocal optical setup does increase resolution in depth but should 

not be used to probe through the depth of an indentation in glass because the location 

of the spot is unknown. The laser spot location is a function of index of refraction in 

the material amongst other factors [122]. For an indentation with a range of 

densification (thus indices of refraction [130]) with depth, it is not possible to know 

the location of the laser spot in depth unless the function of the index of refraction 

with depth is known, which in these experiments was not known. 

Second, a cross-sectioned indentation will not have the same extent of deformation 

or residual elastic stresses as an indentation in the bulk. It has been documented by 

Peter [55] (Figure 2.12) that densified material under a cross-sectioned indentation 

bows outward, demonstrating that stress that would be confined in a bulk indentation 

is released during the formation of a free surface. The degree to which the release of 

stress influences the Raman spectra collected from cross-sectioned indentations is 

unknown but cannot be ignored as it has been in the past.  

Third, relations which translate Raman spectral shifts to the degree of densification 

[63, 71] are phenomenological at best and misleading oversimplifications at worst. 

They assume that structural changes associated with densification are the same no 

matter the stress applied to induce such densification. At this point, it is unreasonable 
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to assume any applied stress will induce the same changes in structure and thus 

changes in the spectra. Therefore, we do not believe densification data of indentations 

measured by Raman spectroscopy.  
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Figure 2.11: The side (a) and top (b) view of indentations where Raman spectra were 

taken in a grid. The maps of the side view (a’) and top view (b’) densification 

surrounding indentations calculated from Raman spectra to densification 

relations of Deschamps [64]. This figure is from Kassir-Bodon et al. [73] . 
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Figure 2.11: Scanning electron microscopy image of a cross sectioned indentation in 

which shows bowing out of the material beneath a spherical indentation in 

soda lime silicate glass.   
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Studies which compare structural changes induced by indentation generally take a 

spectrum of the center bottom surface of a single indentation at a constant, single load 

for each composition and compare them to a spectrum from unindented glass of those 

same compositions [93, 94, 115-118]. While these experiments do list observed 

structural changes in a number of compositions, they stop short of inferring what 

atomic mechanisms of deformation could yield such structural changes. In addition, 

indentation in different glasses at the same load results in indentations of different 

sizes depending on the hardness of each composition. Since the Raman laser spot is 

fixed and the indentations size vary, the fraction of the indent probed by the laser 

varies, therefore it is not possible to make comparisons between compositions.  

Despite the experimental capability, no studies have properly characterized 

indentations at a range of loads using Raman spectroscopy which is necessary to 

characterize structural changes of plastic deformation but also their evolution, both of 

which are necessary to take the next step, inferring atomic mechanisms of plastic 

deformation. So this is exactly what we did. Further detail is given in Chapter 3. 

2.4 MOLECULAR DYNAMICS OF SILICATE GLASS 

Molecular dynamics is a computational technique which simulates material structure 

using theoretical interatomic potentials. This section will cover how molecular 

dynamics simulations of glasses work, their advantages and disadvantages and a 

literature review of their use in silica and calcium aluminosilicates, as well as silicate 

glasses during and after applied pressure. [131, 132] 

2.4.1 How does Molecular Dynamics (MD) of silicate glasses work 

The following is an overview of molecular dynamics (MD) of glass as described by 

Understanding Molecular Simulations [131] and a review of MD in glass by Cormack 
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and Cao [132]. Particular emphasis has been placed the salient features of MD as it 

pertains to simulations performed in this dissertation.  

The process of studying glass structure using MD requires two parts: creating a 

glass structure and analyzing the resulting structure. Creating a glass structure 

generated by molecular dynamics requires the development and/or choice of an 

interatomic potential and simulation parameters (e.g. temperature, pressure), 

initialization of the structure, and running of the simulation. The analysis of the 

resulting structure requires defining how to measure structural motifs of interest and 

examining the structure for such structural motifs.  

2.4.1.1 Defining and choosing an interatomic potential 

An interatomic potential is mathematical representation of the potential energy as a 

function of separation between atoms. These interatomic potentials could be modeled 

with range of mathematical terms that make up the function, in other words, with 

different functional forms. The functional forms range from a simple sum of two 

polynomials representing an attractive and a repulsive term between two atoms (e.g. 

Leonard-Jones [133]) to complex, multiterm functions that represent different types of 

attractive and repulsive forces, two and three atom interactions and charge 

transfer/bonding behavior (e.g. ReaxFF [134]).  

Every type of interatomic potential has two or more free parameters that must be 

fixed to represent the potential energy function of each unique set of atoms (e.g. Si-O, 

O-O, Ca-Al). These parameters are fit using experimental (e.g. density, diffraction, 

modulus) and simulation data from quantum mechanical calculations [131] of a 

specific subset of materials for which the potential is designed to model.  

A number of potentials have been developed or adapted to model silicate glasses 

such as: Leonard-Jones [133, 135], BKS or modified BKS [136, 137], modified Born-
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Mayer-Huggins [138, 139], Pedone [140], CHIK[137], Teter [141], ReaxFF [134] 

(listed roughly in order of increasing complexity and therefore computational time). 

Of these, the Pedone potential [140] is the only one developed for many different glass 

compositions because it has pair potentials developed for a large range of common 

elements used in glass.  

Developing atomic potentials is a field of its own as it takes a great deal of 

knowledge of fundamental physics, skill at computer programming, and time and care 

to develop a usable potential. Most commonly, scientists select an existing potential to 

use in their simulations rather than develop an interatomic potential for each study. 

For our simulation studies (Chapters 4 and 5), we selected the Pedone potentials [140].  

2.4.1.2 Creating an initial structure 

After interatomic potentials have been chosen, an initial structure must be 

generated. In the case of silicate glasses, there are two common methods of 

initialization: random placement or quenched crystal [132]. Either atoms are placed 

randomly in a volume of a chosen size or an analogous crystalline polymorph of the 

glass composition is placed into the volume, heated to a very high temperature, and 

quenched to replicate the formation of glasses in a laboratory setting. In our 

simulations (Chapter 4), we used random placement because it eliminates the 

possibility that small portions of the structure of the crystal are retained after 

quenching which would result in an inaccurate simulated structure. Lastly, the 

simulation conditions (e.g. temperature, pressure, volume) must be chosen. 

2.4.1.3 Running a simulation 

After the initial structure is generated and simulation conditions are selected, the 

simulation is run. For each atom, the interatomic potential based on its local 

environment (i.e. surrounding atoms) in conjunction with the chosen temperature, 
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volume and/or pressure creates a force on a given atom. Using Newton’s laws of 

motion and a given small time step (on the order of femtoseconds), a small 

displacement of each atom can be calculated. This is applied to each atom, and the 

cycle is repeated over many millions of time steps to create a simulated structure.  

2.4.1.4 Analyzing a MD glass structure 

After some time of simulation, the resulting structure from the MD simulation is 

recorded. The result of an MD simulated structure is simply a list of xyz positions of 

every atom in the simulations. Unlike a true glass, there are no electrons, so there is no 

bonding, charges or other electronic aspects of the structure; therefore all structural 

motifs must be determined by a definition that uses only positions.  

For example, to determine bond length, a pair distribution of all atoms in the 

structure is calculated, and the maximum length of a bond is chosen to be the bond 

length at the minimum after the first peak in the pair distribution. Any two atoms 

which are closer than that maximum bond length are considered bonded and visa 

versa. To determine the average bond length between a pair of atoms (e.g. Si-O), 

every pair of atoms is selected and a bond length is recorded if they are separated by 

the maximum bond length or less. All unique (i.e. not duplicate) Si-O bond lengths are 

then tabulated, and the average calculated.  

Definitions like bond length which rely only on atom positions are created for all 

structural motifs of interest (e.g. coordination number, bond angles, rings), and then 

the structure is examined for all atoms or sets of atoms which meet the definition. 

Using the resulting data on structural motifs, the overall fractions of motifs can be 

compared between different simulated structures. In our case, we will calculate bond 

lengths, bond angles, coordination numbers, ring sizes and ring compositions for a 

range of t-CAS glasses before, during and after hydrostatic compression and compare 
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the change in structural motifs with composition and pressure to infer atomic 

mechanisms of plastic deformation. 

2.4.2 Advantages and disadvantages of Molecular Dynamics  

Molecular dynamics is a powerful technique since the position of every atom is 

known, and therefore any short, medium or long range order parameter can be 

calculated. In addition, the simulation's parameters are set by the user, so any 

conceivable composition, stress state, temperature, or otherwise can be created, unlike 

experiments which are restricted by available technology, cost, or other factors. 

However simulations are constrained by computational time and power, which 

results in simulations which are only several nanoseconds in time and nanometers in 

length. In order to achieve structures in that amount of time, unphysically high rates of 

change of temperature, pressure or other applied constraint must be imposed on the 

simulation. Also simulated structures are only as realistic as the interatomic potentials 

used to generate them, so choice of interatomic potential is critical in producing the 

most physically realistic structure possible. 

2.4.3 Uses of Molecular Dynamics to study glass 

In this dissertation, the structures of vitreous silica and calcium aluminosilicates 

are of interest as well as plastic deformation of glass such as densification induced 

hydrostatic compression or deformation around an indentation.  

2.4.3.1 Molecular Dynamics simulations of vitreous silica 

Thousands of studies have conducted molecular dynamics simulations of silica to 

characterize many different aspects of silica such as its structure [3, 142-147], its 

behavior at high temperature [69, 70, 144], its mechanical properties [69, 70, 82, 100, 

105, 145, 148-152], its interfacial behavior with other materials, and many more so 
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numerous they cannot be detailed here. Some of the first molecular dynamics 

simulations of silica focused on silica structure and ever since MD simulated 

structures of SiO2 have matched very well to experimental observations since in many 

cases, experimentally measured data is used to develop the interatomic potentials. 

2.4.3.2 Molecular Dynamics simulations of calcium aluminosilicate glasses 

In contrast to vitreous silica, relatively few MD simulations modeled calcium 

aluminosilicates [23, 26, 30-38], and even fewer on calcium tecto-aluminosilicate 

glasses (t-CAS) [26, 30, 31, 33-35, 43-45, 49]. Only a few studies focus on the 

structure of CAS glasses [26, 30-35]. The details of which are enumerated in Chapter 

4 Sections 5.4 and 5.5. Studies which did not report structural features focused on 

topics which are outside the scope of this work such as determining at what system 

size there are MD finite size effects [36], comparing structures generated by different 

MD potentials [37, 49], comparing MD and ab-initio structures [49], comparing 

measured and MD simulated wide angle x-ray scattering (WAXS) spectra [26], 

calculating NMR parameters [23, 34, 38], and observing effect of short range order on 

diffusion [35] or fragility and relaxation [33].  

Only a small number of studies include a t-CAS composition [26, 31, 33-35], and 

only Tandia et al. [35] and Bouhadja et al. [33] report on a systematically varying 

range of simulated t-CAS structures, rather than one or two compositions. 

Nevertheless, the only applicable information from these studies is their structural 

characterization which is typically limited to short range features like bond length and 

coordination number. 

2.4.3.3 Molecular Dynamics of plastically deformed silicate glasses 

In addition to silica and calcium aluminosilicate structure at atmospheric conditions, 

silicate glasses during and after plastic deformation are of interest in this work. Most 
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MD studies of plastically deformed silicate glasses report only structural changes at 

pressure rather than structural changes during and after compression [44, 45, 68, 100, 

105, 145, 147-149, 153]. 

There are a few dozen studies of plastically deformed silica glass [68-70, 100, 105, 

143, 145, 147-150, 152-154]. Most of those studies study silica glass compressed 

hydrostatically [68-70, 100, 105, 143, 145, 147-150, 152, 153]. The few studies that 

report structural features before, during, and after compression typically focused on 

changes of single structural feature with pressure such as coordination number [150, 

151], ring size[143], ring width [69], voids [146], single atom displacement jumps 

[155], participation ratio [82].  

To our knowledge, there are very few studies that apply pressure to glasses that are 

not silica [44, 45, 156-160]. To our knowledge, only Ghosh and Karki [44] and 

Drewitt et al. [45] have subjected any simulated calcium aluminosilicate structures to 

deformation, specifically hydrostatic pressure, and both focused only on one 

composition, 50% SiO2 t-CAS and reported almost no data of glasses after 

compression. Further details of both Drewitt et al.’s [45] and Ghosh and Karki’s [44] 

data are reported in Chapter 4 Sections 5.4 and 5.5. 

2.4.3.4 The need for a systematic compositional study of plastically deformed 

glass 

While many studies report structural features from silica and calcium aluminosilicates 

as demonstrated in the sections above (2.4.3.1-3), the existing data is so fragmented 

and disparate that it is impossible to create a wholistic understanding of how calcium 

aluminosilicate (or really any aluminosilicate glass) structure changes during and after 

compression. 
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The wide variation of simulation conditions from different studies results in a 

compilation of data from different potentials, compositions and pressures too sparse to 

deduce meaningful information. Many interatomic potentials have been used different 

studies; the variation in glass structure with different potentials is well known even in 

calcium aluminosilicates specifically [37], which renders comparison between studies 

difficult. In addition, many studies only study a single composition or a very small set 

of compositions and may or may not apply hydrostatic pressure. If they do apply 

pressure, seemingly each study choses a different maximum pressure.  

To compound the nearly impossible comparison between simulation conditions, 

most studies only analyze a small number of structural features of their glasses and 

different definitions of those features may make comparison impossible. People 

commonly only short range order parameters such as bond length, bond angles, and 

coordination number and occasionally report medium range order parameters like ring 

size or long range order parameters like density or Young’s modulus. However, many 

other metrics could be reported such as medium and long range order parameters like 

the shape of rings, local stress or strain states, mean displacement of atoms or 

quantification of ion channels, to name a few. 

A self-consistent and a thorough model of calcium aluminosilicate deformation 

behavior cannot be created using existing simulation data, rather a new approach is 

needed which is described in Chapter 4. 
  



 

 53 

REFERENCES 
[1] A.K. Varshneya, Fundamentals of Inorganic Glasses, Society of Glass Technology, 
Sheffield, 2013. 
[2] R.L. Mozzi, B.E. Warren, Structure Of Vitreous Silica, Journal Of Applied 
Crystallography, 2 (1969) 164-&. 10.1107/S0021889869006868 
[3] J.P. Rino, I. Ebbsjö, R.K. Kalia, A. Nakano, P. Vashishta, Structure of rings in 
vitreous SiO2, Physical Review B, 47 (1993) 3053-3062. 10.1103/PhysRevB.47.3053 
[4] B.C. Bunker, R.J. Kirkpatrick, R.K. Brow, Local Structure of Alkaline-Earth 
Boroaluminate Crystals and Glasses: I, Crystal Chemical Concepts-Structural 
Predictions and Comparisons to Known Crystal Structures, Journal of the American 
Ceramic Society, 74 (1991) 1425-1429. 10.1111/j.1151-2916.1991.tb04123.x 
[5] L.M. Thompson, J.F. Stebbins, Non-stoichiometric non-bridging oxygens and five-
coordinated aluminum in alkaline earth aluminosilicate glasses: Effect of modifier 
cation size, J. Non-Crystalline Solids, 358 (2012) 1783-1789. 
10.1016/j.jnoncrysol.2012.05.022 
[6] L.M. Thompson, J.F. Stebbins, Non-bridging oxygen and high-coordinated 
aluminum in metaluminous and peraluminous calcium and potassium aluminosilicate 
glasses: High-resolution 17O and 27Al MAS NMR results, Am. Mineralogist, 96 (2011) 
841-853. 10.2138/am.2011.3680 
[7] S. Bista, J.F. Stebbins, J. Wu, T.M. Gross, Structural changes in calcium 
aluminoborosilicate glasses recovered from pressures of 1.5 to 3 GPa: Interactions of 
two network species with coordination number increases, J. Non-Crystalline Solids, 
478 (2017) 50-57. 10.1016/j.jnoncrysol.2017.09.053 
[8] L. Lamberson, Influence of Atomic Structure on Plastic Deformation in 
Tectosilicate Calcium-Aluminosilicate, Magnesium-Aluminosilicate, and Calcium-
Galliosilicate Glasses, in, 2016. 
[9] S. Bista, J.F. Stebbins, W.B. Hankins, T.W. Sisson, Aluminosilicate melts and 
glasses at 1 to 3 GPa: Temperature and pressure effects on recovered structural and 
density changes, Am. Mineralogist, 100 (2015) 2298-2307. 10.2138/am-2015-5258 
[10] J.F. Stebbins, E.V. Dubinsky, K. Kanehashi, K.E. Kelsey, Temperature effects on 
non-bridging oxygen and aluminum coordination number in calcium aluminosilicate 
glasses and melts, Geochimica et Cosmochimica Acta, 72 (2008) 910-925. 
10.1016/j.gca.2007.11.018 
[11] D.R. Neuville, L. Cormier, D. Massiot, Al coordination and speciation in calcium 
aluminosilicate glasses: Effects of composition determined by 27Al MQ-MAS NMR 
and Raman spectroscopy, Chemical Geology, 229 (2006) 173-185. 
10.1016/j.chemgeo.2006.01.019 
[12] S.K. Lee, J.F. Stebbins, Disorder and the extent of polymerization in calcium 
silicate and aluminosilicate glasses: O-17 NMR results and quantum chemical 
molecular orbital calculations, Geochimica et Cosmochimica Acta, 70 (2006) 4275-
4286. 10.1016/j.gca.2006.06.1550 
[13] L. Cormier, D.R. Neuville, G. Calas, Relationship between structure and glass 
transition temperature in low-silica calcium aluminosilicate glasses: The origin of the 



 

 54 

anomaly at low silica content, Journal of the American Ceramic Society, 88 (2005) 
2292-2299. 10.1111/j.1551-2916.2005.00428.x 
[14] A. Stamboulis, R.G. Hill, R.V. Law, Characterization of the structure of calcium 
alumino-silicate and calcium fluoro-alumino-silicate glasses by magic angle spinning 
nuclear magnetic resonance (MAS-NMR), J. Non-Crystalline Solids, 333 (2004) 101-
107. 10.1016/j.jnoncrysol.2003.09.049 
[15] J.R. Allwardt, S.K. Lee, J.F. Stebbins, Bonding preferences of non-bridging O 
atoms: Evidence from 17O MAS and 3QMAS NMR on calcium aluminate and low-
silica Ca-aluminosilicate glasses, Am. Mineralogist, 88 (2003) 949-954. 10.2138/am-
2003-0701 
[16] J.F. Stebbins, J.V. Oglesby, S. Kroeker, Oxygen triclusters in crystalline CaAl4O7 

(grossite) and in calcium aluminosilicate glasses : O NMR, Am. Mineralogist, 86 
(2001) 1307-1311.  
[17] J.F. Stebbins, S. Kroeker, S. Keun Lee, T.J. Kiczenski, Quantification of five- and 
six-coordinated aluminum ions in aluminosilicate and fluoride-containing glasses by 
high-field, high-resolution 27Al NMR, J. Non-Crystalline Solids, 275 (2000) 1-6. 
10.1016/S0022-3093(00)00270-2 
[18] G. Engelhardt, M. Nofz, K. Forkel, F.G. Wihsmann, M. Magi, A. Samoson, E. 
Lippmaa, Structural Studies Of Calcium Aluminosilicate Glasses By High-Resolution 
Solid-State Si-29 And Al-27 Magic Angle Spinning Nuclear Magnetic-Resonance, 
Physics And Chemistry Of Glasses, 26 (1985) 157-165.  
[19] J.B. Murdoch, J.F. Stebbins, High-resolution 29Si NMR study of silicate and 
aluminosilicate glasses : the effect of network-modifying cations, Am. Mineralogist, 
70 (1985) 332-343.  
[20] K.E. Kelsey, J.F. Stebbins, J.L. Mosenfelder, P.D. Asimow, Simultaneous 
aluminum, silicon, and sodium coordination changes in 6 GPa sodium aluminosilicate 
glasses, Am. Mineralogist, 94 (2009) 1205-1215. 10.2138/am.2009.3177 
[21] J.F. Stebbins, Z. Xu, NMR evidence for excess non-bridging oxygen in an 
aluminosilicate glass, Nature, 390 (1997) 1996-1998. 10.1038/36312 
[22] J.F. Stebbins, S.K. Lee, J.V. Oglesby, Al-O-Al oxygen sites in crystalline 
aluminates and aluminosilicate glasses: High-resolution oxygen-17 NMR results, Am. 
Mineralogist, 84 (1999) 983-986. 10.2138/am-1999-5-635 
[23] M. Moesgaard, R. Keding, J. Skibsted, Y. Yue, Evidence of intermediate-range 
order heterogeneity in calcium aluminosilicate glasses, Chemistry of Materials, 22 
(2010) 4471-4483. 10.1021/cm1011795 
[24] G.N. Greaves, EXAFS and the structure of glass, J. Non-Crystalline Solids, 71 
(1985) 203-217. 10.1016/0022-3093(85)90289-3 
[25] P. McMillan, B. Piriou, A. Navrotsky, A Raman spectroscopic study of glasses 
along the joins silica-calcium aluminate, silica-sodium aluminate, and silica-potassium 
aluminate, Geochimica et Cosmochimica Acta, 46 (1982) 2021-2037. 10.1016/0016-
7037(82)90182-X 
[26] B. Himmel, J. Weigelt, T. Gerber, M. Nofz, Structure of calcium aluminosilicate 
glasses : wide-angle X-ray scattering and computer simulation, J. Non-Crystalline 
Solids, 136 (1991) 27-36.  



 

 55 

[27] L.-G. Hwa, S.-L. Hwang, L.-C. Liu, Infrared and Raman spectra of calcium 
alumino–silicate glasses, J. Non-Crystalline Solids, 238 (1998) 193-197. 
10.1016/S0022-3093(98)00688-7 
[28] V. Petkov, S.J.L. Billinge, S.D. Shastri, B. Himmel, Polyhedral units and network 
connectivity in calcium aluminosilicate glasses from high energy X-ray diffraction, 
Phys. Rev. Lett., 85 (2000) 3436-3436. 10.1103/PhysRevLett.85.3436 
[29] C. Peuker, W. Bessau, K.W. Brzezinka, A. Kohl, U. Reinholz, H. Geissler, IR 
and Raman study of calcium aluminosilicate glasses of the composition xCaO-xAl2O3-
(100-2x)SiO2, Glass Sci. Technol., 75 (2002) 313-322.  
[30] K. Zheng, Z. Zhang, F. Yang, S. Sridhar, Molecular Dynamics Study of the 
Structural Properties of Calcium Aluminosilicate Slags with Varying Al2O3/SiO2 
Ratios, ISIJ International, 52 (2012) 342-349. 10.2355/isijinternational.52.342 
[31] M. Liska, B. Hatalova, Structure of MD simulated calcium aluminosilicate 
systems, Ceramics-Silikaty, 40 (1996) 50-53.  
[32] L. Cormier, D. Ghaleb, D.R. Neuville, J.-M. Delaye, G. Calas, Chemical 
dependence of network topology of calcium aluminosilicate glasses: a computer 
simulation study, J. Non-Crystalline Solids, 332 (2003) 255-270. 
10.1016/j.jnoncrysol.2003.09.012 
[33] M. Bouhadja, N. Jakse, A. Pasturel, Striking role of non-bridging oxygen on glass 
transition temperature of calcium aluminosilicate glass-formers, J. Chemical Phys., 
140 (2014) 234507-234507. 10.1063/1.4882283 
[34] A. Pedone, E. Gambuzzi, G. Malavasi, M.C. Menziani, First-principles 
simulations of the 27Al and 17O solid-state NMR spectra of the CaAl2Si3O10 glass, 
Theoretical Chemistry Accounts, 131 (2012) 1147. 10.1007/s00214-012-1147-5 
[35] A. Tandia, N.T. Timofeev, J.C. Mauro, K.D. Vargheese, Defect-mediated self-
diffusion in calcium aluminosilicate glasses: A molecular modeling study, J. Non-
Crystalline Solids, 357 (2011) 1780-1786. 10.1016/j.jnoncrysol.2010.12.078 
[36] P. Ganster, M. Benoit, W. Kob, J.-M. Delaye, Structural properties of a calcium 
aluminosilicate glass from molecular-dynamics simulations: A finite size effects 
study, J. Chemical Phys., 120 (2004) 10172-10181. 10.1063/1.1724815 
[37] M. Bauchy, Structural, vibrational, and elastic properties of a calcium 
aluminosilicate glass from molecular dynamics simulations: The role of the potential, 
J. Chemical Phys., 141 (2014) 024507-024507. 10.1063/1.4886421 
[38] M. Benoit, S. Ispas, M.E. Tuckerman, Structural properties of molten silicates 
from ab-initio molecular-dynamics simulations: Comparison between 
CaO−Al2O3−SiO2 and SiO2, Physical Review B, 64 (2001) 20-20. 
10.1103/PhysRevB.64.224205 
[39] S.K. Lee, J.F. Stebbins, Al–O–Al and Si–O–Si sites in framework aluminosilicate 
glasses with Si/Al=1: quantification of framework disorder, J. Non-Crystalline Solids, 
270 (2000) 260-264. 10.1016/S0022-3093(00)00089-2 
[40] W. Loewenstein, The Distribution Of Aluminum In The Tetrahedra Of Silicates 
And Aluminates, Am. Mineralogist, 39 (1954) 92-96.  
[41] L. Martel, M. Allix, F. Millot, V. Sarou-Kanian, E. Véron, S. Ory, D. Massiot, 
M.l. Deschamps, Controlling the Size of Nanodomains in Calcium Aluminosilicate 



 

 56 

Glasses, The Journal of Physical Chemistry C, 115 (2011) 18935-18945. 
10.1021/jp200824m 
[42] C. Le Losq, D.R. Neuville, W.L. Chen, P. Florian, D. Massiot, Z.F. Zhou, G.N. 
Greaves, Percolation channels: a universal idea to describe the atomic structure and 
dynamics of glasses and melts, Scientific Reports, 7 (2017) 12. 10.1038/s41598-017-
16741-3 
[43] M. Bouhadja, N. Jakse, A. Pasturel, Structural and dynamic properties of calcium 
aluminosilicate melts: A molecular dynamics study, J. Chemical Phys., 138 (2013) 
224510-224510. 10.1063/1.4809523 
[44] D.B. Ghosh, B.B. Karki, First-principles molecular dynamics simulations of 
anorthite (CaAl2Si2O8) glass at high pressure, Phys. Chem. Minerals, 45 (2018) 1-13. 
10.1007/s00269-018-0943-4 
[45] J.W.E. Drewitt, S. Jahn, C. Sanloup, C. de Grouchy, G. Garbarino, L. Hennet, 
Development of chemical and topological structure in aluminosilicate liquids and 
glasses at high pressure, Journal of Physics: Condensed Matter, 27 (2015) 105103-
105103. 10.1088/0953-8984/27/10/105103 
[46] M. Benoit, M. Profeta, F. Mauri, C.J. Pickard, M.E. Tuckerman, First-principles 
calculation of the 17O NMR parameters of a calcium aluminosilicate glass, J Phys 
Chem B, 109 (2005) 6052-6060. 10.1021/jp0492570 
[47] G. Agnello, R. Youngman, L. Lamberson, N. Smith, W. LaCourse, A.N. 
Cormack, Bulk structures of silica-rich calcium aluminosilicate (CAS) glasses along 
the molar CaO/Al2O3 = 1 join via molecular dynamics (MD) simulation, J. Non-
Crystalline Solids, 519 (2019) 119450. 10.1016/j.jnoncrysol.2019.05.026 
[48] A. Pedone, E. Gambuzzi, M.C. Menziani, Unambiguous Description of the 
Oxygen Environment in Multicomponent Aluminosilicate Glasses from 17O Solid 
State NMR Computational Spectroscopy, The Journal of Physical Chemistry C, 116 
(2012) 14599-14609. 10.1021/jp304802y 
[49] P. Ganster, M. Benoit, J.M. Delaye, W. Kob, Structural and vibrational properties 
of a calcium aluminosilicate glass: classical force-fields vs. first-principles, Molecular 
Simulation, 33 (2007) 1093-1103. 10.1080/08927020701541006 
[50] E. Ryschkewitsch, The Plasticity of Brittle Materials, in:  Industrial Diamond 
Review, 1946, pp. 339-344. 
[51] E.W. Taylor, Plastic Deformation of Optical Glass, Nature, 163 (1949) 323-323. 
10.1038/163323a0 
[52] J.F.H. Custers, Plastic Deformation of Glass during Scratching, Nature, 164 
(1949) 627-627. 10.1038/164627a0 
[53] E.O. Bernhardt, The Microhardness of Solids in the Boundary Region of the 
Kick's Similarity Principle, Zeitschrift für Metallkunde, 33 (1941) 135-144.  
[54] A. Arora, D.B. Marshall, B.R. Lawn, M.V. Swain, Indentation 
deformation/fracture of normal and anomalous glasses, J. Non-Crystalline Solids, 31 
(1979) 415-428. 10.1016/0022-3093(79)90154-6 
[55] K.W. Peter, Densification and flow phenomena of glass in indentation 
experiments, J. Non-Crystalline Solids, 5 (1970) 103-115. 10.1016/0022-
3093(70)90188-2 



