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Potential parameters that can handle multi-component oxide glass systems especially 

boron oxide are very limited in literature. One of the main goals of my dissertation is to 

develop empirical potentials to simulate multi-component oxide glass systems with boron 

oxide. Two approaches, both by introducing the composition dependent parameter feature, 

were taken and both led to successful potentials for boron containing glass systems after 

extensive testing and fitting. Both potential sets can produce reasonable glass structures of the 

multi-component oxide glass systems, with structure and properties in good agreement with 

experimental data. Furthermore, we have tested the simulation settings such as system size 

and cooling rate effects on the results of structures and properties of MD simulated 

borosilicate glasses. It was found that increase four-coordinated boron with decreasing 

cooling rate and system size above 1000 atoms is necessary to produce converged structure. 

Another application of the potentials is to simulate a six-component nuclear waste glass, 

international simple glass (ISG), which was for first time simulated using the newly 

developed parameters. Structural features obtained from simulations agree well with the 

experimental results. In addition, two series of sodium borosilicate and boroaluminosilicate 

glasses were simulated with the two sets of potentials to compare and evaluate their 

applicability and deficiency. Various analyses on the structures and properties such as pair 

distribution function, total correlation function, coordination number analysis, Qn distribution 

function, ring size distribution function, vibrational density of states and mechanical 

properties were performed. This work highlights the challenge of MD simulations of boron 

containing glasses and the capability of the new potential parameters that enable simulations 



 

of wide range of mixed former glasses to investigate new structure features and design of 

new glass compositions for various applications. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background and Motivation 

Glass is an amazing material, which has played important roles in human civilization 

since the Stone Age or even earlier times. The glass used in those early ages was from the 

naturally occurring ones, e.g. volcanic glass obsidian, for making cutting tools. From then on, 

understanding of both glass forming and modification is continuously improved.  

Glass is a non-crystalline (also called amorphous) material which is usually formed 

through a melt-quench process. In a broader sense, all solids, which keep amorphous 

structures and experience the glass transition process when heated to the liquid state, are glass 

materials. Using this definition, glasses exist in different families such as oxide glasses, 

metallic alloys, ionic melts, aqueous solutions, molecular liquids, and polymers. Due to the 

fast cooling process, some structural features of the liquid state remain in the glass structure. 

For instance, this kind of material lacks long-range ordered structures; whereas short-range 

ordered structure features are comparable to those in corresponding crystalline materials. In 

Zachariasen’s classic paper [1], a random network model was proposed to describe 

disordered structure features in oxide glass systems, and the primary tendency for oxide glass 

formation was discussed. It also explains the relationship between structures and forming 

ability of glass. According to Zachariasen’s rules, cations in oxides are defined as three 

distinct species: strong glass formers, intermediate glass formers, and network modifiers. A 

glass former cation is associated with oxygen atoms to form the network, for example, silica 

and boron trioxide are two species of glass formers in borosilicate glass. Oxygen atom which 

connects two structural units is called bridging oxygen (BO). In many cases, some oxides, 

which do not participate in the network forming, are classified as network modifiers. A 

network modifier always breaks a bond between glass former atom and a bridging oxygen 
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atom, forming two non-bridging oxygen atoms. For instance, alkali and alkaline earth oxides 

always tend to be the network modifiers. Sometimes, network modifiers can also increase the 

oxygen coordination of network former cation atoms, for example, Na2O addition is the main 

reason of the boron coordination conversion in the sodium borosilicate glass. Those oxides, 

which can behave as both network formers and modifiers, are called intermediate glass 

formers, such as Al2O3, BeO, and TiO2. As a result, glasses with different formers or 

modifiers can have significant differences in structure features and hence properties; in 

addition, amount changes of glass compositions can also affect the structures and properties 

significantly. 

One important feature of the glasses is this type of materials is usually transparent to 

the visible light, which results in so many applications involving glass. Nowadays, glass 

materials are widely used in not only the daily usage such as window panes, optical lenses 

and cookware, but also in technological and industrial applications such as optical fibers, 

bioactive glasses and nuclear waste glasses [2]–[7]. The most common used one is the soda-

lime-silicate glass, which is transparent, cheap, and easily formed. However, the resistance to 

heat shock and corrosion of this glass is low. Fused silica is another type of glass, which has 

very low thermal expansion, highest resistance against weathering, and high optical 

properties. However, the high melting temperature of silica makes it difficult to form this 

type of glass. In addition, oxide glass, which contains boron oxide and alumina, can have 

high chemical durability, low thermal expansion coefficient, and low viscosity; therefore, this 

type of glass has many applications, such as nuclear waste disposal, chemically resistant 

containers, and optical fiber. 

Although experimental studies have been performed on various silica based oxide 

glasses, structures and properties on multi-component oxide glass systems are still far from 

being fully studied. One important reason is because the structures of the multi-component 
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oxide glasses are very complicated, and some atomistic information of the glasses can be 

hidden. Therefore, computational method becomes a useful tool to investigate the 

microscopic details of the glass systems. Both ab initio molecular dynamics (AIMD) 

calculations and classical molecular dynamics (classical MD) simulations have been 

employed in studying the atomic structures of the glass. The AIMD methods always have 

higher accuracy than classical MD simulations since fewer of approximations are used during 

the calculations. However, the AIMD simulations of glass are always with a relatively small 

size of system, and the cooling rate value used for glass-forming process in AIMD is orders 

of magnitude higher than classical MD simulations. This indicates AIMD simulations can be 

much more computational expensive than classical MD simulations to handle the whole 

glass-forming process; in another word, classical MD method plays a more important role in 

simulating glass structures due to its higher efficiency. Simulations using classical MD 

methods can easily simulate large systems up to millions of atoms, and the cooling rate 

values can be orders of magnitude smaller than the AIMD one. To open the door of 

microscopic world, the empirical potential plays the key role in classical MD method. 

However, available potential sets are limited in simulating multi-component oxide glasses 

containing B2O3. This kind of glasses consists of complicated structural features such as 

boroxol rings, boron coordination conversion and larger structural units involving boron as 

well as structures induced by other oxides in the composition. None of available potential sets 

can fully reproduce the complex structures of such glass systems.  

 

1.2 Contribution of the Dissertation 

In this dissertation, both the development of empirical potential parameters and 

systematic studies on structure and properties of multi-component oxide glass systems were 

performed. The following list the main contributions of this work:   
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(1) Computer simulations of boroaluminosilicate glasses are limited due to the lack of 

reliable empirical potential parameters. This dissertation focuses on the development of 

potentials for boron oxide containing glasses. The first contribution is by adding Al2O3 

related parameters to a well-tested borosilicate potential set. Detailed analysis on structures 

and properties are performed to have an inside view of the sodium boroaluminosilicate glass 

systems. 

(2) Several potential sets of sodium borosilicate glasses are developed; however, there 

are significant limitations of existing potentials due to either constrained composition ranges 

or non-reproducibility of certain structural aspects. This work developed a set of 

composition-dependent potentials, which can reproduce theoretical boron coordination 

number, and other structures as well as properties based on a set of potentials with most of 

the common oxides. Systematic studies on structure and properties of both sodium borate and 

borosilicate glass systems are performed, and the results show good agreement with 

experimental data and theoretical predicted values. In addition, compatible parameters for 

other oxides can enable this potential set to simulate other multi-component oxide glasses 

such as bioactive glasses and international simple glass.  

(3) The settings of the MD simulations such as system size and cooling rate are 

critical to the formation and eventual structure and properties of glasses. Systematical 

investigations of these parameters on simulations borosilicate glasses have been performed. 

In this dissertation, borosilicate glass systems have been studied with different system size 

and cooling rate values. Structure features and properties are analyzed and compared with the 

experimental data, as well as the theoretical predicted values; in addition, a better 

understanding of the system size and cooling rate effects on borosilicate glasses is obtained. 

(4) International simple glass (ISG) is defined as a six-component oxide glass, which 

consists of Na2O, CaO, SiO2, B2O3, Al2O3 and ZrO2. This glass is simplified from the glass 
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compositions of nuclear waste disposal, therefore, with great technological and industrial 

interests. In this dissertation, the ISG composition is first time simulated using potential 

developed in part (2) as well as compatible parameters for Al, Ca and Zr related pairs. 

Structure analyses are performed, and the results agree well with the experimental data. 

(5) The mixed glass-former effect is of common interest for the study of multi-

component oxide glasses. However, experimental methods are limited in presenting detailed 

structural information. In this dissertation, systematical studies on Na-B-Si-O and Na-B-Al-

Si-O glass systems are performed and structure analysis are performed. The results are in 

good agreement with the experimental data. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Borosilicate Glasses: Structure, Properties, and Applications  

As one of the materials used by human since the Stone Age, oxide glasses have been 

widely used in our daily life due to the optical transparent behavior. Knowledge of both glass 

structure and properties has been developed in the past thousands of years. For example, the 

soda-lime silicate glass is one of the most common used oxide glasses since it is cheap and 

easy to form. However, the large thermal expansion coefficient results in the low resistance to 

heat shock; meanwhile, the corrosion resistance of this glass is also relatively low due to the 

considerable number of mobile elements (Na and Mg). On the other hand, fused silica is a 

type of glass with very low thermal expansion coefficient, much higher resistance against 

weathering, and high optical property. However, this type of glass is difficult to form due to 

the high melting temperature of silica. Borosilicate glasses, therefore, become a desirable 

choice with advantages of both soda-lime silicate and fused silica glasses. Due to the high 

thermal resistance and chemical durability, borosilicate glasses have been with both industrial 

and technological interests. Applications of borosilicate glasses include food container, 

optical lenses, fused filament fabrication and vitrification of high-level radioactive waste[2]–

[5], [7] are used not only in our daily life, but also in industrial and technological fields. 

However, structures of boron containing glasses are always anomalous comparing with the 

well-studied silicate glasses mainly due to the complex structural units involving boron. 

Structural features such as boroxol ring, boron coordination conversion, and super-structural 

units involving multiple boroxol rings[8] contribute to the so-called “boron anomaly” 

phenomenon of various properties such as glass transition temperature, coefficient of thermal 

expansion and density[9]. In addition, metastable phase separation exists in borosilicate 

glasses for certain compositions, and one of the applications is porous glass which have high 
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mechanical, thermal and chemical stability[10]. Since structure units in boron containing 

oxide glasses can be significantly affected by the boron coordination number[11]–[17], a 

better understanding between structures thus properties and the fraction of four-coordinated 

boron is necessary.  

 

2.2 Theoretical Models of Borosilicate Glass Structures  

Based on available studies in the literature, boron coordination number has been 

playing important role in both structure features and properties in boron containing oxide 

glass systems[17]–[20]. The four-coordinated boron percentage (N4) can significantly affect 

the formation of the network of these glass systems. Therefore, determination of the N4 value 

is crucial to analyze the structure information as well as predict the properties of the boron 

containing glass systems. Among the experimental methods, which can identify the boron 

coordination environment, the 11B Nuclear magnetic resonance (NMR) is the most common 

used one; therefore, several theoretical models are established based on the NMR data to 

predict the N4 values directly from the glass compositions. 

 

 Yun, Dell, Bray, and Xiao Models 

Bray and his co-workers are the pioneers in investigating the boron coordination 

number using 11B NMR technic dating back to late 1950’s [11]. Systematic studies on various 

borate and borosilicate glass compositions have been performed, and four-coordinated boron 

numbers are obtained from the NMR spectra [12]–[14], [21]. Based on these NMR data, 

theoretical models, which enable direct calculation of the N4 value from glass compositions, 

are derived. 

The first model was proposed by Yun and Bray [13] (Y&B) for the Na2O-B2O3-SiO2 

ternary systems based on two composition ratios: R (Na2O B2O3⁄ ) and K (SiO2 B2O3⁄ ). This 
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model allows the prediction of the N4 values in all the ternary compositions by separating 

them into two regions: K ≥ 8 and K ≤ 8. For each region, it also consists two parts 

separated by R = Rmax, where Rmax is the R value at the maximum point of N4 and is equal 

to K 16⁄ + 0.5. For compositions with R ≤ Rmax, the N4 value can be estimated to be equal 

to R. For those compositions with R ≥ Rmax and K ≥ 8, the estimated N4 is equal to 1; 

whereas, the predicted N4 value of compositions with R ≥ Rmax and K ≤ 8 can be 

calculated through following equation: 

N4 = N4max −
0.25
1+K

(R − Rmax) (2.1) 

where, N4max is the maximum of the N4 value. This two-stage model provides a simple way 

in calculate the N4 value from the glass compositions without other input from experiments. 

In addition, later work by Yun, Feller and Bray [21] improved this model for the 

compositions with K ≤ 8, since the physical glass forming region is limited in the laboratory. 

However, this model is limited in composition region with relatively high sodium content 

(e.g., R>4) due to the limited data of this region. Dell, Bray and Xiao [14] later developed 

another model (DBX) based on the NMR data in Yun and Bray’s work as well as late added 

ones for high sodium content region. The DBX model for compositions with high silicon 

content (K ≥ 8) is same to the one in Y&B model, and for the low silicon compositions (K ≤

8) it consists of three stages. The N4 value predicted by this model shows a linear increase 

when R is smaller than Rmax, and the N4 value is equal to R in this region. Then it reaches a 

plateau until Rd1(K 4⁄ + 0.5). The last stage in this model is a linear decrease starting from 

Rd1 to R = K + 2. The N4 value in the final stage can be calculated by following equation: 

N4 = 8+K
12

− R × 8+K
12(2+K)

 (2.2) 

This model not only solves the issue in high sodium content region, but also gives 

clear statements on the reactions processed in each stage. Hence, the DBX model is widely 
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used in calculating theoretical N4 values of various borosilicate glass systems in later related 

works. 

 

 Du and Stebbins Model 

Systematic studies using 11B NMR technic have been performed on 

boroaluminosilicate glasses and N4 values are obtained for these systems. However, the 

values of four-coordinated boron concentration in the boroaluminosilicate glasses are over-

estimated by the DBX model [22]. Du and Stebbins therefore proposed a modified model 

[16] (D&S) based on available NMR data of potassium and sodium boroaluminosilicate 

systems as well as their data. In D&S model, Aluminum is treated as four-coordinated boron 

due to the similar network behavior. The two ratios of R and K in original DBX model are 

modified into R′(Na2O (B2O3 + Al2O3)⁄ ) and K′(SiO2 (B2O3 + Al2O3)⁄ ). The total four-

coordinated boron and aluminum percentage (N4
′ ) can be determined using the DBX model. 

The four-coordinated boron percentage then can be derived from following equation; 

N4 = N4′ ×(B2O3+Al2O3)−Al2O3
B2O3

 (2.3) 

With this model, number of four-coordinated boron in boroaluminosilicate glasses can 

be estimated and the value is quite close to the one from experimental NMR data. This model 

also gives the possibility to estimate the N4 value in other boron containing multi-component 

oxide glasses by adding other approximations. 

 

 Two-State Model 

For glass compositions with high silicon content (K ≥ 8), the N4 values predicted by 

both Y&B and DBX models are equal to 1, which are not observed in experiments. 

Therefore, Smedskjaer and co-workers [23] proposed another model for Na2O-CaO-B2O3-

SiO2 glass systems based on 11B and 29Si MAS NMR experimental results. This so-called 



 

10 

two-state statistical mechanical model can describe the relationship between the boron 

coordination change and the thermal history. A competition between the boron coordination 

conversion and formation of silicon NBOs is observed from NMR results, and a preference of 

BNOs associating with silicon tetrahedra comparing with the ones on [BO3] units is found. 

Hence, the enthalpy difference ∆H between the boron coordination conversion (from three- 

to four-coordinated) and NBO formation energy on silicon tetrahedra is employed to 

calculate the N4 values. For the compositions with a formula of xNa2O – yCaO - zB2O3 - (1-

x-y-z) SiO2, the N4 value can be obtained from following equation: 

N4 = �min � 2(x+y)z
z+(1−x−y−z)exp[−∆H kTf⁄ ] , z + 2

3
(1 − x − y − z), 2z�� 2z⁄  (2.4) 

where, Tf is the fictive temperature at which the glass structure is frozen, and it can be taken 

as the glass transition temperature (Tg) for a regular cooled glass (with a cooling rate of 10 

K/s). This model can be used to predict the liquid fragility index and the hardness of these 

glass compositions at room temperature, as well as the Tg value from the value of a reference 

composition. However, this model does not apply to compositions with high modifier 

content, and it needs input of experimental Tg value.  

 

 Model Using Modified Bernstein Equation 

By further investigate the experimental NMR data from Bray and co-worker’s studies, 

the N4 value change as a function of R value at different K values is slightly different from 

that predicted from the Y&B and DBX models. Therefore, we try to fit the available 

experimental data using a new set of equations. The Bernstein polynomial, named after 

Sergei Natanovich Bernstein [24], is a polynomial in the Bernstein form which is a linear 

combination of the Bernstein basis polynomials. Some of the Bernstein basis polynomials 

show similar shape to the curves of N4 evolution in DBX model; therefore, a new fitting 
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using the Bernstein basis polynomials can be useful to predict the N4 values. The Bernstein 

basis polynomials can be expressed by following equation: 

bv,n(x) = �nv�xv(1 − x)n−v (2.5) 

where v is the multiplicity (from 0 to n), n is the degree of the polynomials. The �nv� term is 

the binomial coefficient and is equal to n!
v!(n−v)!

. For example, the curves of the ninth order of 

Bernstein basis polynomials in x ∈ [0,1] are shown in Fig. 2.1.  

 
Fig. 2.1 Illustration of the ninth order of the Bernstein basis polynomials 

 

To keep it simple while maintaining the accuracy, the fifth order Bernstein basis 

polynomials are employed in the fitting process. In addition, the original Bernstein basis 

polynomials are modified by adding parameters to get a better fit. The final equation used in 

the fitting process is denoted as: 

N4 = a × (b − R) × (c − R d⁄ )5 (2.6) 
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where a, b, c and d are empirical parameters, and the values are 9.0, 0.95, 0.59 and 2.7 × K +

7.4, respectively. Moreover, since linear equation can well describe the N4 value change in 

the low sodium concentration region, the full expression of the N4 is therefore divided into 

two parts separated at the point R = Rmax. The comparison between our new model and the 

DBX model is illustrated in Fig. 2.2, and the N4 values predicted by the new model is quite 

close to the DBX ones.  