 

 57 

[56] D.M. Marsh, Plastic Flow and Fracture of Glass, Proceedings of the Royal 
Society A: Mathematical, Physical and Engineering Sciences, 282 (1964) 33-43. 
10.1098/rspa.1964.0210 
[57] D.M. Marsh, Plastic Flow in Glass, Proceedings of the Royal Society A: 
Mathematical, Physical and Engineering Sciences, 279 (1964) 420-435. 
10.1098/rspa.1964.0114 
[58] F.M. Ernsberger, Role of Densification in Deformation of Glasses Under Point 
Loading, Journal of the American Ceramic Society, 51 (1968) 545-547. 
10.1111/j.1151-2916.1968.tb13318.x 
[59] T. Rouxel, H. Ji, T. Hammouda, A. Moréac, Poisson's ratio and the densification 
of glass under high pressure, Physical Review Letters, 100 (2008) 225501. 
10.1103/PhysRevLett.100.225501 
[60] J. Gwinner, Non-linear elastic deformations, Acta Applicandae Mathematica, 11 
(1988) 191-193. 10.1007/BF00047287 
[61] J.D. Mackenzie, High-pressure Effects on Oxide Glasses : I, Densification in 
Rigid State, Journal of the American Ceramic Society, 46 (1963) 461-470. 
10.1111/j.1151-2916.1963.tb13776.x 
[62] P.W. Bridgman, I. Šimon, Effects of Very High Pressures on Glass, Journal of 
Applied Physics, 24 (1953) 405-413. 10.1063/1.1721294 
[63] T. Deschamps, A. Kassir-Bodon, C. Sonneville, J. Margueritat, C. Martinet, D. de 
Ligny, A. Mermet, B. Champagnon, Permanent densification of compressed silica 
glass: a Raman-density calibration curve, Journal of Physics: Condensed Matter, 25 
(2012) 025402-025402. 10.1088/0953-8984/25/2/025402 
[64] T. Deschamps, C. Martinet, D.R. Neuville, D. de Ligny, C. Coussa-Simon, B. 
Champagnon, Silica under hydrostatic pressure: A non continuous medium behavior, 
J. Non-Crystalline Solids, 355 (2009) 2422-2424. 10.1016/j.jnoncrysol.2009.08.031 
[65] C. Sonneville, A. Mermet, B. Champagnon, C. Martinet, J. Margueritat, D. de 
Ligny, T. Deschamps, F. Balima, Progressive transformations of silica glass upon 
densification, J. Chemical Phys., 137 (2012) 124505-124505. 10.1063/1.4754601 
[66] C. Martinet, A. Kassir-Bodon, T. Deschamps, A. Cornet, S.L. Floch, V. Martinez, 
B. Champagnon, Permanently densified SiO2 glasses: a structural approach, Journal of 
Physics: Condensed Matter, 27 (2015) 325401-325401.  
[67] M. Grimsditch, Polymorphism in Amorphous SiO2, Physical Review Letters, 52 
(1984) 2379-2381. 10.1103/PhysRevLett.52.2379 
[68] M. Guerette, M.R. Ackerson, J. Thomas, F. Yuan, E. Bruce Watson, D. Walker, 
L. Huang, Structure and Properties of Silica Glass Densified in Cold Compression and 
Hot Compression, Scientific Reports, 5 (2015) 15343-15343. 10.1038/srep15343 
[69] L. Huang, J. Kieffer, Amorphous-amorphous transitions in silica glass. I. 
Reversible transitions and thermomechanical anomalies, Physical Review B, 69 
(2004) 224203-224203. 10.1103/PhysRevB.69.224203 
[70] L. Huang, J. Kieffer, Amorphous-amorphous transitions in silica glass. II. 
Irreversible transitions and densification limit, Physical Review B, 69 (2004) 224204-
224204. 10.1103/PhysRevB.69.224204 
[71] A. Perriot, D. Vandembroucq, E. Barthel, V. Martinez, L. Grosvalet, C.H. 
Martinet, B. Champagnon, Raman microspectroscopic characterization of amorphous 



 

 58 

silica plastic behavior, Journal of the American Ceramic Society, 89 (2006) 596-601. 
10.1111/j.1551-2916.2005.00747.x 
[72] T. Deschamps, C. Martinet, J.L. Bruneel, B. Champagnon, Soda-lime silicate 
glass under hydrostatic pressure and indentation: a micro-Raman study, Journal of 
Physics: Condensed Matter, 23 (2011) 035402-035402. 10.1088/0953-
8984/23/3/035402 
[73] A. Kassir-Bodon, T. Deschamps, C. Martinet, B. Champagnon, J. Teisseire, G. 
Kermouche, Raman Mapping of the Indentation-Induced Densification of a Soda-
Lime-Silicate Glass, International Journal of Applied Glass Science, 3 (2012) 29-35. 
10.1111/j.2041-1294.2012.00078.x 
[74] Y. Kato, H. Yamazaki, S. Yoshida, J. Matsuoka, M. Kanzaki, Measurements of 
density distribution around Vickers indentation on commercial aluminoborosilicate 
and soda-lime silicate glasses by using micro Raman spectroscopy, J. Non-Crystalline 
Solids, 358 (2012) 3473-3480. 10.1016/j.jnoncrysol.2012.04.035 
[75] K. Januchta, M.M. Smedskjaer, Indentation deformation in oxide glasses: 
Quantification, structural changes, and relation to cracking, J. Non-Crystalline Solids: 
X, 1 (2019) 100007. 10.1016/j.nocx.2018.100007 
[76] T. Rouxel, H. Ji, J.P. Guin, F. Augereau, B. Rufflé, Indentation deformation 
mechanism in glass: Densification versus shear flow, Journal of Applied Physics, 107 
(2010) 094903-094903. 10.1063/1.3407559 
[77] J.T. Hagan, Shear deformation under pyramidal indentations in soda-lime glass, 
Journal of Materials Science, 15 (1980) 1417-1424. 10.1007/BF00752121 
[78] T.M. Gross, J. Wu, D.E. Baker, J.J. Price, R. Yongsunthon, Crack-resistant glass 
with high shear band density, J. Non-Crystalline Solids, 494 (2018) 13-20. 
10.1016/j.jnoncrysol.2018.04.048 
[79] W.J. Wright, Y. Liu, X. Gu, K.D. Van Ness, S.L. Robare, X. Liu, J. Antonaglia, 
M. LeBlanc, J.T. Uhl, T.C. Hufnagel, K.A. Dahmen, Experimental evidence for both 
progressive and simultaneous shear during quasistatic compression of a bulk metallic 
glass, Journal of Applied Physics, 119 (2016) 084908-084908. 10.1063/1.4942004 
[80] M.M. Smedskjaer, Indentation size effect and the plastic compressibility of glass, 
Applied Physics Letters, 104 (2014) 251906-251906. 10.1063/1.4885337 
[81] C.R. Kurkjian, G.W. Kammlott, M.M. Chaudhri, Indentation Behavior of Soda-
Lime Silica Glass, Fused Silica, and Single-Crystal Quartz at Liquid Nitrogen 
Temperature, Journal of the American Ceramic Society, 78 (1995) 737-744. 
10.1111/j.1151-2916.1995.tb08241.x 
[82] B. Mantisi, a. Tanguy, G. Kermouche, E. Barthel, Atomistic response of a model 
silica glass under shear and pressure, European Physical Journal B, 85 (2012). 
10.1140/epjb/e2012-30317-6 
[83] B.R. Lawn, T.P. Dabbs, C.J. Fairbanks, Kinetics of shear-activated indentation 
crack initiation in soda-lime glass, Journal of Materials Science, 18 (1983) 2785-2797. 
10.1007/BF00547596 
[84] R. Chakraborty, A. Dey, A.K. Mukhopadhyay, Loading Rate Effect on 
Nanohardness of Soda-Lime-Silica Glass, Metallurgical and Materials Transactions A, 
41 (2010) 1301-1312. 10.1007/s11661-010-0176-8 



 

 59 

[85] J.E. Neely, J.D. Mackenzie, Hardness and low-temperature deformation of silica 
glass, Journal of Materials Science, 3 (1968) 603-609. 10.1007/BF00757906 
[86] S. Yoshida, J.-C. Sanglebœuf, T. Rouxel, Quantitative evaluation of indentation-
induced densification in glass, Journal of Materials Research, 20 (2005) 3404-3412. 
10.1557/jmr.2005.0418 
[87] T. Rouxel, Driving force for indentation cracking in glass: composition, pressure 
and temperature dependence, Philosophical transactions. Series A, Mathematical, 
physical, and engineering sciences, 373 (2015). 10.1098/rsta.2014.0140 
[88] B.T. Poe, C. Romano, G. Henderson, Raman and XANES spectroscopy of 
permanently densified vitreous silica, J. Non-Crystalline Solids, 341 (2004) 162-169. 
10.1016/J.JNONCRYSOL.2004.04.014 
[89] A. Furukawa, H. Tanaka, Inhomogeneous flow and fracture of glassy materials, 
Nature materials, 8 (2009) 601-609. 10.1038/nmat2468 
[90] R.J. Hemley, C.T. Prewitt, K.J. Kingma, High-pressure behavior of silica, 
Reviews in Mineralogy and Geochemistry, 29 (1994).  
[91] Q. Williams, R. Jeanloz, Spectroscopic Evidence for Pressure-Induced 
Coordination Changes in Silicate Glasses and Melts, Science, 239 (1988) 902-905. 
10.1126/science.239.4842.902 
[92] D.A. Kilymis, J.M. Delaye, Nanoindentation of pristine and disordered silica: 
Molecular Dynamics simulations, J. Non-Crystalline Solids, 382 (2013) 87-94. 
10.1016/j.jnoncrysol.2013.10.013 
[93] A. Winterstein-Beckmann, D. Möncke, D. Palles, E.I. Kamitsos, L. Wondraczek, 
Raman spectroscopic study of structural changes induced by micro-indentation in low 
alkali borosilicate glasses, J. Non-Crystalline Solids, 401 (2014) 110-114. 
10.1016/j.jnoncrysol.2013.12.038 
[94] A. Winterstein-Beckmann, D. Möncke, D. Palles, E.I. Kamitsos, L. Wondraczek, 
A Raman-spectroscopic study of indentation-induced structural changes in technical 
alkali-borosilicate glasses with varying silicate network connectivity, J. Non-
Crystalline Solids, 405 (2014) 196-206. 10.1016/j.jnoncrysol.2014.09.020 
[95] M.J. Toplis, S.C. Kohn, M.E. Smith, I.J.F. Poplett, Fivefold-coordinated 
aluminum in tectosilicate glasses observed by triple quantum MAS NMR, Am. 
Mineralogist, 85 (2000) 1556-1560. 10.2138/am-2000-1031 
[96] P. McMillan, B. Piriou, R. Couty, A Raman study of pressure-densified vitreous 
silica, J. Chemical Phys., 81 (1984) 4234-4236. 10.1063/1.447455 
[97] K.I. Nomura, Y.C. Chen, R.K. Kalia, A. Nakano, P. Vashishta, Defect migration 
and recombination in nanoindentation of silica glass, Applied Physics Letters, 99 
(2011) 2011-2014. 10.1063/1.3637052 
[98] R.J. Hemley, H.K. Mao, P.M. Bell, B.O. Mysen, Raman Spectroscopy of SiO2 
Glass at High Pressure, Physical Review Letters, 57 (1986) 747-750. 
10.1103/PhysRevLett.57.747 
[99] C.H. Polsky, K.H. Smith, G.H. Wolf, Effect of pressure on the absolute Raman 
scattering cross section of SiO2 and GeO2 glasses, J. Non-Crystalline Solids, 248 
(1999) 159-168. 10.1016/S0022-3093(99)00238-0 
[100] L.P. Dávila, M.-J. Caturla, A. Kubota, B. Sadigh, T. Díaz de la Rubia, J.F. 
Shackelford, S.H. Risbud, S.H. Garofalini, Transformations in the Medium-Range 



 

 60 

Order of Fused Silica under High Pressure, Physical Review Letters, 91 (2003) 
205501-205501. 10.1103/PhysRevLett.91.205501 
[101] M. Sakai, The Meyer hardness: A measure for plasticity?, Journal of Materials 
Research, 14 (1999) 3630-3639. 10.1557/JMR.1999.0490 
[102] T. Uchino, Y. Tokuda, T. Yoko, Vibrational dynamics of defect modes in 
vitreous silica, Physical Review B, 58 (1998) 5322-5328. 10.1103/PhysRevB.58.5322 
[103] A.C. Wright, Neutron scattering from vitreous silica. V. The structure of 
vitreous silica: What have we learned from 60 years of diffraction studies?, J. Non-
Crystalline Solids, 179 (1994) 84-115. 10.1016/0022-3093(94)90687-4 
[104] M. Zanatta, G. Baldi, R.S. Brusa, W. Egger, A. Fontana, E. Gilioli, S. Mariazzi, 
G. Monaco, L. Ravelli, F. Sacchetti, Structural Evolution and Medium Range Order in 
Permanently Densified Vitreous SiO 2, Physical Review Letters, 112 (2014) 045501-
045501. 10.1103/PhysRevLett.112.045501 
[105] A. Zeidler, K. Wezka, R.F. Rowlands, D.A.J. Whittaker, P.S. Salmon, A. 
Polidori, J.W.E. Drewitt, S. Klotz, H.E. Fischer, M.C. Wilding, C.L. Bull, M.G. 
Tucker, M. Wilson, High-Pressure Transformation of SiO2 Glass from a Tetrahedral to 
an Octahedral Network: A Joint Approach Using Neutron Diffraction and Molecular 
Dynamics, Physical Review Letters, 113 (2014) 135501-135501. 
10.1103/PhysRevLett.113.135501 
[106] C. Meade, R.J. Hemley, H.K. Mao, High-pressure x-ray diffraction of SiO2 
glass, Physical Review Letters, 69 (1992) 1387-1390. 10.1103/PhysRevLett.69.1387 
[107] P.S. Salmon, A. Zeidler, Networks under pressure: the development of in situ 
high-pressure neutron diffraction for glassy and liquid materials, Journal of Physics: 
Condensed Matter, 27 (2015) 133201-133201. 10.1088/0953-8984/27/13/133201 
[108] J.R. Allwardt, J.F. Stebbins, B.C. Schmidt, D.J. Frost, A.C. Withers, M.M. 
Hirschmann, Aluminum coordination and the densification of high-pressure 
aluminosilicate glasses, Am. Mineralogist, 90 (2005) 1218-1222. 
10.2138/am.2005.1836 
[109] J.R. Allwardt, J.F. Stebbins, H. Terasaki, L.S. Du, D.J. Frost, A.C. Withers, 
M.M. Hirschmann, A. Suzuki, E. Ohtani, Effect of structural transitions on properties 
of high-pressure silicate melts: 27Al NMR, glass densities, and melt viscosities, Am. 
Mineralogist, 92 (2007) 1093-1104. 10.2138/am.2007.2530 
[110] J.F. Stebbins, S. Bista, Pentacoordinated and hexacoordinated silicon cations in 
a potassium silicate glass: Effects of pressure and temperature, J. Non-Crystalline 
Solids, 505 (2019) 234-240. 10.1016/j.jnoncrysol.2018.11.001 
[111] G.H. Wolf, P.F. McMillan, Pressure effects on silicate melt - Structure and 
properties, in: J.F. Stebbins, P.F. McMillan, D.B. Dingwell (Eds.), Mineralogical Soc. 
Amer., 3635 Concorde Pkwy Ste 500, Chantilly, VA 20151-1125 USA, 1995, pp. 
505-561. 
[112] X. Xue, J.F. Stebbins, M. Kanzaki, P.F. McMillan, B. Poe, Pressure-Induced 
Silicon Coordination And Tetrahedral Structural Changes In Alkali Oxide-Silica Melts 
Up To 12 GPa; NMR, Raman, And Infrared Spectroscopy, Am. Mineralogist, 76 
(1991).  



 

 61 

[113] G.E. Walrafen, Y.C. Chu, M.S. Hokmabadi, Raman spectroscopic investigation 
of irreversibly compacted vitreous silica, J. Chemical Phys., 92 (1990) 6987-7002. 
10.1063/1.458239 
[114] G.E. Walrafen, P.N. Krishnan, Raman spectrum of pressure compacted fused 
silica, J. Chemical Phys., 74 (1981) 5328-5330. 10.1063/1.441703 
[115] S. Yoshida, Y. Nishikubo, A. Konno, T. Sugawara, Y. Miura, J. Matsuoka, 
Fracture- and Indentation-Induced Structural Changes of Sodium Borosilicate Glasses, 
International Journal of Applied Glass Science, 3 (2012) 3-13. 10.1111/j.2041-
1294.2011.00077.x 
[116] P. Malchow, K.E. Johanns, D. Möncke, S. Korte-Kerzel, L. Wondraczek, K. 
Durst, Composition and cooling-rate dependence of plastic deformation, densification, 
and cracking in sodium borosilicate glasses during pyramidal indentation, J. Non-
Crystalline Solids, 419 (2015) 97-109. 10.1016/j.jnoncrysol.2015.03.020 
[117] D. Kilymis, A. Faivre, T. Michel, S. Peuget, J.-M. Delaye, J. Delrieu, M. 
Ramonda, S. Ispas, Raman spectra of indented pristine and irradiated sodium 
borosilicate glasses, J. Non-Crystalline Solids, 464 (2017) 5-13. 
10.1016/j.jnoncrysol.2017.03.012 
[118] S. Yoshida, T.H. Nguyen, A. Yamada, J. Matsuoka, In-Situ Raman 
Measurements of Silicate Glasses during Vickers Indentation, MATERIALS 
TRANSACTIONS, 60 (2019) 1428-1432. 10.2320/matertrans.MD201901 
[119] S. Bruns, T. Uesbeck, S. Fuhrmann, M. Tarragó Aymerich, L. Wondraczek, D. 
Ligny, K. Durst, Indentation densification of fused silica assessed by raman 
spectroscopy and constitutive finite element analysis, Journal of the American 
Ceramic Society, 103 (2020) 3076-3088. 10.1111/jace.17024 
[120] Y.B. Gerbig, C.A. Michaels, In-situ Raman spectroscopic measurements of the 
deformation region in indented glasses, J. Non-Crystalline Solids, 530 (2020) 119828. 
10.1016/j.jnoncrysol.2019.119828 
[121] B. Champagnon, C. Martinet, M. Boudeulle, D. Vouagner, C. Coussa, T. 
Deschamps, L. Grosvalet, High pressure elastic and plastic deformations of silica: In 
situ diamond anvil cell Raman experiments, J. Non-Crystalline Solids, 354 (2008) 
569-573. 10.1016/j.jnoncrysol.2007.07.079 
[122] J.R. Ferraro, K. Nakamoto, C.W. Brown, Chapter 1 - Basic Theory, in: J.R. 
Ferraro, K. Nakamoto, C.W. Brown (Eds.) Introductory Raman Spectroscopy (Second 
Edition), Academic Press, San Diego, 2003, pp. 1-94. 
[123] R. Almeida, L. Santos, Raman Spectroscopy of Glasses, in: M. Affatigato (Ed.) 
Modern Glass Characterization, Wiley, pp. 1-33. 
[124] F.L. Galeener, R.A. Barrio, E. Martinez, R.J. Elliott, Vibrational Decoupling of 
Rings in Amorphous Solids, Physical Review Letters, 53 (1984) 2429-2432. 
10.1103/PhysRevLett.53.2429 
[125] R.A. Barrio, F.L. Castillo-Alvarado, F.L. Galeener, Structural and vibrational 
model for vitreous boron oxide, Physical Review B, 44 (1991) 7313-7320. 
10.1103/PhysRevB.44.7313 
[126] P.N. Sen, M.F. Thorpe, Phonons in AX2 glasses: From molecular to band-like 
modes, Physical Review B, 15 (1977) 4030-4038. 10.1103/PhysRevB.15.4030 



 

 62 

[127] L. Giacomazzi, A. Pasquarello, Vibrational spectra of vitreous SiO2 and vitreous 
GeO2 from first principles, Journal of Physics: Condensed Matter, 19 (2007) 415112. 
10.1088/0953-8984/19/41/415112 
[128] S. Ispas, M. Benoit, P. Jund, R. Jullien, Structural properties of glassy and liquid 
sodium tetrasilicate: comparison between ab initio and classical molecular dynamics 
simulations, J. Non-Crystalline Solids, 307-310 (2002) 946-955. 10.1016/S0022-
3093(02)01549-1 
[129] H. Liu, S.H. Hahn, M. Ren, M. Thiruvillamalai, T.M. Gross, J. Du, A.C.T. Duin, 
S.H. Kim, Searching for correlations between vibrational spectral features and 
structural parameters of silicate glass network, Journal of the American Ceramic 
Society, 103 (2020) 3575-3589. 10.1111/jace.17036 
[130] R.G. Kuryaeva, Effect of pressure on the refractive index and relative density of 
the CaO-Al2O3-6SiO2 glass, J. Non-Crystalline Solids, 355 (2009) 159-163. 
10.1016/j.jnoncrysol.2008.11.020 
[131] D. Frenkel, B. Smit, Chapter 4 - Molecular Dynamics Simulations, in: D. 
Frenkel, B. Smit (Eds.) Understanding Molecular Simulation (Second Edition), 
Academic Press, San Diego, 2002, pp. 63-107. 
[132] A.N. Cormack, Y. Cao, Molecular dynamics simulation of silicate glasses, 
Molecular Engineering, 6 (1996) 183-227. 10.1007/BF00161727 
[133] J.E. Jones, On the determination of molecular fields - II From the equation of 
state of a gas, Proc. R. soc. Lond. Ser. A-Contain. Pap. Math. Phys. Character, 106 
(1924) 463-477. 10.1098/rspa.1924.0082 
[134] A.C.T. van Duin, S. Dasgupta, F. Lorant, W.A. Goddard, ReaxFF:  A Reactive 
Force Field for Hydrocarbons, The Journal of Physical Chemistry A, 105 (2001) 9396-
9409. 10.1021/jp004368u 
[135] L.V. Woodcock, C.A. Angell, P. Cheeseman, Molecular-Dynamics Studies Of 
Vitreous State - Simple Ionic Systems And Silica, J. Chemical Phys., 65 (1976) 1565-
1577. 10.1063/1.433213 
[136] B.W.H. van Beest, G.J. Kramer, R.A. van Santen, Force fields for silicas and 
aluminophosphates based on ab initio calculations, Physical Review Letters, 64 (1990) 
1955-1958. 10.1103/PhysRevLett.64.1955 
[137] A. Carré, J. Horbach, S. Ispas, W. Kob, New fitting scheme to obtain effective 
potential from Car-Parrinello molecular-dynamics simulations: Application to silica, 
EPL (Europhysics Letters), 82 (2008) 17001. 10.1209/0295-5075/82/17001 
[138] J.M. Delaye, V. Louis-Achille, D. Ghaleb, Modeling oxide glasses with Born–
Mayer–Huggins potentials: Effect of composition on structural changes, J. Non-
Crystalline Solids, 210 (1997) 232-242. 10.1016/S0022-3093(96)00604-7 
[139] S.H. Garofalini, Molecular dynamics simulation of the frequency spectrum of 
amorphous silica, J. Chemical Phys., 76 (1982) 3189-3192. 10.1063/1.443363 
[140] A. Pedone, G. Malavasi, M.C. Menziani, A.N. Cormack, U. Segre, A New Self-
Consistent Empirical Interatomic Potential Model for Oxides, Silicates, and Silica-
Based Glasses, Journal of physical chemistry B, 110 (2006) 11780-11795. 
10.1021/JP0611018 



 

 63 

[141] J. Du, A.N. Cormack, The medium range structure of sodium silicate glasses: a 
molecular dynamics simulation, J. Non-Crystalline Solids, 349 (2004) 66-79. 
10.1016/j.jnoncrysol.2004.08.264 
[142] J.R.G. Da Silva, D.G. Pinatti, C.E. Anderson, M.L. Rudee, A refinement of the 
structure of vitreous silica, The Philosophical Magazine: A Journal of Theoretical 
Experimental and Applied Physics, 31 (1975) 713-717. 10.1080/14786437508226549 
[143] P. Koziatek, J.L. Barrat, D. Rodney, Short- and medium-range orders in as-
quenched and deformed SiO2 glasses: An atomistic study, J. Non-Crystalline Solids, 
414 (2015) 7-15. 10.1016/j.jnoncrysol.2015.01.009 
[144] J.D. Kubicki, A.C. Lasaga, Molecular-Dynamics Simulations Of SiO2 Melt And 
Glass - Ionic And Covalent Models, Am. Mineralogist, 73 (1988) 941-955.  
[145] L. Stixrude, M.S.T. Bukowinski, Atomic structure of SiO2 glass and its response 
to pressure, Physical Review B, 44 (1991) 2523-2534. 10.1103/PhysRevB.44.2523 
[146] L.T. Vinh, P.K. Hung, N.V. Hong, T.T. Tu, Local microstructure of silica glass, 
J. Non-Crystalline Solids, 355 (2009) 1215-1220. 10.1016/j.jnoncrysol.2009.05.012 
[147] N. Li, R. Sakidja, S. Aryal, W.-Y. Ching, Densification of a continuous random 
network model of amorphous SiO2 glass, Physical Chemistry Chemical Physics, 16 
(2014) 1500-1514. 10.1039/C3CP53192A 
[148] S. Izvekov, B.M. Rice, Mechanism of densification in silica glass under pressure 
as revealed by a bottom-up pairwise effective interaction model, J. Chemical Phys., 
136 (2012) 134508. 10.1063/1.3696865 
[149] E. Ryuo, D. Wakabayashi, A. Koura, F. Shimojo, Ab initio simulation of 
permanent densification in silica glass, Physical Review B, 96 (2017) 054206. 
10.1103/PhysRevB.96.054206 
[150] J.S. Tse, D.D. Klug, Y. Le Page, High-pressure densification of amorphous 
silica, Physical Review B, 46 (1992) 5933-5938. 10.1103/PhysRevB.46.5933 
[151] R.G. Della Valle, E. Venuti, High-pressure densification of silica glass: A 
molecular-dynamics simulation, Physical Review B, 54 (1996) 3809-3816. 
10.1103/PhysRevB.54.3809 
[152] F. Yuan, L. Huang, Brittle to ductile transition in densified silica glass, 
Scientific reports, 4 (2014) 5035-5035. 10.1038/srep05035 
[153] L. Huang, F. Yuan, M. Guerette, Q. Zhao, S. Sundararaman, Tailoring structure 
and properties of silica glass aided by computer simulation, Journal of Materials 
Research, 32 (2017) 174-182. 10.1557/jmr.2016.397 
[154] W. Schill, S. Heyden, S. Conti, M. Ortiz, The anomalous yield behavior of fused 
silica glass, Journal of the Mechanics and Physics of Solids, 113 (2018) 105-125. 
10.1016/j.jmps.2018.01.004 
[155] K. Trachenko, M.T. Dove, Densification of silica glass under pressure, Journal 
of Physics: Condensed Matter, 14 (2002) 7449.  
[156] G. Molnár, P. Ganster, A. Tanguy, Effect of composition and pressure on the 
shear strength of sodium silicate glasses: An atomic scale simulation study, Physical 
Review E, 95 (2017) 043001-043001. 10.1103/PhysRevE.95.043001 
[157] G. Molnár, P. Ganster, J. Török, A. Tanguy, Sodium effect on static mechanical 
behavior of MD-modeled sodium silicate glasses, J. Non-Crystalline Solids, 440 
(2016) 12-25. 10.1016/j.jnoncrysol.2016.02.024 



 

 64 

[158] A. Takada, Molecular dynamics simulation of deformation in SiO2 and Na2O-
SiO2 glasses, Journal of the Ceramic Society of Japan, 116 (2008) 880-884. 
10.2109/jcersj2.116.880 
[159] D.A. Kilymis, J.-M. Delaye, S. Ispas, Behavior of sodium borosilicate glasses 
under compression using molecular dynamics, J. Chemical Phys., 143 (2015) 094503. 
10.1063/1.4929785 
[160] T. Taniguchi, S. Ito, Deformation and fracture of soda-lime-silica glass under 
tension by molecular dynamics simulation, Journal of the Ceramic Society of Japan, 
116 (2008) 885-889. 10.2109/jcersj2.116.885 

 
 



 65 

CHAPTER 3: Ex-situ Raman Spectroscopy Investigation of 
Plastic Deformation during Indentation of Vitreous Silica 
 
 
Nicole T. Wiles1, Galan G. Moore2, Shefford P. Baker1 
1. Cornell University, Department of Materials Science and Engineering, Bard Hall, 

Ithaca, NY 14853 

2. Corning Incorporated, Characterization Sciences, Corning, NY 
 
This chapter is a draft in preparation for submission to the Journal of Non-Crystalline 

Solids. 
 

ABSTRACT 

In this study, the nature of plastic deformation in indentations was explored at both a 

macroscopic and atomistic scale. Indentations in vitreous silica were created using a 

range of loads resulting in various indentation sizes and the structure of the glass 

inside the residual indentations was characterized using Raman spectroscopy. Since 

the Raman laser spot size was fixed and indentation size was varied, it was possible to 

vary the fraction of the deformed material under the indenter that contributed to the 

Raman signal and show that densification of the glass under the indenter saturates. 

Analysis of Raman spectral changes at various average deformation levels suggests 

that both bond breaking and reforming and network folding mechanisms contribute to 

plastic deformation in indentations. A few intricacies of experiments in which 

indentation deformation is studied using Raman spectroscopy including the effects of 

cracking, Raman mapping, and relationships between Raman spectra and densification 

are discussed.  
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3.1. INTRODUCTION 

Silicate glasses are used in applications such as display glass, automotive glazing, and 

nuclear waste containment which require increasingly robust mechanical properties. 

Although fracture is the most common failure mode of glass in these applications, 

elastic and plastic deformation contribute to the initial formation of a crack. In 

particular, plastic deformation dictates the evolution of the stress field [1, 2] and 

nucleation of flaws [3], both of which control crack propagation [1, 4], so 

understanding plastic deformation is critical to an overall understanding of mechanical 

durability. A comprehensive understanding of plastic deformation must include 

detailed characterization of macroscopic deformation as well as atomic level 

deformation mechanisms, but at present neither macroscopic nor atomic scale 

understanding of plastic deformation are complete. 

Plastic deformation in glass is thought to occur by a combination of two modes: 

densification and shear [5]. Macroscopic plastic densification is understood in the 

framework of two competing hypotheses. In one, glass is thought to deform in a 

discrete manner like a phase transformation [6], and in the other glass is thought to 

deform continuously [7-10]. In the phase transformation model, the material 

transforms to a higher density phase above a certain threshold stress as shown in 

Figure 3.1a for an indentation. Other modern studies have suggested that densification 

varies continuously with stress like shown in Figure 3.1c in an indentation. Those who 

support gradient densification have also argued that there cannot be an infinite 

increase in densification and rather, densification must reach a saturation point [11-

14], like that observed in hydrostatic compression [15-18] which in an indentation, 

would result in a gradient of densification with a central saturated zone as shown in 

Figure 3.1d. While the phase transformation approach was popular with early 

continuum mechanics studies of plasticity in glass, the importance of this hypothesis 
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remains, because it is consistent with the concept of polyamphorism [19-25]. (In fact, 

if glasses are indeed polyamphorous, they must deform plastically in this manner.) 

Distinguishing which the two hypotheses is correct requires careful experimental 

design and analysis. So far, existing studies have not definitively determined 

macroscopic plastic densification behavior or characterized the size, shape and extent 

of plastic densification around an indentation. 

Despite the relative abundance of data and hypotheses on macroscopic 

densification, the atomic mechanisms of plastic densification are still widely disputed 

and poorly characterized. Numerous studies have suggested that silicate glasses 

densify by permanently reducing inter-tetrahedral bond angles (e.g. Si-O-Si) [13, 21, 

24-39] ; some have even suggested that this mechanism is solely responsible for 

observed densification [27]. However, a smaller number of studies suggest that bond 

angle changes alone are not sufficient and that bond breaking and reforming is 

necessary [13, 21, 31-39]. However these studies do not describe which bonds break 

and reform, how they do so, or how the structure changes as a result of these events. In 

short, a detailed explanation of atomic mechanisms of plastic densification does not 

exist. 

Studies of plastic densification mechanisms typically use nuclear magnetic 

resonance (NMR) or Raman spectroscopy to characterize atomic structure. Combining 

Raman spectroscopy with indentation provides a unique advantage over hydrostatic 

compression experiments because a range of plastic densified zones can be studied in 

a single sample using different indentation loads. Despite this possible advantage, 

existing Raman and indentation studies have nearly always focused on a single load, 

or sometimes two loads, and therefore have not exploited the capabilities of combining 

these two techniques. All existing Raman and indentation studies [7-10, 33, 34, 40-45] 

fall into one of two categories: densification mapping studies [7-10] and mechanism 
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investigation studies [33, 34, 40-43]. Existing studies of densification mapping [7-10, 

33, 34, 40-43] have attempted to measure the degree to which glass densifies under the 

indenter, but do not comment on which hypothesis about microscopic densification is 

supported by their findings. Mechanism investigation studies compare plastic 

densification mechanisms on a breadth of glass compositions, particularly those with 

boron and/or non-bridging oxygens. However, in order to obtain a comprehensive 

understanding of plastic deformation mechanisms, glasses with all types of 

components must be studied. In particular, not every glass of commercial relevance 

contains these species and deformation in glasses without these species would likely 

be very different, therefore a study of a glass containing neither could provide 

valuable insight about macro and atomic mechanisms of densification. 

In this study, we refine our knowledge about plastic densification mechanisms and 

macroscopic behavior in vitreous silica, the archetypical network former with no non-

bridging oxygens. We indented vitreous silica at a range of loads and after unloading, 

took Raman spectra at the center bottom of each indent. Our experiment with a fixed 

Raman spot size and varying indentation size is designed to probe a range of average 

deformations in a way that has not been done with other experimental designs and 

subsequent analysis. We will identify a size effect in Raman and indentation studies 

and leverage this experimental technique to identify and explain specific atomic level 

densification mechanisms and refine our understanding of how macroscopic 

densification occurs.  
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Figure 3.1:  Macroscopic plastic deformation in indentations shown as (a) a 

homogenous, discrete phase change where white material is undensified 

material and grey material is densified to a high pressure phase, or (b) an 

inhomogenous, discrete phase change where the volume fraction of the 

high pressure phase increases with increasing average deformation and 

zone of saturated deformation, or (c) a continuous gradient of deformation 

where the shade of grey represents how densified the materials is, or (d) a 

continuous gradient of deformation with a zone of saturated deformation.   
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3.2. EXPERIMENTAL 

A commercially available vitreous silica (High Purity Fused Silica 7980, Corning 

Incorporated, Corning, NY) was cut to a thickness of 1 mm and polished for three 

hours per polishing compound using 9 μm alumina followed by 3 μm diamond then 1 

μm diamond. Cutting and polishing were performed in Hyprez oil (naphtha, CAS NO. 

64742-48-9). After polishing, the sample was cleaned using d-limonene (Opticlear, 

CAS NO. 5989-27-5).  

Immediately prior to making indentations, the sample was cleaned using acetone 

followed by isopropyl alcohol. Ten Vickers indentations were performed on the 

sample using a microhardness tester (Nanovea HWMMT-X3) at each of ten nominal 

loads: 19614, 9807, 4903, 2942, 1961, 980, 490, 245, 98, and 9.8 mN, for a total of 

100 indentations. The loading time was approximately 1 second for all loads, and the 

dwell time was 15 seconds. All indentations were separated by more than 10 

indentation diagonals.  

Indent diagonals were measured on photographs of the indents taken using a 

digital camera at a magnification of 40X and a numerical aperture of 0.65. Both 

diagonals of each indentation were measured on all 10 indentations at each load except 

indentations at 9.8 mN and 19614 mN. In this configuration, the smallest discernable 

features are around 0.5 μm, so our diagonal measurement error would be 

approximately ± 0.25 μm. At 9.8 mN, the indentation diagonals are on the order of 1 

μm; therefore measurement error was too large to report accurate values. Indentations 

at 19614 mN were cracked to the extent that accurate determination of the diagonals 

was not possible.  

Using a Raman spectrometer (LabRam Evolution HR, Horiba, Edison, NJ) with a 

532 nm laser operated at 100mW, unpolarized spectra were collected from 100 cm-1 to 

2000 cm-1 using a 100x objective, and a confocal hole. The objective was initially 
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focused into the air above the sample and a Raman spectrum was collected. It was 

then focused closer to the surface and another spectrum collected. This process was 

repeated until the laser spot was well below the sample surface. We then defined the 

Raman spot to be “at the surface” when the Raman signal intensity of the glass was 

maximized. This ensured that Raman spectra were being collected at the same point 

relative to the glass surface for all measurements.  

Raman spectra were collected from the surface of the sample away from any 

indentations to use as a reference and inside of one indent at each of the following 

loads: 19614, 9807, 4903, 980, 98, and 9.8 mN. For spectra taken from indentations, 

the laser spot was aligned using the optical microscope in the plane of the sample (x 

and y) such that the laser spot was aligned with the center of the indentation. For all 

spectra, the estimated laser spot diameter was 1 μm, and an estimated spot volume was 

1 μm3.  

3.3. RESULTS 

Average indentation diagonal length and average indentation depth as function of load 

are shown in Figure 3.2a and 3.2b, respectively. Nominal average indentation depths 

were calculated from measured average indentation diagonals using the following 

equation which assumes that the indentation geometry matches that of an ideal 

Vickers indenter,  

  , (1) 

where h is the average indentation depth, d is the average indentation diagonal and θ is 

the included angle of the indenter, in this case 136˚. Indentations at 98 mN and 9.8 mN 

exhibited no signs of cracking. The indent at 980 mN exhibited possible shear banding 

(slight striations were present within the region of indenter contact), but no obvious 
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cracking. Radial and secondary radial cracking was observed in 4903 mN and 9807 

mN, and cracking in 19614 mN was so extensive that crack type identification was not 

possible. 

Raman spectra collected from indentations made at a range of loads is shown in 

Figure 3.3. The abscissa shows the Raman shift in cm-1, and the ordinate shows the 

intensity of the Raman signal on an arbitrary scale. For clarity, each of the spectra 

have been offset equally on the ordinate with pristine, unindented silica shown at the 

bottom and increasing indentation load moving upward to the top spectrum at 19614 

mN. A common splined quadratic baseline was fit to each spectrum and subtracted 

from the spectrum. Each spectrum was normalized to the peak value of the band 

between 200 cm-1and 550 cm-1. Clear changes in Raman spectra are observed with 

varying indentation load. 
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(a)  

(b)  

Figure 3.2: (a) Average indentation diagonal vs. indentation load. Error bars are 

standard deviations for 10 measurements at each load. The measurement 

error of ± 0.25 μm would be within the marker if plotted. The red line 

represents the in-plane diameter of the laser spot ellipsoid (Section 4.2.). 

(b) Indentation depth vs. indentation load calculated from average 

indentation diagonal using Eq. 1. The blue line represents the height of the 

laser spot ellipsoid (Section 4.2.). 
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Figure 3.3: Raman spectra of silica from 200 cm-1 to 1400 cm-1 from indentations 

made at loads from 9.8 mN to 19.614 N. Spectra are offset vertically for 

clarity.  
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3.4. DISCUSSION 

Our experimental design combining Raman spectroscopy and indentations at a range 

of loads provides us a distinct opportunity to observe the evolution of densification. 

By creating a simple model of the interplay between our indentations and our Raman 

laser spot and reiterating existing Raman spectral interpretation in silica, we draw 

conclusions about macroscopic densification behavior and morphology as well as 

atomic mechanisms of densification. Lastly, we comment on common uses of Raman 

spectroscopy in indentations and the care that must be taken to avoid spurious 

analysis. 

3.4.1. Silicate Glass Densification Behavior and Morphology  

Silica glass has been known to densify under load for several decades [29], however 

two competing hypotheses about how densification proceeds at the macroscopic scale 

have emerged. Densification could proceed such that plastic deformation is discrete, 

meaning every region of that glass is either in as-quenched, initial low pressure state 

or plastically deformed, high pressure state [20, 21, 24, 25] or such that plastic 

deformation is continuous, meaning every region in the glass is densified to the extent 

that it has experienced stress [7, 10, 18, 42]. In this section, we explore the two 

possible behaviors of densification at the macroscopic scale, which is more popular in 

modern studies, and we discuss the implications of both on our experimental analysis. 

While the vast majority of studies of densified glass ignore the topic of 

macroscopic densification behavior wholly, the majority of studies use the hypothesis 

of continuous deformation albeit with weak experimental evidence. The majority of 

plastic deformation studies in glass have reported continuously increasing density of 

glasses densified at increasing hydrostatic pressures, however they do not discuss the 
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implications of their data on macroscopic densification behavior. Glass indentation 

studies [7-10, 18] have become increasingly focused on densification behavior, and 

many authors seem to assume that densification proceeds continuously density 

changes continuously. However there is a rising, but yet minority, school of thought 

that glass is polyamorphous, meaning that there are different glassy states in a single 

glass based on its thermal and stress history. While largely unexplored by other studies 

that contend that glass is polyamorphous, we believe if glass were polyamorphous, it 

must plastically deform discretely between glass states.  

Discrete densification would occur such that the densified region of the glass is in 

a different phase, a high pressure state, with respect to the initial glass state and is 

analogous to pressure induced phase change in crystalline materials. If densification 

was discrete, it could occur in two possible morphologies. Either the glass deforms 

uniformly or not uniformly. If it occurred uniformly, any material which achieved a 

certain stress would densify to the high pressure state as shown schematically in 

Figure 3.1a. A uniform, discrete densification behavior would result in a defined 

boundary inside of which the material is uniformly densified into the high pressure 

state and outside of which the material is not plastically deformed. This type of 

macroscopic behavior is described and modelled using continuum mechanics by Yoffe 

[6], and relies on the concept that the glass is homogenous, at least on the scale to 

produce a homogenous response to pressure. However this densification behavior and 

morphology is not consistent with density data from hydrostatic compression of 

silicate glasses [15-18]. If densification proceeded in this manner, the density of glass 

in uniform hydrostatic compression would have a discontinuous change in density 

when the glass reached the yield stress. This is not experimentally observed, rather the 

density of hydrostatically compressed glasses increases continuously [15-18]. 

Therefore we conclude that densification does not proceed in this manner.  
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Discrete densification could be discrete but not uniform such that small regions of 

the glass are densified and other regions are not as shown in Figure 3.1b. In this type 

of densification, densified regions would start as small “nuclei” and propagate in 

volume fraction throughout the structure. In this case, the glass structure is assumed to 

be heterogeneous in response to pressure. In other words, different localized volumes 

of the glass experience different pressures and only those localized volumes which 

have experienced the yield stress deform plastically. The regions of the glass that are 

most deformed would have the largest volume fraction of densified glass, and less 

deformed regions would have a smaller volume fraction of densified glass. In Fig. 

3.1b, this is shown schematically where the region closest to the indentation is 

predominately densified (grey) and the regions further from the indentation is 

predominately undensified (white). This type of densification would be consistent with 

the concept of “polyamorphism” [19-22, 24, 25, 46]. This type of densification is also 

consistent with experimental observations that glasses which are hydrostatically 

compressed at increasing pressures eventually reach a density plateau or “saturation 

limit” [15-18]. Discrete, but not uniform densification is consistent with these 

observations. Continuous density increase can be accommodated with an increasing 

volume fraction of the high pressure state and when the entire glass volume has been 

converted in the high density phase a saturation limit occurs. 

Alternatively, densification could happen continuously rather than discretely, 

meaning that a continuous range of densified material is possible rather than only two 

states, densified and not densified. Since the stress generated near an indenter is higher 

than far from the indenter, densified material under an indentation with this type of 

densification would have a gradient of densified material with the most densified 

material near the indenter and less densified far from the indenter as shown in Figure 

3.1c. However, this view is slightly oversimplified since it is unphysical that the glass 
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would be able to densify without limit. Instead, a saturation limit of densification must 

exist, and such behavior is consistent with the saturation limited observed in 

hydrostatic compression experiments [15-18]. Data from finite element analysis 

studies have even suggested how incorporating a saturation limit into a finite element 

model results in plastic deformation behavior which is more representative of 

experimental densification data [44, 47]. Since continuous densification behavior must 

include a saturated zone, a region where the material is fully densified (i.e. fully 

saturated densification), Figure 3.1c is an oversimplified view and Figure 3.1d which 

incorporates continuous deformation with a saturated zone is more consistent with 

hypotheses surrounding continuous densification behavior. Several authors state that 

this is the sort of densification behavior they expect [11-14], however we believe that 

a more careful analysis of their data is needed to confirm such behavior.  

In summary, the only possible macroscopic densification behaviors consistent with 

existing data are discrete but not uniform densification and continuous densification. 

The average densification of both behaviors results in a continuous change density 

which reaches a saturation point at a certain pressure. Ideally, an experimental probe 

could measure highly localized regions of the structure. If discrete but not uniform 

densification occurs, the localized probe would be capable of focusing only within a 

high pressure or a low pressure state, and therefore it would be possible to measure 

two distinct states. In the case of continuous densification, the probe would always be 

probing a gradient of densification, and any two regions would produce different 

measurements, barring the unlikely situation where both regions are densified to the 

exact same extent. 

Raman spectroscopy is just such a localized experimental probe. Raman spectra 

are representative of the structure probed by the Raman laser spot. To discern which 

behavior is correct, the Raman laser spot would need to be on the order of the volume 
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of the localized regions which have changed state. However, at this point, a model is 

needed to determine the interaction of the Raman laser spot with the indentation 

geometry to gain a further understanding of the experimental design which is a 

necessary step on the way to determining which hypothesis about macroscopic 

densification is correct. In the next section (4.2), we propose just such a model, a 

simple model which calculates the size of the Raman laser spot relative to the 

geometry of the saturated zone of densification. 

3.4.2. Interaction of a Fixed Raman Laser Spot with Indentations of 
Different Sizes  

The design of this experiment (described in Section 2) results in simple data– 

indentation diagonals and Raman spectra–which are complex to accurately understand 

because of a fixed Raman laser spot which probes a variable indent size with load.  

The Raman laser spot size is a function of the laser wavelength, the size of the 

confocal hole, objective magnification and objective numerical aperture amongst other 

factors, and is thus fixed by the optical arrangement of the Raman spectrometer. In 

contrast, a range of loads produces indentations of various sizes. However, a Vickers 

indenter is self-similar, meaning that no matter the indentation depth, the shape of the 

indentation is constant and only the scale of the indentation varies. In the absence of 

size-dependent phenomena such as cracking, self-similar indenters produce the same 

stress field at all indentation depths.  

In the case where Raman spot size is fixed and the size of the stress field varies, 

each Raman spectrum would represent a different fraction of the indentation 

deformation field and thus a different average densification. If the spot size varied 

such that it was always the same proportion relative to a size independent indent, 

Raman spectra at all loads would be the same. In our experiments we have a changing 

ratio of spot size to indentation size, therefore, the changes we observe in spectra at 
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different indentation loads do not come from greater deformation in the larger 

indentations but rather that the volume which we are probing is on average more 

densified.  

While this experimental artifact is present in any study where indentations of 

different sizes are probed with a fixed Raman spot size [7-10, 33, 34, 40-45], it has 

largely been ignored or misinterpreted in other reports of similar experiments until 

recently [44, 45]. In order to provide a better intuition about these effects, we modeled 

the laser spot volume and saturated zone of plastically deformed glass beneath the 

indentation and calculated the fraction of the laser spot within the saturated zone. 

Equipped with an understanding of the variation in indentation size relative to the 

Raman spot, we can interpret Raman spectra in order to draw conclusions about both 

macroscopic behavior (Section 4.1) and atomic level mechanisms of plastic 

deformation under indentations. 

We begin by modeling the indentation geometry. As discussed in Section 4.1, 

evidence supports that densification under an indentation has a saturated zone. While 

the precise nature of the deformation surrounding the saturated zone is still in 

question, we can still model the saturated zone volume of the indentation. Some 

authors have calculated that the plastically deformed zone is roughly three times 

deeper and twice as wide as the residual indentation and that the saturated zone is 

roughly two times deeper and just as wide as the residual indentation [7, 18, 48, 49]. 

Using this information, we modeled the saturated zone as a spheroid twice as deep and 

of equal in-plane diameter to the indentation diagonal as shown in Figure 3.4d in grey. 

Using measured indentation diagonals (d) and estimated indentation depths (h) 

reported in Figure 3.2, the spheroid describing the saturated zone (spheroid of 

densification saturation) can be mathematically described in cylindrical coordinates as 

follows:  
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  (2) 

where d is the indentation diagonal and h is the indentation depth. In this 

representation, the sample surface is the r-q plane (r, q, 0), and the positive z axis 

extends from the sample surface down into the indentation.  

The shape of the laser spot is even more poorly understood than that of the 

densified zone. In reality, the laser spot is a diffuse ellipsoidal shape with short axes in 

the r-q plane (r, q, 0), and a longer axis in depth (z). Even with a confocal hole, the 

precision of the laser spot in depth is not as good as what can be achieved in the plane 

perpendicular to the objective. The greatest intensity of photons, and therefore largest 

contribution to a Raman spectrum, is at the center of the spheroid, and the intensity 

decays further from the center. The exact size and shape of the laser spot and 

functional form of the intensity decay are dependent on the laser, the objective, the 

sample and other factors which are beyond the scope of this study. So for our model, 

we simplify the laser spot shape by modeling it as a uniform spheroid, meaning that 

the r and z diameters are not equal, and we assume the contribution of spectral 

intensity is equal from all points within the spheroid like the laser spot in Figure 3.4d 

shown in green. Using methods described elsewhere [50], the laser spot diameter was 

estimated to be 1 μm, and an estimated spot volume was 1 μm3. Using a spheroidal 

model, the r diameter (2rr) is 1 μm, and the z diameter (2hr) is ~ 1.9 μm. The laser 

spheroid is aligned with the indentation such that the edge of the laser spheroid is at 

the tip of the indentation as shown in Fig. 3.4d. The laser spheroid can be expressed 

mathematically in cylindrical coordinates as follows:  

  (3) 
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where rr is the radius of the laser spot in-plane, hr is the radius of the laser spot in 

depth and h is the indentation depth. 

For each load, we used the laser spot and saturated zone geometry to calculate the 

volume of the laser spot within the saturated zone and the fraction of the total laser 

spot volume in the saturated zone. To determine the volume of the laser spot in the 

saturated zone, we performed a volume integral which determines the volume 

included between the laser spheroid and the spheroid of densification saturation (i.e. 

included volume). If the height of the laser spot is larger than the indentation depth 

(2hr < h), then the entire laser spot is within the saturated zone, therefore the included 

volume is equal to the laser spheroid volume. If 2hr > h and hr < h, then 

 

(4) 

where h is the indentation depth, d is the indentation diagonal, rr is the radius of the 

laser spot in-plane, hr is the radius of the laser spot in depth, and Z is the z value where 

the laser spot ellipsoid and the ellipsoid of the saturated zone intersect given by 

Equation 6. If 2hr > h and hr > h, then 

 

 (5) 

where h is the indentation depth, d is the indentation diagonal, rr is the radius of the 

laser spot in-plane, hr is the radius of the laser spot in depth, and Z is given by: 

 
 (6) 
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where h is the indentation depth, d is the indentation diagonal, rr is the radius of the 

laser spot in-plane, and hr is the radius of the laser spot in depth. Z is calculated by 

setting the two ellipsoids equal to each other and solving for Z as shown in Equation 7. 

  (7) 

Using Eq. 4 and Eq. 5 with indentation measurements at each load and Raman 

parameters of our system, the included volume was calculated which when divided by 

the total laser spot volume produces the fraction of the laser spot volume within the 

saturated zone as plotted in Figure 3.5. As shown in Fig. 3.2b, above a load of around 

1000 mN, the depth of the saturated zone from the tip of the indentation (h) is greater 

than depth of the laser spheroid (2hr), therefore all of the Raman data is collected from 

within the saturated volume (shown schematically in Figure 3.4a). Below around 1000 

mN, only a fraction of the laser probed volume is within the saturated zone as shown 

in Fig. 3.5 (shown schematically in Figures 3.4b and 3.4c). 

The proportion of the laser spot in the saturated zone correlates well with the 

evolution of the Raman spectrum with load shown in Fig. 3.3. At 98 mN, less than 3% 

of the laser probed volume is in the saturated zone, and the spectrum is nearly 

indistinguishable from the pristine spectrum. As the load increases, the fraction of the 

laser probed volume in the saturated zone increases until the entire laser probed 

volume is within the saturated zone (980 mN and above). Above 980 mN, the Raman 

spectra are nearly indistinguishable which corroborates with our calculation that all of 

the Raman signal is coming from the saturated zone.  