 
Fig. 2.2 Comparison between N4 values predicted from the DBX model and the new model 
using Bernstein polynomials.  

 

2.3 Empirical Potentials and Classical MD Simulations of Multi-Component Oxide Glass 
 
Classical MD simulations are a method of computational modeling to investigate the 

dynamic evolution of the atoms and molecules. The movements of the particles in the 

simulation box are determined by solving the equations of motion following Newton’s Law, 

and a form of force field usually called interatomic potential describes the force and potential 
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energy between the particles in each pair. As a critical part of the classical MD simulations, 

the interatomic potential sets describe the interactions between ions or atoms in the systems; 

in another word, it is the key to open the door of microscopic world of glasses. Most of the 

potential sets are obtained through a huge number of fittings to the experimental structural 

features and properties for several compositions, thus these potential sets are called empirical 

potential sets. Structures and properties of other compositions can be predicted by using the 

developed potential sets and are expected to agree well with the experimental ones. Potential 

sets for various oxide glass systems such as vitreous silica, alkali and alkali earth silicate, and 

aluminosilicate have been proposed while structures and properties are well studied using the 

classical MD simulations. However, the potential sets for boron containing oxide glass 

systems are limited due to the complicated structures of these systems. The addition of boron 

oxide in these glass systems induces structural units such as boroxol rings, three- to four-

coordinated boron conversion and other large units involving boron. Addition of oxides such 

as Al2O3 and ZrO2 can also lead to other structural complexity such as coordination change 

and modifier-former preference. These complex structural features are important for 

evaluating a potential set developed for these glass systems.  

As one of the pioneers who studied amorphous structures using classical MD 

simulations, Soules [25] proposed a set of potential for vitreous B2O3 using a formula 

combining both Born-Mayer-Huggins term for short range interaction and long term 

Coulombic interaction with an error function. The potential form is expressed by following 

equation: 

Vij(r) = Aijexp(−r 0.29⁄ ) + zizje2

r
erfc(r 0.35L⁄ ) (2.7) 

where, r is the interatomic distance, L is the size of box, zi and zj are charge values of atom 

i and j, respectively. Aij is an empirical parameter and is denoted as 0.338 × 10−12erg ∙

�1 + zi ni⁄ + zj nj⁄ � ∙ exp(ri + ri 0.29⁄ ), in which the ni and nj values are the number of 
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valence electrons of atom i and j, respectively. Later, various studies on vitreous B2O3 and 

borosilicate glass systems were performed by Soppe [26] and Meikhail [27], both structures 

and properties were investigated using this potential. Both bond distance and bond angles in 

vitreous B2O3 and silicate systems are well reproduced by this potential; however, boroxol 

ring is not observed in the simulated structures, which does not agree with experimental 

results. In addition, this potential set does not include parameters for oxides such as CaO, 

Al2O3 and ZrO2, which are with common interests.  

Another early work was done by Delaye and Ghaleb [28], [29] that they proposed a 

potential set which is described by a combination of Born-Mayer-Huggins repulsive term and 

Coulomb attractive term: 

U�rij � =  Aij exp �− rij
ρij
� +  qiqj

4πε0rij
 (2.8) 

where the Aij and ρij values are empirical parameters for pair i-j, and the rij value is the 

interatomic distance. The qi and qj values are the charge values for atoms i and j, 

respectively. The ε0 is the vacuum permittivity. In addition, three-body potentials for O-Si-

O, O-B-O and Si-O-Si triplets are employed to constrain the local angle of corresponding 

triplets θjik to the target value θ0:  

∅�rij, rik, θjik� = λi exp � γij
rij − rc

+ γik
rik − rc

� (cos θjik  − cos θ0) 
2
 (2.9) 

in which the λi, γij, γik and rc are empirical parameters. This potential set can simulate the 

systems containing all the oxides we are interested in (including Na2O, CaO, B2O3, Al2O3, 

SiO2 and ZrO2), and many of the structure features from experiments such as coordination 

environment of Si and Zr, most of the bond distance, non-bridging oxygen evolution and ring 

size distribution are well reproduced. However, this potential set are complicated due to the 

additional three-body term, thus simulations with large system size using this potential could 

be computational expensive. Some of the results diverge from the experimental findings, for 
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example, the order of the preferred sodium ion attraction in the simulated structure is four-

coordinated boron, three-coordinated boron, aluminum and last the silicon. Moreover, other 

differences exist such as smaller Si-O bond distance, under-estimated coordination number of 

the boron for certain compositions, and observation of three-coordinated Al. 

Three-body term is also employed in the potential set proposed by Huang and Kieffer 

[30], [31] later. This potential set also uses a formula combining the Born-Mayer-Huggins 

repulsive term and a Coulomb attractive term to describe the interaction between atom pairs; 

in addition, the three-body term is to constrain the certain angle. The potential energy for a 

certain atom is described by following equation: 

ϕi = qi ∑
qj

4πε0rij
+ ∑ Cije�σi+σj−rij�∙ρijNC

j=1 + ∑ ∑ �φij + φik�NC
k=j+1

NC−1
j=1

N
j=1 Λjik (2.10) 

where qi and qj values are the charge values of atoms i and j, respectively. The ε0 is the 

dielectric constant of vacuum, rij is the interatomic distance, σi is size of the atom i, and ρij 

represents for the hardness in the repulsion part. The three-body term consists several 

attractive terms. For example, φij = −Cij
κij
ηij
ξije�λij−rij�ηij which determines the radial 

direction in certain atom pairs. In addition, an angular constraint term, which based on the 

effective coordination number of the central atom of certain triplet <jik>, is employed: 

Λjik = ∑ CZ0e−AZ0(Z0−Zi)2e−γZ0�θ�Z0−θjik�
2

6
Z0  (2.11) 

where the θ�Z0value is the equilibrium angle of the triplet for certain coordination 

environments. And CZ0, AZ0 and γZ0 values are empirical parameters. This potential set 

well predicts the experimental density, neutron structure factor and mechanical properties of 

the glass systems; in addition, the charge transfer effects during the simulation can be 

monitored. However, this potential set can only simulate the SiO2 and B2O3 systems, and the 

potential form is relatively complicated and thus the computational cost is expensive. 
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Most recently, Ha and Garofalini [32] proposed a potential set which also uses a form 

combining the Born-Mayer-Huggins type two-body interaction term and three-body term. 

The BMH term is described by following equation: 

VijBMH = Aijexp �−rij
ρij
� + �zizje

2

rij
� erfc �rij

βij
� (2.12) 

where Aij, βij, and ρij values are empirical parameters for pair i-j, zi and zj are the full 

charge values of the ions i and j, respectively. e is the charge of single electron and rij value 

is the interatomic distance. The error function used in the Coulomb term is to zero this part 

when the interatomic distance is larger than the selected cutoff. The three-body term in this 

potential set is expressed as:  

Vjik
3−body = λij

1
2 λik

1
2 × exp � γij

�rij−Rij�
+ γik

(rik−Rik)� × Θjik (2.13) 

where λij and γij values are empirical parameters, Rij value is the cutoff value. The angular 

component Θjik has two different expressions. For angles Si/Al/B-O-Si/Al/B and O-Si/B-O, 

the angular component is given as �cosθjik − cos θjik0 �
2
, and for O-Al-O angle, it is given by 

��cos θjik − cos θjik0 � sin θjik cos θjik�
2
. This set of potentials has been tested in alumina, 

calcium aluminosilicate and soda lime aluminoborosilicate glass systems, and many of the 

structure features such as the bond distance and silicon coordination number can be 

reproduced. However, boron and aluminum coordination number need further improvement. 

In addition, ZrO2 is not included in this potential set, and the even more complicated three-

body term may cause difficulty in doing longer time simulations, e.g., diffusion or phase 

separation. 

Those potential sets with three-body term for certain triplet angles can usually well 

predict some of the glass structure features; however, due to the high constrains induce by the 

three-body terms, several other features might be quite different from the experimental 
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values. In addition, due to the complicated calculations of the three-body term, simulations 

using these potential sets are always more computational expensive. Therefore, some newly 

developed potential sets only employ two-body term to have higher computational efficiency. 

For example, Kieu et al [33] successfully developed a pair wise composition-

dependent potential set, and two ratios which describe the glass composition are employed 

and denoted as R (Na2O
B2O3

) and K ( SiO2
B2O3

). The main potential form includes a Coulomb long-

range interaction term and a Buckingham short-range interaction term: 

ϕ�rij� =  qiqj
rij

+  Aij exp �− rij
ρij
� −  Cij

rij
6   (2.14) 

where the Aij, ρij and Cij values are empirical parameters, rij is the interatomic distance, 

and qi and qj are the charges of atoms i and j, respectively. One of the important features of 

this potential set is that the charges of each element are composition-dependent values and 

can be determined by solving following equations: 

qB′ = −qO′ �C6K2 + ∑ CiRi5
i=1 + C0� (2.15) 

And: 

qi′ = qi − NB
qB
′ −qB

NSi+NO+NNa
 (2.16) 

where, Ci(i = 0,1,2, … ,6) are empirical parameters, Ni (i = B, Na, Si, O) are atom numbers 

of each element, and qi(i = B, Na, Si, O) are the initial charge values which equal to -0.945, 

1.89, 1.4175, 0.4725 for O, Si, B and Na, respectively. In addition to the charge, the Aij 

parameter of B-O pair is also related to the R and K values through following equation: 

AB−O = ∑ aiR∗i + a05
i=1  (2.17) 

in which ai(i = 0,1,2, … ,5) values are empirical parameters, and R∗ can be obtained 

through following equation: 
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R∗ = �
min �R, K

16
+ 0.5� ,                R < K

4
+ 0.5

0,                                R ∈ �K
4

+ 0.5, K + 2�
 (2.18) 

This potential set can reproduce the experimental or theoretical predicted boron 

coordination number in certain composition region; in addition, other structure features such 

as bond distance and bond angle as well as the mechanical properties. The main shortcoming 

of this potential is that CaO, Al2O3 and ZrO2 is not included, which needs future 

development. 

Later Inoue et al [34] also proposed a simple two-body potential set using the Born-

Mayer type form: 

Φij�rij� = e2

4πε0

ZiZj
rij

+ Bijexp �− rij
ρij
� (2.19) 

where the Φij represents for the interaction energy between ions i and j, e is the charge of an 

electron, ε0 is the vacuum permittivity, rij is the interatomic distance, and ρij is the 

parameter to describe softness. The Zi and Zj are effective charge values of ions i and j, 

respectively. The Bij value is determined at a minimum value of the distance between ions i 

and j (Rij) by following equation: 

Bij = − e2

4πε0

ZiZj
Rij2

ρijexp �Rij
ρij
� (2.20) 

Systematical studies on sodium borosilicate glass systems with a wide composition range 

were performed. The change of boron coordination number as a function of R value at 

different K values was investigated and the results agree well with theoretical model. The 

relationship between fraction of non-bridging oxygen (NBO) and the compositions also 

agrees well with the theoretical predicted one. Peaks in the curves of silicon Qn species 

distribution have similar shape comparing with the experimental ones; however, the 

intensities of the peaks are different. Similar to the Kieu’s potential set, this potential set 

cannot simulate the systems containing Al2O3, ZrO2 and CaO.  
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Since the glass compositions we are interested in are quite complicated, most of the 

available potential sets, which can simulate boron containing glass systems, lack one or more 

oxide components. There are two ways to solve that problem, one is to add parameters for the 

rest oxides, and the other one is to add boron parameters to available potential sets, which do 

not contain boron. The second route can be also promising since several potential sets already 

include all the oxides we are interested in except B2O3.  

For example, Du and Cormack [35]–[37] proposed pair wise empirical potential set 

which employs partial charge to describe the partial covalence bond between Si and O. The 

potential energy is described by a formula combing both the Coulomb term for long-range 

interaction and the Buckingham potential term for the short-range interaction: 

V�rij� = ZiZje2

4πε0rij
+ Aijexp�−ρij rij⁄ � − Cij rij6⁄   (2.21) 

where Zi and Zj are the reduced charges for atoms i and j, respectively. These are also called 

partial charges, which are employed to model the partial covalent bonds. e is the charge of a 

single electron, ε0 is the vacuum permittivity, and rij is the interatomic distance between 

atom i and j. The Aij, ρij and Cij values are empirical parameters for Buckingham term. To 

solve the high temperature issue (unreasonable results caused by the Buckingham potential 

term when two atoms are too close to each other), a splice correction for the low rij region is 

used:  

V′�rij� = Bij rijn⁄ + Dij ∙ rij2 (2.22) 

in which Bij, Dij and nij are calculated parameters at the splice point where the original 

function, the first and second derivative values of the Buckingham potential term are equal to 

those of the splice function. Parameters for Al-O, Ca-O, P-O and rare-earth ion related pairs 

were proposed in later works by Du and co-workers [38]–[40]. This potential set has been 

well tested in various systems, such as silicate, aluminosilicate and phosphate glasses. 
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Structure features such as pair distribution function, bond angle distribution function, 

coordination number and ring size distribution are well studied and agree well with 

experimental findings. Properties such as vibrational density of states, mechanical properties 

and diffusion coefficient are also well predicted. This potential set is relatively simple since 

only the two-body term is employed; therefore, it has high computational efficiency. 

However, boron related parameters are not included.  

Another potential set which may be worth for a try is proposed Pedone and coworkers 

[41]. Different from the potential sets discussed above, the short-range interaction in this 

potential set is described by the Morse function instead of the Born-Mayer-Huggins type (or 

Buckingham form). In addition, a repulsive term is added to the Morse term to describe the 

short-range interaction. The expression of the whole potential is given by following equation: 

U(r) = zizje2

r
+ Dij ��1 − e−aij∙(r−r0)�

2
− 1� + Cij

r12
  (2.23) 

in which Zi and Zj are the reduced charges for atoms i and j, respectively. The Dij 

represents for bond dissociation energy, aij is a function of potential energy well slope and 

r0 is the equilibrium bond distance. All the three parameters above as well as the Cij value 

are empirical parameters. This potential set includes parameters for ions of alkali, alkali-

earth, Si, Al, Zr, O and many other elements. Structures and mechanical properties of various 

oxide crystals and silicates are well predicted by this potential set, and results of the tested 

glass compositions agree well with the experimental or theoretical predicted values. 

However, this potential set also lacks parameters of boron, which can be added in future 

works.  

 

2.4 AIMD Simulations on Multi-Component Oxide Glass 

The ab initio molecular dynamics (AIMD) simulation, also called first principle 

calculation, is a computational chemistry method to study various systems based on quantum 
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chemistry. This method was developed in early 1950’s and can produce more accurate 

structures and properties comparing with the empirical or semi-empirical methods; however, 

AIMD simulations are limited to a small system size and short time-scale due to the high 

computational costs. Therefore, this kind of simulations on glass structures is difficult 

because the glass systems always contain large number of atoms, and the melt-quench 

process requires long simulation time.  

At the earlier time of the AIMD simulations on glass, the glass structures were usually 

generated through the classical MD methods with relatively small system size. For example, 

Geneste et al [42] studied the hydrogen-sodium inter-diffusion behavior in borosilicate glass 

system from first principles. Ion exchange, hydronium dissociation, relative acidity of anionic 

sites and other structural changes caused by the inter-diffusion were investigated. However, 

the glass structure was from classical MD simulations, and the system is with only 200 

atoms. Similar method was used later by Soleilhavoup et al [43] that multinuclear NMR 

analysis of borosilicate glasses were performed; however, the system size was still 200 atoms 

and the glass structure was also created by classical MD simulations.  

With recent development of the computer science, the calculation ability of the super 

computational clusters is significantly increased, and the AIMD simulations of glass systems 

become possible. Pedesseau et al [44], [45] studied both liquid and glass states of a sodium 

borosilicate system using AIMD simulation method. The system size of the simulated 

configurations is 320 atoms, and the whole melt-quench process of the glass formation is 

simulated using AIMD simulation. However, the cooling rate used in this study (around 1015 

K/s) is orders of magnitude higher than normally used in classical MD simulations (around 

1012 K/s) due to the efficiency consideration. Various structural features and properties such 

as coordination number, bond distance, bond angle distribution, sodium distribution, 

vibrational density of states and dielectric constants were obtained.  



 

22 

Due to the high accuracy of the AIMD simulations, this kind of works, which fully 

use the AIMD simulation method to generate glass structures, can be useful for classical MD 

simulations to compare with, especially for those features that are difficult to obtain through 

experiments. However, computers that are more powerful are necessary for the glass 

simulations, which need both large system size and long computational time for a melt-

cooling process.  

 

2.5 Summary and Gap 

As one of the important ways to understand the atomic information of glass structures, 

computational modeling using both classical MD and AIMD methods have been applied to 

study various glass structures. AIMD method has the advantage in the accuracy of the 

produced results; however, taking computational efficiency into consideration, classical MD 

simulations are more preferred in the simulations of complicated systems like multi-

component oxide glass systems. A reliable empirical potential set to describe these 

complicated systems are thus important to produce the correct structures hence closer values 

of properties comparing with experiments. Comparing with potential sets with three-body 

terms which adds constrains for certain angular triplets, the pair wise potential sets which 

only include two-body short-range interactions are relatively simple and expected to have 

higher computational efficiency. Two routes of the potential development for multi-

component oxide glass systems are thus performed in this dissertation. 

 

2.6 Goal of this Dissertation 

In this dissertation, the goal is to develop a reliable set of potentials, which can 

simulate glass systems including oxide components such as Na2O, CaO, SiO2, B2O3, Al2O3 

and ZrO2 to investigate the structures and structure-properties relationship in these glasses. 
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Variations of structures and properties induced by different simulation settings as well as 

composition changes are also the targets to study.  