Though our assumptions about the shape, size and gradient of both the laser spot 

and the saturated zone are oversimplifications of reality, the laser spot interaction with 

the deformed zone is an important part of a careful analysis since the geometry of the 
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experimental conditions changes dramatically with indentation size. At high loads, our 

model suggests that Raman spectra are collected entirely from within the saturated 

zone, and indeed, the measured Raman spectra are the same which suggests that the 

concept of a saturated zone is valid. Careful analysis of this experiment allows us to 

study plastic deformation without permanent alternation of the indentation or spectral 

acquisition in an ambiguous location both of which are discussed further in Section 

4.7.  
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Figure 3.4: Two dimensional schematic representations of indentations with a 

saturated zone spheroid with a gradient of densified material surrounding the 

saturated zone. The black/white contrast represents densification. Black being 

the most densified and white being undensified. Green represents Raman laser 

spot. (a) A large plastically deformed zone relative to the laser spot such that 

the laser spot is fully with the saturated zone. (b) A plastically deformed zone 

of moderate size relative to the laser spot such the laser spot is fully within the 

plastically deformed region but only partially within the saturated zone. (c) A 

small plastically deformed zone relative to the laser spot such that the laser 

spot is partially within the undeformed region. (d) A 2D depiction of the laser 

spot spheroid relative to the saturated zone spheroid where the dark green 

represents the fraction of the laser spot volume within the saturated zone 

(which can be calculated with Equations 4 and 5) and the light green represents 

the fraction of the laser spot volume outside of the saturated zone.   
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Figure 3.5:  Percentage of the Raman laser spot volume in the saturated zone as a 

function of load calculated using Equations 4 and 5. 
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3.4.3. Interpretation of Raman Spectra from Undeformed Silica  

Despite several decades of reporting Raman spectra of silica, workers have not 

unanimously agreed upon a single interpretation of the spectra. Therefore, we provide 

a brief overview of the most commonly used and, arguably, most accurate spectral 

interpretation of silica provided by McMillan et al. [51, 52] which is what is used in 

this paper henceforth. We also provide a brief overview of how glass Raman spectral 

changes are interpreted [13, 51, 53] which will be subsequently used to interpret 

spectral variations in our data in Section 4.4. 

The spectrum shown in black in Fig. 3.3 is our Raman spectrum from silica far 

from any indentation. This spectrum matches many other Raman spectra of silica glass 

(e.g. [13, 14, 18, 21, 33, 34, 38, 51-55]). The spectrum shows one large band of 

intensity with three features from around 200-650 cm-1, and three small, broad peaks 

centered at 800 cm-1, 1060 cm-1 and 1200 cm-1.  

The intensity between 200-600 cm-1 shows three features: a band at 200-500 cm-1, 

a peak centered at 500 cm-1, and a peak centered at 600 cm-1. The broad band of 

intensity (also known as the “main band” or “network band”) from 200-500 cm-1 is 

associated with the motion of O in the glass network as shown in Figure 3.6a or 3.6b. 

It is believed that a combination of two types of O vibrations contribute to the main 

band intensity. One type is shown in Fig. 3.6a where O moves perpendicular to the 

line from one Si to another, and the other type is shown in Fig. 3.6b where O moves 

perpendicular to the initial Si-O-Si plane. As rings decrease in size, the O motion 

becomes increasingly coupled with surrounding O which results in coordinated O 

motion is known as breathing modes shown in Figure 3.6c. For rings of 3 and 4 

network formers (in the case of SiO2, Si is the network former), the breathing modes 

are so localized they form narrow bands of intensity at 600 cm-1 and 500 cm-1 

respectively. Overall, the 200-500 cm-1 band is associated with rings larger than 4 
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network formers, the 500 cm-1 band is associated with rings of 4 network formers, and 

the 600 cm-1 band is associated with rings of 3 network formers.  

The three bands above 700 cm-1 and above are associated with short-range order 

vibrations rather than longer range ring vibrations. The peak at 800 cm-1 is associated 

with bond stretching modes of Si atoms as shown in Figure 3.6d. The broad, low 

intensity peaks around 910 cm-1, 1060 cm-1 and 1200 cm-1 are associated with anti-

symmetric Si-O stretching modes which have a large degree of Si motion compared to 

O as shown in Figure 3.6e. These modes are sensitive to Si-O bond length.  
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Figure 3.6: Schematic of possible types of vibrational structures in silica (a) a 

symmetric bending vibration of Si-O-Si where O moves perpendicular to 

the line between both Si (b) a symmetric bending (also sometimes called 

wagging) vibration where O moves perpendicular to the initial Si-O-Si 

plane (c) a O breathing vibration of a 3 membered ring (d) a predominantly 

Si bond stretching vibration (e) an asymmetric bond stretching vibration of 

Si-O-Si where O moves parallel to the line between both Si (a), (d), and (e) 

adapted from McMillan [51]. (c) adapted from Pasquarello and Car [62].  
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3.4.4. Interpretation of Raman Spectral Changes with Deformation in 
Glass 

When interpreting changes a glass’ Raman spectrum with respect to a control state 

(in this case, spectra from deformed material relative to undeformed material), four 

types of spectral changes could be observed: a shift in Raman wavenumber of a band, 

a narrowing or broadening of a band, a change in intensity of a band, or the emergence 

of a new band. If a band shifts to higher wavenumbers that is associated with an 

increase in energy of the vibration which can indicate a stronger and therefore shorter 

bond. Band narrowing can be interpreted as increasing uniformity of the structural unit 

which contributes to the vibration, in other words, the structural units converge to a 

similar geometry rather than a broader distribution of geometries. Band intensity 

variations can be attributed to a change in the Raman activity of a species. This could 

be due to a change in electronic polarizability or symmetry of the species. Both factors 

contribute to the Raman activity of a given species therefore its spectral intensity. 

Lastly, if a new band clearly emerges in a part of the spectrum unsullied by other 

bands, the existence of this new band demonstrates that there is a new structural 

feature formed which was not present in the control state. This could suggest that the 

spectrum is probing two distinct states if certain bands emerge and existing bands 

decrease. 

3.4.5. Analysis of Raman Spectra from Indentations 

The changes in the Raman spectra with indentation load (Fig. 3.3) are dramatic and 

can be broken into three main changes: inter-related changes of bands between 200-

600 cm-1, broadening of the 800 cm-1 band, and down shift and broadening of the 1060 

cm-1 and 1200 cm-1 bands.  

The bands at 605 cm-1 and 490 cm-1 increase in intensity and broaden with 

increasing indentation load. These bands are associated with 3 and 4 membered rings 
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respectively [52], so we conclude that there are a greater number of 3 and 4 membered 

rings in glass that is on average more deformed. Peak broadening suggests that there is 

a wider range of configurations (i.e. a loss of symmetry in rings) contributing to the 

peak. For 3 and 4 membered rings, this must mean that the rings are losing symmetry 

(i.e. changing shape) and becoming more dissimilar from each other. The only way 

rings can change shape without changing sizes is by changing bond angles. Since rings 

are becoming more dissimilar from each other and the only way rings can change 

shape is through bond angles, we believe that there is a broader distribution of bond 

angles in 3 and 4 membered rings with increasing average deformation. Ring shape 

changes caused by deformation will henceforth be referred to as, “ring puckering.” If 

only the spectrum from the pristine glass is compared with the spectrum at a high load, 

it is not possible to discern whether the peaks at 605 cm-1 and 490 cm-1 initially have 

any relation to the high load peaks at 620 cm-1 and 500 cm-1. However with spectra at 

increasing indentation load, it is possible to confirm that the peaks initially at 605 cm-1 

and 490 cm-1 transition continuously with load which suggests that 3 and 4 membered 

rings are always associated with those peaks despite their very large change in shape 

and intensity. It has not been possible to conclude that these peaks are always 

associated with 3 and 4 membered rings in other studies [7, 34] which have used only 

a single relatively high load.  

The 200-500 cm-1 band shifts to higher wavenumbers, narrows, and the integrated 

intensity (area under the band) reduces greatly with increasing load. Reduction in 

integrated intensity could be due to two factors: a reduction in the overall number of 

species (i.e. 5+ membered rings) or a reduction in the Raman activity of species due to 

a loss in species symmetry or electronic polarizability. Both factors are likely involved 

in this case. 
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In the case of this band, a loss of species symmetry or electronic polarizability 

could be linked to deformation-induced ring puckering. Since large rings have many 

degrees of freedom and thus accommodate different spatial arrangements in many 

different ways, there is a myriad of ways the ring can pucker. When rings pucker or 

change shape, they become less symmetric which would result in a reduction of 

Raman intensity. 

The loss of Raman intensity could also be attributed to a reduction in the total 

number of large (5+ membered) rings with indentation load. Since our data suggest 

that the number of 3 and 4 membered rings increases and the number of large rings 

could be reducing with indentation load, we hypothesize that smaller rings [7, 34] are 

being formed at the expense of larger rings [13]. In accord with McMillan [13], we 

believe that bonds are broken and reformed to produce plastic deformation, and we 

provide evidence that bond breaking and reforming creates smaller (3- and 4-

membered) rings at the expense of larger (5+ membered) ones and that the band 

broadening is associated with ring puckering [37, 56, 57].  

The band around 800 cm-1 broadens slightly, which suggests that Si tetrahedra are 

being deformed and adopt a wider range of configurations than those in the pristine 

glass. However, this effect appears to be smaller than the effects on Si-O-Si bond 

angle changes within rings evidenced by changes in the band between 200-600 cm-1. 

Bands at 1060 cm-1 and 1200 cm-1 both shift to lower wavenumbers which 

suggests that Si-O bonds are lengthening—presumably getting less strong. Bands at 

1060 cm-1 and 1200 cm-1 also broaden which, like the broadening of the 500 and 600 

cm-1 bands, can be interpreted as a broadening of the Si-O-Si bond angle distribution. 

McMillan [51] concludes that changes to the 800, 1060, and 1200 cm-1 bands, like 

those that we also see, are associated with SiO2 tetrahedra are becoming increasingly 

disordered.  
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3.4.6. Interpretation of Macroscopic Densification Behavior and 
Morphology Using Raman Spectra of Indentations 

Using our understanding of our experimental data in light of the model described in 

Section 4.2 and what is believed about the two possible macroscopic densification 

behaviors (Section 4.1), we explore how the resulting Raman spectra would be 

different between the two hypotheses and compare our data to the existing hypotheses 

to gain a clearer understanding of what must be true about densification behavior. We 

also discuss how further experimentation could demonstrate conclusively which type 

of behavior is truly occurring.  

If densification was truly discrete but not uniform, a measurement where the 

Raman spot was wholly within the low pressure state would produce a characteristic 

spectrum, low pressure spectrum, and a measurement where the Raman spot was 

wholly within the high pressure state would produce a different characteristic 

spectrum, high pressure spectrum. All measurements where the Raman spot included 

regions of both high and low pressure states would produce a spectrum which is a 

simple, linear, weighted superposition of the high and low pressure spectra based on 

volume fraction of the particular states probed by the Raman spot. In the case of 

discrete, not uniform densification, many high pressure and low pressure regions 

would be in the volume of the Raman spot and thus contribute to the spectrum. In the 

resulting spectrum, peaks associated with the low pressure spectrum would decrease in 

intensity with increasing plastic deformation and peaks associated with the high 

pressure spectrum would increase in intensity. When these peaks do not overlap, the 

peaks would rise and fall independently without the illusion of peak shift. 

If densification proceeded continuously to form a gradient with a saturated zone, 

Raman spectra would vary continuously depending on the average densification of the 

material within the Raman spot. Each volume increment within the Raman spot would 
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contribute a particular Raman spectrum based on the extent of deformation in that 

increment. The spectrum from each volume increment would be summed to generate 

the overall Raman spectrum which appears to be the spectrum representative of the 

average deformation in the entire Raman spot volume although the deformed volume 

may actually have a gradient in deformation. The Raman spot could encompass only 

saturated material (Figure 3.4a), an average of some of the saturated and a gradient of 

partially saturated material (Figure 3.4b), or if the spot was sufficiently large relative 

to the size of the indentation, the Raman spot could even encompass undensified 

material in addition to the gradient of densified material (Figure 3.4c). In continuous 

densification with a saturated zone, peaks in the Raman spectra would shift 

continuously with increasing average deformation rather than rising and falling in an 

independent way indicative of discrete, non-uniform densification.  

Our results are consistent with both hypothetical densification behaviors. As 

explained in section 4.2, our results are consistent with the concept of a saturated zone 

because the spectra we obtain from the highest loads (≥ 4903mN) are nearly the same.  

In order to conclusively determine which behavior is correct, the spectra must 

produce peaks which do not overlap between the undeformed (initial) and saturated 

states. The bands at 1000 and 1200 cm-1 are the best candidates for interpretation in 

silica, but they are low intensity and even at the two extremes the peaks overlap 

somewhat. Cursory observation would suggest that the bands broaden and the peak 

value decreases in wavenumber with increasing average deformation. Even though 

these peaks overlap somewhat, it may be possible to fit these peaks and determine 

whether a continuous shift of each peak or a linear superposition of a high pressure 

state peak and a low pressure state peak would most accurately describe the change in 

these peaks with load. The peak shifting behavior that we observe could only support 

discrete, not uniform densification if the Raman laser spot volume is large than the 
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scale of the state heterogeneity. In other words, if densification is discrete, not uniform 

then the scale of the state heterogeneity is less than 1 um3. 

In order to determine which densification behavior is present with complete 

certainty, the spectra cannot have overlapping peaks at the two extremes and the 

Raman spot must be sufficiently small that it is no larger than the size of state 

heterogeneity in a discrete, not uniform case. First, a glass must be found without 

overlapping peaks between an undeformed spectrum and a saturated spectrum. This, 

of course, would not be silica, but it is possible that the behavior in a different silicate 

glass could be generalizable. Also in the case of discrete, not uniform densification 

behavior, the Raman laser spot must be sufficiently small such that the volume probed 

is only in one particular state and not averaged over many states. With current 

technology, it is very difficult to obtain a Raman laser spot smaller than 1 um3, 

however technological advances could allow smaller spot sizes in the future. 

3.4.7. Interpretation of Atomic Mechanisms of Densification using Raman 
Spectra of Indentations  

Our interpretation of Raman spectral changes produced by different average 

densification leads us to suggest two types of atomic mechanisms of plastic 

deformation: network folding and bond breaking and reforming.  

We define network folding mechanisms to be mechanisms which involve bond 

rotation or bond angle changes, but do not alter the bonding configuration of atoms in 

the structure Nearest neighbors remain the same). Elastic bond stretching is also 

included. The mechanism of network folding which has received the most attention in 

the past is inter-tetrahedral bond angle changes [13, 21, 24-29, 31-39, 55]. The Si-O-Si 

bonds linking tetrahedra do not have the same rigid angular constraints that O-Si-O 

bonds do, so it is natural to hypothesize that Si-O-Si bond angles change during plastic 

deformation. Figure 3.7b is a schematic representation of how Si-O-Si bond angle 



 96 

changes could result in a ring with a smaller overall volume than the initial 

configuration shown in Figure 3.7a. We observed 500 & 600 cm-1 band broadening 

which we attributed to ring puckering and Si-O-Si bond angle changes. Therefore, we 

concur with other studies [13, 21, 24-39] that plastic deformation in silica is due at 

least in part to Si-O-Si bond angle changes. However, unlike the hypotheses of many 

other studies, we suggest that Si-O-Si bond angle changes are not the sole mechanism 

of plastic deformation. Despite intense focus on Si-O-Si bond angle changes as a 

network folding mechanism, Si-O bond lengthening and O-Si-O bond angle 

distribution broadening [13] have also been reported. It is also conceivable that bond 

rotation plays a role in network folding as there is little to no energy barrier to the 

rotation of a bond through an axis. However, network folding is not the only type of 

densification mechanism which must be considered; bond breaking and reforming is a 

mechanism for facilitating permanent structural changes. 

We define bond breaking and reforming mechanisms to be mechanisms which 

alter the bonding configuration of the atoms in the structure. A few others have 

hypothesized mechanisms that allude that bond breaking and reforming is associated 

with plastic deformation in silicate glasses [13, 21, 31-39] Some have suggested that 

ring size changes occur with deformation and, in some cases suggest that this is 

associated with changes in bonding [13, 31, 33, 34], but a detailed definition of bond 

breaking and reforming and explanations of which bonds break and reform, how they 

reform, and structural implications, particularly as they pertain to the ring size 

distribution, of bond breaking and reforming do not exist. We hypothesize that bond 

breaking and reforming also occurs during indentation, and we suggest two bond 

breaking and reforming mechanisms and explain the structural implications of those 

mechanisms.  
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Our results suggest that small rings are formed after indentation. The formation of 

small rings requires more than bond angle changes. For small rings to form, bonds 

must be formed or broken and reformed, therefore we believe that plastic deformation 

in glasses requires bond breaking and reforming. One mechanism consistent with all 

our observations is that small rings are formed by the cleavage of a large ring into two 

smaller rings. In order to form two small rings from a large ring, two bonds must be 

broken, and two new bonds formed. A structure resulting from the cleavage of a large 

ring into two smaller rings is shown in Figure 3.7c. This mechanism is consistent with 

our observations that the number of small rings increases and the number of large 

rings decreases after indentation. Our evidence suggests that plastic deformation 

requires the mechanism of bond breaking and reforming and that one way bond 

breaking and reforming manifests itself in silica is by forming small rings at the 

expense of large rings.  

We must also note another mechanism is possible but not easily experimentally 

confirmed. Small rings could be formed from one large ring by creating a single 

additional bond between a SiIV and OII which creates a SiV and OIII. In this way, small 

rings are formed without bond breaking and reforming, but by bond forming alone. 

Figure 3.7d shows a schematic of a ring structure resulting from the formation of a Si-

O bond. However, NMR of densified silica glass [58] showed no evidence of any Si 

species besides SiIV, and molecular dynamics simulation results of densified silica [59] 

also do not report more than trace amounts of SiV or SiIV during hydrostatic 

compression. In addition, Raman is not able to distinguish coordination number 

changes, therefore our data provide no evidence to support or refute this mechanism. 

As this mechanism is not well supported by other studies [58, 59], we suggest that 

coordination change could be transient state during ring cleavage into two rings as 

shown in Figure 3.7c and explained above. It is also possible that such a bond forming 
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mechanism of plasticity would be more active in a glass which has glass formers that 

are more amenable to coordination change such as boron or aluminum [60]. 
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(a) (b)  

(c) (d)  

Figure 3.7: Two dimensional schematics of possible medium range order changes 

induced by plastic deformation in silica. The fourth oxygen is omitted for 

clarity of 2D representation but can be imagined as bonding to the Si from 

above or below the page. (a) 2D representation of an 8 membered silica 

ring (b) Collapse of an 8 membered ring via coordinated movement of 

silica tetrahedra without changing bonds (c) Transformation of an 8 

membered ring into a 3 and a 5 membered ring by breaking and reforming 

two Si-O bonds with no coordination change. (d) Transformation of an 8 

membered ring into a 3 and a 6 membered ring by coordination change of 

one OII and one SiIV to OIII and SiV.   
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3.4.8. Comments on using Raman Spectra to Characterize Indentations 

We have demonstrated that using Raman to investigate structural changes in indented 

glass can be a powerful technique to understand plastic deformation both at the 

macroscopic and atomic scale, however great care must be taken when designing and 

analyzing such experiments. In this section, we explore three factors which affect 

Raman of indentation experiments which, in the past, have not been thoroughly 

discussed, have been ignored or presumed negligible without proof. 

3.4.8.1. Effects of Cracking on Deformation 

There are two kinds of cracking observed in Raman of indentation experiments: 

cracking during indentation and indentations along pre-existing cracks (pre-cracks). In 

this section, we explore the possible effects of these types of cracking on plastic 

deformation and thus the resulting Raman spectra. 

Cracking during indentation could affect plastic deformation in certain cases. 

Cracking during indentation can happen on loading or unloading. Cracking during 

unloading has an effect on the residual stress state but cannot have an effect on plastic 

deformation as plastic deformation has concluded before the cracks appear, however 

cracking during loading could have an effect on plastic deformation. In our study, we 

observed radial cracks in 4903, 9807, and 19614 mN indents which could have been 

formed on loading according to crack evolution in silica reported by Cook and Pharr 

[1]. It is possible that cracks which form during loading release stress under the 

indenter and thus reduce the extent of deformation compared with indentations which 

do not crack. Cook and Pharr [1] showed that load-displacement traces from 

indentations of two glass compositions one which cracked on loading and one which 

did not crack on loading were nearly identical. While this preliminary data suggests 

that deformation is unaffected by cracking on loading, further investigation of load-
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displacement curves, hardness and indentation modulus of indentations on silica using 

much-improved modern instrumented indentation techniques would provide more 

conclusive evidence. 

Indenting on a pre-crack could also affect the resulting deformation. Indentation 

on a pre-crack is done so that the indentation can be cleaved into two pieces and 

indentation cross sections can be observed [7-10]. Since the material on either side of 

the indenter is not bonded but merely held together by joined material far from the 

indentation, some of the force could go into deflecting the material on either side of 

the indenter such that only air is beneath the center line of the indenter. Peter [3] even 

demonstrated that cross-sectioned indentations exhibit a bowed-out region under the 

indentation where stored elastic stresses were released upon the formation of the free, 

cleaved surface. Characterization of such an indentation cross section would clearly 

not be representative of the stress field and possibly even the plastic deformation of an 

indentation in the bulk. The effect of this bowing out or other possible deformations 

induced indentation on a pre-crack would likely result in a lower measured stiffness in 

instrumented indentation and cannot be considered negligible without experimental 

confirmation. Kassir-Bodon et al. [9] stated that the Raman spectra of indentations on 

a pristine surface are indistinguishable from a spectrum of an indent on a pre-crack, 

therefore deformation hasn’t been altered by the presence of a pre-crack. However, 

Raman spectroscopy does not directly measure deformation, so such a claim is 

unfounded. Perroit et al. [7] took a more analytical approach by performing 

instrumented indentations of pre-cracked and pristine surfaces. They claimed that the 

difference in the load-displacement curves was not significant. However, the load-

displacement curve of the indentation on the pre-crack appears to have a lower 

stiffness as intuitively expected if the crack were to have an effect, so without more 
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detailed analysis of hardness and indentation modulus, such claims are 

unsubstantiated. 

3.4.8.2. Collecting Confocal Raman Spectra through the Depth of an 

Indentation  

Using a confocal Raman set-up to collect spectra through the depth of an indentation 

is an alluring experiment, as it holds the promise of being able to collect spectra 

through the depth of an indentation which could provide information about the size, 

shape or extent of deformation in indentations. However, this is not possible due to 

variations in material properties with deformation which leads to uncertainty in the 

laser spot. 

It is well known that the index of refraction changes as glass densifies [61]. 

Therefore, one should expect that the index of refraction of glass underneath an 

indentation varies in same gradient, shape and size as the plastic deformation under 

the indentation. However, at present, the exact shape and extent of plastic deformation 

of glass under an indentation are not thoroughly characterized. Therefore, the index of 

refraction underneath indentation varies in an unknown way. 

This is a problem when attempting to collect Raman spectra through the depth (i.e. 

along the z axis) of an indentation in glass because the Raman laser spot size and 

shape is dependent on the index of refraction of the material being probed. If there is 

an ill-characterized index of refraction gradient, the Raman laser spot size and shape 

cannot be known. Without knowing the Raman laser spot characteristics, it is 

impossible to truly know the depth(s) at which Raman signal is collected.  

At first glance, using confocal Raman spectroscopy to probe through the depth of 

indented glass seems a simple experiment which can characterize the size, shape and 

extent of deformation in an indentation. However, careful consideration exposes that 
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without preexisting knowledge of the deformation in the glass, knowledge of where 

the laser spot is probing is not possible. This defeats the purpose of the experiment; 

therefore, we discourage the use of this technique for such a purpose. 

It must also be noted that even in experiments like ours where a single Raman 

spectrum is collected from an indentation care must be taken to know the location of 

the Raman laser spot relative to the indentation surface. Two studies [42, 44] have 

demonstrated the evolution of the Raman spectra with depth with successively lower 

focal points starting at the bulk glass surface, approaching the bottom of an 

indentation and then below said indentation. They even demonstrate evolution of 

Raman spectra with nominal focus depth through depth of the indentation which they 

attribute to decreasing densification farther from the indentations. However neither 

addresses how changing index of refraction with deformation in the glass results in a 

true focus depth which is different than the nominal focus depth based on the changes 

in objective distance from the sample and therefore distorts any conclusions about 

changes in spectra with a reliable depth where the spectra collected. Many 

experiments that combine Raman spectroscopy with indentation fail to report any 

details regarding how the surface was determined or confocal parameters of the optical 

arrangement necessary to ensure that Raman spectra are collected fully within the 

glass at the surface.  

3.4.8.3. Using Raman Spectra as a Measure of Densification 

Multiple methods [7, 18] have been developed to calculate densification from Raman 

spectra of glasses, subsequently called densification relations. These methods [7, 18] 

were generated by creating a relation between Raman spectra ex-situ after known 

hydrostatic pressure with known densification. These methods have been applied to 

indentations of silica and other glasses [7, 9, 18, 44]. Using our detailed understanding 
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of Raman spot size in indentations, we can comment on the shortcomings of using 

such densification models.  

First, we must be careful to use terminology which accurately represents the result 

of using densification relations. Reports using such relations report a single 

“densification” value calculated from a given Raman spectrum, however such 

relations produce an average densification of the probed volume as discussed in 

Section 4.2. When probing hydrostatically compressed glasses, the deformation is 

nominally uniform, so the calculated densification of the probed volume is 

representative of the densification of any region of the probed volume. However, 

indented glasses have a range of densified material under the indenter as discussed in 

Section 4.1, therefore, the probed volume likely encompasses material which has been 

densified to a range of extents. In such a case, the calculated densification should be 

reported as the average densification of the probed volume to avoid misleading 

terminology. 

Second, we must understand in which situations such a relation is applicable and 

in which situations it is not. While Deschamps et al. [18] claim their method for 

determining densification is valid for all room temperature deformation, and Perriot et 

al. [7] make no mention of which cases their model is applicable or not. Consequently 

Deschamps et al. believe that their relation applies to densification produced using any 

stress state. Deschamps et al. [8] and Deschamps et al. [18] claim that shear stress 

does not affect the structure since they observed no difference in spectra 

“hydrostatically” compressed using two different pressure transmitting mediums 

which deviate from hydrostatic to differing degrees at high pressure. However, 

Martinet et al. [21] point out differences in spectra they obtained using two different 

but nominally hydrostatic compressing apparatuses. Our spectra from indentations 

clearly differ from Deschamps et al. [18] spectra from hydrostatic compression, 
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particularly when comparing the variation of D2 with load. In short, we must conclude, 

as Winterstein-Beckmann et al. [34] have, that the differences in stress states between 

nominally hydrostatic and indentation could result in errors in the relations between 

densification and Raman spectra in indentation when the methods are calibrated using 

hydrostatic compression.  