  



 

24 

CHAPTER 3 

SIMULATION METHODOLOGY 

3.1 Procedures of Glass Formation Using Molecular Dynamics 

Three parallel initial structures are randomly generated and relaxed at 300 K to avoid 

creating atoms that are too close to each other. The systems are then melted at 6000 K for 

60ps and equilibrated at 5000K for 100ps to make sure the structures are fully melted. The 

normal cooling process is under a canonical process (system with constant atom number, 

volume, and temperature (NVT)) with a cooling rate of 5 K/ps. After the glass structures 

formed, the system is equilibrated at an isothermal-isobaric ensemble (system with constant 

atom number, pressure, and temperature (NPT)) to remove the inner stress and obtain density 

data. A combination of canonical and microcanonical (system with constant atom number, 

volume, and total energy (NVE)) processes are employed after to obtain final relaxed 

structures.  

Following sections present methods to analyze the structures and methods to calculate 

properties of glasses from MD simulations.  

 

3.2 Pair Distribution Function, Coordination Number, and Neutron Structure Factor 

The pair distribution function (PDF) is the probability to find an atom at certain 

distance from the center atom. In addition, the first peak gives the distance between two 

nearest atoms; therefore, the center position of the peak is considered as the bond distance of 

these two elements. The distributions of the interatomic distances of certain particle pairs in a 

given volume can be described through following equation: 

g(r) = 1
4πr2ρδr

∑ ∑ ∆N(r→r+δr)N
j=1

T
t=1

N×T
  (3.1)  

where, g(r) is the ratio between the local density and the bulk density of the system, N is the 

total number of the atoms, and T is the total time-step of the calculation, δr is the integration 
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step, and ∆N is the number of atoms in the region between r and r + δr. The structure factor 

of the system can be developed directly from g(r) through a Fourier transform; therefore, the 

PDF plot can be compared with the experimental data obtained from the X-ray or neutron 

diffraction [46], [47].  

The neutron broadened pair distribution function is calculated as the summation of 

each pair weighted by element concentration as well as the neutron scattering length: 

gN(r) =
∑ cibicjbjgij(r)n
i,j=1

〈b2〉
 (3.2) 

where r is the interatomic distance, n is the total number of the element types in the system. ci 

and bi are mole fraction and the neutron scattering length of element i, respectively. gij(r) is 

the partial pair distribution function of pair i-j, which is the ratio between local density and 

bulk density. The 〈b2〉 term represents for the square of the cibi summation (∑ cibin
i=1 )2, 

and it is used to subtract the self-contribution.  

The coordination number of a certain pair is to count the number of certain element 

around the center atom in the first coordination shell. It can be calculated through the 

following equation: 

CN =  4π∫ ρjgij(r)r2drrcut
0  (3.3) 

where, the rcut value is the cutoff value of certain pair, and it is determined as the first 

minimum point in the gij(r) curve. The ρj value is the average number density of j atoms 

and r is the interatomic distance. 

The neutron structure factor spectra were calculated by summing the neutron 

weighted values of the partial structure factors for existing pairs: 

SN(Q) =
∑ cibicjbjSij(Q)n
i,j=1

〈b2〉
 (3.4) 
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where Q is the scattering vector and n is total number of the element types in the system. The 

Sij term is the partial structure factor of pair i-j, and it can be obtained based on the pair 

distribution function using the Fourier transformation: 

Sij(Q) = 1 + ρj ∫ 4πr2�gij(r) − 1� sinQr
Qr

sin(πr/R)
πr/R

drR
0  (3.5) 

where ρj represents average number density of j atoms. R is the maximum value used in the 

real space integration and set to half of the size parameter in one direction of the cubic 

simulation box. r is the interatomic distance, dr is the integration distance value. The 

sin(πr R⁄ ) (πr R⁄ )⁄  term is the Lorch type window function [48] which is employed to 

reduce the effect caused by finite size of the simulation box.  

 

3.3 Bond Angle Distribution 

The bond angle distribution function (BAD) is a method to analyze the distribution of 

the angles formed by an atom together with two nearby atoms. The formula to calculate BAD 

is shown by following equation [49]: 

aijk(θ) = 1
Na
∑ δ(θ − �θijk�l)
Na
l=1  (3.6) 

where aijk is the angle formed by atom j and two closest atoms i and k. Na is the number of 

all angles formed by atoms i, j (center atom) and k. The cutoff value is chosen as the first 

minimum point after the first intense peak on the pair distribution function plot. 

 

3.4 Qn Species, Network Connectivity, and Ring Size Distribution  

Qn species distribution is the number of oxygen atoms in the first coordination shell of 

a glass-former atom, where the “Q” is originally derived from the word “Quaternary” which 

particularly refers to the four-coordinated units. The “n” value in this notation stands for the 

number of the bridging-oxygen bonding to the center atom in the tetrahedral unit. Although 
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glass-former atoms such B, Al and Zr in multi-component oxide glasses may not be four-

coordinated, Qn is still applied to describe for the polyhedral units such as [BO3], [AlO5] and 

[ZrO6] units to keep it brief.  

The network connectivity (NC) is also an important medium-range structure feature in 

glasses and can be derived from the Qn distribution. The NC of certain glass-former is the 

average number of the bridging oxygen around each atom of this element. In addition, the 

total NC values are averaged to total glass-former atoms instead of certain element. For 

example, the overall NC value in borosilicate glasses takes both boron and silicon into 

consideration and therefore can be obtained by solving following equation: 

NC = ∑ n∙QnSi4
n=0 ×[SiO2]+∑ n∙QnB4

n=0 ×2×[B2O3]
[SiO2]+2×[B2O3]

 (3.7) 

where the ∑ n ∙ Qn
Si4

n=0  term is the network connectivity of Si (NCSi), and [SiO2] is the molar 

percentage of SiO2 in this composition (similar for NCB). Similarly, NC values can be 

obtained for boroaluminosilicate glasses or even more complicated oxide glass systems such 

as ISG. 

Another way to analyze the intermediate-range structure is the ring size distribution, 

which gives the information of the glass network connectivity. Number of polyhedra forming 

smallest ring is counted and the bridging oxygen is not taken into consideration.  

 

3.5 Polyhedral Connection Analysis 

For a glass with three glass formers, there would be six different linkages: [AOn]-

[AOn], [AOn]-[BOm], [AOn]-[COl], [BOm]- [BOm], [BOm] -[COl] and [COl]-[COl], which we 

simplified as [A][A], [A][B], [A][C], [B][B], [B][C] and [C][C]). Preferences of these 

linkages are an important medium range structure information and can affect glass properties. 

To characterize the connectivity, we defined LAB and PAB, which are the normalized number 

and probability of a polyhedral linkage [A][B]. The probability of the linkage is the ratio 
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between the normalized number of this linkage ([A][B]) and the sum of normalized number 

of all linkages. The normalized value was calculated through dividing the number of the 

linkage by the number of each linking glass former cation. Hence, the probability of the 

linkage between glass former cation A and B, PAFB, is defined as,  

PAB = LAB
∑ ∑ �n2×Lij�j=A,B,Ci=A,B,C

= N[A][B]/(NA×NB)
∑ ∑ (n2×N[i][j] �Ni×Nj�)�j=A,B,Ci=A,B,C

 (3.8) 

where, i and j represent the glass-forming elements A, B or C. Ni and Nj are number 

of each glass former cation, and N[i][j] is the number of the linkages of i and j. The parameter 

n equals to 2 if i is the same as j or equals to 1 if i and j are different.  

 

3.6 Vibrational Density of States 

Vibrational density of states (VDOS, also called phonon density of states) can be 

calculated from either dynamic or static method, and it can provide important information to 

interpret the infrared, Raman and inelastic neutron spectra. Both partial and total VDOS can 

be calculated from the velocity autocorrelation function at 300K through a Fourier 

transformation:  

g(ω) = 2
π ∫ C(t) cos(ωt) dt∞

0  (3.9) 

where ω stands for the vibrational frequency, C(t) is the velocity autocorrelation function, 

and t is time. The partial VDOS is denoted as gα(ω) where α represents for each element in 

the system. 

 

3.7 Glass Transition Temperature 

In experiments, the glass transition temperature (Tg) is usually measured using 

Differential Scanning Calorimetry (DSC), and is equal to the temperature value at the 

intersection of the two linear parts below and above the glass transition region in the heat-
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capacity (Cp)- Temperature (T) curve. In previous simulation studies [50], [51], different 

simulation ensembles were applied (NPT and NVT, respectively); therefore, the heat 

capacities were obtained under constant pressure and constant volume, respectively. From 

thermodynamics, the two heat-capacity values can be derived through following equations: 

Cp = �∂Q
∂T
�
p

=  �∂U
∂T
�
p

+ p �∂V
∂T
�
p

= �∂H
∂T
�
p

= T �∂S
∂T
�
p
 (3.10) 

CV = �∂Q
∂T
�
V

=  �∂U
∂T
�
V

= T �∂S
∂T
�
V

 (3.11) 

where, Cp and Cv are the heat capacity values under constant pressure and volume, 

respectively. U is the total internal energy, H is the enthalpy, T is the temperature, S is the 

entropy, p is the pressure, V is the volume, and Q is the heat. 

For a simulation performed under isothermal-isobaric process (constant atom number, 

constant pressure, and constant temperature (NPT) ensemble), V or H vs temperature plot 

would help to obtain the Cp. However, the second method (Eq. 3.11) was employed for 

simulations under a canonical process (constant number, constant volume and constant 

temperature (NVT) ensemble). The total internal energy (a summation of the potential energy 

and the kinetic energy) is obtained as a function of the temperature, and the Tg value is 

determined by the cross section where there is a change of slope. 

 

3.8 Mechanical Properties 

The elastic constant matrix is a way to characterize the stiffness of a material. It can 

be derived from the stress and strain tensors during a deformation process through following 

equation: 

Sij = Cijkl ∗ ϵkl (3.12) 

Where, Sij are elements of the symmetric stress tensor, and Cijkl are the fourth rank of the 

elastic constants, and ϵkl are elements of the symmetric strain tensor. Number of the distinct 
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constants reduced by symmetry is 21. To obtain the elastic constant matrix, deformations of 

the glass structures were performed from six directions (x, y, z, xy, yz, xz) using zero energy 

minimization method. The simulations of deformations were carried by using the LAMMPS 

[52] package. The elastic moduli were calculated using Hill’s methods [53] and the geometric 

average values of the Voigt and Reuss ones were chosen. The bulk modulus values in Voigt 

and Reuss methods can be obtained through following equations: 

BR = 1 �S11 + S22 + S33 + 2 × (S31 + S21 + S32)�⁄  (3.13)  

BV = �C11 + C22 + C33 + 2 × (C12 + C13 + C23)� 9⁄  (3.14) 

In addition, the expressions of the shear modulus in those two methods denoted as: 

GR = 15 (4 × (S11 + S22 + S33) − 4 × (S12 + S23 + S31) + 3 × (S44 + S55 + S66))⁄  (3.15) 

GV = �(C11 + C22 + C33) − (C12 + C23 + C31) + 3 × (C44 + C55 + C66)� 15⁄  (3.16) 

The Young’s modulus values can then be calculated based on the relationship 

between bulk modulus and shear modulus as shown below: 

E = ( 1
3×G

+ 1
9×K

)−1 (3.17) 
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CHAPTER 4 

DEVELOPMENT OF EFFECTIVE EMPIRICAL POTENTIALS FOR MOLECULAR 

DYNAMICS SIMULATIONS OF THE STRUCTURES AND PROPERTIES OF 

BOROALUMINOSILICATE GLASSES1 

4.1 Abstract 

A set of empirical potentials have been developed to enable molecular dynamics 

simulations of oxide glasses with the most common glass formers: silica, boron and 

aluminum oxides. Built upon the recent borosilicate potentials, this set of partial charge 

effective potentials feature compositionally dependent variable atomic charges and pairwise 

short-range interactions that ensure high computational efficiency. They can correctly 

reproduce the short-range structure features of boroaluminosilicate glasses including [SiO4] 

tetrahedral network, aluminum coordination, and, importantly, the coordination change of 

boron as a function of composition. By using the newly developed potentials, a series of 

sodium boroaluminosilicate glasses were simulated and the structures analyzed in terms of 

bond distance, bond angle, and coordination number, which were compared with available 

theoretical, simulation and experimental results. Structural analysis such as polyhedral 

connectivity analysis, Qn analysis, and ring size distribution were obtained to investigate the 

medium range structure features of these glasses. Furthermore, mechanical properties such as 

Young’s, shear and bulk moduli were calculated and were found to be in good agreement 

with experimental data. The vibrational density of states was also calculated and compared 

with previous MD and ab initio results. The results show [3]B and [4]B had distinctive spectra 

features and vibrational spectra were in good agreement with earlier ab initio studies.  

                                                 
1This chapter is adapted from publication: L. Deng and J. Du, “Development of effective empirical potentials 
for molecular dynamics simulations of the structures and properties of boroaluminosilicate glasses”, Journal of 
Non-Crystalline Solids, 453 177-194 (2016). 
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4.2 Introduction  

Boroaluminosilicate glasses find wide applications in technological and industrial 

fields such as nuclear waste disposal, sealing materials for fuel cells, chemical and heat-

resistant glass containers (such as the Pyrex® glasses), optical components, and insulating 

fiber glasses [2],[3],[4],[5]. However, as compared to silicate glasses, the structures of these 

glasses are more complex due to interactions of multiple glass formers including SiO2, B2O3 

and Al2O3, as well as their interactions and competition for modifier cations and oxygen ions. 

These complex interactions lead to the known mixed glass former effect [54]. The lack of 

detailed structural information hinders the understanding the composition-structure-property 

relationship hence the rational design of these glasses for various applications. In this chapter, 

we aim to develop a set of effective compositional dependent partial charge potentials that 

enable molecular dynamics simulations of these glasses to account for the interaction of multi 

glass former and accurately predict both the structure and properties of these glasses that of 

many practical industrial and technological applications.  

Addition of boron oxide and aluminum oxide to silicate glasses leads to complex 

competition for alkali cations and the intriguing mixed glass former effect. It is known that 

the introducing of alkali oxide to silica results in the breaking the Si-O-Si linages and the 

three-dimensional network by the formation non-bridging oxygen (NBO). When an alkali 

oxide is added to borosilicate glasses, there is a competition between the formation of NBOs 

on [SiO4] tetrahedra and conversion of boron from 3- to 4-coordination state ([3]B to [4]B), 

which can be described by a two-state statistical model with difference in enthalpy of the two 

process [23]. In sodium aluminosilicate glasses, especially in peralkali compositions, 

aluminum ions mainly exist in a 4-coordination state and sodium ions play a charge 

compensation role [38]. When the three glass formers coexist in boroaluminosilicate glasses, 

addition of alkali oxide modifiers can play multiple competing roles including charge 
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compensation of [AlO4]-, conversion of [3]B to [4]B, and creating NBOs on [SiO4][5], [16]. It 

is generally believed that the enthalpy of formation increases in the three competing 

processes in the same order. As a result, the empirical potential for boroaluminosilicate 

glasses needs to properly describe the three competing processes.  

Solid state NMR results have shown that the [3]B to [4]B conversion is the structural 

origin of the boron anomaly behavior in a number of borate glasses, where the structure of 

borate glasses is characterized by R = [Na2O] [B2O3]⁄ and the fraction of [4]B and 

consequently the properties show a maximum at around R=0.4. In borosilicate glasses, the 

trend is preserved, but the maximum R value varies with K = [SiO2] [B2O3]⁄ ; thus, both R 

and K are important parameters to characterize borosilicate glasses. Yun and Bray[13] 

proposed a model for sodium borosilicate glasses to calculate the four coordinated boron 

percentage (N4) with different R and K values based on NMR studies, and later modified and 

improved by Dell and Bray [14]. In the boroaluminosilicate glasses, the addition of alumina 

creates competition of between boron and aluminum for oxygen and charge compensating 

alkali ions. For example, it is generally accepted that addition of aluminum ions will reduce 

the excess sodium content which changes the N4 value[5]. NMR studies[22] showed that the 

experimental N4 value in sodium boroaluminosilicate glasses is smaller than those in sodium 

borosilicate glasses with the same ([Na2O] − [Al2O3])/[B2O3] and K values. The reason 

for the lower N4 value in sodium boroaluminosilicate glasses is that the sodium oxide is 

firstly used to convert aluminum from higher coordination states and Na+ ions to charge 

compensate [AlO4]-. Du and Stebbins[16] proposed a modification of the Yun, Dell and Bray 

model (YDB model)[13], [14] where the R and K values in original YDB model are replaced 

by R′ = [Na2O] ([B2O3] + [Al2O3])⁄  and K′ = [SiO2] ([B2O3] + [Al2O3])⁄  since boron and 

aluminum have similar mixing behavior. This new model is designed for compositions for 

sodium boroaluminosilicate glasses that the sodium concentration is higher than that of 
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aluminum. In this model, [Na2O] − [Al2O3] defines the actual available quantity of the 

sodium for [3]B to [4]B conversion and NBOs for silicon oxygen tetrahedra. Although this 

model works well for most compositions, it has limitations for compositions with [Al2O3] >> 

[B2O3] since the N4 is incorrectly predicted to be 1 when the R′ value is larger than 1. 

Molecular dynamic (MD) simulations have been an important method to study the structures 

of glasses and amorphous materials since its first application about four decades ago [54]. 

Among other factors, the interatomic potential plays a key role in MD simulations. Although 

there are many suitable potentials for silicate glasses, potentials that are capable of simulating 

borate and aluminate glasses are limited. It is especially challenging for borate containing 

silicate and aluminate glasses due to the interaction of the glass formers, or, the mixed glass 

former effect. There are several attempted potentials for multicomponent glasses. Among 

these potentials, only a few contain boron oxide, and none can fully study the structures of 

boroaluminosilicate compositions. For example, Delaye and Cormier [55], [56] proposed a 

set of potentials which can be applied to the systems containing Na, B, Al, Si, O, Zr and Ca 

using the combination of two and three body potential terms. However, this potential 

produces glasses with over-estimated four coordinated boron since the N4 values in 

boroaluminosilicate glasses should be less than in sodium borosilicate glasses based on El 

Damrawi’s work; moreover, the BMH potential form has a limitation of representing exact 

values of electron charge. Huang and Kieffer [30], [31] proposed a coordination dependent 

potential set which include the charge transfer effects. However, the potentials were 

developed for silica and boron oxide only, and the potential form is relatively complex. Du 

and Cormack [36], [37] employed partial charge to describe partial covalence of bonds in 

certain systems and develop a potential set which can describe the systems which contain Si, 

Na, O, P[40], rare earth ions[57], and Al [38]. However, boron is not included in this 

potential. Pedone and coworkers [41] proposed a potential set which can deal with alkali and 
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alkali earth silicates and aluminate glasses but boron oxide is not included in this potential 

set. Several potentials were developed to describe borate or borosilicate glasses. These 

potentials have a general feature that considers the local coordination environment for boron 

charge or B-O interactions, only which the boron coordination changes with composition can 

be described by the potentials. For example, Park and Cormack proposed a set of 

coordination dependent potentials for borate and borosilicate glasses [58]. Depending on the 

coordination number, different parameters were used for 3- and 4-coordinated boron atoms. 

Huang and Kieffer[31] proposed a set of charge transfer potentials for boron oxide glass 

where the atomic charge is allowed to redistribute depending on the local environment during 

the simulations. However, this potential was developed only for B2O3, and it has a 

complicated form and relatively high computational cost. Inoue et al[34] developed a set of 

partial charge pairwise potentials for sodium borosilicate glasses, and were shown to 

reproduce boron coordination changes with composition. Kieu and coworkers [33] recently 

developed a set of composition-dependent variable charge pair-wise potentials for sodium 

borosilicate glasses which were shown to have high computational efficiency and can 

reproduce the structural information and mechanical properties of sodium borosilicate 

glasses. Boron coordination changes with composition were addressed by the variation of 

atomic charge on boron and other ions, as well as the repulsion term of the short-range B-O 

interactions. Alumina is not included in this potential set, however, which prevents us from 

simulations of common glass compositions of the boroaluminosilicate system.  

In addition to classical MD simulations, several ab initio MD or first principles 

calculations were used to study boron oxide or borosilicate glasses. These results provide 

input from first principles and valuable comparisons for empirical potential development. 

Ferlat et al [59] studied boron oxide glasses using ab initio MD simulations, in which two 

numerical models containing boroxol ring units have been tested. Structural and vibrational 
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properties are studied, and the comparison with the experimental results analyzed from static 

structure factor, NMR, and Raman spectra was performed. More recently, Kob and co-

workers [44], [45] studied sodium borosilicate glasses for both liquid and glass states using ab 

initio MD. Static and dynamic properties of the liquid state such as partial structure factor, 

boron coordination and diffusion behavior have been studied. Furthermore, radial 

distribution, sodium distribution around [3]B and [4]B, total electronic density of states and 

vibrational density of states have been analyzed for the glass state. In addition, analyses such 

as average boron charge on oxygen atoms, dielectric function, and absorption spectra provide 

understanding of the sodium borate glass system. 

In this chapter, we have developed a set of compatible and effective potentials for 

simulating sodium boroaluminosilicate glass systems based on the framework for sodium 

borosilicate systems proposed by Kieu et al[33]. After extensive testing and addressing some 

limitations of the original potentials, several boroaluminosilicate glasses were simulated 

using the newly developed aluminum related parameters. Detailed short and medium range 

structure characterizations of the glasses and calculations of mechanical and vibrational 

properties are then presented. 

 

4.3 Methodologies 

 Empirical Potentials for Borosilicate Glasses 

Kieu and coworkers [33] developed a set of potential for sodium borosilicate glasses 

based on earlier development of partial charge empirical potentials for silicate magma and 

minerals by Guillot et al[60]. Similar to several of the potentials for silicates [37], [61], [62], 

this set of potentials combine a long range coulomb term and a short range Buckingham term: 

Φ�rij� = qi qj
rij

+ Aije
−rij
ρij − Cij

rij6 
 (4.1)  
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where rij is the interatomic distance between atom i and j; qi and qj are the effective charge 

for atom i and j, respectively. Aij, ρij and Cij are the parameters for the Buckingham term. 

One essential component of the Kieu et al potential [33] is the compositional 

dependent variable atomic charges. The charges of boron, consequently all other elements, 

vary with two ratios that are commonly employed in describing the structures of borosilicate 

glasses: R = Na2O
B2O3

 and K = SiO2
B2O3

. Two assumptions were made on the atomic charges: Firstly, 

the ratio of atomic charge between 3- and 4-coordinated boron, and those between the two 

boron species and oxygen remain constant∶ qB4
qB3

= 1.14, qB4
qO

= −1.71,
qB3
qO

= −1.5. This is 

based on the results of quantum mechanical calculations of lithium borate system [63] and 

molecular dynamics simulation result of B2O3 glass[31]. Secondly, the average boron charge 

is determined by �qB
′

qO
′ � = fB3 �

qB3
qO
� + fB4 �

qB4
qO
�, where fB3 and fB4 are the fraction of 3- and 4-

coordinated boron based on the YDB model[13], [14] that was originated from solid state 

NMR studies. Based on these assumptions, the average boron to oxygen charge ratio as a 

function of R is fitted to those from the YDB model. As a result, the charge of boron and 

other elements can be calculated by solving following two equations:  

qB′ = −qO′ �C6K2 + ∑ CiRi5
i=1 + C0�  (4.2) 

And, 

qi′ = qi − NB
qB
′ −qB

NSi+NO+NNa
     where i =  Si, O, Na  (4.3) 

where, Ci(i = 0,1,2, … ,6) are empirical parameters, Ni (i = B, Na, Si, O) are atom numbers 

of each element, and qi(i = B, Na, Si, O) are the initial charge values from Guillot-Sator’s 

paper [60] with the values being -0.945, 1.89, 0.4725 for O, Si and Na, respectively. 
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In addition to compositional dependent charges, this potential set also has adjustable 

“A” parameters for the B-O Buckingham potential, and the ratios R and K are also involved 

in “A” parameter determination for B-O pair obtained by Eq. (4.4): 

AB−O = ∑ aiR∗i + a05
i=1   (4.4) 

where ai(i = 0,1,2, … ,5) are empirical values and R* is defined by both R and K values 

through following equation: 

R∗ = �
min �R, K

16
+ 0.5� ,                R < K

4
+ 0.5

0,                      R ∈ �K
4

+ 0.5, K + 2�
  (4.5) 

 

 Addition of Aluminum to the Borosilicate Potentials 

 Assumptions for Adding Al2O3 

Alumina is a common component that improves the chemical durability and 

mechanical strength of glasses. From structural point of view, addition of Al2O3 to 

borosilicate glasses introduces competition for oxygen and charge compensation of alkali 

ions with boron. To include Al3+ related parameters to the sodium borosilicate potential[33], 

we added a new ratio H = Al2O3
B2O3

 so that both charge and the A value of the B-O Buckingham 

pair can vary while Al composition changes. Moreover, based on the model which proposed 

by Du and Stebbins[16], the YDB model[13], [14] for borosilicate glasses can be applied to 

boroaluminosilicate glasses by modifying R and K values. Since the network forming 

behavior of 4-coordinated aluminum, which is the majority coordination species in these 

glasses, is quite similar to 4-coordinated boron, these two species are considered as one 

general type. As a result, the modified R value called R′ is introduced and defined as shown 

below: 

R′ = Na2O
B2O3+Al2O3

 (4.6) 



 

39 

The modified K value called K′ is then defined as: 

K′ = SiO2
B2O3+Al2O3

 (4.7) 

The new ratio N4’ that describes four-coordinated boron can be expressed in the 

following equation: 

N4
′ = N4×B2O3+Al2O3

B2O3+Al2O3
 (4.8) 

Additionally, we realize that R* value in the original Kieu’s potential plays the similar 

role comparing with the N4 value of the systems in the low sodium content region (R < K
4

+

0.5). Furthermore, for those systems with K′ larger than 8, the YDB model of high silicon 

content (K>8)[13] is employed to deal with the problem that N4 is higher than 1. This will be 

useful while dealing with the systems, which have high silicon with low boron content. As a 

result, by modifying Eq. (4.5), the R∗′ value can be obtained from Eq. (4.9): 

R∗′ =

⎩
⎨

⎧min�R
′,K

′

16+0.5�,  R′≤K
′

4 +0.5,K′≤8         

0,                 R′∈�K
′
4 +0.5,K′+2�,K′≤8 

R′                R′≤1,K′>8
0                 R′>1,K′>8               

  (4.9) 

According to recent NMR studies of boroaluminosilicate glasses[22], sodium ions 

first convert aluminum from 5-6 to 4-coordination, then the remaining sodium ions convert 

boron from 3 to 4-coordination. Therefore, those compositions with higher Al2O3 than Na2O 

will give a N4 value which equal to 0. In addition, the smallest value of R∗′, which may 

obtain a non-negative N4 value, is equal to H′( H′ = Al2O3
B2O3+Al2O3

). As a result, the effective 

R* value, which is called Re
∗ , will be applied to calculate the A parameter of B-O pair instead 

of R∗in Eq. (4.4). This variable is the N4 value (i.e. the fraction of four-coordinated boron) 

based on the Du and Stebbins model [16] and can be calculated through Eq. (4.10): 
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Re
∗ =

⎩
⎨

⎧�R
∗′×(Al2O3+B2O3)−Al2O3�

B2O3
    R ≥ H, R∗′ ≥ H′  

0                      R≥H,R∗′<H′  
R<H             

 

 (4.10) 

The charge determination equations were also modified based on the Du and Stebbins 

model[16]. Furthermore, since sodium ions preferentially bond to aluminum and then boron, 

the amount of sodium, which will affect boron charge, is more accurately defined as: 

Re
′ = R′ − H′ = Na2O−Al2O3

B2O3+Al2O3
 (4.11) 

Note that if the aluminum centration is higher than that of sodium, this value will 

become 0. Therefore, the charge values of each element can be obtained by solving following 

two equations: 

qB′ = −qO′ �C6K′2 + ∑ CiRe
′ i5

i=1 + C0� (4.12) 

qi′ = qi − NB
qB
′ −qB

NNa+NAl+NSi+NO
     where i = Na, Al, Si, O (4.13) 

where, Ci(i = 0,1,2, … ,6) are empirical parameters which also are given in Table 4.1, 

Ni (i = B, Na, Al, Si, O) are atom numbers of each element, and qi(i = B, Na, Al, Si, O) are the 

initial charge values from Guillot-Sator’s paper [60]: qB = 1.4175; qNa = 0.4725; qAl =

1.4175; qSi = 1.89; qO = −0.945. 

Table 4.1 Empirical parameters in Eqs. 4.4 and 4.12 based on Kieu et al [33]. 
 0 1 2 3 4 5 6 

ai 180390.53 47166.67 -43827.65 210268.55 -52520.42 -139041.69 ------ 

Ci 1.49643 0.29504 -0.2565 0.08721 -0.01323 0.00073 
0.0 (Re

′ ≤ 0.5 + K′/16)a 

0.00315 (Re
′ > 0.5 + K′/16)a 

aThe original value 0.55 was modified to 0.5+ K′/16 based on the Dell and Bray model. 

Table 4.2 Empirical potential parameters new fitted for Al-O, Al-Al, Al-Na, Al-Si and Al-B 
pairs, as well as the parameters for Si-O, Na-O, O-O, Si-Si, Si-B, B-B, B-O pairs from Kieu 
et al. [33] 

Pair 𝐀𝐀𝐢𝐢𝐢𝐢 (𝐞𝐞𝐞𝐞) 𝛒𝛒𝐢𝐢𝐢𝐢 (Å) 𝐂𝐂𝐢𝐢𝐢𝐢 (𝐞𝐞𝐞𝐞 ∙ Å𝟔𝟔) 

Al-O 28287.00 0.172 34.7600 

Al-Al 351.94 0.360 0.0000 

Al-Na 175.21 0.130 0.0000 

Al-Si 646.67 0.120 0.0000 

Al-B 137.58 0.479 0.0000 

Si-O a 45296.72 0.161 46.1395 
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Na-O a 120360.22 0.170 0.0000 

O-O a 9027.03 0.265 85.0321 

Si-Si a 834.40 0.290 0.0000 

Si-B a 337.70 0.290 0.0000 

B-B a 121.10 0.350 0.0000 

B-O a,b AB-O (from Eq. (4.4))a 0.124b 35.0019b 

a Pair parameters are from Kieu et al[33]. 
b Updated B-O parameters from Kwon et al[64]. 

 

 Parameters for Al Related Pairs 

The Al related potential parameters were initially fitted to the experimental structure 

information of various crystals by using GULP [65]. The parameters were refined by 

systematically adjusting the parameters to reproduce boron coordination and B-O bond 

distances in a series of sodium boroaluminosilicate glasses. This process involved simulations 

of large number of glass structures generated through the melt-and-quench process by using 

MD simulations. A weighted cost function was used to search for the optimal parameters. 

The final parameters for the sodium boroaluminosilicate glasses are shown in Table 4.2. 

 

 Simulation Procedures for Glass Generation 

The initial configurations with around 3000 atoms are randomly generated and 

overlapping atoms are pushed away from each other. These systems are first energy 

minimized at 0 K and then relaxed at 300K for 60ps. After the relaxation, these systems are 

melted at 6000K for 60ps, relaxed at 5000K for 100ps, and then cooled down to 300K at a 

cooling rate of 5K/ps. NPT ensemble relaxation is applied To obtain density information. All 

the final structures are relaxed using an NVE ensemble. The whole melting-quench process is 

carried by DL_POLY simulation package[66]. This process is shown in Fig. 4.1.  
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Fig. 4.1 Temperature scheme of the MD simulation process of glass formation. 

 

 Structural Analysis Methods 

Various structure analysis methods have been used to study both short-range and 

intermediate-range order structural information. The typical analysis for the short-range 

structure of glasses are pair distribution functions (PDF), bond angle distribution functions 

(BAD) and coordination number analysis. As long-range order structure units do not exist in 

amorphous materials due to the non-periodicity, intermediate-range structural order is 

important in glasses in the range of 5-10Å. The medium-range order is usually characterized 

by using Qn distributions and ring size distribution analysis. 

Detail description of each analysis method can be found in Chapter 3. 
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4.4 Results  

 Validation of the Potential Model and Glass Compositions for MD Simulations 

To validate the newly developed aluminum related parameters, two aluminum 

containing ternary crystal structures were calculated using the developed potentials and 

compared with experimental structure values (Table 4.3). The new potential parameters could 

reproduce both structure features such as bond lengths, the unit cell volume and densities of 

these crystals.  

By using the developed potentials, a series of glass compositions of sodium 

boroaluminosilicate glasses have been studied. These glasses have the same constant amount 

of sodium oxide, but varying concentrations of the three glass formers with formula being 

16Na2O-4xAl2O3-4yB2O3-4(21-x-y) SiO2 (x=1, 2, 3, 4 and y= 3, 4, 5, 6). The compositions 

are summarized in Table 4.4, and the atomic charges of the simulated glass compositions can 

be found in the (Appendix Table 1). This series of glasses covers a wide range of Re
∗ : from 

0.00 to 0.688, therefore, the applicability of the newly developed potential c tested. 

Table 4.3 Structural information of NaAlSiO4 and Na2Al2B2O7 crystal structures. 
Crystals NaAlSiO4 Na2Al2B2O7 

Source  Experiment [67] Simulation Experiment [68] Simulation 

a (Å) 9.995 9.892 4.811 5.097 

b (Å) 9.995 9.892 4.811 5.097 

c (Å) 24.797 25.081 15.278 15.128 

α (º) 90.0 90.0 90.0 90.0 

β (º) 90.0 90.0 90.0 90.0 

γ (º) 120.0 120.0 120.0 120.0 

dSi-O (Å) 1.618 1.601 - - 

dAl-O (Å) 1.741 1.735 1.693 1.746 

dNa-O(Å) 2.562 2.651 2.668 2.761 

dB-O (Å) - - 1.408 1.362 

ρ (g/cm3) 2.639 2.663 2.532 2.279 

 

Snapshots of the simulated structures of SBNA 1-6 and SBNA 4-6 are shown in Fig. 

4.2 a and b, respectively. The structures are shown in ball-stick (atom and bonding) style 

(Fig. 4.2 a and b, upper) and can be seen that the glass structures are made of silicon oxygen 
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tetrahedra, aluminum oxygen tetrahedra, and boron oxygen triangles and tetrahedra, which is 

shown in the polyhedron representation (Fig. 4.2 a and b, lower). With composition change, 

the percentage of these network building blocks and their connectivity change, which will be 

further analyzed in the subsequent sections. 

Structure information such as coordination number, Qn species distributions, pair 

distribution functions and bond angle distribution functions of the simulated glasses have 

been analyzed. Additionally, medium range structures such as polyhedral connections and 

ring size distribution functions were also analyzed. Furthermore, the vibrational properties 

and mechanical properties of this series of glasses have been calculated and compared with 

previous simulation results and experimental data. 

Table 4.4 Composition information of SBNA x-y glasses (16Na2O-4xAl2O3-4yB2O3-4(21-x-
y) SiO2 (x=1, 2, 3, 4 and y= 3, 4, 5, 6)) [69] with calculated N4

′  and Re* values using our 
modified potential model.  