Lastly, existing densification relations [7, 18] are largely empirical in nature and 

depend on the assumption that variations in the spectra with deformation are always 

the same no matter the applied stress. However changes in spectra have physical 

origins, and there is no reason to assume that different stresses would create identical 

structural changes induced by deformation. For example, the main band (200-500 cm-

1) changes the most with deformation and therefore has the largest effect on the 

densification relation of Deschamps et al. [18]. With the increasing stress, the 

integrated intensity of the main band decreases. This variation in integrated intensity 

could be interpreted in two ways. Either the total number of the species contributing to 

the vibration decreases or the Raman activity of said species in the indented glass 

reduces as discussed in Section 4.4. Polsky, Smith and Wolf [38] attribute the change 

in main band integrated intensity to both a loss in Si-O-Si bond angle symmetry (inter-

tetrahedral distortion), and increase in the Si-O bond lengths which reduces the 

electronic polarizability. There is no reason to assume that changes in Si-O-Si bond 

angles or Si-O bond lengths are uniform under any type of deformation. Since the 

changes to the main band are linked to particular structural features and such structural 

features may not change in the same way under any stress, one should not assume that 

the main band will change in the same manner under any stress. In other words, the 

physical origins of spectral changes should not be ignored in a densification relation, 

and ignoring the physical origins likely leads to inaccuracies calculated average 

densification.  
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3.5. SUMMARY AND CONCLUSIONS 

We leveraged the design of our experiment to allow us to probe vitreous silica 

structures with various average plastic deformations. A fixed laser spot and varying 

indentation size provided an optimum experimental design for the study of glass 

structure after plastic deformation, however if certain aspects of the experimental 

design are ignored as they have been in other studies, a spurious analysis will result. 

As indentations get larger and the fraction of the deformed zone that is probed 

with the laser spot decreases eventually the Raman spectra from within those 

indentations became the same which suggests that the laser spot was probing material 

of the same amount of deformation, which is consistent with the concept of a saturated 

zone of densification. With smaller indentations, the spectra change continuously with 

load. 

After analyzing our Raman spectra, we proposed that plastic deformation requires 

bond breaking and reforming in addition to network folding facilitated by bond angle 

changes. Bond breaking and reforming could result in mechanisms such as 

coordination number change which forms one bond across a ring to form two, smaller 

rings or the cleavage of two bonds and formation of two new bonds which results in 

two, new smaller rings. 
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ABSTRACT 

In this study, a comprehensive, systematic structural study of calcium aluminosilicates 

along the tectosilicate join is provided. Using molecular dynamics (MD), all aspects of 

these structures can be analyzed from short to medium and long-range order. A 

plethora of structural metrics are reported such as bond length, coordination number, 

bond angles, ring sizes, ring composition (i.e.  the relative amounts of Al/Si in rings), 

and density.  

In addition to reporting glass structures in a wide range of compositions (50%-

100% SiO2) at standard pressure and temperature (STP), structures at each 

composition are also reported during and after hydrostatic compression to 15 GPa. By 

reporting the structures during and after compression, structural changes due to elastic 

deformation and plastic deformation can be elucidated. Using data on such a large 

range of compositions and pressures, comparisons are made with existing 

experimental and simulations data. Such comparisons provide context and are able to 

support or refute the findings of others.  
  



 112 

4.1. INTRODUCTION 

Calcium aluminosilicate glasses are important in the field of geology and industrial 

glasses. Most of the Earth’s crust and mantle are made of aluminosilicates and their 

melt structure and behavior, which can be approximated by glasses, is critical to 

understanding the behavior of magma, which has far reaching consequences from 

volcanology to tectonic motion. Calcium aluminosilicates also form the basis for 

glasses used in critical, modern applications like display cover glass which require 

superior mechanical properties to withstand the rigors of everyday use. In both cases, 

an understanding of the structure and mechanical properties of calcium 

aluminosilicates is necessary to understand their behavior in the real world. In the past 

few decades there has been a great research effort to understand glass deformation and 

its structure [1, 2], however glass is amorphous and lacks long range order needed to 

leverage relatively simple and powerful structural characterization techniques like 

Bragg diffraction used to study crystal structure. 

Instead glass scientists have been forced to use other, less quantitative and less 

exhaustive methods, to get measurements of glass structure. X-ray and neutron 

diffraction of glass is highly quantitative but difficult to obtain structural information 

beyond bond lengths. Nuclear magnetic resonance, while also highly quantitative, is 

capable of reporting coordination number nearly exclusively. Raman and infrared 

spectroscopy, while capable of measuring more than a single structural characteristic, 

are quantitative, meaning they are best used for comparison between compositions, 

conditions, etc. rather than exact structural characterization. No existing experimental 

method is capable of quantitatively measuring a wide range of structural features 

which is necessary for a solid understanding of glass structure, particularly structural 

changes during deformation. 
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However molecular dynamics (MD) simulations have the potential to describe 

glass structure in a detailed quantitative way. Since all simulated atom positions are 

known, any structural characteristic can be measured from bond lengths to ring 

structures to bulk properties like density. This information is particularly important for 

structural characteristics that cannot be measured experimentally. However, from 

study to study, data varies widely depending on how the potentials of simulation were 

designed and fit to the limited experimental data available. This hinders much 

comparison between studies which use different potentials. Existing simulation studies 

of atmospheric and high pressure glass structure are generally include a limited 

number of compositions and pressures, so comparison across studies is even more 

inhibited because it is not possible to compile a map of behavior. Perhaps most 

condeming flaw in exisiting simulations is that they commonly only report a small 

number of strucutural characteristics and how those characteristics are defined and/or 

reported vary so much that even if the simulations themselves were comparable, the 

analyses would not be.  

Despite the downfalls of existing simulations, carefully designed compositional 

study using molecular dynamics in which plastically deformed structures are 

simulated could be analyzed for a near infinite number of structural characteristics and 

provide a much more detailed and complete understanding of glass structure at 

atmospheric and also high pressure conditions. 

Using molecular dynamics (MD), we designed simulations to do just that. We 

simulated the structure of a range of tectosilicate calcium aluminosilicate glasses 

before, during and after compression to 15 GPa of hydrostatic stress. Tectosilicate 

calcium aluminosilicates were used because of their simple ideal structure which 

contains no non-bridging oxygens (NBO) or AlV (detailed in Section 2), and they were 

modeled using the Pedone potential [3] which is optimized for simulating mechanical 
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behavior of silicate glasses. We report many structural metrics from the shortest of 

scales like bond lengths, coordination numbers, bond angles, to medium range order 

such ring sizes or ring composition and macroscopic metrics like density. We compare 

our data with relevant, albeit in many cases limited, experimental and simulations 

data. 

With the exception of absolute density, our simulation results agree well with 

the available experimental results. As a result of this particularly thorough 

investigation, we are able to identify some unexpected structural features and provide 

an internally-consistent description of changes in structure with both composition and 

pressure that can be used for understanding mechanical (and other) properties of CAS 

glasses (and other silicate glasses). Our interpretation of plastic deformation 

mechanisms based on these results will be presented elsewhere. These simulations 

demonstrate the utility of using MD simulated structures in tandem with a theoretical 

basis and existing experiemental data. 

4.2. STRUCTURE OF CALCIUM ALUMINOSILICATE GLASSES 

An intimate knowledge of the structure of calcium aluminosilicates, particular 

tectosilicate calcium aluminosilicates, is required to make comparisons between our 

simulated structures, existing simple models of ideal structure, and existing 

experimental and computational data, which form the basis for much of this work. 

This section provides a brief overview of the ideal tectosilicate calcium 

aluminosilicate based on a simple model and existing literature data of tectosilicate 

calcium aluminosilicate structure.  

According to a simple model which requires charges to balance [4, 5], an ideal 

calcium aluminosilicate composition along the tectosilicate line is shown in Figure 

4.1. In Fig. 4.1, silicon and aluminum are all bonded to four oxygens to form 
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tetrahedra. Each tetrahedron shares each corner oxygen with another tetrahedron to 

form a glass network of rings in three dimensions. Since Si and Al are the species 

enabling the network structure, they are called “network formers.” Since each oxygen 

is shared by two network formers, each network former has four surrounding oxygens 

and O has a valence of -2, each network former must offset -4 charge from 

surrounding oxygens. Si has a valence of +4, so Si tetrahedra have no net charge. 

However, Al has a valence of +3, so Al tetrahedra have a net -1 charge. To 

compensate this charge, a calcium, with a valence of +2, must be near two Al 

tetrahedra as shown in Fig. 4.3. 

Experimental evidence shows that the true tectosilicate calcium aluminosilicate (t-

CAS) structure deviates slightly from the ideal structure explained above. In the ideal 

model (Fig. 4.1) all network formers are tetrahedrally coordinated and all oxygens 

bond to two network formers. However, oxygens bonded to one network former, 

called non-bridging oxygens or OI, and aluminum bonded to 5 oxygen, AlV, have been 

observed in small quantities, and the presence of oxygen bonded to three network 

formers, OIII, has been suggested. Using 17O NMR, Stebbins and Xu [6] reported the 

first evidence for non-bridging oxygens (NBO or OI) in t-CAS glasses (4-5% in t-CAS 

with 50% SiO2). Since then, there has been a proliferation of reports of NBO between 

2.5 and 11.5% in t-CAS glasses at atmospheric pressure using NMR [3, 9, 10] and 

computational [4-8] techniques. Using 29Al nuclear magnetic resonance (NMR), up to 

8% of Al in the form of AlV has been detected in t-CAS glasses [7-9]. Simulations 

reveal the presence of AlV in t-CAS glasses with a very similar range (up to 9.5%) 

[10-14]. While the existence of OIII in these glasses has been proposed [15, 16], the 

only experimental techniques of determining coordination numbers, NMR[17] and 

neutron and x-ray diffraction [18], cannot deconvolute OIII from OII; therefore 

experimental measurements of OIII are impossible using current techniques. However, 
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up to 12.5% OIII has been reported in simulations of t-CAS glasses[10-14]. These 

deviations from the ideal model (Fig. 4.1) are thought to arise because the glass does 

not have enough time or temperature to achieve the most energetically favorable 

structure [4]; in other words, the structure is kinetically limited. For example, if Ca is 

not in proximity to an Al for charge balance then that Al will become AlV to minimize 

charge and the excess Ca will create an OI. 

Like pure vitreous silica, t-CAS glasses form rings of connected polyhedra (mostly 

tetrahedra, but may include higher- and lower-coordinated species such as AlV). These 

polyhedra are connected at their corners by shared oxygens. There is a distribution of 

ring sizes. In pure vitreous silica, ring size distributions have been reported and 

include rings of 3 to 10 network formers with an average or mode ring size between 6 

and 8 [19-24]. The mode and width of ring size distributions have not been reported 

for t-CAS glasses. 

Decades ago, Loewenstein hypothesized that Al-O-Al bonds will not exist when 

Al is tetrahedrally coordinated (“aluminum avoidance principle”) and that if an Al-O-

Al bond exists at least one of them must have a coordination number higher than four 

[25]. Both of these hypotheses are based on bond valence arguments which suggest 

that preferred configurations are those which minimize partial charge on oxygen as 

explained in detail by Bunker [26]. NMR on aluminosilicate glasses has confirmed 

that there are fewer Al-O-Al bonds and more Si-O-Al bond than would be expected if 

Al and Si were entirely randomly distributed within the network [27-29], but cannot 

confirm whether Al-O-Al bonds have at least one Al with a coordination number 

higher than four. Computational studies have confirmed the NMR findings [30, 31] 

and have also shown that Al-O-Al bonds are more likely to include a higher 

coordinated Al [30], supporting both parts of Loewenstein’s hypothesis [25]. 
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Figure 4.1: 2-dimensional schematic of an ideally charge-balanced tectosilicate 

calcium aluminosilicate structure. Calcium atoms are depicted in red, 

silicon in green, aluminum in yellow, and oxygen in blue. 
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4.3. SIMULATIONS AND ANALYSIS 

We used molecular dynamics (MD) to simulate tectosilicate calcium aluminosilicate 

(t-CAS) glasses with the chemical formula (CaO+Al2O3)1-x (SiO2)x, where x = 0.50, 

0.70, 0.85, 0.90, and 1. Glasses at each composition were simulated during hydrostatic 

loading to 15 GPa and subsequent unloading. The simulated structures were analyzed 

to obtain quantitative values for several key metrics of glass structure as a function of 

composition and pressure.  

4.3.1 Molecular Dynamics Simulations 

The t-CAS glass structures were created using the molecular dynamics code 

LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator) [7] using 

Pedone potentials [8], which were created specifically to model oxide glasses. At each 

time step of 0.02 ps LAMMPS recalculated atom trajectories based on atom potentials.  

To create an initial glass structure, we placed 60,000 atoms in the correct 

stoichiometric ratio randomly into a cubic volume. We then heated this cube to 4000 

K and allowed the atoms to move for 0.1 ns. The resulting simulated glass melt was 

quenched back down to 300 K in a controlled volume, controlled temperature 

ensemble (NVT) with a quench time of 10 ns. Lastly, we allowed the system to relax 

to atmospheric pressure for 2 ns in a controlled pressure, controlled temperature 

ensemble (NPT). 

Once an initial structure was created, we again used LAMMPS to apply a 

hydrostatic compressive stress to the system at a rate of 1 GPa/ns. We loaded the 

systems to 15 GPa, held for 5 ns, and then unloaded back to 0 GPa at the same rate of 

1 GPa/ns. For each composition, we saved structures every 1 GPa.  
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4.3.2 Structural Analysis 

We analyzed our structures using RINGS (Rigorous Investigation of Networks 

Generated by Simulations), a program written by Le Roux and Jund [32]. RINGS read 

structure (xyz position) files output from MD simulations and calculates density, bond 

lengths, coordination numbers, bond angles, and ring sizes based on atom positions. In 

addition, the composition of each ring was determined using a self-made code. The 

definition for each of these parameters is described in the corresponding sections 

below.  

4.3.2.1. Density and Densification 

The densities of our simulated structures were calculated by summing the products of 

the number densities (atoms/simulation volume) and molar masses for each element.  

4.3.2.2. Bonds and Bond Lengths 

To determine the bond structure in each simulated glass, the distances from each atom 

to every other atom were calculated, and an individual radial distribution function 

(RDF, probability of an atom being present as a function of distance) for that atom 

was generated. The individual RDF’s for all atoms were combined to generate an 

overall RDF, g(r). Because silicate glasses have short range order but lack long range 

order, silicate glass RDF’s have an intense, sharp peak at a short distance 

corresponding to the first nearest neighbors and weak, broad peaks at longer distances, 

corresponding to second and farther nearest neighbors. The minimum between the first 

sharp peak and the next peak was defined as the maximum length of a bond. All pairs 

of atoms that are closer to each other than the maximum bond length were considered 

bonded, and all pairs farther away from each other than the maximum bond length 

were considered not bonded.  
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To determine bond lengths between particular species, an RDF specific to those 

species was calculated. For example, g(r)A-B was determined by calculating the 

distances of all B atoms from each A atom and summing the RDF’s from all A atoms. 

A Gaussian was fit to the first peak of g(r)A-B, and the average and standard deviation 

of the fit were considered to be the average and standard deviation of bond lengths 

between A-B pairs of atoms. 

4.3.2.3. Coordination Numbers 

Once the bond structure was determined as outlined in Section 3.2., the coordination 

number of each individual atom was calculated by counting the number of bonds to it. 

We note that our definition of what constitutes a bond results in no Ca being classified 

as bonded to any other atom. Consequently, Ca is ignored in determinations of 

coordination number. This is consistent with most methods of counting coordination 

number (e.g. [33, 34]) in which modifiers such as Ca are not considered to be part of 

the network structure. 

4.3.2.4. Bond Angles 

Once the bond structure was determined as outlined in Section 3.2.2, bond angles were 

calculated by determining the inverse cosine of the dot product of the unit vectors of 

two bonds connected to each atom. Bond angle distributions were determined by 

counting the frequency of bond angles in intervals of 1 degree of a certain type (e.g. 

O-Si-O or Si-O-Al) and normalizing the entire distribution to one to determine 

probabilities.  

4.3.2.5. Ring Sizes 

While many other ring definitions exist and have been used to characterize silicate 

glasses as described by Le Roux and Jund [32], it must be stressed that ring 
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distributions calculated using different definitions are not directly comparable. The 

ring structure reported here was characterized using King’s criterion [35], which 

includes all the rings in which a given atom participates, as opposed to other methods 

[36, 37] which only count the smallest ring in which a particular atom participates. By 

counting all the rings in which a given atom participates, the resulting ring 

distributions are more representative of the structures that would be measured using 

experimental techniques. 

An example of how ring structures are calculated using King’s criterion is 

illustrated with the help of Figure 4.2. Starting with the bond structure defined for the 

whole system as outlined in Section 3.2.2, a given atom is selected as the ring’s origin, 

for example, atom 1. Next, two neighbor atoms that are bonded to the origin atom are 

selected; in this example, consider atom 2 and atom 19. A ring is then defined as the 

path through the network with the smallest number of atoms that includes the origin 

atom and its two selected neighbors. In this case, the ring is the path 1–2–3–28–27–

26–25–24–23–22–21–20–19 and not the path 1–2–3–4–5–6–7–8–9–11–12–13–14–

15–16–17–18–19 because the former is the shortest path that includes 1, 2, and 19. To 

count all possible rings, each pair of neighbors of a given origin atom are considered. 

In this example, the smallest rings containing 19–1–2, 19–1–10, and 10–1–2 would be 

calculated. Such calculations are made for each atom in the system. Any instance of a 

ring is only counted once. 

The ring size N is defined as the total number of network formers in a ring. In 

Figure 4.2, the ring 1–2–3–4–5–6–7–8–9–10 contains 10 atoms but would be a 5 

membered ring using this definition. It is also worth noting that using this definition, 

rings of size N = 2 are the same as “edge sharing polyhedra.” 
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Figure 4.2: 2-dimensional schematic of silica structure. Black circles represent Si; 

white circles represent O. The fourth O bound to each Si is bonded 

perpendicular to the page. Some atoms are numbered in red to facilitate 

discussion using the figure. 
  



 123 

4.3.2.6. Ring Composition  

In an aluminosilicate glass, a ring of a given size N may contain different numbers of 

Si and Al atoms, NSi and NAl, respectively. For example, a four membered ring may 

have NAl = 4, or NAl = 3 and NSi = 1, or NAl = 2 and NSi = 2, or NAl = 1 and NSi = 3, or 

NSi = 4. For each ring identified using the procedure described in Section 3.2.5, the 

number of Al and Si atoms were counted to determine the ring composition. For each 

ring size, the number of rings at each possible composition was determined and 

divided by the total number of rings of that size to obtain the proportion of rings at 

each of the possible ring compositions. This procedure was completed on the initial, 

compressed, and decompressed structures. In addition, model ring compositions were 

calculated based on random selection of Si and Al using the glass composition as 

follows: For each glass composition, the fraction of network formers that are Si, fSi, is 

simply x and the fraction of network formers that are Al, fAl, is 1-x. For each ring size 

and composition, the total number of permutations (nperm)—i.e. the number of distinct 

arrangements of Si and Al atoms—was calculated. The probability of a particular ring 

with size and composition given by N = NSi + NAl is then given by  

 !!"#$%&'(	 	= 	 $(*!' ∙ 	&+,
-!" ∙ 	&./-#$.  (1) 

The probability of each ring composition is calculated and is listed in the model (M) 

column in the table. Ring composition was the only metric calculated using code 

written by the authors rather than RINGS.  

4.4. RESULTS 

While structures recorded from the MD simulations at 1 GPa intervals were analyzed, 

we focus here on the structures in the initial (I), compressed at 15 GPa (C), and 

decompressed from 15 GPa (D) pressure conditions. This is because the variations in 

nearly all of the structural quantities defined above during loading and unloading are 
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roughly linear, and our focus is on the overall structural changes associated with 

deformation. Further analysis of the deviations from linearity, while potentially 

interesting, is beyond the scope of this study.   

4.4.1. Density and Densification 

The densities for all compositions at initial, compressed, and decompressed pressure 

conditions are shown in Figure 4.3a. Figure 4.3b shows the density normalized by the 

initial density. For all compositions, density increased with pressure and recovered 

only partially when pressure was removed. All CAS compositions compressed and 

decompressed to similar extents. The vitreous silica sample densified more than the 

CAS glasses and retained more of that densification upon decompression.  
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Figure 4.3: (a) Density vs. mol% SiO2 at initial (atmospheric pressure before 

deformation), compressed (under 15 GPa) and decompressed (after 

unloading from 15 GPa to atmospheric) conditions. (b) Density normalized 

by initial density vs. mol% SiO2 at initial, compressed and decompressed 

conditions. Normalized density from other reports in t-CAS compositions 

at pressures are also shown and denoted in the legend. Plus markers 

indicate experimental data and open circles indicate simulation data. 
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4.4.2. Bonds and Bond Lengths 

Calculated Si-O bond lengths for all compositions and initial, compressed, and 

decompressed pressure conditions are shown in Figure 4.4a. Al-O average bond 

lengths for all compositions and initial, compressed, and decompressed pressure 

conditions are shown in Figure 4.4b. Average Si-O bond lengths decrease and average 

Al-O bond lengths increase under hydrostatic compression for all samples. For Si-O 

bonds, shortening increases with increasing silica content, x, while for Al-O bonds, the 

amount of lengthening decreases with increasing x. Upon decompression, Si-O bonds 

rebound to lengths slightly longer than their original length, retaining none of the bond 

length reduction, while Al-O bonds retain the additional length acquired under 

pressure, perhaps even increasing slightly. 

Due to the inhomogeneous nature of glass, bond lengths are expected to be widely 

distributed, and they are. The standard deviations reported in Figure 4.4 describe the 

widths of those distributions. Across the composition range, 20 to 80 thousand Si-O 

bonds and 7000-20000 Al-O bonds are included in in these statistics so the standard 

deviations should not be misinterpreted as representing uncertainly in the position of 

the mean. Instead that uncertainty is given by the confidence interval in the mean 

calculated from a one-way ANOVA. If the 99.9% confidence intervals were plotted on 

Figure 4.4, they would be smaller than the markers indicating that all of the variations 

with pressure are statistically significant.  
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Figure 4.4: Average bond lengths and average bond length standard deviation for (a) 

Si-O and (b) Al-O bonds as a function of mol% SiO2 at initial (I), 

compressed (C), and decompressed (D) conditions. Closed symbols display 

the average on the left axis and open symbols display one standard 

deviation on the right axis.  

 

(a) 
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4.4.3. Coordination Numbers 

The fractions of the total Si appearing in different coordination states are shown in 

Figure 4.5a. Since SiIV makes up the vast majority of the Si, it has been omitted for 

clarity, but exists as the remaining Si not shown in Fig. 4.5a. In the initial, pristine 

state (I), no SiV or SiVI is present. Under 15 GPa pressure (C), SiV appears in all 

compositions, decreasing from about 10% to about 4% with increasing x, while SiVI 

appears in the CAS glasses only, decreasing from about 2% to less than 1% with 

increasing x. When the load is removed (D), SiVI vanishes, but a small amount (≈ 1–

2%) of SiV remains at all compositions.  

The fractions of the Al in different coordination configurations are shown in 

Figure 4.5b. AlIII, AlIV, AlV and AlVI were seen in the glass structures. Since AlIV 

makes up the majority in most cases, it has been omitted for clarity, but exists as the 

remaining Al not shown in Fig. 4.5b. In the initial pristine state (I), AlIII and AlV exist 

at all CAS compositions, with AlV decreasing from about 8% to about 2% and AlIII 

increasing from less than 1% to about 5% as x increases from 0.5 to 0.9. There is a 

small amount (less than 0.5%) of AlVI in the pristine state at x = 0.5 but virtually none 

at larger x. At 15 GPa pressure (C), AlV and AlVI concentrations increase 

dramatically—over 35% to over 50% of the aluminum is in one of these higher-

coordination states depending on x—while the fraction of AlIII decreases. Upon 

decompressing (D), AlV and AlVI decrease while AlIII recovers (increases) to a level 

even higher than the intial concentration (I). During and after compression, AlV and 

AlVI fractions increase with x while the AlIII fraction decreases. 

To consider oxygen coordination, we note that while all the nearest neighbors of Si 

and Al are O regardless of coordination number, O bonds with both Si and Al, leading 

to a number of possible configurations for each coordination state. For example, a 2-

coordinated oxygen atom may be bonded with 2 Si atoms, 1 Si and 1 Al atom, or 2 Al 
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atoms. Figure 4.5c shows the fractions of OII in these bonding conditions at all 

compositions and initial, compressed, and decompressed pressure conditions.  

Fig. 4.5c also includes the relative amounts of the different OII species 

combinations as predicted by the simple model t-CAS glass structure outlined in 

section 2 (indicated by M in the Fig. 4.5c). In the model glass, all O are two-

coordinated and we assume that bonding between Si and Al is random. The fractions 

of the OII types in the model glass structure are thus calculated from: 

 '0+,11 = (0	   (1) 

 '2+,32./11 = ( ∗ 2340      (2) 

 '0./11 = *2340 +
0
     (3) 

Where x is the fraction SiO2. Comparison of the model with the data for OII shows that 

Al-O-Al bonds occur less frequently than they would if the Al-O vs Si-O bond 

distribution were random. 

As shown in Fig. 4.5c, the vast majority of oxygen in the glasses is two-

coordinated (OII). The remaining oxygen is OI and OIII. OI, a non-bridging oxygen 

(NBO), may be attached to either Si or Al, while OIII may be bonded to 3 Si atoms, 2 

Si and 1 Al atoms, 1 Si and 2 Al atoms, or 3 Al atoms. Figure 5d and 5e show the 

fractions of OI and OIII in these bonding conditions for all compositions and pressure 

conditions. 

By comparing Fig’s 4.5c, 4.5d, and 4.5e, we see that the number of oxygen 

“coordination defects” (OI and OIII) increase with decreasing silica content and that 

application of pressure (C) significantly increases the amount of OIII at the expense of 

both OI and OII. Interestingly, on decompressing (D), OI recovers or increases slightly 

compared with the undeformed state (I) while OII and OIII return only partially in the 

direction of their values in the initial undeformed (I) glass.   
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Figure 4.5: Fraction of each species by coordination number as a function of 

composition at initial (I), compressed (C) and decompressed (D) 

conditions. (a) Si coordination fractions. SiIV was omitted for clarity, 

however it makes up the remaining Si. (b) Al coordination fractions. AlIV 

was omitted for clarity, however it makes up the remaining Al. (c) OII 

coordination fraction segmented by the arrangement of species bonded to 

OII with comparison to simple glass model “M” with random Al and Si 

bonds per stoichiometry (d) OI coordination fraction segmented by the 

arrangement of species bonded to OI (e) OIII coordination fraction 

segmented by the arrangement of species bonded to OIII 
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4.4.4. Bond Angles 

Bond angle distributions (not shown) have Gaussian-like shapes that are slightly 

asymmetrical toward lower bond angles for O-Si-O and O-Al-O (intratetrahedral) 

angles and slightly asymmetrical toward higher bond angles for Si-O-Si and Al-O-Al 

(intertetrahedral) angles. The average bond angles and their standard deviations are 

reported in Figure 4.6. These values were obtained by taking the average and standard 

deviation of the bond angle distribution for each composition, pressure condition, and 

bond angle type. A confidence interval of 90% calculated from a one-way ANOVA is 

smaller than the markers for all mean values except the Al-O-Al and O-Al-O means in 

the case of x = 0.9 in which the marker sizes represent 80%+ and 70%+ confidence 

intervals respectively. 

In the initial, atmospheric pressure state, the average O-Si-O bond angle (Fig. 

4.6a) in silica is within 0.1˚ of 109.5˚, the ideal tetrahedral bond angle; however, in t-

CAS glasses, average O-Si-O bond angles are nearly a degree smaller. The standard 

deviation of the distribution is around 6˚ for all compositions. When compressed, the 

average O-Si-O bond angle reduces about 0.5–0.7˚, depending on composition, and 

the distribution width more than doubles. When decompressed, about 75% all of the 

average bond angle reduction is recovered; however, the angle distribution broadening 

only recovers partially (44% in SiO2 to 63% in x = 0.5).  