SBNA x-y  

(in mol %) 

Na2O Al2O3 B2O3 SiO2 ρ (g/cm3) 𝐑𝐑𝐞𝐞 𝐊𝐊𝐞𝐞 𝐇𝐇𝐞𝐞 𝐍𝐍𝟒𝟒′  a) 𝐑𝐑𝐞𝐞
∗  b) 

SBNA 4-6 16 16 24 44 2.322 0.400 1.100 0.400 0.400 0.000 

SBNA 3-6 16 12 24 48 2.342 0.444 1.333 0.333 0.444 0.167 

SBNA 3-5 16 12 20 52 2.361 0.500 1.625 0.375 0.500 0.200 

SBNA 3-4 16 12 16 56 2.395 0.571 2.000 0.429 0.571 0.250 

SBNA 3-3 16 12 12 60 2.399 0.667 2.500 0.500 0.656 0.313 

SBNA 2-6 16 8 24 52 2.375 0.500 1.625 0.250 0.500 0.333 

SBNA 2-5 16 8 20 56 2.399 0.571 2.000 0.286 0.571 0.400 

SBNA 2-4 16 8 16 60 2.429 0.667 2.500 0.333 0.656 0.484 

SBNA 2-3 16 8 12 64 2.426 0.800 3.200 0.400 0.700 0.500 

SBNA 1-6 16 4 24 56 2.419 0.571 2.000 0.143 0.571 0.500 

SBNA 1-5 16 4 20 60 2.446 0.667 2.500 0.167 0.656 0.588 

SBNA 1-4 16 4 16 64 2.471 0.800 3.200 0.200 0.700 0.625 

SBNA 1-3 16 4 12 68 2.465 1.000 4.250 0.250 0.766 0.688 

a) The N4 
′ value is the theoretical percentage of four-coordinated boron and aluminum calculated by using Du 

and Stebbins’s model [16].  
b) The Re

∗  value calculated from Eq. (4.10), and is equal to the N4 value in sodium boroaluminosilicate glasses 
based on Du and Stebbins’s model[16]. 
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Fig. 4.2 Simulated structures in ball-stick (top) and polyhedron (bottom) styles for a) SBNA 
1-6 and b) SBNA 4-6, respectively. Red balls are oxygen atoms and purple balls are sodium 
atoms. Magenta, yellow and orange polyhedra are for Al, Si and B, respectively. 

 

 Short Range Structures  

 Pair Distribution Function Analysis  

To give an insight view of the structures, one commonly used distribution function, 

the total correlation function, with a form of 4πρrg(r), has been studied. Briefly, the neutron 

broadened total correlation function and all the partial pair distributions are plotted for the 

SBNA 3-3 glass as shown in Fig. 4.3.  

As shown in Fig. 4.3, the first main peak of Si-O pair is located at around 1.61 Å, 

which is typical for silicon oxygen tetrahedra. The Si-O bond distance of 1.61Å is in good 

agreement with previous MD simulation results for sodium aluminosilicate glasses [38], [70], 
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and experimental values from X-ray absorption spectra for silicate glasses [71].The first main 

peak of Al-O pair is centered at around 1.74 Å, which is in good agreement with previous 

MD simulation results for sodium aluminosilicate glasses [38], as well as the experimental 

data collected by XRD and EXAFS for both alumina and sodium aluminosilicate glasses 

[72]–[75]. Detailed comparison between our simulated results and experimental data for main 

pairs of SBNA3-3 structure can be found in Table 4.5. Most of the simulation results agree 

well with the corresponding experimental values. 

 
Fig. 4.3 Simulated neutron broadened total correlation and partial pair distribution function 
for the SBNA 3-3 structure. 

 
Table 4.5 Comparisons of bond distance of different pairs between experimental data and 
simulation results. The simulated bond distances are obtained from the SBNA3-3 glasses 
(16% Na2O, 12% Al2O3, 12%B2O3 and 60%SiO2). 

Bond length (Å) This work Previous simulation works Experiment 

Si-O 1.61 1.59-1.61[70] 1.60-1.61[71] 

Al-O 1.74 1.74-1.75[70], 1.74[38], 1.78[38] 1.81[72], 1.83[73], 1.91[74], 1.77[75] 

Na-O 2.51 2.4-2.6[70], 2.42[38], 2.46[38] 2.30-2.43[71], 2.46-2.62[76] 
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The plots of B-O pair distribution function (Fig. 4.4 a) and b)) for two series of 

glasses have been obtained. These two figures indicate that there are two main peaks in B-O 

PDF plot. For compositions with same alumina (Fig. 4.4 a)), the first main peak locates at 

around 1.36Å for the SBNA 3-6 composition, and it shifts to the right to around 1.37Å for the 

SBNA 3-3 composition. The second main peak is centered at around 1.43Å for SBNA 3-6 

composition, and it shifts to higher R values of 1.44Å for SBNA 3-3 composition. For those 

compositions with same boron oxide content (Fig. 4.4 b)), the first main peak shifts from 1.36 

for the SBNA 4-6 composition to 1.39 Å for the SBNA 1-6 composition, and the second one 

shifts from 1.43 for the SBNA 4-6 composition to 1.45 Å for the SBNA 1-6 composition. 

These two peaks are corresponding to three- and four-coordinated boron, respectively. The 

values of peak position are generally in good agreement with previous MD simulation 

results[33], [34] and ab initio simulation results[45] for Na-B-Si ternary systems, as well as 

the experimental data [77] for vitreous boron oxide.  

 
Fig. 4.4 Comparison of the main peak positions in B-O PDF plots for compositions with a) 
same Al2O3 content and b) same B2O3 content, respectively. The formula of these glasses is 
16Na2O-4xAl2O3-4yB2O3-4(21-x-y) SiO2 (x=1, 2, 3, 4 and y= 3, 4, 5, 6) 

 

 Glass Former Cation Coordination Numbers (CN)  

The coordination number analysis of Al indicates that most of the aluminum ions are 

four-coordinated and form [AlO4]- tetrahedral units (Fig. 4.5). This means most of the Al are 
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converted from three/five coordinated to four coordinated, which is in good agreement with 

our presumption that modifier cations such as Na+ first charge compensate [AlO4]- units. The 

total percentage of the three and five coordinated aluminum is within 5%. 

 
Fig. 4.5 Percentage of 3 to 5 coordinated aluminum as a function of Re

* value. The Re
* value 

is calculated by solving Eq. (4.10) and listed in Table 4.4. The formula of these glasses is 
16Na2O-4xAl2O3-4yB2O3-4(21-x-y) SiO2 (x=1, 2, 3, 4 and y= 3, 4, 5, 6).  

 
The Si coordination number is independent of Re

∗  value changes and stays at 4.0 in 

all the compositions. This result validates the silicon part of this potential that most of Si 

atoms are four coordinated in these glasses and form the tetrahedral units.  

The average number of four-coordinated boron as a function of effective R value is 

shown in Fig. 4.6. The values from simulations, together with those calculated from the Du 

and Stebbins for boroaluminosilicate glasses and the Yun, Dell, and Bray model for 

borosilicate glasses, are compared in Fig. 4.6. Simulation results follow well of the trend of 

the Du and Stebbins model with the overall difference between the theoretical value 

(calculated by the D&B model and D&S model) and simulated results being less than 10%. 
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We expected the presence of the difference between the two compositions at Re
∗  equal to 0.5, 

since they have different Ke value. 

 
Fig. 4.6 Percentage of four-coordinated B as a function of Re

* where N4 is four coordinated B. 
The simulation results (in blue triangles) are compared with the ones from YDB model (in 
black stars, using Re

*=R’=(Na2O-Al2O3)/B2O3 and D&S model (in red squares). The Re
* value 

is calculated by solving Eq. (4.10) and listed in Table 4.4. 
 

Further coordination analysis results are shown in Fig. 4.7. It is shown that the 

simulated value N4
′  (percentage of four-coordinated B and Al) follows the same trend of that 

calculated from the Du and Stebbins model. It is worth noting that the difference of N4
′  

between simulation and the model becomes larger for those with x equal to 1 (Fig. 4.7 a)). 

This is due to the presence of high N4 differences of these compositions (shown in Fig. 4.6, 

Re
∗  from 0.5 to 0.67). The general good agreement shows that the Du and Stebbins model of 

B and Al coordination change is well reproduced by the new developed potential parameters; 

therefore, together with other agreement with experiments, the developed potentials enable 

MD simulations of sodium boroaluminosilicate glass systems. 
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Fig. 4.7 Molar ratio Re (Na2O/B2O3+Al2O3), theoretical N4

′  (fraction of four –fold 
coordinated boron, calculated by Du and Stebbin model) and simulated N4

′  values as a 
function of y at different x value: x=1, 2, 3 for a), b) and c), respectively. The N4

′  value is the 
total four-coordinated percentage of B and Al. The formula of these glasses is 16Na2O-
4xAl2O3-4yB2O3-4(21-x-y) SiO2 (x=1, 2, 3, 4 and y= 3, 4, 5, 6). 

 

 Qn Species Distributions Analysis 

The Qn (glass-former atoms connecting with n bridging oxygen) distribution provides 

information about how the network formers structural units connect with each other. Since 

SiO2, B2O3 and Al2O3 are all considered as network formers, all the linkages connecting the 

structural units formed by these former cations are taken into consideration. That is, the 

oxygen atoms in Si-O-Al, Si-O-B and B-O-Al are also counted as bridging oxygens.  

Qn analysis of [SiO4] and [AlOn] polyhedra are shown in Table 4.6 and Table 4.7, 

respectively. The results indicate that the preferred species for both Si and Al is Q4, 

suggesting high connectivity of network formers. For those compositions with same Al 

content, the number of Q4 species increases while the B content is increasing; whereas, with 

same B content, this number increases while the Al content is decreasing. On the other hand, 

for those with same Si content, higher Al content gives lower Q4 species of the [SiO4] units. 

Thus, additional B content increases the probability to form linkages between [SiO4] and 

other glass-former polyhedral units; whereas, Al decreases this probability. Comparable 

results can be found in the polyhedral analysis section shown later. Additionally, the 

existence of the Q2 and Q3 species of [SiO4] is due to formation of non-bridging oxygen.  
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Table 4.6 Percentage of Qn speciation of [SiO4] units in SBNA x-y glasses (16Na2O-4xAl2O3-
4yB2O3-4(21-x-y) SiO2 (x=1, 2, 3, 4 and y= 3, 4, 5, 6))  

Glass x(Al2O3) y (B2O3) (21-x-y) SiO2 Q2 Q3 Q4 

SBNA 4-6 4 6 11 0.1 4.6 95.3 

SBNA 3-6 3 6 12 0.0 5.0 95.0 

SBNA 3-5 3 5 13 0.2 6.2 93.6 

SBNA 3-4 3 4 14 0.2 6.1 93.7 

SBNA 3-3 3 3 15 0.0 7.0 93.0 

SBNA 2-6 2 6 13 0.0 4.5 95.5 

SBNA 2-5 2 5 14 0.1 4.8 95.1 

SBNA 2-4 2 4 15 0.1 5.9 94.0 

SBNA 2-3 2 3 16 0.2 7.9 91.9 

SBNA 1-6 1 6 14 0.1 3.8 96.1 

SBNA 1-5 1 5 15 0.2 4.9 94.9 

SBNA 1-4 1 4 16 0.0 6.3 93.7 

SBNA 1-3 1 3 17 0.3 10.6 89.1 

 

For [AlOn], there exists small amount of Q3 and Q5 with majority (over 95%) being Q4. 

Increasing B content (at same Al content) generally increases the number of Q4 units. That is, 

the B content increases the probability of forming linkages between [AlOn] and other glass-

former polyhedral units. The existence of Q5 units is caused by the presence of five-

coordinated Al in the glasses. It also suggests that most of aluminum ions are connected to 

the other network formers in the glass network. 

Table 4.7 Percentage of Qn speciation of [AlOn] units in SBNA x-y glasses (16Na2O-
4xAl2O3-4yB2O3-4(21-x-y) SiO2 (x=1, 2, 3, 4 and y= 3, 4, 5, 6))  

Glass x(Al2O3) y (B2O3) (21-x-y) SiO2 Q3 Q4 Q5 

SBNA 4-6 4 6 11 1.8 97.2 1.0 

SBNA 3-6 3 6 12 2.0 97.5 0.5 

SBNA 3-5 3 5 13 1.7 97.7 0.6 

SBNA 3-4 3 4 14 2.2 97.2 0.6 

SBNA 3-3 3 3 15 2.1 96.8 1.1 

SBNA 2-6 2 6 13 1.9 98.0 0.1 

SBNA 2-5 2 5 14 2.3 96.7 1.0 

SBNA 2-4 2 4 15 1.2 97.8 1.0 

SBNA 2-3 2 3 16 1.9 96.7 1.4 

SBNA 1-6 1 6 14 1.6 97.7 0.7 

SBNA 1-5 1 5 15 3.0 95.5 1.5 

SBNA 1-4 1 4 16 2.7 95.9 1.4 

SBNA 1-3 1 3 17 2.7 95.7 1.6 
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The Qn distribution of [BO3] and [BO4] units is shown in Table 4.8. The main species 

are Q3 and Q4 for [BO3] and [BO4] units, respectively. In addition, the Q1 and Q2 species in 

[BO3] units and Q3 species in [BO4] units are due to the association of non-bridging oxygen 

with boron polyhedral units. With the same soda and silica content (same x + y value), 

increasing B/Al ratio (x/y) leads to an increase of the number of Q3 species of the three-

coordinated boron, and the number of Q4 species of [BO4] units gives similar trend.  

Table 4.8 Percentage of Qn speciation of [BO3] and [BO4] units in SBNA x-y glasses 
(16Na2O-4xAl2O3-4yB2O3-4(21-x-y) SiO2 (x=1, 2, 3, 4 and y= 3, 4, 5, 6))  

Qn of 3-coord. B n = 1 n = 2 n = 3 Qn of 4-coord. B n = 3 n = 4 

SBNA 4-6 0.1  7.2  92.7  SBNA 4-6 1.5  98.4  

SBNA 3-6 0.1  6.7  93.2  SBNA 3-6 2.4  97.4  

SBNA 3-5 0.1  7.4  92.5  SBNA 3-5 1.0  98.7  

SBNA 3-4 0.1  8.6  91.3  SBNA 3-4 3.4  96.6  

SBNA 3-3 0.2  8.8  91.0  SBNA 3-3 5.0  95.0  

SBNA 2-6 0.0  5.4  94.6  SBNA 2-6 0.9  99.0  

SBNA 2-5 0.2  6.3  93.5  SBNA 2-5 2.6  97.4  

SBNA 2-4 0.0  6.1  93.9  SBNA 2-4 1.7  98.3  

SBNA 2-3 0.0  9.3  90.7  SBNA 2-3 5.2  94.6  

SBNA 1-6 0.0  3.6  96.4  SBNA 1-6 1.8  98.1  

SBNA 1-5 0.0  3.7  96.3  SBNA 1-5 2.7  97.3  

SBNA 1-4 0.6  5.7  93.7  SBNA 1-4 4.1  95.7  

SBNA 1-3 0.0  9.1  90.9  SBNA 1-3 3.3  96.6  

 

With the same sodium and aluminum content (same x value), an increase of boron 

content (and decrease of silica content) results in an increased trend of the Q3 species of 

three-coordinated boron (in Fig. 4.8 a)) and Q4 species of four-coordinated boron (in Fig. 4.8 

b)). These are due to the availability of more sodium ions to combine with [BO3] and [BO4] 

units, and less competition with aluminum/silicon for sodium and oxygen. In addition, with 

the same sodium and boron content (same y value), decreasing aluminum content (and 

increasing silicon content) generally increases the Q3 species of three-coordinated boron, 

especially at high boron concentration. This indicates that silica has stronger network-

forming ability than aluminum oxide in these glasses.  
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Fig. 4.8 Main Qn species percentage vs boron concentration in a) [BO3] and b) [BO4] units at 
different x (Al2O3 content), respectively. The values in these plots are the averaged value of 
six parallel tests with the standard error bar, and the lines are the guide. The glass 
compositions are SBNA x-y: 16Na2O-4xAl2O3-4yB2O3-4(21-x-y) SiO2 (x=1, 2, 3 and y= 3, 4, 
5, 6). 

 

 Bond Angle Distribution Analysis (BAD) 

The bond angle distributions have been analyzed for the angles inside polyhedra, as 

well as the angles formed by two glass-former atoms in two different polyhedra and an 

oxygen atom in the center (inter-polyhedron). Fig. 4.9 a) shows the O-Si-O bond angle 

distribution, and it indicates that the main peak of O-Si-O distribution is located at around 

109.5 degrees, which is close to the theoretical angle in a tetrahedral unit. The O-Al-O bond 

angle distribution gives a relatively broad peak, as compared to the main peak in O-Si-O 

distribution, and the main peak locates at around 107 degrees. The results of O-Si-O and O-

Al-O distributions are similar to previous simulation results in sodium aluminosilicate glasses 

[38]. The inter-polyhedron BAD plot (shown in Fig. 4.9 b)) gives general information about 

how the polyhedra connect with each other, e.g., the bond angle formed by two polyhedra 

and central oxygen atoms. The main peak of the Al-O-Al bond angle centered at around 120 

degrees, and is in good agreement with previous simulation results for sodium 

aluminosilicate glasses[38]. The intensity of the peak for each bond angle also reflects the 
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forming probability of the linkage between two polyhedra. For example, the higher Al-O-Si 

peak intensity indicates the Al-O-Si linkage is the most favored one in this glass. 

 
Fig. 4.9 a) Bond angle distributions and b) inter-polyhedron bond angle distributions plots for 
SBNA 3-3 structure. The glass compositions are SBNA x-y: 16Na2O-4xAl2O3-4yB2O3-4(21-
x-y) SiO2 (x=1, 2, 3 and y= 3, 4, 5, 6). 

 

The O-B-O bond angle distributions of two series for glass structures were analyzed 

(shown in Fig. 4.10 a) and b)). Two main peaks in the BAD plots of O-B-O are observed: the 

first peak locates at around 109.5 degrees, which corresponds to the four-coordinated boron, 

and the second peak is centered at around 120.0 degrees, which corresponds to the three-

coordinated boron. While compositions vary, the positions of these two peaks stay the same; 

whereas, the intensities of the peaks change since the number of three and four-coordinated 

boron changes in those compositions. 

 
Fig. 4.10 O-B-O bond angle distribution of sodium boroaluminosilicate glasses with a) same 
Al2O3 content and b) same B2O3 content. The glass compositions are SBNA x-y: 16Na2O-
4xAl2O3-4yB2O3-4(21-x-y) SiO2 (x=1, 2, 3 and y= 3, 4, 5, 6). 
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To give a detailed understanding about the contribution of each boron coordination to 

the PDF plot of B-O pair and BAD plot of O-B-O angle, both of the plots decompose into 

species of [3]B and [4]B (as shown in Fig. 4.11 a) and b), respectively). The PDF plot gives 

that the peak position of [3]B-O is at 1.37Å and the [4]B-O one is at around 1.45Å. The main 

peaks of O-[3]B-O and O-[4]B-O angle are centered at around 109.5°and 120.0°, 

respectively. The peak positions in the decomposed plots agree well with previous simulation 

results and experimental data as we discussed above. Therefore, the existence of double main 

peaks in the B-O PDF and O-B-O PDF plots are results of three and four-coordinated boron. 

 
Fig. 4.11 Decomposed plots of a) PDF of B-O pair and b) BAD of O-B-O angle in SBNA 3-3 
glasses, respectively.  

 

 Sodium Local Environments 

As shown in Fig. 4.12, the main peak in the plot of Na-O pair distribution function is 

located at the range from 2.50 Å to 2.52 Å. This is consistent with earlier simulations with the 

same potentials[33]. It was shown that the Na-O distance increases from 2.29 Å to 2.62 Å 

when the role of the sodium atom changes from a network modifier to a charge compensator. 

[33]  
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Fig. 4.12 Na-O pair distribution function plot: a) total range and b) zoom-in range from 2.0Å 
to 3.0Å 

 
To monitor the structural role of sodium, the percentages of non-bridging oxygens 

and bridging oxygens as a function of Na2O−Al2O3
B2O3

 are shown in Fig. 4.13. For those oxygen 

around all the glass-former atoms (Fig. 4.13 a)), the majority species is bridging oxygen 

which is about 92-95%, while about 2-5% of non-bridging and tri-bridging oxygen exist. 

However, those values are quite steady while composition varies. Therefore, further analysis 

of the oxygen species around boron atoms is studied (shown in Fig. 4.13 b)). Over 80% of 

oxygen ions play the role of bridging oxygen and only 5-20% of them are non-bridging 

oxygen. This explains why the average Na-O distance (around 2.5 Å) in the compositions 

studied in this work is toward the longer side (2.29 to 2.62 Å) [33] as majority of sodium ions 

play the role of charge compensators. The bridging oxygen percentage decreases while the 

excess sodium content (remaining amount after converting the Al from five-/six-coordinated 

to four-coordinated) increases, when sodium ions began to play the role of breaking the 

network linkages by forming non-bridging oxygen ions. The percentage of non-bridging 

oxygen increases with Na2O−Al2O3
B2O3

 and shows the opposite trend of bridging oxygen. 

Furthermore, the percentage of non-bridging oxygen increases slightly faster with Na2O−Al2O3
B2O3
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at the low excess sodium content range than the high excess sodium. This is indicated by the 

change of slope before and after 0.5 in Fig. 4.13 b).  

 
Fig. 4.13 Percentages of oxygen species around a) all the glass-former atoms and b) boron 
atoms as a function of (Na2O-Al2O3)/B2O3, respectively. The two data points at same value of 
x-axis correspond to two compositions with same excess sodium content (Na2O-Al2O3)/B2O3.  
 

 Network and Medium Range Structures in the Glasses 

 Polyhedral Connection Analysis 

Polyhedral connectivity shows how the network former oxygen polyhedra are 

connected hence providing additional information of the network structures. Experimentally, 

these can be revealed by analyzing multiple 17O NMR spectra[15]. The preferences of 

linkages in sodium boroaluminosilicate glasses, [SiO4]-[SiO4], [SiO4]-[AlOm], [SiO4]-[BOn], 

[BOn][BOn], [BOn][AlOm], and [AlOm][AlOm], have been calculated from the simulated glass 

configurations and plotted in Fig. 4.14 (a), (b) and (c) for compositions with x = 1, 2 and 3, 

respectively. As shown in these three figures, the PSiAl value is the largest one and the PSiSi 

value is the lowest one among the probabilities of three linkages formed by silicon. This 

indicates that silicon prefers to form a [Si][Al] linkage rather than forming a [Si][B] linkage, 

and the [Si][Si] linkage has the lowest probability. On the other hand, the probabilities of the 

three linkages formed by aluminum decreases in the order of [Si][Al], [Al][Al] and [B][Al]; 
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this means that aluminum prefers forming linkage with silicon, then itself, and the least with 

boron. Moreover, probabilities of the linkages formed by boron illustrate that the [Si][B] 

linkage is most preferred, [B][B] linkage is second and [B][Al] is least. Among all the 

linkages, [Si][Al] is the most probable and [Al][B] is the least probable. Furthermore, with 

the same sodium and aluminum contents (same x), increasing boron content gives lower PSiB 

values; whereas, the PSiAl value and PAlAl one increase.  

Moreover, the results show that the probabilities of the [Si][Al] linkages are around 

0.33 for all the compositions. They are higher than the combination of the [Si][Si] and 

[Al][Al] linkages, which range from 0.1 to 0.2. This result suggests that [Si][Al] linkages are 

more favorable as compared to the other two. This is in agreement with the “aluminum 

avoidance” or the Loewenstein’s rule [78], and has been observed in both the previous 

theoretical calculations and NMR experiments [79], [80].   

 
Fig. 4.14 Preferences of [Si][Si], [Si][Al], [Si][B], [B][B], [B][Al] and [Al][Al] linkages for 
a) x=1, b) x=2 and c) x=3, respectively. The formula of these glasses is 16Na2O-4xAl2O3-
4yB2O3-4(21-x-y) SiO2 (x=1, 2, 3, 4 and y= 3, 4, 5, 6). 

 
Fig. 4.15 illustrates the probability of linkages for compositions with the same soda 

and silica contents: a) and b) are for x + y = 6 and x + y = 7, respectively. Again, in these two 

series, [Si][Al] has the highest probability and [Al][B] has lowest probability. It is also shown 

that the probability of the [Si][Si], [Si][Al] and [B][B] linkages almost remain constant when 

alumina is increased, and at the same time, boron oxide is decreased. With decreasing boron 

oxide (and increasing alumina) concentrations, the probability of the [Si][B] linkages slightly 
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increases while that of the [B][Al] linkages slightly decreases. Furthermore, increasing 

alumina (reducing boron oxide) leads to slight decrease of the probability of the [Al][Al] 

linkages. 

 
Fig. 4.15 Preferences of [Si][Si], [Si][Al], [Si][B], [B][B], [B][Al] and [Al][Al] linkages for 
compositions with two different values of Si content: a) for x + y = 6 ones and b) for x + y = 
7 ones, respectively. The formula of the glasses is 16Na2O-4xAl2O3-4yB2O3-4(21-x-y) SiO2 
(x=1, 2, 3, 4 and y= 3, 4, 5, 6). 

 

 Ring Size Distribution 

Primitive ring size distributions of network forming glasses provide characteristic 

information of the medium range structures[36], [81]. For silica, it has a symmetric 

distribution with a peak at around 6 membered rings. With the addition of modifiers such as 

sodium oxide, larger rings are created and, at the same time, the intensity of the major peak 

decreases[36]. The primitive ring size distributions of the sodium boroaluminosilicate glasses 

were analyzed and the results are shown in Fig. 4.16 a), b) and c). In these analyses, we 

considered the linkages of all the three glass formers. These were done through evaluating the 

Si-O, B-O and Al-O linkages with different cutoffs obtained from the first peak minimum 

from their corresponding pair distribution functions. The results show the ring size 

distributions of the mixed former glasses have generally symmetric distributions ranging 

from 3 to 13 membered rings, with a broad peak centered at around ring size of 7. With the 

constant soda concentration (16 mol%) of the glasses studied, the change of the ring size 
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distribution with composition is relatively small. There are, however, a noticeable trend 

appears. For glasses with same boron content (Fig. 4.16 a)), increasing alumina (decreasing 

silica) leads to a lower peak intensity and slightly border peak, as well as small right shift of 

the peak position from 7 to 8-9. This indicates that silica is stronger glass-former compared to 

with alumina. For glasses with same silicon content (shown in Fig. 4.16 b)), the position and 

shape of the peak stay the same. For glasses with same alumina (shown in Fig. 4.16 c)), the 

peak intensity slightly decreases, and the shape becomes border while increasing boron oxide 

content (decreasing silica); meanwhile, the peak position slightly shifts to the right. That is, 

the silica has the strongest network forming ability. In general, the ring size distribution show 

that all the three glass formers link together to form a three-dimensional network similar to 

that of silica. This result agrees well with previous simulation results of sodium 

aluminosilicate glasses[38]. 

 
Fig. 4.16 Primitive ring size distribution of sodium boroaluminosilicate glasses for 
compositions with a) same boron oxide, b) same silica and c) same alumina contents, 
respectively. The rings were calculated assuming linkages of all glass formers: SiO2, B2O3, 
and Al2O3. The formula of the glasses is 16Na2O-4xAl2O3-4yB2O3-4(21-x-y) SiO2 (x=1, 2, 3, 
4 and y= 3, 4, 5, 6). 

 

 Physical Properties of Boroaluminosilicate Glasses 

 Vibrational Spectra  

Vibrational density of states (VDOS) can be calculated from static or dynamic 

methods and present valuable information for infrared, Raman or inelastic neutron spectra 

interpretation. In this work, the VDOS was obtained from Fourier transformation of velocity 
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autocorrelation function at 300K. The VDOS plots for a series of glass compositions with the 

same sodium and silicon contents (i.e. the same x+ y value) are shown in Fig. 4.17 (a-f). The 

VDOS values are normalized to 1 for better comparison. The VDOS from classical MD 

simulations show similar total and partial spectra features as compared to ab initio 

simulations but the frequency from classical simulations systematically shifted to higher 

frequency. Comparable results were found in earlier comparison of classical and ab initio 

vibrational spectra. To directly compare with previous ab initio results[45], the frequency 

from classical simulations is rescaled to 2/3 of the original values. Four major peaks of the 

total VDOS are observed in the top plots (Fig. 4.17 a), c) and e)): the first one is from 0 to 

565 cm-1, the second one is from 565 cm-1 to 948 cm-1 , the third one from 948 cm-1 to 1200 

cm-1 and the forth one is from 1200 cm-1 to 1600 cm-1. These peak regions are quite close to 

those values observe in sodium borosilicate system in previous simulation study[45], which 

are 0-600 cm-1, 600-820 cm-1, 820-1200 cm-1 and 1200-1600 cm-1, respectively. Detailed 

observation tells that the first peak is mainly contributed by sodium, oxygen, silicon and 

aluminum partial VDOS; whereas the boron one is relatively weak. The second peak consists 

of the oxygen, silicon and boron partial VDOS, while the oxygen and boron ones mainly 

contribute to the third and fourth peaks. This tells that the oxygen partial VDOS form the 

major frame of the total VDOS spectrum while sodium one has no high frequency effect. The 

aluminum and silicon effects only exist in low and medium frequency regions; whereas, the 

boron one gives the effect during the whole range especially at medium and high frequency 

regions. These observations are generally in good agreement with previous simulation results 

for sodium borosilicate glass[45], 45S5 bioactive glass[82], and lithium silicate glass[83]. It 

is worth noting that the sodium partial VDOS peak is centered at 56 cm-1 which is lower than 

the value in previous ab initio and MD simulation results [45], [82].  
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To understand the contributions of [3]B and [4]B units to the total boron VDOS, the 

decomposed boron partial VDOS plots for the same glasses are normalized to 1 and given in 

Fig. 4.17 b), d) and f). The first main peak of [3]B VDOS is from 0 to 581cm-1, and the second 

one is from 1200 to 1600 cm-1. This indicates the low and high frequency effects of boron 

VDOS are mainly caused by the [3]B units. On the other hand, the main peak of [4]B VDOS is 

a boarder peak ranging from 500 cm-1 to 1600 cm-1, and it corresponds to the peak in medium 

frequency range of the total boron VDOS. The increase of the fraction of four-coordinated 

boron enhances the intensity of the main peak of [4]B VDOS and that of [3]B VDOS follows 

the opposite trend. As a result, the VDOS plots we calculated have the trend generally in 

good agreement with previous simulation results [45], [82], [83], but the some of the peak 

positions diverge from those in ab initio calculations[45] for ternary systems which may be 

caused by additional aluminum content. 

 
Fig. 4.17 Vibrational density of states (VDOS) plots shown from left to right are for 
compositions with same silicon content: SBNA3-4, SBNA2-5 and SBNA1-6, respectively. 
The top plots (a, c and e) are total and partial VDOS of the glasses with the values 
normalized to 1 for better comparison. The bottom ones (b, d and f) are normalized partial 
VDOS of trigonal [3]B and tetragonal [4]B atoms together with the normalized partial boron 
VDOS. The formula of the glasses is 16Na2O-4xAl2O3-4yB2O3-4(21-x-y) SiO2 (x=1, 2, 3, 4 
and y= 3, 4, 5, 6). 

 

 Mechanical Properties 

Mechanical properties were calculated by applying strains in six different directions. 
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By using the finite difference method, the elastic constants were first obtained and 

mechanical properties such as bulk modulus, shear modulus, Young’s modulus were then 

calculated by using Hill’s method [53] . The comparison between the experimental values 

[69] and the calculated values are shown in Fig. 4.18. It is worth mentioning that there is an 

outlier of the bulk modulus values, which can be due to input of Poisson’s ratio in the 

calculation. The shear and Young’s moduli were from experiments, and bulk moduli were 

calculated with the two moduli together with the Poisson’s ratio. As shown in the figure, the 

mechanical property values of our simulated glass structures corresponded well with the 

experimental values as a function of Re
∗  for all four series with the different x (Al2O3 mol%) 

values. The differences between the simulated and experimental values are within 10GPa for 

most compositions. The difference is larger for high Re
∗  range with compositions of lower x 

values (i.e. lower alumina and hence higher boron oxide concentrations) which can be 

explained by the higher N4 values of boron as shown in Fig. 4.6. Furthermore, with the same 

sodium and silicon content (same x+ y), decreasing alumina (increasing boron oxide content) 

increases all three moduli. Moreover, with the same sodium and boron contents (same y), 

increasing aluminum (and hence decreasing silica content) also reduces the mechanical 

moduli of these glass systems. Based on the experimental data and most of our simulation 

results (the series of x=2 and x=3), with the same sodium and aluminum content (same x), 

increasing boron content (and decreasing silica content) lowers the moduli. As a result, the 

order of contribution to mechanical properties among the three glass formers is: silica > 

boron oxide > alumina.  
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Fig. 4.18 Comparison of calculated and experimental mechanical properties. (a) Bulk 
modulus, b) shear modulus and c) Young’s modulus comparisons between the experimental 
data and simulated results, respectively. Error bars from simulations were from standard 
deviations of six glasses simulated. Experimental shear modulus and Young’s modulus values 
are from Gan et al. [69] while the bulk modulus are calculated values. The Re* value is 
calculated through Eq. (4.10) and listed in Table 4.4. 

 

4.5 Discussions 

 Validation and Testing of the Borosilicate and Boroaluminosilicate Potentials 

To validate the original potentials by Kieu et al [33] for borosilicate glasses, we have 

simulated sodium borosilicate glasses for wide composition ranges using MD simulations. 

The limitation of the original potential set was also investigated by analyzing the 

composition-dependent of the potential parameters.  

One of the two characters of the potential for boron containing glasses is the 

composition-dependent A parameters (Eq. (4.4)) for B-O interactions [33]. Careful 

examination of the potential parameters found that there are certain composition regions, 

especially those with high silica concentration, that the original potential did not provide 

reasonable boron coordination. This is due to unreasonable the “A” parameter for the B-O 

pair interactions (denoted as AB-O). This is shown in Fig. 4.19 where AB-O is plotted against 

R*. The AB-O value first increases slowly with R* value based on the concept that AB-O is 

composition-dependent to correctly reproduce the coordination number change of B. When 

the R* value is larger than 0.78, the AB-O value begins to decrease which leads to slightly 

shorter B-O bond distance. This situation becomes severe when the R* value is larger than 

0.9. When the R* value is larger than 1.2, the AB-O becomes extremely small and even 
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negative once the R* value is larger than 1.27. These led to unphysical B-O bonding and 

coordination in certain composition ranges. This limits MD simulations of certain 

compositions with high silica and low soda concentrations. 

 
Fig. 4.19 AB-O as a function of R* curve for borosilicate glasses obtained by solving Eq. (4.2) 

 
To validate this potential set for the sodium borosilicate glasses, we tested two series 

of compositions (for [SiO2]/ [B2O3] =1 and 2, respectively) and marked them as the dots 

shown in the composition triangle. The details of the compositions can be found in the (Table 

4.10). The glass structures were generated using the procedures described in section 2. Each 

composition had around 3000 atoms. The simulated structures showed compositional 

dependence of boron coordination with distributions of 3 and 4 coordinated B. The values of 

averaged B coordination numbers and those from the Yun, Dell and Bray [13], [14] model are 

also listed in the Table 4.10. The results show that most differences of boron coordination are 

within 4% with the model. For R below Rmax, the simulation properly reproduced the linear 

relationship of [4]B with R. There is, however, a difference of the exact location of the Rmax 

and existence of some discrepancy between the simulated one and the one from model for 

high R values.  

Together with favorable comparison of mechanical properties and other structural 

features such as B-O and Si-O distances, it can be concluded that the Kieu et al. [33] potential 

set can generate reasonable glass structures of the borosilicate glasses in wide composition 
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ranges. It is, however, worth noting that in some compositions, especially high silica 

compositions regions, the potential would not be able to correctly describe boron 

environment due to unphysical A values of B-O short range interactions. In addition, the 

difference of theoretical and simulated percentage of [4]B is found to be larger at high R (i.e. 