In contrast, in the initial, atmospheric pressure state, the average O-Al-O bond 

angle (Fig. 4.6b) is smaller than the ideal tetrahedral angle at about 108 degrees with 

an initial standard deviation nearly twice as large as that of the O-Si-O angles. Also, 

O-Al-O angles differ in that the average bond angle reduction under pressure is nearly 

double that of the O-Si-O angles and the reduction that is retained after decompression 

is also larger, varying with composition from more than half to less than one quarter of 
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the change retained with increasing x. The widening in the O-Al-O angle distribution 

is retained to a significant extent upon unloading.  

Despite differences in average bond angle (148˚ for Si-O-Si, 136˚ for Si-O-Al, and 

120˚ for Al-O-Al) in the initial pristine state, Si-O-Si, Si-O-Al, and Al-O-Al bond 

angles behave similarly (Fig’s 4.6c and 4.6d). For Si-O-Si and Si-O-Al angles, the 

averages reduce by about 10 degrees at 15 GPa compression and retain around 1/3 of 

that reduction when decompressed. The average Al-O-Al bond angle is the only 

intertetrahedral angle which is sensitive to composition in the initial state. The average 

Al-O-Al bond angle reduces between 4 and 8 degrees under 15 GPa compression with 

the largest changes in low silica compositions. The retained average change after 

decompression varies from around 60% to around 10% with decreasing silica. While 

the standard deviation of Si-O-Al is around 20-30% larger than that of Si-O-Si, both 

deviations become larger when compressed and recover only partially when 

decompressed.  
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Figure 4.6: Average bond angles and their standard deviations vs. mol% SiO2 at initial, 

compressed and decompressed conditions (a) O-Si-O (b) O-Al-O (c) Si-O-

Si (d) Si-O-Al (e) Al-O-Al. Closed symbols display the average on the left 

axis and open symbols display one standard deviation on the right axis.  

 

(a)  
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(b)  

(c)  
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(d)  

(e)  
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4.4.5. Ring Sizes 

Figure 4.7 shows the total number of rings of each size normalized by the total number 

of rings in the initial uncompressed glass for 100%, 85%, 70% and 50% silica glasses. 

(The 90% composition was omitted as it appears nearly identical to the 85% silica 

glass.)  

In the initial atmospheric pressure state, all compositions have distributions with 

the highest proportion of rings of size 7. These distributions widen and become more 

asymmetric in favor of smaller rings and the total number of rings increases with 

decreasing silica content (x = 0.50 has 31% more rings than 100% silica). Under 

compression, the number of rings of all sizes in 100% silica increases, but with 

decreasing silica the number of additional rings increases more dramatically and the 

increase shifts towards smaller (N < 7) rings to such an extent that there are fewer 

large (N > 7) rings at 15 GPa for x = 0.50. Interestingly, on decompression, even more 

8- and 9-membered rings are created in silica at the expense of 4-, 5-, and 6-membered 

rings, which decrease to slightly lower levels than in the initial structure. On 

decompression, the ring size distributions in glasses at x = 0.85 and 0.70 return to their 

original shape with slightly more rings at all sizes compared to the pristine state, while 

at x = 0.50, the ring size distribution retains the asymmetry shown at 15 GPa with 

more small rings (7 and fewer members) retained, while larger rings return to their 

initial values.  
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Figure 4.7: Ring size probability distributions at initial, compressed and unloaded 

decompressed conditions normalized by the initial number of rings of a 

given composition. The initial number of rings is listed in the top left 

corner. (a) 100% SiO2 (b) 85% SiO2 (c) 70% SiO2 (d) 50% SiO2 
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4.4.6. Ring Composition 

The ring compositions for each glass composition and pressure are shown in Table 1. 

100% SiO2 is omitted from Table 1 because all rings at that composition contain only 

Si. Ring sizes of 10 and larger were not tabulated as there are so few in total and so 

many ring compositions are possible for large ring sizes.  

For all compositions and deformation states, ring compositions change 

systematically with ring size. While the ring composition distribution of large rings of 

size 6 or larger match well with the distribution expected from the model, small rings 

become progressively more Al rich than the random model would expect. Two and 

three membered rings are particularly Al rich which suggests that Al clusters together. 

The majority of edge sharing polyhedra, or equivalently two membered rings, contain 

two Al despite such being the least likely configuration according to the model. For 

example, in 90% SiO2 for a ring size of 2, the mostly likely ring composition 

according to the model is 2 Si, however initially, the vast majority of the rings of size 

2 are 2 Al. 

These deviations from the model follow a trend with composition. As intuitively 

expected, the model predicts more Si rich ring composition with increasing x. 

However, for compositions with more SiO2, the most likely ring compositions 

approach the random model at smaller ring sizes. For example, at 90% SiO2, the most 

likely ring composition matches the model at a ring size of 6; at 50% SiO2, the 

convergence happens at a ring size of 8.  

Ring composition distributions change with pressure as well. During and after 

loading, compositions of large rings (≤ 7) remain approximately the same (Table 1). 

Compositions of rings of size smaller than 7 change more dramatically when pressure 

is applied and are partially retained on unloading. Ring composition distributions of 

rings of size 4, 5, and 6 shift a few percent toward Al rich compositions during 
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compression. Despite the large increase in the fraction of AlV and AlVI with pressure, 

two (edge sharing polyhedra) and three membered rings formed under pressure are 

more Si rich than their counterparts present initially. No matter the size of ring, ring 

composition distribution changes with pressure are partially recovered on unloading. 

Table 1: The composition (i.e. number of Al and Si) of each ring size at each 

composition and pressure. Each grouping of rows a given ring size (first column), the 

possible compositions at that ring size (second and third columns), and the proportions 

of each of those compositions (remining columns) at each of the three pressure 

conditions (I, C, D) and in a model (M) in which atoms are assumed to be randomly 

distributed, for each composition. The fractions of each ring composition are shaded 

for ease of interpretation. 100% is red; 50% is white, and 0% is blue. 
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Si Al M I C D M I C D M I C D M I C D
2 2 0 25% 0% 1% 0% 49% 0% 4% 1% 72% 0% 9% 3% 81% 0% 15% 3%

1 1 50% 4% 23% 12% 42% 7% 41% 22% 26% 17% 53% 37% 18% 24% 58% 40%
0 2 25% 96% 76% 88% 9% 93% 56% 78% 2% 83% 38% 60% 1% 76% 27% 57%

3 3 0 13% 0% 1% 1% 34% 1% 6% 6% 61% 9% 19% 20% 73% 23% 29% 34%
2 1 38% 6% 14% 11% 44% 23% 35% 30% 33% 44% 49% 48% 24% 40% 48% 43%
1 2 38% 41% 47% 47% 19% 50% 44% 47% 6% 38% 26% 26% 3% 31% 22% 20%
0 3 13% 53% 38% 42% 3% 26% 15% 18% 0% 9% 5% 6% 0% 5% 2% 2%

4 4 0 6% 1% 1% 1% 25% 11% 9% 12% 52% 37% 33% 36% 66% 52% 46% 52%
3 1 25% 10% 10% 10% 41% 32% 32% 33% 37% 40% 41% 42% 29% 35% 39% 36%
2 2 38% 34% 33% 32% 26% 37% 37% 34% 10% 18% 21% 18% 5% 11% 13% 10%
1 3 25% 39% 39% 39% 8% 18% 18% 18% 1% 4% 5% 4% 0% 2% 2% 2%
0 4 6% 16% 17% 19% 1% 2% 4% 3% 0% 0% 0% 0% 0% 0% 0% 0%

5 5 0 3% 1% 1% 1% 17% 11% 9% 11% 44% 39% 33% 37% 59% 55% 48% 54%
4 1 16% 8% 7% 7% 36% 32% 28% 29% 39% 38% 39% 39% 33% 34% 36% 34%
3 2 31% 24% 23% 23% 31% 32% 33% 32% 14% 18% 21% 19% 7% 10% 13% 10%
2 3 31% 35% 36% 35% 13% 19% 23% 21% 2% 4% 6% 4% 1% 1% 2% 2%
1 4 16% 25% 25% 26% 3% 5% 7% 7% 0% 1% 1% 1% 0% 0% 0% 0%
0 5 3% 7% 9% 8% 0% 1% 1% 1% 0% 0% 0% 0% 0% 0% 0% 0%

6 6 0 2% 1% 0% 0% 12% 10% 7% 8% 38% 35% 29% 33% 53% 51% 45% 49%
5 1 9% 5% 4% 4% 30% 26% 23% 23% 40% 38% 39% 38% 35% 35% 37% 36%
4 2 23% 18% 16% 15% 32% 31% 33% 32% 18% 20% 23% 21% 10% 12% 15% 12%
3 3 31% 31% 31% 30% 19% 23% 25% 24% 4% 6% 7% 6% 1% 2% 3% 2%
2 4 23% 29% 31% 31% 6% 8% 11% 10% 1% 1% 2% 1% 0% 0% 0% 0%
1 5 9% 15% 15% 17% 1% 2% 2% 3% 0% 0% 0% 0% 0% 0% 0% 0%
0 6 2% 2% 3% 3% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

7 7 0 1% 0% 0% 0% 8% 7% 6% 6% 32% 31% 28% 29% 48% 47% 43% 46%
6 1 5% 3% 3% 3% 21% 21% 20% 21% 34% 37% 38% 38% 32% 36% 38% 37%
5 2 16% 11% 11% 11% 32% 32% 31% 31% 21% 22% 23% 23% 12% 14% 15% 14%
4 3 27% 27% 26% 25% 23% 25% 26% 26% 6% 7% 9% 8% 2% 3% 4% 3%
3 4 27% 32% 32% 32% 10% 12% 12% 12% 1% 1% 2% 2% 0% 0% 1% 1%
2 5 16% 20% 20% 21% 3% 3% 3% 4% 0% 0% 0% 0% 0% 0% 0% 0%
1 6 5% 6% 7% 7% 0% 1% 1% 1% 0% 0% 0% 0% 0% 0% 0% 0%
0 7 1% 1% 1% 1% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

8 8 0 0% 0% 0% 0% 6% 7% 6% 6% 27% 29% 27% 27% 43% 45% 44% 45%
7 1 3% 2% 2% 2% 20% 18% 18% 20% 38% 37% 38% 37% 38% 37% 37% 36%
6 2 11% 9% 9% 9% 30% 29% 29% 29% 24% 23% 24% 23% 15% 14% 15% 15%
5 3 22% 20% 22% 21% 25% 27% 26% 26% 8% 9% 9% 9% 3% 3% 3% 3%
4 4 27% 32% 30% 30% 14% 14% 15% 14% 2% 2% 2% 2% 0% 1% 0% 0%
3 5 22% 25% 23% 24% 5% 4% 5% 4% 0% 0% 0% 0% 0% 0% 0% 0%
2 6 11% 10% 11% 11% 1% 1% 1% 1% 0% 0% 0% 0% 0% 0% 0% 0%
1 7 3% 2% 2% 2% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
0 8 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

9 9 0 0% 0% 0% 0% 4% 4% 6% 5% 23% 28% 23% 25% 39% 40% 43% 39%
8 1 2% 1% 2% 1% 16% 17% 17% 16% 37% 34% 33% 37% 39% 38% 36% 38%
7 2 7% 6% 8% 6% 27% 30% 29% 30% 26% 24% 28% 26% 17% 17% 14% 17%
6 3 16% 17% 18% 19% 27% 27% 26% 27% 11% 10% 12% 9% 4% 5% 6% 5%
5 4 25% 29% 27% 27% 17% 15% 16% 14% 3% 3% 3% 2% 1% 1% 1% 1%
4 5 25% 26% 25% 27% 7% 5% 6% 6% 0% 1% 0% 1% 0% 0% 0% 0%
3 6 16% 16% 13% 15% 2% 1% 1% 2% 0% 0% 0% 0% 0% 0% 0% 0%
2 7 7% 5% 8% 4% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
1 8 2% 1% 1% 1% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
0 9 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

90% SiO250% SiO2 70% SiO2Ring
Size

85% SiO2
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4.5. DISCUSSION 

In this section, we first comment on molecular dynamics potentials and their effect on 

simulated structures, then discuss our results as follows: silica at atmospheric pressure, 

silica at and after unloading from high pressure, tectosilicate calcium aluminosilicates 

at atmospheric pressure, and tectosilicate calcium aluminosilicates at and after 

unloading from high pressure.  

4.5.1. Comments on Interatomic Potentials and Calibration of Molecular 
Dynamics Simulations 

To understand how our MD results compare with the results of other MD simulations 

as well as experiments, it is important to understand how MD results vary depending 

on how the simulation is set up and run. Structures generated using molecular 

dynamics vary depending on factors such as the initial structure, thermodynamic 

ensemble, and interatomic potentials selected. Of these, interatomic potentials are 

particularly important because a wide variety of functional forms and parameter 

choices have been used to study glass [3, 38-45], and studies using nominally the same 

composition and conditions but different potentials can produce structures that are 

very different (e.g. [30, 46, 47]).  

There are four primary differences between interatomic potentials which affect the 

resulting structure: the functional form, the materials used to parameterize, the data 

used to parameterize, and the parameter values. 

Nearly every MD simulation used to study glass structure uses interatomic 

potentials with two- or three-body functional forms. Two-body potentials regulate 

only bond length as they consider only potentials between nearest neighbors, whereas 

three-body potentials regulate bond lengths and angles since they have parameters 

which generate potentials for next nearest neighbors. Two and three body functional 

forms may produce different bond angle distributions; however since there is nearly 
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no experimental data with which to compare, neither type of potential can be 

validated. The Pedone potentials [3] used in this study are two-body potentials, so they 

only directly regulate interactions between nearest neighbors. 

Once the functional form of an interatomic potential is defined, the constants 

(parameters) associated with that potential must be determined using experimental 

data—a process known as “parameterization” [48]. Since most data are only available 

for crystalline materials, parameterization is typically done using data from crystals, 

even for simulations of glass [3, 38-44]. Parameters may be chosen to fit data from a 

wide range of crystals to increase generality at the expense of accuracy, or may be fit 

to data only from crystals most similar to the simulated materials for better accuracy 

with a more limited range of applicability. The Pedone potentials [3] used in this study 

fall in the latter category. They were parameterized using only experimental data from 

crystalline oxides, as these potentials were intended to replicate silicate glasses. 

Therefore used the functional form and parameters reported by Pedone [3]. 

The selection of the characteristics of the parameterization materials that the 

potentials should accurately reproduce is also important to the performance of those 

potentials. Many potentials used to simulate silicate glasses are parameterized using 

only bond lengths obtained by diffraction and density (obtained typically by 

Archmedies method) from the selected crystals [38-43]; however some potentials use 

other data such as elastic constants [3]. Potentials which aim to replicate certain 

properties commonly used those properties as inputs to their parameterization. Pedone 

potentials, parameterized using bond lengths and the elastic tensor of various oxide 

crystals and not density, are optimized to replicate structural and mechanical 

properties, ideal for a study of our kind. 

Lastly, even if the functional form of the potential, materials used for 

parameterization, and characteristics used for parameterization are the same, the 
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parameters chosen may be different because of differences in the optimization of 

parameters such as the method of energy minimization.  

Pedone potentials were the best choice to achieve the aim of this study: to impose 

mechanical deformation of a wide range of t-CAS compositions using large (for MD 

simulations) structures in order to get reliable statistics for a wide range of “bulk” 

structural features. Large simulated structures require a simple functional form of the 

potential, like two-body Pedone, to reduce computational time. Multicomponent glass 

compositions like t-CAS can only be modeled using interatomic potentials with 

defined pair potentials between all of the constituent elements and specifically 

designed for oxide glasses, or oxides more generally. Many potentials used to simulate 

silicate glass have only developed pair potentials for Si and O, in contrast to Pedone 

who have parameterized oxide pair potentials for over 25 elements [3]. Simulating 

mechanical deformation is best done using a potential which has been parametrized 

using mechanical properties like Pedone which used elastic constants. 

4.5.2. Silica glass at atmospheric pressure 

The structure of silica glass under standard conditions (room temperature and 

pressure) has been reported in thousands of studies [] and can therefore be considered 

well-known. Thus, a detailed comparison of our simulated silica structure to structures 

reported in select other experimental and simulation studies can be used to understand 

the accuracy and characteristics of our simulations. 

In our simulations of pure SiO2, the Si is nearly all four coordinated (99.92%) with 

small amounts of SiV (Fig. 4.5a) and the O nearly all two coordinated (99.80%) as 

expected from well-established experimental evidence [49]. In other simulation 

studies, only average coordination numbers are reported with values for Si of 4 [20-23, 

46, 50-54] and O of 2 [52] within ± 0.02. Our results (4.00 and 2.00, respectively) fall 
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within this range. Reports of the actual fractions of various coordination numbers are 

rarely, if ever, reported. 

All reported experimental values of average Si-O bond length measured using x-

ray and neutron diffraction fall in the range 1.60 ± 0.01 Å [49, 55]. Our results (Fig. 

4.4) also fall within this range. In contrast, other computational studies report a wide 

range Si-O bond lengths, 1.59 to 1.68 Å [20-22, 24, 46, 50-52, 56-62]. Vitreous silica 

has been simulated hundreds of times with a large variety of interatomic potentials 

which we believe leads to their wide range of reported Si-O bond lengths.  

While it is difficult to confirm experimentally, it is believed that, since Si is in a 

four coordinated configuration, O-Si-O bond angles are very close to the ideal 

tetrahedral bond angle, 109.5 degrees. Since four coordinated Si is well established 

experimentally, potentials are chosen to replicate that coordination which results in 

average intratetrahedral angles near 109.5 degrees. Simulation studies, including ours 

(Figure 6a), report a narrow range of average O-Si-O bond angles between 108 and 

109.5 degrees [24, 54, 56, 58-62].  

In contrast, different simulation studies report average Si-O-Si bond angles that 

vary widely between 134 and 161 degrees [20, 21, 24, 51, 54, 56, 58-61]. Even the 

distributions appear different for the small number of studies that report more than the 

average value [22, 52]. Intertetrahedral bond angles have much more inherent 

flexibility than intratetrahedral bond angles because their only restriction is spatial 

overlap between two tetrahedra (i.e. steric effects) as opposed to strict maximization 

of distance between O bound to a central Si. An additional contribution to this 

variability is that Si-O-Si angles are less constrained by two body potentials than by 

three body potentials. In any event, our average Si-O-Si bond angle of 150 degrees 

(Figure 4.6c) matches very well with 148 degrees calculated from 17O NMR data in 

the only known experimental report [63]. This gives us confidence in the accuracy of 
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our simulation of vitreous silica and its ability to replicate medium range order 

structural features such as rings. 

Ring sizes in vitreous silica are commonly not reported in simulation studies and 

are not measurable experimentally. Of the relatively few reports [19-24, 53], the 

definition of what constitutes a ring and how ring size is calculated are often not 

stated, and in most of the remaining cases, the ring definition stated was different from 

the one that we chose [21, 23]. Those studies which used the same ring definition [22, 

24] had similar ring size distributions to ours (Figure 4.7a) with a median ring size of 

six or seven and a distribution of rings from 2 to 12 members.  

Density of vitreous silica is experimentally well known to be 2.20 g/cm3 [26]. 

However our simulations return a density of 2.32 g/cm3 (Figure 4.3). This is not 

entirely unexpected as density is a free variable, not parameterized in the Pedone 

potential, so a certain degree of deviation from experiments is to be expected [3]. 

Density values reported in simulations are in the range 2.2 ± 0.2 g/cm3 [24].  

Despite the fact that we chose relatively simple potentials (Pedone potentials), our 

structural values match well with existing computational and particularly experimental 

data on silica glass under standard conditions, validating our simulations and lends 

credence that our simulated structures of other compositions are also valid. 

4.5.3. Silica glass at and after high pressure 

A limited number (10s as opposed to 1000s of silica at atmospheric pressure) of 

computational studies of silica at high pressure exist, and the structural changes 

induced by pressure vary significantly from study to study even when pressure is 

nearly equivalent. Experimental data is even more sparse. Comparison between 

experiments and simulations is much more difficult than studies at atmospheric 

conditions because experiments nearly always report data after compression and 
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simulations during compression and there are a wide range of pressures (10s of MPa 

to 100s of GPa) and temperatures (~300-1000s K) used. 

We observe an Si-O bond length decrease of around 0.01 Å at 15 GPa (Figure 4.4) 

which is seemingly the only aspect of densified silica’s structure which is agreed upon 

in various studies [50, 56, 64]. If the length reduction was attributed entirely to strain, 

converting 0.06 uniaxial strain of Si-O bonds at 15 GPa only results in 0.18 strain, but 

the densification is nearly 40%. Therefore strain must be accommodated by other 

structural rearrangement such as bond angle changes which are known to occur with 

pressure [20, 21, 50, 53, 54, 56, 58, 59].  

In our simulations, Si shows a strong preference for a tetrahedral configuration. 

95% of Si is SiIV at 15 GPa and 99% after compression (Figure 4.5a). Although the 

number of high coordinated Si is small, coordination change is present, therefore 

changes in bond length and bond angles are not the only mechanism of deformation. 

It is difficult to compare our Si coordination with other simulation studies because 

they almost always report an average Si coordination number (e.g. [20, 50-53, 56]) 

rather than a Si coordination distribution (i.e. the fractions of SiIV, SiV, and so on) as 

we have. Average coordination number is a poor metric for describing the structure as 

the same average can represent very different structures. For example, both a structure 

with 50% SiIV and 50% SiVI and a structure with 100% SiV have an average 

coordination number of 5. Average Si coordination number at pressures between 10 

and 20 GPa has been reported between 4 and 5.2 in simulations [20, 50, 54, 56], but, 

because the types (and relative amounts) of species are not reported, comparison to 

our average silicon coordination number (4.03) is meaningless. Despite different 

values for coordination number, all studies report that average coordination number 

increases with increasing pressure.  
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In contrast to simulation studies, NMR reports coordination distributions albeit 

very little NMR data of compressed silica exists. Using 29Si NMR, Xue et al. detected 

no high coordinated Si in their SiO2 samples quenched from a melt to glass while 

under 6 GPa of hydrostatic pressure [65]. Given they observed no more SiV than their 

detection limit of 0.3%, our result (0.2% SiV at 6 GPa) is in the range they observed 

(0-0.3%). Our data and theirs support the idea that only a very small fraction of Si is 

five or six even at high pressure.  

Despite many simulation studies of densified silica, O coordination number has 

not been reported. In addition, O coordination number is difficult to measure 

experimentally since Stebbins et al. [17] claimed that it is not possible to distinguish 

between OII and OIII using NMR. Therefore we believe our O coordination number 

results (Figure 4.5c) are particularly important because they provide the first 

observations of O coordination with pressure. 

Interestingly, OIII is present at and after pressure though it is not present initially, 

meaning that it must have a role in deformation. OIII could be formed by creating a 

new O-O bond, but those do not exist in the structure. The only alternative in silica is 

that OII forms a bond with a Si. 

Our knowledge of OIII allows us to infer mechanisms of coordination number 

increase in Si. If an OII formed a bond to SiIV, an OIII and SiV would be formed, which 

could account for all SiV formed during pressure. Alternatively OI could form another 

bond with a SiIV however the OI needed is nearly nonexistent initially. Therefore, this 

mechanism appears improbable in silica. (It should be noted that Si-Si do not form.) 

With only information on OI and OII coordination states, it would be impossible to 

propose a mechanism of SiV formation consistent with O coordination. 

In contrast to O coordination, densified silica bond angles have received attention 

from both experimental and computational studies. Though O-Si-O bonds are much 
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more angularly restricted than Si-O-Si bonds, it would be unreasonable to assume that 

SiO2 tetrahedra do not deform under hydrostatic pressure at lease a small amount. 

Experimental Raman spectra such as those taken by McMillan et al. [66] and Williams 

& Jeanloz [67] interpret spectral change with pressure as a reduction in O-Si-O angle 

and broadening of the distribution. Computational studies [20, 50, 54, 56, 58, 59] have 

confirmed that O-Si-O bond angles changes with deformation and report a range of 

average O-Si-O bond angle decreases between 0.5 and 3 degrees when loaded within 1 

GPa of 15 GPa (ours is 0.5;Figure 4.6a). SiV necessarily must have smaller bond 

angles than SiIV since an additional O is bonded, and since SiV increases with pressure, 

it is to be expected that O-Si-O bond angles would decrease on average. The presence 

of SiV also explains the widening of the bond angle distribution since a wider variety 

of Si coordination number results in a wider distribution. 

When comparing Si-O-Si behavior with O-Si-O behavior, it is clear that tetrahedra 

remain fairly rigid while the connection between them accommodate strain since our 

Si-O-Si bond angles decrease 20 times more (~11 degrees) (Figure 4.6c) with 

compression than O-Si-O bond angles (Figure 4.6a) which is to be expected given the 

inherent flexibility of intertetrahedral angles and rigidity of intratetrahedral angles as 

discussed in Section 5.2. Our Si-O-Si bond angles decrease is comparable to other 

simulation studies [20, 21, 53, 56, 58, 59]. Despite unanimous agreement that Si-O-Si 

bond angles reduce with pressure, no experimental measurement which can directly 

measure bond angles. Nevertheless indirect measures have suggested bond angle 

reduction and opposing views on how the distribution shape changes with pressure. 

Using 17O NMR, Trease et al. quantified ~7 degrees reduction in average Si-O-Si 

bond angle after compression at 13.6 GPa [63] which is within 1 degree of our value at 

13 GPa, and they observed little change in the distribution width with pressure.. 

Raman studies [66-68] suggested Si-O-Si bond angles decreased although they cannot 
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specify amount. Using Raman spectroscopy in a high pressure cell, Hemley et al. [69] 

at 8 GPa and Champagnon et al. [68] at 18 GPa suggested that the Si-O-Si distribution 

narrowed under pressure. However, in simulations, we see a slight (2-3 degree) 

broadening at 15 GPa. Given the indirectness of experimental bond angle 

measurements, simulations like ours provide the most detailed information available 

regarding bond angle changes.  

More rings of all sizes are formed during compression. The formation of additional 

rings must be due to the formation of high coordinated Si and O which by definition 

form an additional bond which adds to the total number of rings and overall network 

connectivity. Despite a number of reports of ring size distributions under pressure, no 

consensus has formed on how the ring size distribution changes after pressure. Most 

experimental and computational studies report an increase in small (3 and 4 

membered) rings during and after pressure [66, 68-74]. Based on their Raman spectra, 

William & Jeanloz speculated that these small rings increased at the expense of large 

ones [67]. This hypothesis was supported by other Raman spectroscopists [70, 71], but 

some authors of simulation papers suggested that there is an increase in small (3 and 

4) and large (7+) rings at the expense of 5 and 6 membered rings [20, 53]. Although 

our ring size distribution deviations after pressure appears small particularly relative to 

t-CAS, our results in silica concur with this nuanced behavior of increasing small and 

large rings at the expense of medium sized rings (Figure 4.7a).  

Many computational studies [21, 23, 57-59, 72, 75] and at least one experimental 

[64] study have reported densification at high pressure. Densification reported in those 

studies are shown in Figure 4.3b alongside our data. Reported densification of 

simulated glasses at pressure ranges widely between 18 and 52% at pressures near 15 

GPa, and our value is near the middle (39%). The variation in reports is so large that 

useful comparison is not possible. We attribute this to the wide range of interatomic 
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potentials used to model densified silica. Unfortunately, densification at high pressure 

experimentally is very difficult to obtain, so it is difficult to make a determination on 

the accuracy of any densification value at 15 GPa. However there is a multitude of 

residual densification data after decompression obtained experimentally (18-20%) [21, 

23, 76, 77], and our value of 18% is in good agreement with other reports [21, 23, 76, 

77]. This is important because although our absolute density values do not match well 

with experimental data, our relative changes do which is important for study of further 

compositions. 

Lastly, it must be noted that we report structural changes during and after 

compression. This is very important because structural changes after decompression 

cannot be predicted from compressed data alone. Additionally, collecting both 

compressed and decompressed structural data allows us to bridge the gap between 

after pressure experimental and at pressure simulation studies.  

In summary, the structure of silica under hydrostatic pressure has been reported 

relatively infrequently with little consensus among reports which we attribute 

primarily to sparse experimental data and simulations data from a wide range of 

interatomic potentials. Our values match well with the little experimental data reported 

and fall within the wide range of values reported in simulations. In addition, we 

provide a well characterized silica structure before, during and after 15 GPa pressure 

which also provides context for CAS compositions. 

4.5.4. t-CAS glasses at atmospheric pressure 

In comparison to silica, there are relatively few (10s) studies on aluminosilicates, 

specifically calcium aluminosilicates. Despite their relative rarity, these studies have 

reported many structural metrics (density, bond lengths and angles, coordination 

number, etc.), but typically a select few compositions [13, 14, 30, 78-85].  
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As explored in section 2, it has been established that tectosilicate calcium 

aluminosilicates are formed of aluminum and silicon tetrahedra surrounded by oxygen, 

however there are small fractions of NBO and AlV. As expected, we observe that Si is 

4 coordinated like several other studies (Figure 4.5a) [11-14, 86], and we also observe 

NBO and AlV in the initial structures.  

Contrary to the simple model described in Section 2, AlV is present in our 

simulation and confirmed experimentally [7-9]. In our simulations, in 50% t-CAS, 

there’s nearly 8% AlV, and in 90% t-CAS, around 2% AlV (Figure 4.5b). These values 

and trends match well will experimental [7-9] and computational studies [11-14, 78]. 

Tandia et al.[13] observe a very similar magnitude of AlV and the same trend with 

composition in some of the same t-CAS compositions. The few other studies [14, 31] 

which have CAS compositions with varying amounts of Al also observe that more Al 

in the composition results in a higher average Al coordination number. Presently, no 

one has explained why AlV fraction varies in t-CAS glasses all of which should 

nominally have none, but we will explain this behavior later in this section. 

AlIII occurs in our simulation at a surprisingly large fraction (0-5%) with surprising 

frequency. For most simulation studies, it is not possible to know if they have 

observed AlIII because they report only average Al coordination number. Additionally, 

AlIII has not been reported experimentally despite the fact that it is possible to measure 

experimentally. It is possible that AlIII is an artifact of the simulation (e.g. a quench 

rate effect), but we see no other obvious simulation artifacts in other structural metrics.  

We present detailed distribution of O coordination number rather than the average 

many studies report which allows us to understand the role of O in the structure. 

Figure 4.5c shows that the majority of O is OII in all compositions. OII bonding to Al 

and Si is fairly random as it matches well with the proportions of OII bonding 

predicted by a random model, as described in 4.3., if scaled to the total number of OII, 
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but does show a slight preference against Al-O-Al bonds. This preference is consistent 

with the “Al avoidance” hypothesis [25] where AlIV avoids bonding with other AlIV. 

Studies [9, 11, 12, 14, 78, 87, 88] have calculated NBO (OI) is present between 2 and 

8% and a trend of decreasing OI with increasing SiO2. We observe similar behavior 

with up to 10% OI  in 50% t-CAS decreasing with SiO2 content to none in 100% SiO2. 

Using simulations, we can observe that OI and OII are not the only two O 

coordinations present in the glass. Initially, we observe that OI and OIII are present in 

nearly equal portions for all compositions. Consequently, the average coordination 

number for all compositions is almost exactly 2. If only average coordination number 

is reported, a misleading analysis could result that almost all O are in OII. In contrast 

to OI where experimental measurements have proved its existence, experimental 

measurement of OIII has been elusive despite its proposed existence by Lacy [15]. 

NMR, the most commonly used technique for determining coordination number in 

glasses, is unable to deconvolute OIII from OII s. Computational studies, on the other 

hand, can easily calculate OIII. Using molecular dynamics, a few others have reported 

OIII[13, 31], and our results match well; both Agnello et al. [31] and Tandia et al. [13] 

report an increasing amount of OIII with decreasing SiO2 in t-CAS glasses.  

Beyond a simple distribution of O coordination number, we also calculated to 

which other atoms each O is bonded in order to test the bond order hypothesis. Using 

the bond order approach suggested by Pauling and adapted for glass by Bunker & 

Brow [26], Si-NBO bonds have a lower net charge than Al-NBO bonds, and Al-OIII 

bonds a lower net charge than Si-OIII. Therefore they suggested that NBO 

preferentially bond with Si and OIII with Al. We observe these same preferences, but it 

must be noted that it is not exclusive such that OI only bonds with Si and so on (Figure 

4.5c-e). Using NMR, Allwardt et al. [89] showed that OI preferentially bonds with Si, 

and computational studies have confirmed Al-OIII preference [12, 14]. 
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Preferentially bonding is crucial to understanding how bond lengths vary with 

composition. Average Si-O bonds increase from 1.601 to 1.608 Å with increasing 

SiO2 content. Average Al-O bonds are much longer (0.15 Å) than Si-O bonds and 

decrease a larger 0.01 Å with increasing SiO2. Our average bond lengths (Figure 4.4) 

match well with those reported by Petkov et al. [90], although the variations with 

composition we observe are impossible to compare with experiment because the 

experimental error (± 0.01 Å ) is larger than the variations with composition we 

observe. However preferential bonding can explain our observed bond length 

variations with composition. SiIV bonded to an NBO results in a shorter bond than a 

SiIV-OII bond [59]. Variation of Si-O bond lengths with composition can be attributed 

to OI/OII ratio variation with composition as there are more OI in silica-poor 

compositions which results in a lower average Si-O bond length. Variation in Al-O 

bond lengths can be explained in a similar manner. AlV bonds should be longer than 

AlIV bonds on average, and since silica poor compositions have more AlV, they have 

longer average Al-O bond lengths. 

Bond angles in calcium aluminosilicates are rarely reported elsewhere [12, 30, 82]. 

All our aluminosilicate compositions have an average O-Si-O bond angle slightly less 

(~108.4°) (Figure 4.6a) but still very close to the expected, ideal tetrahedral bond 

angle, 109.5°, which is most commonly reported [12, 30]. In contrast, we observe O-

Al-O bond angles which vary with composition from 107.5° to 108° with increasing 

SiO2 (Figure 4.6b). The overall smaller average angle, broader distribution and 

variation with composition compared with O-Si-O angles can be explained by the 

presence of AlV to varying degrees with composition since AlV reduces the O-Al-O 

bond angles to accommodate an additional bond. 

Intertetrahedral bond angles (Si-O-Si, Si-O-Al, Al-O-Al) are much larger at 

around 147° for Si-O-Si bond angles, 137° for Si-O-Al bond angles, and 114-120° for 
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Al-O-Al bonds, and the standard deviation of the distribution is at least twice as wide 

as intratetrahedral bonds (Figure 4.6c-d). Like intertetrahedral angles in silica, average 

intertetrahedral angles are larger and the distribution wider than intratetrahedral angles 

because they are less constrained and have more freedom in the network. The decrease 

in average bond angle with increasing Al in the bond type and Al-O-Al bond angle 

decrease with lower x can be explained by the presence of AlV which reduces the 

average intertetrahedral angle. While there are only a couple [30, 82] studies which 

report intertetrahedral bonds in calcium aluminosilicates, comparison is not useful 

since Bauchy [30] showed that there is nearly a 30 degree variation in average 

intertetrahedral angles by using different molecular dynamics potentials in the same 

composition.  

Ring sizes in t-CAS glasses vary between 2 and 12 members with a peak value of 

7 (Figure 4.7). The total number of rings increases by 30% from 100% SiO2 to 50% 

SiO2. A 30% increase in the total number of rings is remarkably high. Some of the 

increase can be attributed to high coordinated species such as AlV or OIII which form 

an additional bond and thus additional pathways for rings. Each AlV or SiV should 

provide four more pathways than an AlIV or SiIV, and each OIII two more pathways 

than an OII. The ring distributions also shift toward smaller rings with less SiO2. With 

decreasing SiO2, Al is replacing Si in the network. Since Al is more connected (i.e. 

higher average coordination number), Al forms more bridges between large rings 

which increases the number of small rings while the total number of large rings 

remains the same. If the bond between the OIII and AlV in Figure 4.8a was formed 

upon Al for Si substitution, the initial 8 membered ring is retained and two new small 

rings (of size 3 and 6) are formed using the King’s criterion definition [35]. This 

mechanism is consistent with an increased number of total, particularly small, rings 

with increasing Al. 
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Remarkable observations have been made with ring composition as well. Two (i.e. 

edge sharing polyhedral) and three membered rings are dramatically more Al rich than 

predicted by random stoichiometric selection as described in Section 3.2.6. 

Furthermore, there are more Al in rings of size 6 or less than would be predicted by 

random stoichiometric selection. Based on these results, Al appears more well-suited 

to adapt to such a constrained geometry as a 2 (edge sharing polyhedra) or 3 

membered ring, henceforth called Al dimers or trimers, respectively.  

The formation of dimers and trimers could alter ring distributions in a variety of 

ways. First, the formation of an Al-O bond to form an Al dimer increases the number 

of total rings by adding one 2-membered ring and one other ring. Figure 4.8b depicts 

three rings: one Al dimer, one six membered ring through the oxygen in the Al dimer 

depicted to the inside of the ring, and one six membered ring through the oxygen in 

the Al dimer depicted to the outside of the ring. Without the Al dimer, Figure 4.8b 

would only depict a single six membered ring. This configuration could account for 

the increase in rings of any size with decreasing silica content. Second, Al dimers 

could form a complex with a central OIII which could account for some of the Al 

dimers and trimers in the ring composition (Figure 4.8c). These complexes could 

account for the increase in 2 and 3 membered rings with decreasing silica 

compositions.  

Our observations of clustering Al is also consistent with Al avoidance [25] 

(defined and discussed in section 2). Al avoidance hypothesis actually supports 

clustering of Al, but that fact is easily forgotten as many other studies only parrot the 

first part of the hypothesis: that AlIV prefers not to form Al-O-Al bonds. Recent 

simulations have acknowledged the whole Al avoidance hypothesis and report that Al-

O-Al bonds are more likely to include a higher coordinated Al [30] and that a fraction 

of Al-O-Al bonds occur when Al tetrahedra/polyhedra share two oxygens with another 
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Al tetrahedra/polyhedra (i.e. polyhedra which share edges) which form small 2 

membered rings [31]. Our observations provide a unique data of ring composition to a 

growing body of simulations [30, 31] which supports Loewenstein’s original, nuanced 

hypothesis [25]. 

These dimers and trimers provide evidence of clustering behavior of Al which can 

explain why AlV and OIII vary with pressure despite the fact that the simple model 

described in Section 2 suggest that none of the compositions we studied should 

contain AlV or OIII. As the fraction of Al in the glass increases, Al is statistically more 

likely to be near another Al. If when Al is near other Al, it forms clusters, then Al in 

those clusters should be high coordinated based on Al avoidance [25]. If OIII is 

associated with Al dimers as suggested by Angello [31] and consistent with Al 

avoidance [25], then the above reasoning also explains the increase in OIII fraction with 

increasing Al. Without simulating a range of compositions and calculating ring 

composition, these conclusions could not have been drawn.  

Lastly, we compare density of our t-CAS glasses (Figure 4.3). Even though the 

slope of our trend matches well with other reports [91-94], our density values are 

around 0.15-0.2 g/cm3 higher than experimentally measured densities in t-CAS glasses 

[91-94]. As mentioned before, we attribute density overestimations to the Pedone 

potential. 

In summary, our data provide a detailed overview of t-CAS glass structure. Our 

results, particularly those of AlV and NBO, match well with experiments and 

simulation data which lends further credence to the accuracy of our simulations. We 

explained why OIII and AlV vary with composition by suggesting that Al clusters 

forming dimers, which is consistent with theoretical speculation [25] and simulation 

data [31]. By comparing structural features included in this paper in one study across 
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compositions, we provide context for comparing with other studies which often only 

report some structural features in a single composition. 
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Figure 4.8: Al dimers in rings. Black circles represent Si, and blue Al. The fourth O 

bound to each network former is bonded perpendicular to the page. (a) An 

AlV-OIII bond bridging across a ring (b) An Al dimer in large ring (c) An 

OIII with three surrounding Al dimers (d) An Al dimer with one edge 

sharing, three coordinated oxygen bound to both Al in the dimer and a Si. 

The red dashed lines represent new ring paths in the structure upon the 

formation of the Si-O bond. (e) An Al forming a two membered ring with a 

next nearest neighbor Si by the formation of an AlIV – NBO bond.  

(a)  
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(b)  

(c)  

(d)  
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(e)  
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4.5.5. t-CAS glasses at and after high pressure 

Unsurprisingly, there is very little information about CAS glasses under pressure. 

Only two computational studies [11, 12] exist of calcium aluminosilicates under 

pressure and they simulate the same single composition, 50% t-CAS. Also there is a 

single experimental study in t-CAS which only reports densification at pressure and no 

structural features [95]. Therefore, we have very little data available with which we 

can compare at pressure, and only densification to compare after decompression.  

We observed that densification during and after pressure is nearly constant with t-

CAS composition. Since our densification data of silica matched well and our t-CAS 

densification data matches well with the only two existing reports in two 

compositions, our densification values for over the range of compositions in this study 

are reputable. At 15 GPa, Ghosh and Karki [12] report 25% densification of 50% t-

CAS which is within 1% of our observed densification (Figure 4.3b). At much lower 

pressures of 6 GPa, Kuryaeva [95]. observed 11 and 14% increases in density in 50% 

and 66% t-CAS respectively. Our densification values at 6 GPa are within a few 

percent of hers. It is commonly believed that silica-rich glasses are thought to deform 

primarily by densification and silica-poor glasses by shear [96], but our results show 

similar amounts of densification were observed in all our compositions that span the 

range from silica rich to silica poor. It is not possible to comment on shear behavior as 

deviatoric stresses were not imposed in this study, but it is possible that shear varies 

with compositions.   

Beyond densification, only coordination number and bond lengths are reported in 

other studies. In 50% t-CAS, the average Si coordination number at 15 GPa was 4.02 

for Drewitt et al. [11], 4.46 for Ghosh & Karki [12], and 4.01 for us. These two data 

points from others span an enormous range. It is difficult to interpret because neither 

report their coordination number distributions, but both are larger than the 
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coordination reported prior to compression which is logical. However if it is assumed 

that Si in simulations is typically SiIV or SiV, then an average of 4.46 requires that 

nearly 50% of Si are SiV which seems unreasonably large for a relatively moderate 

pressure of 15 GPa.  

Our study also shows that high coordinated Si appear during and after compression 

and increase with decreasing x. At 15 GPa, SiV and SiVI appear in a composition 

dependent manner with about 10% of Si becoming higher coordinated in 50% t-CAS 

and only 5% in 100% SiO2. After decompression, only about 20% of the SiV is 

retained and all of the SiVI disappears. There is a single experimental study which 

suggests that SiV forms under pressure. Using NMR, Kelsey et al. [97] observed up to 

3% SiV after compressing sodium aluminosilicate glasses. While their composition 

and pressures were different, the presence of SiV in experiments lends credence to our 

observations even while the magnitudes cannot be compared.  

Al, in contrast to Si, shows significant coordination change during and after 

pressure (Figure 4.5b). Like Si, 5 and 6 coordinated Al appear under compression with 

significantly more AlV than AlIV, however unlike Si, up to 50% of the Al becomes 

AlV, and a much larger fraction of high coordinated species remain after 

decompression. Like Si coordination, Drewitt et al. [11] reported an average Al 

coordination of 5 at 15 GPa in 50% t-CAS which is drastically higher than the values 

reported by Ghosh and Karki [12] and us. Again, Drewitt et al.’s [11] average Al 

coordination number seems unreasonably large. Using observations from NMR data, 

Allwardt et al. [98] suggested that increasing AlV can be associated with increasing 

densification, but our data disagree. AlV content does not explain increased 

densification across compositions as AlV varies with composition and densification 

does not. Instead, we believe that the quantity of AlV is an indication of the 
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densification in a particular composition but cannot be used to compare across 

compositions. 

O coordination is also affected by pressure and varies with composition, but not 

quite to the degree of Al (Figure 4.5c-e). At 15 GPa, the fraction of OIII nearly doubles 

from initial values to between 23% and 3% with increasing x, and around half of the 

increase is retained on decompression. OI and OII behave in the opposite manner with 

pressure. In 50% t-CAS, Drewitt et al. [11] and Ghosh & Karki [12] observe similar 

OI fraction at pressure, but more OIII than our data suggest. We have shown that OIII is 

an important structural change all aluminosilicates with pressure as it makes up more 

than a few percent during and after pressure at all the compositions studied. Therefore, 

it is very important to consider the effects of OIII even if it is not currently 

experimentally measurable. 

Bond lengths also vary with pressure due to changes in coordination number. As 

observed in SiO2, Si-O bond lengths decrease at pressure and return to a slightly 

longer bond length than the initial after decompression (Figure 4.4a). As with SiO2, 

we attribute these changes to a combination of elastic strains (more elastic strain thus 

shorter bond), changing Si coordination number (higher Si coordination thus longer 

bond) and changing coordination of O bonding to Si (higher O coordination thus 

longer bond). During compression the bond length change is dominated by elastic 

strains, but when the pressure is released the residual Si-O bond length is primarily 

determined by the coordination numbers. In contrast to Si-O bonds, Al-O bonds 

lengthen substantially (~0.25) with pressure, and the lengthening is fully retained if 

not lengthened further. The magnitude of this bond length increase at pressure is 

supported by Drewitt et al. [11] and Ghosh & Karki [12]. In the case of Al, increasing 

Al coordination number and increasing O coordination number increase the bond 

lengths more than elastic strains decrease them.  
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Beyond densification, coordination number and bond lengths, very little additional 

data about CAS structures under pressure is published. However we provide detailed 

data on bond angles, ring size and ring composition.  

O-Si-O bond angles decrease with pressure but return to almost their initial values 

which is consistent with the lack of retained SiV which alters bond angles (Figure 

4.6a). A large change in AlV is observed with pressure, and O-Al-O bonds are affected 

as a result (Figure 4.6b). The bond angles reduce with increasing AlV as expected. We 

have shown that Al more readily adopts an AlV configuration in response both to 

stress and to composition than Si.  

Al proves more adaptable in intertetrahedral bonds as well. Al-O-Al and Si-O-Al 

bonds reduce more under pressure and retain more of that reduction than their Si-O-Si 

counterparts because of AlV (Figure 4.6c-d). Unlike many other structural metrics, 

composition doesn’t have much of an effect on intertetrahedral bond change 

magnitudes under pressure, but silica-rich compositions don’t retain quite as much of 

intertetrahedral changes after pressure as silica-rich compositions which correlates 

with retained AlV fraction. 

The formation of more Al-O bonds also leads to a very dramatic increase in the 

total number of rings in all aluminosilicate compositions, particularly an increase in 

small rings. We propose that the formation of AlV-OIII bonds link across rings and the 

formation of OIII linking between an Al dimer and Si could account for the increase in 

rings. The formation of a single Al-O bond in Figure 4.8a adds a 3 and a 6 membered 

ring to the ring distribution while retaining the original 8 membered ring. As 

demonstrated this mechanism increases the number of small rings which is consistent 

with the increase in small rings during and after compression. Alternatively, OIII could 

form by linking an O from an Al dimer to a Si to form an OIII as shown in Figure 4.8d. 

In this case, two additional rings of unknown size form. These new rings include the 
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Si, the OIII and each of the AlV respectively as depicted in red dashed lines in Figure 

4.8d. This mechanism could also contribute to the increase in the total number of rings 

formed under compression, however it is not obvious if the newly formed rings would 

have a particular size preference and thus contribute to skewing the distribution to 

smaller rings sizes.  

The ring composition also changes with pressure, particularly ring compositions of 

ring sizes which become a larger fraction of the total ring distribution (i.e. 2-6 

membered rings). The number of large rings changes the least, and accordingly their 

ring composition remains nearly the same. However, many small, two and three 

membered rings form during and after pressure. These new rings unlike their initial 

counterparts are much more likely to contain Si. It is possible to explain this 

phenomenon using our understanding of Al coordination number changes and NBO 

preferential bonding. NBOs, by definition, do not participate in rings as they are only 

bonded to one atom which is typically Si. If AlIV becomes AlV by forming an Al-O 

bond with an O which is initially OI, then because Si is preferentially bonded to NBO, 

the new rings formed by the new Al-O bond would likely include Si. This phenomena, 

depicted in Figure 4.8e, could change the overall fraction of Si in the ring 

composition. 

In summary, our data provides the first comprehensive structural study of a range 

of CAS glasses before, during and after hydrostatic pressure. Though our results have 

little existing data to directly compare with, our silica data shows that our simulations 

are reasonable and that the trends, if not also the magnitudes of our structural 

variations with pressure are correct. We show that AlV and OIII play prominent roles in 

the structure during and after pressure, roles which are more dramatic with decreasing 

SiO2. We provide the first data on bond angles, ring size and ring composition with 

pressure. The bond angles change in similar ways as silica with an increasing bond 
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angle change during and after pressure for low silica compositions. Ring size 

distributions and ring compositions change in differing and complex ways depending 

on composition. 

4.6. CONCLUSIONS 

Since previous studies have been limited in compositional scope and didn’t report 

structural metrics after compression, our study provides not only the first 

comprehensive compositional study of CAS glasses but also provides the first 

comprehensive structural study which reports structure metrics before, during and 

after plastic deformation in hydrostatically compressed glasses. By reporting the glass 

structure after decompressing, it is to elucidate structurally changes due to elastic 

deformation or due to plastic deformation. We hope this study can become a resource 

for others interested in calcium aluminosilicate glass structure. 

We showed that OIII is present in calcium aluminosilicate structures before, during 

and after compression at fractions which could affect properties, and thus OIII should 

be considered when discussing aluminosilicate structure and when developing the 

structural basis for material behavior. We showed that Si-O and Al-O bond lengths 

vary with composition and pressure, and we explained their variations with elastic 

strains and coordination numbers of both the network former (i.e. Si or Al) and O. To 

our knowledge, we are the first computational study in silicate glass which tabulated 

ring composition or bonding arrangements. We demonstrated the utility of these 

metrics for testing the Al avoidance hypothesis and understanding the role of Al 

clusters in variations in coordination number with composition and pressure.  
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ABSTRACT 

Using molecular dynamics simulations of calcium aluminosilicate glasses, AlV, SiV, 

and their surrounding O environments were analyzed. Unlike a trigonal bipyramidal 

structure, which is common for five-coordinated species, the bond angle distributions 

suggest that AlV and SiV adopt configurations consistent with the range of geometries 

found in a Berry pseudorotation. This allows AlV and SiV to adopt any configuration 

between two extremes, which are trigonal bipyramids, with minimal energy cost. It is 

shown that this range of geometries, in combination with the ease with which Al 

changes coordination, facilitates mechanisms that lead to plastic deformation or 

viscous flow. This understanding of the geometry of these five-coordinated network 

formers, along with knowledge of plastic deformation mechanisms, can be used to 

explain the effects of pressure, temperature, and aluminum content on the plastic flow 

behavior of aluminosilicates. 
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5.1. INTRODUCTION 

Aluminum is an important constituent of many modern commercial silicate glasses, 

particularly in applications which require robust mechanical properties. 

Aluminosilicates are used as the cover glass for electronic display screens, the load 

bearing component in fiberglass reinforced plastics, and as sealing glasses for 

microelectronics and lamp applications. In these applications, aluminum plays an 

important role by improving fracture strength, increasing elastic modulus, and 

reducing viscosity [1]. 

Like silicon, aluminum in aluminosilicate glasses is normally four-coordinated 

with oxygen (AlIV) [1]. However, recent work has suggested that the improvements in 

mechanical properties and the reduction in viscosity may be attributed to the presence 

of five-fold coordinated aluminum (AlV) in such glasses [2, 3]. Al transforms from 

four- to five-fold coordination relatively easily, thus the fraction of AlV relative to AlIV 

in aluminosilicates is much higher than the fraction of SiV relative to SiIV (in any 

silicate) [4]. In addition, the fraction of SiV and AlV in aluminosilicates has been 

shown to increase upon the application of hydrostatic pressure or high temperature [3, 

5-12]. For example, in studies of alkali and alkaline earth aluminosilicates [3, 5], over 

30% of Al was observed to have coordination numbers higher than four after 8-10 

GPa hydrostatic compression compared to less than 10% prior to compression. High 

temperature 29Al NMR was used to demonstrate that the mean coordination number of 

Al increases with temperature [12], and twice as much SiV was observed in potassium 

silicates when quenched rapidly from a melt versus a slow quench suggesting that high 

coordinated Si is more abundant at higher temperatures [8]. Lamberson et al. [2] 

observed that glasses with higher AlV fractions had lower hardness and suggested that 

AlV facilitated plastic deformation by enabling motion of point defects (coordination 

defects and NBO’s) through the glass. Farnan & Stebbins [13] and others [8, 12, 14-
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17] noted that high coordinated species play a role in viscous flow, and suggested that 

unexpectedly low viscosity at high pressure and reduced viscosity at high temperature 

can be explained by an increase of high coordinated species. However, despite its 

well-established presence and hypothetical importance, AlV has not been well 

characterized. In particular, neither the bonding nor the geometry of AlV is understood 

in any detail. 

In this work, we study AlV and SiV geometry in calcium aluminosilicate glasses as 

a function of composition and pressure using MD simulations. Since the structure of 

glass is complex, we characterize O-Al-O and O-Si-O bond angle distributions as 

functions of composition and pressure to understand the geometry of four- and five-

fold coordinated Al and Si, respectively. We find that, while AlIV and SiIV have bond 

angle distributions consistent with distortions around the ideal tetrahedral bond angle 

of 109.5˚, the bond angle distributions of AlV and SiV are insensitive to pressure and 

very similar to the range of configurations sampled in the Berry pseudorotation [25, 

26], a motion between two equivalent trigonal bipyramidal configurations for five-

coordinated molecules. We describe how the flexibility of these five-fold geometries 

enhances both room temperature plastic deformation and high temperature viscous 

flow by facilitating the motion of coordination defects through the glass.  

5.2. MOLECULAR DYNAMICS SIMULATIONS AND ANALYSIS 

Molecular dynamics (MD) were used to simulate the structures of tectosilicate 

calcium-aluminosilicate (t-CAS) glasses having the chemical formula (CaO+Al2O3)1-x 

(SiO2)x, where x = 0.50, 0.70, 0.85 and 0.90. The atomic simulation package 

LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator) [18] was 

used to perform the simulations. Pedone pair-potentials [8] were used since they have 

proved successful in modeling oxide glasses and do not include coordination or 
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angular restrictions. A time step of 0.02 ps was used for the simulation, and the 

Particle-Particle Particle-Mesh (PPPM) method with an accuracy of 0.0001 was used 

to compute long range electrostatic interactions.  