Na2O/B2O3 ratio) values than lower R ones. Since the development of potentials for 

boroaluminosilciate glasses of this work is based on the borosilicate potentials by Kieu et al. 

[33] , the newly developed potentials would inherit some of these limitations. As the 

compositions studied in this chapter are away from these regions, the validity of the results is 

not influenced. Nevertheless, these critical analyses also point out directions of improvement 

of the current potential system, which we are currently working on and will be reported in 

future publications. 

 

 Comparisons of Theoretical Models: Dell and Bray Model, Du and Stebbins Model, 
and Two-State Model 
 
The structures of sodium boroaluminosilicate glasses are complicated due to the 

interaction of the structural units generated by the three glass network formers. One major 

difficulty for MD simulations to reproduce reasonable structures of this kind of glasses is 

lacking parameters to describe the three to four coordination conversion of boron (N4). For 

the ternary systems (alkali borosilicate glass), Yun, Dell and Bray [13], [14] proposed a 

model to estimate the four-coordinated boron percentage based on NMR studies. Kieu et al 

[33] ,therefore, developed a composition-dependent empirical potential to simulate the 

ternary systems by fitting parameters based on the YDB model. However, the situation 

becomes even more complicated when come to the quaternary systems since adding 

aluminum content induces the competition between boron and aluminum for oxygen and 

charge compensating sodium ions. El Damrawi and Gohar’s [22] replaced R in ternary 
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system by R′ = (Na2O − Al2O3) B2O3⁄  in the quaternary systems, and noticed that the four-

coordinated boron percentage in the quaternary systems at low sodium concentration is much 

lower than the one in the ternary systems. Du and Stebbins [16] then proposed a modified 

YDB model by treating aluminum as boron since they have similar network mixing behavior. 

Most recently, Smedskjaer et al [23] proposed a temperature-dependent constraint model, 

two-state model, to calculate the four-coordinated boron percentage of sodium borosilicate 

glasses. To handle the competition between boron coordination conversion and non-bridging 

oxygen formation, the glass transition temperature, and the enthalpy difference between the 

two states are took into consideration. This model gives better estimation of the N4 value 

comparing with the YDB model and D&S model. However, experimental measurement of 

the Tg makes this model a little bit complicated since the rest two model can be calculated 

directly for certain compositions without any other information.  

 

 Relationship between Glass Composition and Properties  

For sodium aluminosilicate glasses, one interesting phenomenon is the so-called 

“aluminum avoidance”, or, the Loewenstein’s rule [78]. This can be expressed that the 

linkage Al-O-Si is more favorable than the combination of Al-O-Al and Si-O-Si linkages. In 

our simulations, we calculated the normalized probabilities of forming these three linkages in 

sodium boroaluminosilicate glasses, and the simulation results show that the probability of 

forming Al-O-Si linkages is much higher than the combination of the Al-O-Al and Si-O-Si, 

with B-O-Al having the lowest probability of linkages. Thus, our results support the 

“aluminum avoidance” phenomenon exists in both ternary and quaternary systems. 

It was found that many structural features and properties of the boroaluminosilicate 

glasses depend on the glass composition, and these dependences can be correlated to key 

structure features such as the percentage of silica or the percentage of four-fold coordinated 
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boron. This is not surprising as silica is the strongest network-former among Al2O3, B2O3 and 

SiO2. As we have shown earlier, addition of small amount of silica can covert aluminum from 

5- and 6-fold coordination to 4-fold coordination and make them play a glass former role in 

rare earth aluminosilicate glasses [84]. Furthermore, four-fold coordinated boron also has a 

strong effect on the properties. For example, the elastic and bulk moduli of several series of 

the glasses were found to increase with the percentage of 4B (as shown in Fig. 4.18).  

 

4.6 Conclusions 

In this chapter, a set of self-consistent, compositionally dependent partial charge 

potentials have been developed for atomistic simulations of multi-component oxide glasses 

with three common glass formers: SiO2, B2O3 and Al2O3 based on the framework of the 

borosilicate system proposed by Keiu et al. The aluminum related potential parameters were 

introduced based on the current understanding of the glass chemistry and the parameters 

obtained by fitting to structures and properties of crystalline and model glass compositions. 

The newly developed potentials were then used to study several series of sodium 

boroaluminosilicate glasses 16Na2O-4xAl2O3-4yB2O3-4(21-x-y) SiO2 (x=1, 2, 3, 4 and y= 3, 

4, 5, 6) with varying ratios of glass formers but constant modifier concentrations. Careful 

comparison of short and medium range structures of these glasses were performed with 

available experimental data as well ab initio simulation results. It is shown this set of 

potential set can reproduce the coordination change of aluminum and boron as a function of 

composition. In addition, the mechanical properties are also in good agreement with 

experimental values while the calculated vibrational spectra trend agrees well with earlier ab 

initio simulation results. It is concluded that the developed composition-dependent partial 

charge pair-wise potentials are capable to deal with complex structure changes of 

boroaluminosilicate glasses and describe the properties. Importantly, these potentials are 
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computationally efficient and can be employed to study simulation of large systems (e.g. 

millions of atoms) and obtain long time (e.g. nano to micro seconds) properties of glass, glass 

melts and glass formation/transition behaviors, which ab initio calculations cannot handle 

easily. Lastly, the limitation of these potential was also discussed, and directions of future 

improvement pointed out. 

 

4.7 Appendix 

The atomic charges of sodium boroaluminosilicate glasses calculated from the current 

model are shown in Table 4.9. The compositions of the sodium borosilicate glasses simulated 

and comparison of the simulated percentage of four coordinated B and those from the Yun, 

Dell and Bray model [13], [14] are listed in Table 4.10.  
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Table 4.9 Atomic charges for sodium boroaluminosilicate glasses 16Na2O-4xAl2O3-4yB2O3-
4(21-x-y) SiO2 (x=1, 2, 3, 4 and y= 3, 4, 5, 6). 

SBNA x-y Si B Al O Na 

SBNA 4-6 1.890626 1.413190 1.418126 -0.94437 0.473126 

SBNA 3-6 1.885460 1.448099 1.412960 -0.94954 0.467960 

SBNA 3-5 1.885762 1.451831 1.413262 -0.94924 0.468262 

SBNA 3-4 1.886289 1.455131 1.413789 -0.94871 0.468789 

SBNA 3-3 1.886955 1.458586 1.414455 -0.94804 0.469455 

SBNA 2-6 1.879532 1.486120 1.407032 -0.95547 0.462032 

SBNA 2-5 1.880749 1.490579 1.408249 -0.95425 0.463249 

SBNA 2-4 1.882115 1.495406 1.409615 -0.95288 0.464615 

SBNA 2-3 1.883536 1.502450 1.411036 -0.95146 0.466036 

SBNA 1-6 1.873734 1.521426 1.401234 -0.96127 0.456234 

SBNA 1-5 1.876112 1.524443 1.403612 -0.95889 0.458612 

SBNA 1-4 1.878437 1.528907 1.405937 -0.95656 0.460937 

SBNA 1-3 1.881038 1.532320 1.408538 -0.95396 0.463538 

 

Table 4.10 Sodium borate glass compositions and comparison of average B coordination 
number from simulation and those from Dell-Bray model prediction. The “SBN-a” and 
“SBN-b” glasses are with K=1 and K=2, respectively. 

     Average B coord. number  
 

SiO2 

mol% 

Na2O 

mol% 

B2O3 

mol% 

ρ (g/cm3) This (MD) YDB model Diff. (%) 

SBN-a0 69.5 0.0 30.5 2.042 3.03 3.00 -0.99 

SBN-a3 48.0 3.3 48.7 2.069 3.07 3.07 0.00 

SBN-a10 44.4 9.6 46.1 2.181 3.22 3.21 -0.31 

SBN-a12 59.7 12.2 28.1 2.370 3.41 3.44 0.88 

SBN-a13 75.0 12.5 12.5 2.780 3.91 3.87 -1.02 

SBN-a14 67.7 14.2 18.1 2.450 3.75 3.73 -0.53 

SBN-a30 55.3 30.0 14.7 2.540 3.58 3.62 1.12 

SBN-b20 45.5 9.1 45.5 2.161 3.19 3.20 0.31 

SBN-b30 43.5 13.0 43.5 2.261 3.30 3.30 0.00 

SBN-b40 41.7 16.7 41.7 2.350 3.43 3.40 -0.87 

SBN-b50 40.0 20.0 40.0 2.429 3.56 3.50 -1.69 

SBN-b60 38.5 23.1 38.5 2.480 3.66 3.56 -2.73 

SBN-b70 37.0 25.9 37.0 2.499 3.71 3.56 -4.04 

SBN-b90 34.5 31.0 34.5 2.518 3.50 3.53 0.86 

SBN-b100 33.3 33.3 33.3 2.536 3.54 3.50 -1.13 

SBN-b120 31.3 37.5 31.3 2.561 3.57 3.45 -3.36 

SBN-b130 30.3 39.4 30.3 2.560 3.56 3.43 -3.65 

SBN-c10 64.5 3.2 32.3 2.098 3.09 3.10 0.32 

SBN-c20 62.5 6.3 31.3 2.147 3.17 3.20 0.95 

SBN-c30 60.6 9.1 30.3 2.237 3.27 3.30 0.92 

SBN-c40 58.8 11.8 29.4 2.308 3.39 3.40 0.29 

SBN-c50 57.1 14.3 28.6 2.396 3.52 3.50 -0.57 

SBN-c60 55.6 16.7 27.8 2.450 3.65 3.60 -1.37 

SBN-c70 54.1 18.9 27.0 2.480 3.71 3.63 -2.16 

SBN-c90 51.3 23.1 25.6 2.517 3.80 3.63 -4.47 

SBN-c100 50.0 25.0 25.0 2.530 3.83 3.63 -5.22 
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SBN-c110 48.8 26.8 24.4 2.518 3.52 3.60 2.27 

SBN-c120 47.6 28.6 23.8 2.521 3.53 3.58 1.42 

SBN-c130 46.5 30.2 23.3 2.526 3.56 3.56 0.00 
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CHAPTER 5 

MOLECULAR DYNAMICS STUDIES ON SODIUM BORATE AND BOROSILICATE 

GLASSES: A POTENTIAL DEVELOPMENT OF THE COMPOSITION-DEPENDENT 

BORON RELATED PARAMETERS 

5.1 Abstract 

New composition-dependent boron related parameters, which are consistent with 

previous parameters in Teter parameterization, are proposed, and a wide range of Na2O-

B2O3-SiO2 compositions is simulated and analyzed using this potential set. Structure features 

such as boron coordination number, density, Qn species distribution of both silicon and boron, 

fraction of non-bridging oxygen around boron and silicon, total correlation function and bond 

angle distribution function are investigated; in addition, many of them are showing good 

agreement with available experimental data (NMR, EXAFS, XAS, et al) as well as previous 

molecular dynamics simulation results. Those agreements confirm that the composition-

dependent potential set, which can reproduce experimental N4 values, is sufficient to study 

the atomistic information of the boron containing glasses. However, higher cooling rate 

comparing with experimental ones leads to the intensity difference in the Qn species 

distributions. The mechanical properties calculated for the simulated structures also show 

similar trend to the experimental ones; whereas, the exact values are over-estimated due to 

the lack of anion-anion interactions.  

 

5.2 Introduction 

Boron oxide is one of the common glass formers, which is used in borate, 

borosilicate, aluminosilicate, and other multicomponent glasses. Therefore, the function and 

network behaviors of boron oxide in those glasses are investigated in both technological and 

industrial fields. Applications such as sealing materials, glass containers with chemical and 



 

73 

heat resistance, insulating fiber glasses and optical components [2]–[5] are developed based 

on the further understanding of boron oxide. Furthermore, the borosilicate glasses play an 

important role in the structural evolution under irradiation and the chemical durability of 

nuclear waste disposal [85]–[87]. However, detailed structural information is limited by the 

experimental methods, accuracy of the equipment and time costs. Therefore, simulation 

studies are always employed to give inside view of these glass structures.  

Molecular dynamics (MD) simulation has been introduced as one of the important 

methods in the study of the structures and properties of glasses and other amorphous 

materials since four decades ago [54]. Among other parts of the simulation, the interatomic 

potential plays a key role in the simulation process. There are many available sets of potential 

parameters, which can describe the atomistic structures of oxide glasses, such as silicate, 

borate, borosilicate, aluminate, aluminosilicate and boroaluminosilicate glasses. However, 

none of them can fully simulate the whole composition of the commonly interested nuclear 

waste disposal, e.g., international simplified glass (ISG) which contains additional ZrO2 and 

CaO to sodium boroaluminosilicate glasses [7]. For example, Delaye, Cormier and coworkers 

[55], [56] proposed a potential set which can simulate the whole composition of ISG which 

containing Na, Ca, Si, B, Al, Zr and O. However, four-coordinated boron percentage is over-

estimated than the data from solid state NMR experiments according to El Damrawi’s work 

[22]. Additionally, the description of Si-O network is limited by the full ionic charge. Huang 

and Kieffer [30], [31] developed a potential set which can describe the process of charge 

transfer. However, this potential set has a complicated formula, and it can only simulate silica 

and boron oxide. Du and Cormack [35], [36], [88] proposed a set of potential parameters 

which employ partial charge to simulate the partial covalence of sodium silicate systems by 

modifying the original Teter parameterization [89]. Parameters for Ca, P, Al and rare earth 

ions are added to this potential set in later works [38], [40], [57], [90]; however, boron related 
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parameters are not included. Pedone and coworkers [41] developed a potential set which can 

simulated alkali and alkali earth aluminosilicate glasses; however, boron parameters are also 

not included. As the major challenge in ISG composition, structural complexity induced by 

the boron oxide is always the issue for a potential set to simulate boron containing glass 

structures. Several sets of potentials have been proposed for the borate or borosilicate glasses 

to simulate the complicated structure. The general solution is to consider the local 

coordination environment for charge values and/or B-O interaction so that the coordination 

conversion of the boron can be well reproduced by the potential sets. For example, Park and 

Cormack [58] proposed a potential set in which the parameters for 3- and 4-coordinated 

boron depends on the boron coordination number. Huang and Kieffer [31] employed the 

atomic charge redistribution to their potential set, in which the charge values are based on the 

local coordination environment at each simulation step. Inoue et al. [34] proposed a partial 

charge pairwise potential set for sodium borosilicate glasses which shows high computational 

efficiency. Both charge value of the oxygen and cation-oxygen interactions are determined by 

the glass composition. Kieu et al. [33] proposed a pairwise potential set with composition-

dependent charge values for sodium borosilicate glasses which can well reproduces the 

structural information as well the mechanical properties. Aluminum related parameters are 

added by Deng and Du [18] which enables the simulation of sodium boroaluminosilicate 

glasses. Ha and Garofalini [32] proposed a multibody potential set to simulate the soda-lime 

aluminoborosilicate glass system, and local structure of both network modifier and former 

ions are studied. However, none of the available potential sets above can study the full 

composition of the ISG in both generating reasonable structure and predicting the properties.  

Besides classical MD simulations, ab initio MD or first principles calculations were 

also employed to investigate the boron containing glasses. These studies can be applied to do 

direct comparison with the results from classical MD ones based on empirical potential. For 
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instance, Ferlat et al. [59] investigated boron oxide glasses through ab initio MD simulations, 

and tested two numerical models which contains boroxol ring. Both structural and vibrational 

properties are studied and compared with available experimental data, e.g., NMR and Raman 

results. Kob and co-workers [44], [45] investigated the structure and properties of the liquid 

and glass states of sodium borosilicate glasses. Important structural information such as 

boron coordination environment, partial structure factor, and radial distribution function are 

analyzed; on the other hand, diffusion behavior, vibrational density of states, dielectric 

function and other property information have been carefully studied.  

In previous MD simulation work, boron coordination-change is believed to be an 

important characteristic of the boron containing glasses, e.g., borosilicate, 

boroaluminosilicate and 55S5 bio-active glasses [18]–[20]. Structure information such as the 

network connectivity, density, and Qn speciation distribution in these glasses are affected by 

the four-coordinated boron percentage (N4). Additionally, a relationship between the N4 value 

and the properties such as mechanical properties, vibrational density of states, and diffusion 

behavior are also observed. The structural origin of boron anomaly phenomenon has been 

revealed as the [3] B to [4] B conversion by using solid-state NMR experiments. Structure and 

properties such as density, glass transition temperature, and thermal expansion coefficient, 

which characterized by R = Na2O B2O3⁄ , shows a maximum value at R equals to 0.4 (Rmax) 

in borate glasses [9]. For borosilicate glasses, addition to the R value, the Rmax value also 

changes with the value of K = SiO2 B2O3⁄ ; therefore, both R and K values contribute to the 

structural change of the borosilicate glasses. Yun and Bray [13] proposed a model (YB 

model) based on solid-state NMR data to calculate the N4 value in borosilicate glasses using 

the input of R and K values, and this model is later modified and improved by Yun, Feller 

and Bray [21] based on NMR results from Li2O-B2O3 glass systems. Dell, Bray and Xiao 

[14] further investigated the NMR data of borosilicate glasses, and developed a more 
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common accepted model (DBX model) which can generally predict the N4 value of certain 

composition based on the R and K values.  

In this chapter, we aim to develop a set of composition-dependent partial charge 

potential parameters, which is not only good for sodium borate and borosilicate glasses, but 

also compatible with available parameters for other oxides in the ISG composition, such as 

Al2O3, CaO and ZrO2. 