The initial glass structure was created by placing 60,000 atoms in the correct 

stoichiometric ratio randomly into a cubic volume, heating this cube to 4000 K and 

allowing the atoms to move for 0.1 ns. The resulting simulated glass melt was 

quenched back down to 300 K in a controlled volume, controlled temperature 

ensemble (NVT) with a quench time of 50 ns. Lastly, the system was allowed to relax 

to atmospheric pressure for 10 ns in a controlled pressure, controlled temperature 

ensemble (NPT). A Nosé-Hoover thermostat and Nosé-Hoover barostat were used for 

the simulations. 

Once an initial structure was created, a hydrostatic compressive stress was applied 

to the system at a rate of 1 GPa/ns up to a maximum pressure of 15 GPa, held constant 

at this value for 5 ns, and then unloaded back to 0 GPa at 1 GPa/ns. For each 

composition, we analyzed the simulated structure at a single timestep under each of 

three pressure conditions: the initial state at atmospheric pressure before loading, 

when fully compressed at 15 GPa, and at atmospheric pressure after fully unloading.  

To determine the bond structure in each glass, we used the standard method of 

setting the maximum bond length to be the distance at the first minimum after the first 

sharp peak in the pair distribution function of all atoms. We used the RINGS code [19] 

to calculate this pair distribution function. After bonded atoms were identified, we 

used a code written in-house to identify the coordination number for each atom and 

calculate all of the bond angles in each of the simulated glasses. 
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5.3. RESULTS 

While we focus on AlV and SiV here, we conducted a thorough analysis of our 

simulated structures that is reported elsewhere [20]. These simulations provide a 

comprehensive look at structure in a range of aluminosilicate compositions and 

provide more complete and accurate description than is available with standard models 

[1] and existing simulations [4, 21-23]. In our simulated structures, the network 

formers, Si and Al, are bonded exclusively to oxygens. In the initial atmospheric 

pressure condition, nearly every Si is in a SiIV tetrahedron and most Al is in AlIV 

tetrahedra. In all compositions, AlV is present in smaller amounts (< 10%) and AlVI in 

much smaller amounts (< 1%) with the fraction of five and six-fold coordinated Al 

increasing with Al content, in agreement with previous studies [4, 21, 24]. The 

fractions of five- and six-fold coordinated Al increase significantly upon compression 

to extents that depend on composition (to about 35 and 45% for AlV and 1 and 8% for 

AlVI for x = 0.9 and 0.5, respectively). Five- and six-fold coordinated Si also appear 

upon compression to extents that depend on composition (to between 4 and 10% for 

SiV and 0 and 1% for SiVI for x = 1.0 and 0.5, respectively). These increases in higher 

coordinated species are partially retained upon unloading. 

O-AlV-O bond angle distributions for each composition in the initial atmospheric 

pressure state are shown in Figure 1a. To create each distribution, all of the O-AlV-O 

angles for that composition were binned into 10-degree intervals, and each bin was 

divided by the total number of O-AlV-O angles at that particular composition to create 

a fraction of angles of a given size. Each AlV has 10 O-AlV-O bond angles, but 

because the same total number of atoms are included in each simulation, the number 

of Al atoms varies with composition. Each histogram in Figure 1a is created with a 

different number of O-AlV-O angles based on the number of five-coordinated 

aluminum atoms present. To determine whether variations in the O-AlV-O bond angle 
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distributions with composition were statistically significant, we performed a one-way 

unbalanced (i.e. sample size varying) analysis of variance (ANOVA) calculation. The 

ANOVA showed that there was not a statistically significant effect at the p < 0.01 

level for all compositions [F(3,5156) = 0.00114, p = 0.99995]. Therefore, differences 

in the initial O-AlV-O bond angle distributions with composition may have resulted 

from differing sample sizes rather than by true variations in the distribution with 

composition; that is, the distributions were statistically equivalent for all compositions. 

Similar insensitivity to composition was seen at 15 GPa pressure and after unloading. 

Thus, from here forward, we report O-AlV-O bond angle distributions at each pressure 

as the aggregate across all compositions. 

O-AlV-O bond angle distributions before and during application of hydrostatic 

pressure and after unloading are shown in Fig. 1b. As described above, each case 

includes of all the compositions aggregated together. In the initial condition (dashed 

blue lines), the mode of the bond angle distribution is between 90-100 degrees. Most 

bond angles fall within +/- 20 degrees of the mode value, but the distribution also has 

a positive skewness with a tail which extends from 120 to 180 degrees at a relatively 

constant probability. Remarkably, the bond angle distributions are essentially 

unchanged by application of 15 GPa pressure (dotted red line) or the removal of that 

pressure (solid black lines). 

For comparison, the bond angle distributions associated with four-coordinated 

aluminum atoms, expressed as O-AlIV-O bond angle distributions before, during and 

after hydrostatic pressure at 15 GPa, are shown in Fig. 1c. As with O-AlV-O bonds, the 

O-AlIV-O bond angle distributions are insensitive to composition (not shown), so each 

of the distributions shown in Fig. 1c is aggregated over all compositions. Each AlIV 

has 6 O-Al-O bond angles. In the initial atmospheric pressure state, the O-AlIV-O bond 

angle distribution is centered around 109.5 degrees in accord with the tetrahedral 
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geometry of AlIV. In sharp contrast to the O-AlV-O bond angle distribution, the O-

AlIV-O bond angle distribution becomes much broader with pressure, and the average 

shifts to lower angles. Surprisingly, after the release of pressure, the O-AlIV-O bond 

angle distribution becomes even broader than it was at 15 GPa. 

Very similar results were obtained for the bond angle distributions for SiIV and SiV 

in the simulated glasses. O-SiV-O bond angle distributions before and during 

application of hydrostatic pressure and after unloading are shown in Figure 1d. Similar 

to AlV, (1) the angle distribution was found not to be a function of composition so the 

bond angles from all compositions were aggregated to provide the distributions shown 

in Fig. 1d, (2) the SiV bond angle distribution was not significantly affected by 

pressure, and (3), the bond angle distribution for SiIV was clustered about the expected 

tetrahedral angle of 109.5˚ for the initial atmospheric pressure state and this 

distribution broadened significantly during and after application of 15 GPa pressure 

(not shown).  
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Figure 5.1:  O-Al-O bond angle probability distributions in our simulations (a) for 

AlV in t-CAS glasses at a number of compositions, (b) for AlV before and 

during hydrostatic compression to 15 GPa and after unloading, (c) for AlIV 

before and during hydrostatic compression to 15 GPa and after unloading, 

and (d) O-Si-O bond angle probability distribution in our simulations for 

SiV before and during hydrostatic compression to 15 GPa and after 

unloading. 
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5.4. DISCUSSION 

We analyze the O-Al-O and O-Si-O bond angle distributions and their behavior with 

pressure to infer the geometry of the five-coordinated species and its evolution with 

pressure. We then demonstrate how that geometry might facilitate low-temperature 

plastic deformation and high-temperature viscous flow.  

5.4.1. Geometry of AlIV and AlV (and SiIV and SiV) 

Since there are so few SiV relative to AlV (initially, 1:19), we develop a geometrical 

analysis first for the aluminum species, then apply it to the silicon species. 

We begin with the O-Al-O angles in AlIV for comparison. The bond angle in ideal 

tetrahedral structures is approximately 109.5˚, but, because the random networks in 

silicate glasses do not fit together without local distortions, the intratetrahedral bond 

angles in real glasses are distributed about this angle. The broadening around 109.5˚ 

for the O-Al-O angles in the initial state in Fig. 1c arises from such tetrahedral 

network distortions. Under pressure, this distribution becomes significantly wider 

(Fig. 1c), consistent with increasing distortion of the tetrahedra with increasing load. 

Unlike the tetrahedral configuration of AlIV where all bond angles are distributed 

about 109.5˚ (e.g. Fig. 1c), the geometrical structure of AlV is not immediately 

obvious from the O-AlV-O bond angle distribution (Fig. 1b). For charge-neutral 

molecules, the geometry can typically be determined by analyzing the electronic 

configuration of each atom and finding a geometry that minimizes energy based on the 

valence electrons and the configurations of their molecular orbitals. However, AlV is 

neither a charge balanced entity nor a single, unbound molecule, and the electronic 

configuration is not well known. In the absence of detailed knowledge about bonding 

in AlV, we consider the simplified case where all Al-O bonds are assumed to be the 

same. The trigonal bipyramidal geometry depicted in Figure 2a is the geometry that 
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maximizes the distance between five, equivalent bonds. Therefore, we compare our 

simulated O-AlV-O bond angle distribution with the angle distributions predicted by 

this common five-fold-coordinated molecular geometry. 

In the trigonal bipyramidal configuration (Fig. 2a), three bonds form an equatorial 

equilateral triangle (equatorial atoms), and the other two bonds are positioned on the 

axis perpendicular to the equatorial triangle plane (axial atoms). The ideal trigonal 

bipyramidal configuration thus has six 90-degree bond angles, three 120-degree bond 

angles, and one 180-degree bond angle. The corresponding bond angle distribution is 

shown by the dashed-line bars in the histogram in Figure 3a. The solid line bars in Fig. 

3a show the O-AlV-O bond angle distribution determined from the MD simulations 

prior to the application of pressure (repeated from Fig. 1b). We see that the ideal 

trigonal bipyramidal bond angle distribution does not match the AlV bond angle 

distribution in our simulations. Of course, just as the AlIV bond angle distributions 

represent a broadening about the ideal 109.5˚ tetrahedral angle to account for 

distortions in the random glass network (Fig. 1c), the trigonal bipyramid bond angles 

are expected to be distributed about their ideal values. However, we could not find a 

sensible broadening scheme that improved the match between an assumed trigonal 

bipyramidal geometry and the AlV bond angle distribution from our simulations.  

The behaviors of SiIV (not shown) and SiV as a function of pressure are very 

similar to those of AlIV and AlV (compare Fig’s 1d and 1b). As with AlV, we could not 

find a sensible broadening scheme that improved the match between an assumed 

trigonal bipyramidal geometry and the SiV bond angle distribution from our 

simulations. 
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Figure 5.2: Possible fivefold configurations: (a) trigonal bipyramidal configuration (b) 

a transition state between the trigonal bipyramids depicted in Figures 2a 

and 2c, (the motion from 2a to 2c is known as the Berry pseudorotation 

[25]), (c) a configuration geometrically equivalent to that in Figure 2(a) but 

with different oxygen atoms in the equatorial and axial positions. 
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Figure 5.3: O-Al-O bond angle probability distributions for (a) AlV in our 

simulations (solid lines) and in an ideal trigonal bipyramidal configuration 

(dashed lines), and for (b) AlV in our simulations (solid lines) and in a Berry 

pseudorotation structure averaged over all configurations (dashed lines). (c) O-

Si-O bond angle probability distributions for SiV in our simulations (solid 

lines) and in a Berry pseudorotation structure averaged over all configurations 

(dashed lines). 
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5.4.2. The Berry pseudorotation and AlV (and SiV) angle distributions 

Instead, we note that the work of Berry suggests that the trigonal bipyramidal 

geometry actually provides a range of closely-related configurations [25]. In his work, 

Berry analyzes the motion of a free-standing molecule (e.g. in solution) between two 

trigonal bipyramidal configurations as shown in Fig. 2. Starting with the trigonal 

bipyramidal geometry shown in Fig. 2a, if the two axial atoms and two of the 

equatorial atoms move as shown in Fig. 2b, they can switch roles (axial atoms become 

equatorial atoms and vice versa) reaching a different trigonal bipyramidal 

configuration as shown in Fig. 2c. Berry [25] suggested and subsequent authors [26] 

have argued that this transformation has a low activation barrier and that molecules 

with this configuration can oscillate in time back and forth between the two distinct 

but geometrically identical trigonal bipyramids shown in Fig’s 2a and 2c. Indeed, this 

motion has become known as a “Berry pseudorotation” [26], and it has been shown 

that, in solution, five-fold coordinated species oscillate between these configurations 

and that such oscillations must be considered in order to understand reaction rates and 

chemical equilibrium in processes involving 5-coordinated molecules [25]. 

We consider the possibility that AlV and SiV adopt the configurations represented 

by the Berry pseudorotation. Again because of the prevalence of AlV over SiV in our 

glasses, we first consider the aluminum species, then apply the same concepts to the 

silicon species. We do not suppose that AlV oscillates with time as imagined by Berry. 

This would require large displacements (roughly equal to one bond length) of each O 

and since each O atom is bound to another network former, the cooperative motion of 

the network required to accommodate such deformation seems unlikely. Instead, we 

imagine the configuration of each AlV to be relatively static in time, but that, over the 

whole glass structure, each AlV adopts a particular configuration from the Berry 

pseudorotation which optimizes the energy of its own local environment (best 
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accommodates the random network). Given the large number of AlV species in these 

glasses, “static” AlV like this in glass would produce a bond angle distribution 

representing all of the configurations found in the Berry pseudorotation.  

To derive the average bond angle distribution of the Berry pseudorotation 

configurations, we assume that any configuration throughout the Berry pseudorotation 

is equally likely. Across all the configurations (Fig. 2b), the angle of one O-AlV-O 

bond pair ranges from 120 to 180˚ while a second O-AlV-O bond pair does the 

opposite, the angle of two O-AlV-O bond pairs ranges from 90 to 120˚ while two 

others do the opposite, and four O-AlV-O bonds range from 90˚ to ~86˚ and back to 

90˚. The resulting bond angle probability distribution is shown by the dashed-line bars 

in the histogram in Fig. 3b.  

Surprisingly good agreement with the calculated bond angle distribution from our 

simulations (solid line bars in Fig. 3b) is seen considering that no assumptions were 

made other than that all configurations of the Berry pseudorotation are equally likely. 

The agreement can be improved by simply broadening the bond angle distribution 

somewhat. This could be thought of as representing the distortions induced by the 

random glass network as mentioned above. Better agreement can also be attained by 

adjusting the probability of the different configurations to reflect a small, but non-

zero, barrier to the Berry pseudorotation. That is, a function that makes configurations 

in the middle of the transition (Fig. 2b) less likely than the ideal trigonal bipyramidal 

configurations (Fig’s 2a and 2c) can provide a better match. However, without further 

information about bond angle distortions and the actual energies associated with the 

Berry pseudorotation configurations, such fitting would be arbitrary and is beyond the 

scope of the present study. In Berry’s original work, he considered PCl5 and PF5 in 

solution [25]. Subsequent authors calculated that the energy barrier between the 

trigonal bipyramidal configurations in these molecules is low [26]. While it is not 
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clear how the configurational energy landscape of AlV and SiV in glass compare with 

these molecules, it is not unreasonable to believe the Berry pseudorotation energy 

barrier in AlV and SiV is also relatively small. In any case, conceptually, the agreement 

between the simulated bond angle distribution and that predicted by the simple model 

based on an equal probability of the Berry pseudorotation configurations is good 

enough that we conclude that AlV adopts the range of geometries represented by the 

Berry pseudorotation.  

A wide range of configurations is available to any given AlV due to the Berry 

pseudorotation, not just those shown in Fig. 2b, because different pseudorotation axes 

are available. The axial atoms can switch roles with any of the three pairs of equatorial 

atoms, and, once this is done, the new axial atoms can switch roles with any of the 

new pairs of equatorial atoms. The range of motion is so large that an O can be placed 

in nearly any position in the sphere of radius one Al-O bond length from the Al atom 

by a sequence of such motions. Furthermore, to the extent that all of the configurations 

of the Berry pseudorotation are close in energy [26], changing configurations would 

incur very little energy penalty.  

The inherent flexibility of AlV due to the Berry pseudorotation can be used to 

explain the invariance in the bond angle distribution of AlV with pressure shown in 

Fig. 1b. Unlike the relatively rigid tetrahedral AlIV species in our simulation where 

increasing pressure must distort the tetrahedra to distort the glass network causing the 

AlIV bond angle distributions to widen (Fig. 1c), there is almost no change in the AlV 

bond angle distribution with pressure (Fig. 1b). We suggest that this is because the 

range of Berry pseudorotation configurations available to any given AlV allows it to 

adapt to its changing local environment by changing shape without becoming distorted 

outside the range of Berry pseudorotation configurations. While individual AlV units 
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may change their configurations in response to pressure, the distribution remains 

unchanged. 

With the exception that we do not have good statistics for SiV in the initial 

atmospheric pressure condition due the very small numbers of 5-coordinated Si in that 

case, all of the features of the bond angle distributions noted for AlIV and AlV also 

apply to SiIV and SiV. In particular, the bond angle distributions for SiV (Fig. 1d) are 

also well-described by the Berry pseudorotation range of geometries as shown in 

Figure 3c. Also similar to the AlIV and AlV cases, while the SiIV bond angles are 

sensitive to pressure, the SiV bond angle distribution is not. Thus, we assume that all 

of the arguments regarding AlV geometry above also apply to SiV. 

5.4.3. Effect of Berry pseudorotation geometry on properties 

The Berry pseudorotation geometries adopted by AlV and SiV provide explanations for 

why silicate glasses can be plastically deformed to such large extents in the presence 

of large hydrostatic stresses (e.g. hydrostatic compression, indentation, and scratch 

tests) at low temperatures [5-7, 9, 10] and how the presence of Al in aluminosilicate 

glasses additionally facilitates viscous flow at high temperatures [3, 8, 11]. 

For extensive plastic deformation, atoms must be able to change nearest neighbors. 

This requires bond breaking and reforming. In contrast to crystalline metals, or even 

metallic glasses, where potential pairs of atoms which can break initial bonds and 

reform new ones with each other (bond switching pairs) are plentiful, in silicate 

glasses, intertetrahedral interatomic distances can be long and specific atoms require 

specific partners to maintain the glass structure (e.g. Si must bond to O, not another 

Si). For these reasons, bond switching plasticity is difficult in silicate glasses, leading 

to characteristic brittle behavior.  
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Recently, several researchers [2, 13, 27] have recognized that the bond switching 

that is required for extensive plastic deformation can occur by formation and motion 

of “coordination defects”. This was detailed by Nomura et al. [27], who noted that, in 

MD simulations of nanoindentation of vitreous SiO2, a Si-O bond could break, 

forming a SiIII and an NBO. If the SiIII then bonded to an O from a nearby SiIV unit, 

causing that unit to become SiIII, and that SiIII then bonded to yet another nearby SiIV 

unit, causing that unit to become SiIII, the SiIII “coordination defect” could be moved 

sequentially through the glass network. Simultaneously, the NBO could attach to a 

different nearby SiIV, causing it to release a different O as an NBO and so on, leading 

to motion of an NBO through the network. Note that the latter could equally well be 

conceived as the NBO joining a nearby SiIV to form SiV and then propagating an SiV 

coordination defect through the network. Similarly, Farnan and Stebbins [13] 

described bond switching during viscous flow in an SiO2 melt in terms of an NBO (Q3 

unit) attaching to a SiIV (Q4 unit) to form a SiV, which then releases a different O 

which becomes an NBO (on a different Q3 unit). Motion of these coordination defects 

through the glass network is equivalent to motion of a bond (or atom) through the 

network. Given a sufficient number of these point defects moving sufficient distances 

leads to generalized shear plasticity [2]. The residual levels of these coordination 

defects are an indication of permanent deformation. 

The concurrence of three facts suggests that the motion of five-fold coordination 

defects is in fact a significant mechanism of plastic deformation in silicate glasses: (1) 

extensive plasticity occurs in situations that involve significant hydrostatic pressure 

(e.g. indentation, compression, and scratch tests) [28-31], (2) the fraction of Si and Al 

network formers in 5-coordinated states increases significantly with hydrostatic 

pressure [6, 8, 12], and (3) the formation and motion of coordination defects has been 

suggested as a mechanism of bond-switching plasticity [13] and has been seen in MD 
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simulations [27]. The observations that Al forms AlV much more readily than Si forms 

SiV [6, 9] and that the presence of Al network formers in a silica glass network 

significantly lowers the resistance to plastic deformation at both low [2, 32] and high 

[11] temperatures strongly support this hypothesis. The tendency to form 5-

coordinated species under pressure thus explains many well-known aspects of 

mechanical behavior in silicate glasses. For example, the fact that plastic deformation 

occurs in hydrostatic compression can be attributed to the fact that 5-coordinated 

species appear under compression; the fact that aluminosilicate glasses have lower 

hardness compared with vitreous silica [2, 32] can be explained by the relative ease 

with which Al forms AlV [3, 4]; and the fact that addition of Al2O3 to an SiO2 (vitreous 

silica) melt decreases viscosity [33] can be attributed to both the relative ease with 

which Al forms AlV [3, 4] and an increase in 5-coordinated species with temperature 

[8, 12]. 

The observation that AlV and SiV appear to readily adopt the full range of 

configurations described by the Berry pseudorotation (Fig’s 1b and c), suggests that 

one reason the motion of five -fold coordination defects is such an effective 

mechanism is that each five-coordinated species can readily adopt the configuration 

most suited for its specific local environment. This would allow for bond exchanges 

with those neighboring four-coordinated species (which do not have configurational 

flexibility) by which local applied stresses can be reduced. If the five-coordinated 

species had rigid structures, the probability that a bond exchange with a given 

neighbor could lower the local strain energy would be much reduced. 

It is worth noting that, as described by Lamberson et al. [2], extensive plasticity by 

this mechanism would require the five-fold coordination defect to propagate through 

the network. This, in turn, suggests that bond exchanges must occur between SiIV–AlV 

and SiV–AlIV, as well as SiIV–SiV and AlIV–AlV neighbor pairs. Since AlIV is normally 
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thought to be associated with the presence of a modifier species for charge balance, 

this requires some consideration for the distribution, and possible motion, of modifier 

species, particularly at low concentrations [2]. This is an area for future work. 

5.5. SUMMARY AND CONCLUSIONS 

We have characterized the geometry of AlV and SiV in calcium tecto-aluminosilicate 

glasses as a function of hydrostatic pressure using MD simulations. By analyzing the 

O-Al-O and O-Si-O bond angle distributions, we showed that AlV and SiV geometries 

are invariant with composition and pressure while AlIV and SiIV tetrahedra become 

more distorted with pressure. The bond angle distributions suggest that AlV and SiV 

exhibit the full range of geometries associated with the Berry pseudorotation. This 

flexibility explains why the geometry of these five-coordinated species is invariant 

with pressure. In addition, since the range of configurations achievable in the range of 

Berry pseudorotation geometries is so broad, AlV and SiV can change configuration to 

participate in bond breaking and reforming, leading to the motion of coordination 

defects and plastic deformation. Since the density of AlV and SiV increases with 

pressure, this explains the fact that plastic deformation is typically seen in loadings 

with a high hydrostatic compression component (indentation, compression, and 

scratch tests). Furthermore, since Al can change coordination so easily this explains 

how adding Al can facilitate both plastic deformation and high temperature viscous 

flow in aluminosilicate glasses. Our results show that these SiV and AlV geometries are 

invariant with composition which suggests that the effects of SiV and AlV geometry on 

plastic deformation and viscous flow discussed in this study should be applicable to 

other silicate glasses, particularly Al-containing silicate glasses. 
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CHAPTER 6: Conclusions and Future Outlook  
 

The primary objective of this dissertation was to explore plastic deformation at the 

atomic level in order to suggest plastic deformation mechanisms that are more detailed 

and refined than previous reports and to comment on how these mechanisms provide a 

more complete understanding of plastic deformation in silicate glasses in general. This 

objective was achieved by combining experimental and computational techniques to 

produce a comprehensive understanding of plastically deformed calcium 

aluminosilicate glass structure. 

After explaining the objectives and literature context in Chapters 1 and 2, we 

inferred plastic deformation mechanisms from silica which had been plastically 

deformed in indentations in Chapter 3. We also showed that analyzing indentations 

with Raman spectroscopy requires careful consideration of the interaction of the 

deformed region and the laser spot. We showed plasticity requires network folding and 

also bond breaking and reforming and suggested detailed mechanisms for each type: 

bond rotation & intra- and intertetrahedral bond angle changes and coordination 

change & ring cleavage, respectively. Also we commented on the merits and flaws of 

experimental designs of common Raman spectroscopy in indentation configurations. 

Combined this work demonstrates how careful experimentation and analysis can 

illuminate particular atomic deformation mechanisms accessible with Raman 

spectroscopy. These mechanisms form a foundation from which a comprehensive 

understanding of plastic deformation mechanisms, and plastic deformation generally, 

can be built. 

In future work, the same experimental design should be applied to t-CAS glasses 

in order to understand how composition (particularly the presence of Al) can affect 

plastic deformation mechanisms. The logical extension of this work is to collect 
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Raman spectra of indentations during loading of the same range of t-CAS 

compositions. In-situ structural analysis of this kind could reveal transient structural 

motifs that facilitate plastic deformation but exist only during the process of plastic 

deformation and could provide a more nuanced understanding of the interplay between 

mechanisms of elastic and plastic deformation.  

In chapter 4, we report well characterized glass structures in a wide composition 

range of t-CAS glasses. Such an extensive study of aluminosilicate has never been 

done before and adds much depth to our understanding of aluminosilicate glass 

structure particularly during and after hydrostatic compression and with composition. 

Our detailed analysis revealed explanations for compositional structural variations we 

observed and some which have been observed by others but up to this point 

unexplained. We also demonstrate that deformation is accommodated by a multitude 

of structural changes from short range (bond lengths) to medium range (ring size) such 

as a decrease in all average bond angles, an increased fraction of high coordinated 

species and an increased number of rings and proposed exact mechanisms for those 

structural changes such as the formation of Al dimers. Such a detailed understanding 

of the structural changes during and after pressure allows us to infer mechanisms of 

plastic deformation and report more detailed mechanisms of plastic deformation than 

have been previously reported which is necessary for a comprehensive understanding 

of plastic deformation from atomic to continuum scale. Our data and subsequent 

analysis provide a crucial link between existing computational and experimental data. 

The next step from this work would be to create time-resolved MD simulations 

(where many structures are reported in a short time sequence) of the t-CAS glasses 

which would be able to able to confirm the existence of the mechanisms suggested in 

the present work. Also future studies of t-CAS glasses loaded in pure shear would 

allow us to infer plastic deformation mechanisms in an orthogonal stress state and 
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determine if atomic mechanisms of shear deformation are similar or different than 

those of densification. By evaluating glass’s structural response to hydrostatic and 

deviatoric stress, an understanding of the interconnection between applied stress and 

resulting atomic mechanisms of deformation can be determined. This is necessary in 

order to compare these simulations with indentation experiments which involve an 

inhomogeneous stress state with hydrostatic and deviatoric components. 

In chapter 5, we report, for the first time, information about the geometry of AlV 

which is known to be present in aluminosilicate glasses. Using our knowledge of the 

flexibility of Berry pseudorotation geometry of AlV, we were able to explain how AlV 

facilitates plastic deformation and explain macroscopic observations in terms of AlV 

geometry. In future work, more detailed understanding of bonding and electron 

density around AlV would provide more information about the nature of AlV. Also 

time resolved MD could provide detailed evidence of the behavior or AlV and its role 

in the motion of point defects which contribute to plastic deformation. 

In short, this dissertation provides new details about mechanisms of plastic 

deformation, particularly two possible mechanisms of bond breaking and reforming 

and a detailed explanation of the role of AlV which provides a nuanced understanding 

of plastic deformation in silica and calcium aluminosilicate glass. 
 