 

5.3 Methodologies 

 Empirical Potential Set 

Du and Cormack [36] proposed a potential set for sodium silicate glasses to study the 

medium range structure of the glass systems. Potential parameters for Li, K, P, Al, Ca and 

rare earth ions, which are compatible with previous Na-Si-O parameters, were published in 

later works by Du and coworkers [38], [57], [90], [91]. The main potential form is a 

combination of short-range Buckingham term and a long-range coulombic term, which 

expressed by following equation:  

V�rij� = ZiZje2

4πε0rij
+ Aijexp�−ρij rij⁄ � − Cij rij6⁄  (5.1) 

where Zi and Zj are reduced charges of element i and j, which are also called partial charges, 

to model the partial covalent bonds. e is the charge of a single electron and, ε0 is the vacuum 

permittivity, and rij is the interatomic distance between atom i and j. The Aij, ρij and Cij 

values are empirical parameters for Buckingham term, respectively. The detailed information 

of parameters Aij, ρij and Cij for O-O, Si-O, and Na-O pairs can be found in Table 5.1. A 

splice correction is employed to avoid the unreasonable results caused by the Buckingham 

term at low rij value. In this correction, potential energy at low rij region is described by 

following equation:  
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V′�rij� = Bij rijn⁄ + Dij ∙ rij2 (5.2) 

in which Bij, Dij and nij are fitted parameters. The splice point was chosen at the point 

where the original function, the first and second derivative values of the Buckingham 

potential term is equal to those of Eq. (5.2). This correction smoothly solves the problem of 

Buckingham potential when two atoms become very close to each other at high temperature; 

therefore, it allows the system to go up to a high temperature, which is often requested in a 

melt-quench process.  

Table 5.1 Newly developed empirical parameters for B-O pair, as well as those for O-O, Si-O 
and Na-O pairs from previous studies [36], [91]. 

Pair 𝐀𝐀𝐢𝐢𝐢𝐢 (eV) 𝛒𝛒𝐢𝐢𝐢𝐢 (Å) 𝐂𝐂𝐢𝐢𝐢𝐢 (eV·Å6) 

Si2.4- O-1.2 13702.905 0.193817 54.681 

Na0.6-O-1.2 4383.7555 0.243838 30.700 

O-1.2- O-1.2 2029.2204 0.343645 192.58 

B1.8- O-1.2 From Eq. 3 0.171271 28.500 

 

 Boron Related Parameter 

Boron oxide is one of the common used glass-formers in oxide glasses such as borate, 

borosilicate, boroaluminosilicate and other multi-component glasses. Based on previous 

studies [18]–[20], structures and properties of these glasses are closely related to the four-

coordinated boron percentage; therefore, the N4 value is an important characteristic of these 

glasses and needs to be addressed in the simulation of the boron containing glasses. As a 

result, Aij for B-O pair is determined as a composition-dependent variable as a function of the 

N4 value, and can be obtained through following equation:  

AB−O = �A1 + t1 × (Rmax − (Rmax − N4)2 Rmax⁄ ) + t2 × K2    R ≤ Rmax
A2 + t3 × Rmax × N4 R⁄                           R ≥ Rmax

 (5.3) 

where, A1, A2, t1 and t2 are empirical parameters and can be found from Table 5.2. R and 

K values are ratios based on the composition: R = Na2O B2O3⁄  and K = SiO2 B2O3⁄ . The 

N4 value is the estimated four-coordinated boron percentage of the simulated composition, 

and DBX model is used to calculate the N4 value. The Rmax value is the R value at which N4 
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reaches the maximum value in the DBX model. To make this formula be continuous, the 

simultaneous equations of two parts of Eq. (5.3) are solved at R ≤ Rmax. The t3 value then 

can be derived through following equation:  

t3 = (A1 + t2 × K2 − A2) Rmax⁄ + t1 (5.4) 

In addition, the ρij and Cij of the B-O pair are constants and can be found in Table 5.1. 

Table 5.2 Empirical parameters used in Eq. 3 for determining Aij of B-O pair. 
Variable 𝐀𝐀𝟎𝟎 (eV) 𝐀𝐀𝟏𝟏 (eV) 𝐭𝐭𝟏𝟏 (eV) 𝐭𝐭𝟐𝟐 (eV) 

Parameter 11900.00 12525.00 4350.00 85.00 

 

 Simulation Process 

MD simulation were performed by using DL_POLY simulation package[66]. Eleven 

sodium borate compositions are simulated using the new developed boron related parameters, 

and a total number of 105 sodium borosilicate ternary compositions with different R and K 

values are investigated for more detailed structural information. Three parallel configurations 

for each composition were randomly generated with a system size of 6000 atoms. The initial 

structures were first energy minimized at 0K to make the whole simulation process go 

smoothly. In the melting process, the systems were equilibrated at 300K for 60ps, and then 

melted at 6000K for 100ps and equilibrated at 5000K for 100ps to ensure the structures being 

fully melted. After the melting process, the systems were cooling down to 300K with a 

cooling rate of 5K/ps. All the melt-quench process is using NVT ensemble. The final stage 

was to equilibrate structures at 300K using NPT and NVT ensembles to remove the inner 

stress and obtain density information, and each ensemble took 60ps. The temperature profile 

of the whole simulation is shown in Fig. 5.1: 
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Fig. 5.1 Temperature profile of the whole simulation process after energy minimization 

 

5.4 Results 

Initial potential parameters are generated by fitting boron oxide and various sodium 

borate, and sodium borosilicate crystal structures using General Utility Lattice Program 

(GULP) [65]. These parameters are then refined in both sodium borate and borosilicate glass 

structures to obtained reasonable structures in glass systems. This process is carried by 

DL_POLY simulation package [66].  

 

 B2O3 and Sodium Borate Crystals 

To obtain initial boron related parameters, the parameters of O-O and Si-O pairs from 

Teter parameterization are employed to simulate both B2O3 and sodium borate crystals. 

Those initial parameters then refined in the glass systems through a melt-quench process as 

discussed in section 2.3. The crystal structures used in the initial fitting process are then 

simulated using the final refined parameters for validation. The comparison between 

experimental and simulated structural information for those structures are listed in Table 5.3. 
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The structural information of the chosen crystals such as the lattice parameters, bond 

distances and density are well reproduced by using the new developed boron related 

parameters. The experimental and simulated structures are illustrated in Fig. 5.2 to have a 

straightforward view. The structure features such as three- and four- coordinated boron, 

boroxol rings, and larger boron related units are reproduced by the simulations. However, 

some distortions of the structures are observed since this potential set does not include a 

three-body term to constrain the angles. In addition, slight lattice expansions are also noticed 

in the simulated structures. This is because the parameters are refined in the glass systems, 

which have relatively lower density values comparing with the ones in crystals.  

Table 5.3 Comparison between experimental and simulated structural information. 
Crystal 𝐁𝐁𝟐𝟐𝐎𝐎𝟑𝟑 NaBO2 NaB3O5 Na2B8O13 

Source Exp. [92] Sim. * Exp. [93] Sim. Exp. [94] Sim. Exp. [95] Sim. 

a (Å) 4.334 4.438 11.925 12.703 10.085 10.254 6.542 6.490 

b (Å) 4.334 4.438 11.925 12.703 11.363 10.509 17.796 18.606 

c (Å) 8.334 8.182 6.439 6.071 10.845 11.405 8.429 8.558 

α (º) 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 

β (º) 90.0 90.0 90.0 90.0 104.5 99.8 96.5 103.5 

γ (º) 120.0 120.0 120.0 120.0 90.0 90.0 90.0 90.0 

dB-O (Å) 1.37 1.35 1.36  1.38  1.35  1.41  1.40 1.45 

dNa-O(Å) - - 2.50 2.60 2.51 2.59 2.61 2.67 

ρ (g/cm3) 2.56 2.49  2.48  2.32  2.24  2.23  2.32  2.25  

* The parameters for O-O pair used in B2O3 simulation are from the original Teter parameterization [35], and O-
O parameters for rest crystals are the modified ones [88] due to the additional sodium content.  
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Fig. 5.2 The configuration of the experimental and simulated crystal structures of B2O3 and 
Na2B8O13. Figure a and b are for experimental and simulated B2O3 crystal structures, 
respectively. Figure c and d are for experimental and simulated Na2B8O13 crystal structures, 
respectively. The pink, red and purple balls are corresponding to the boron, oxygen and 
sodium atoms, respectively. 

 

 Sodium Borate Glasses 

A series of sodium borate glasses are simulated using the final refined boron related 

parameters.  
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 N4 Change: Boron Anomaly 

As shown in Fig. 5.3, the four-coordinated boron percentage, N4, of the simulated 

structures are obtained and compared with both experimental data [12] and theoretical models 

[14]. In previous 11B NMR data [12], the relationship between N4 and the Na2O content can 

be predicted by X/(1-X), where X is the Na2O content. In Fig. 5.3, X/(1-X) is shown as the 

black dash line. The simulated ones generally follow the experimental N4 trend in the whole 

composition; for the region with high sodium content, the simulation results are even better 

than the theoretical model. In addition, the N4 value goes up to a maximum value at X=0.40 

and then decreases, which indicates the phenomenon of the boron anomaly. This X value is 

quite close to the 11B NMR one, which is at X=0.39.  

 
Fig. 5.3 The four-coordinated boron percentage, N4, as a function of the Na2O content in 
Na2O-B2O3 glasses from the experimental data (black squares) [12], DBX model (blue 
triangles) [14] and the simulated structures (red circles). The dashed line shows the curve of 
X/(1-X), where X represents for the Na2O content. The dot and dash dot lines are guides, and 
the error bars in the simulated results are calculated as the standard deviation of three parallel 
tests. 
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 Density  

The densities of the experimental and simulated structures are compared (shown in 

Fig. 5.4). Both of two curves have the similar trend and reach a plateau when the R 

([Na2O]/[B2O3]) value increases to higher than 0.7. This indicates the boron anomaly, and can 

be explained by the decrease of the N4 value.  

 
Fig. 5.4 Comparison of the densities between the experimental data [96] (black squares) and 
simulated (red circles) Na2O-B2O3 structures as a function of R ([Na2O]/[B2O3]). The error 
bars in the simulated results are calculated as the standard deviation of three parallel tests, 
and the dash lines are guides. 

 

5.5 Sodium Borosilicate Glasses 

Various compositions of sodium borosilicate glasses are simulated using the final 

refined boron related parameters. Details of the structure information such as boron 

coordination number, density, silicon Qn distribution, total correlation function and bond 

angle distribution function have been investigated.  
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 N4 Evolution at Different R and K Values  

As shown in Fig. 5.5 a), relationship between the N4 values and two composition 

ratios R ([Na2O]/[B2O3]) and K ([SiO2]/[B2O3]) are plotted, and compared with the Dell, 

Bray and Xiao model (DBX) [14]. In the tested composition region, the trend of the DBX 

model is well reproduced by the simulation results. In Fig. 5.5 b), we plotted the maximum of 

the N4 values as a function of the K values. The maximum of the N4 value increases from 0.6 

at K=1 to 0.8 at K=6 in the simulation results. There are slight differences between the 

simulation results and the theoretical predicted values, and the general trend is similar.  

 
Fig. 5.5 a) Four-coordinated boron percentage, N4, from the DBX model [14] (solid lines) 
and simulated structures (dots) as a function of R ([Na2O]/[B2O3]) at different K 
([SiO2]/[B2O3]) values in Na2O-B2O3-SiO2 glasses, and b) max values of N4 as a function of 
K in the DBX model and simulated structures of Na2O-B2O3-SiO2 glasses. The dashed lines 
in b) are linear fitted curves. The error bars in the simulated results are calculated as the 
standard deviation of three parallel tests. 

 
For detailed comparisons, the simulation results are compared with both experimental 

data and ones predicted by DBX model as shown in Fig. 5.6. For a) K=1 and b) K=2, the 

simulated N4 values generally follow the same trend of both experimental data and the DBX 

model. However, for the values near the N4 maximum, the simulated values are slightly 

higher than the rest two. For c) K=3, the N4 values from three methods show a similar trend. 

For d) K=4, e) K=5 and f) K=6, the trends of N4 from the three methods are similar; however, 
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both experimental and simulated ones are slightly smaller than the DBX model in the plateau 

region.  

 
Fig. 5.6 Comparisons of the N4 values from the DBX model (dashed lines), simulated (red 
squares) and experimental [14] (blue triangles) structures of Na2O-B2O3-SiO2 glasses as a 
function of R ([Na2O]/[B2O3]) values at different K ([SiO2]/[B2O3]) values. The error bars in 
the simulated results are calculated as the standard deviation of three parallel tests. 

 

 Density Evolution at Different R and K Values 

As illustrated in Fig. 5.7 a-f, the density of the simulated structures are compared with 

the experimental data [96]–[98] and/or the Budhwani and Feller’s model [96] (B&F model). 

For K=1 to K=3 (Fig. 5.7 a-c), the general trend of the experimental data is well reproduced 

by the simulation one, and the dispersion between these two curves are within 0.05 g/cm3. 

For K=4 to K=6 (Fig. 5.7 d-f), theoretical predicted data from B&F model are employed in 

the comparison due to the limited experimental data. The trends of both curves are similar, 

and the differences between two data sets are within 0.07 g/cm3. In addition, the densities 

from the simulated structures are always higher than the values from B&F model and tend to 

be closer to the experimental values.  
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Fig. 5.7 Comparison between the simulated, experimental [96]–[98] and/or B&F model [96] 
densities of Na2O-B2O3-SiO2 glasses as a function of R ([Na2O]/[B2O3]) at different K 
([SiO2]/[B2O3]) values: a) K=1, b) K=2, c) K=3, d) K=4, e) K=5 and f) K=6, respectively. 
The error bars in the simulated results are calculated as the standard deviation of three 
parallel tests, and the dash line is the guide. 

 

 Silicon and Boron Qn Species Evolution at Different R and K Values 

The Qn species of silicon tetrahedra are also studied to quantify the number of 

bridging oxygen atoms around silicon atoms. In Fig. 5.8 (a, b and c), the percentage of each 

silicon Qn species as a function of R values at different K values in the simulated structures 

are plotted, and compared with 29Si MAS NMR data [99] as shown in Fig. 5.8 (d, e and f). 

The peak positions of the experimental data are well reproduced by the simulations. For 

instance, the peak positions of Q3 shifts from R=2 to R=4 when the K values increase from 2 

to 6. Q2 increases from R=3.5 to R=7 when the K values vary from 2 to 6. On the other hand, 

the intensities in the simulated curves are different from those in experimental curves. For 

example, the Q4 ones in the experimental data always decrease faster than the simulation 

results when the sodium content increases. In addition, the intensities of the Q3 and Q2 peaks 

in the experimental data are much higher than those in simulated structures are.  
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Fig. 5.8 The percentage of silicon Qn species as a function of R([Na2O]/[B2O3]) at different K 
([SiO2]/[B2O3]) values in Na2O-B2O3-SiO2 glasses from simulated structures and 29Si MAS 
NMR data [99]. Figures a-c are from simulated structures for K=2, 4 and 6, respectively. 
Figures d-f are from experimental data for K=2, 4 and 6, respectively. The error bars in the 
simulated results are calculated as the standard deviation of three parallel tests, and the lines 
are guides. 
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To investigate the relationship between fractions of Qn species and the compositions, 

each of Qn species as a function of R values at different K values are plotted as shown in Fig. 

5.9 a-d. For compositions with same K value, increasing sodium content enhances the 

percentage of the Q1 species and decreases the Q4 species. For Q2 and Q3 ones, the curves 

reach a maximum point when sodium content increases and additional sodium content then 

decreases the number of the two species. On the other hand, increasing K value slows down 

the speed of the increase of Q1 species and the decrease of the Q4 species. For Q2 and Q3 

species, increasing K value also decrease the change speed; in addition, the peak positions 

shift to higher R values when K increases.  

 
Fig. 5.9 The Qn species in simulated Na2O-B2O3-SiO2 glasses as a function of 
R([Na2O]/[B2O3]) at different K ([SiO2]/[B2O3]) values: a) Q1, b) Q2, c) Q3 and d) Q4 specie, 
respectively. The error bars in the simulated results are calculated as the standard deviation of 
three parallel tests, and the solid lines are guides. 
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Qn species of boron units are also analyzed and distinguished for both [BO3] and 

[BO4] units. The Qn species distribution for compositions with K=2 is shown in Fig. 5.10. As 

illustrated in Fig. 5.10 a, four species of [BO3] units, which are Q0, Q1, Q2 and Q3, are 

observed. The Q3 species is the majority one of the [BO3] units in low sodium compositions. 

The Q2 species is induced by the additional sodium content, and the number of Q2 species 

reaches a maximum at R=2. The Q1 and Q0 species are observed for compositions with R 

value higher than 1, and the numbers of both species increase with additional sodium content. 

This indicates the network connectivity is significantly destroyed and can be explained by the 

high concentration of the glass modifier. For the Qn species of [BO4] units (Fig. 5.10 b), the 

majority species is the Q4 species which indicate the four-coordinated boron has a strong 

network-forming behavior. This behavior is consistent with previous simulation results using 

a different potential set [33]. In addition, the number of Q4 species starts to decrease when R 

value is higher than 0.625 (Rmax in DBX model) while the Q3 one shows the opposite trend. 

The slopes of both curves become smaller when sodium content keeps increasing; however, 

the standard deviation values are increased due to the low concentration of four-coordinated 

boron.  

 
Fig. 5.10 Qn species distribution as a function of R values at K=2 for a) [BO3] units and b) 
[BO4] units, respectively. The error bars in the simulated results are calculated as the standard 
deviation of three parallel tests. 
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 Fractions of Non-Bridging Oxygen around B and Si 

To further investigate the sodium environment around the glass-former atoms, the 

fractions of non-bridging oxygens around glass-former elements (B/Si) at different K values 

(K=1, 2, 4 and 6) are analyzed. The fractions are calculated as the ratios between the number 

of non-bridging oxygens around B/Si atoms and the total number of oxygen atoms. The 

values from the simulated structures are compared with the ones calculated from the DBX 

model, and plotted as a function of R values as shown in Fig. 5.11 a-d. The general trends of 

the curves from the DBX model over the simulated composition range are well reproduced by 

this potential set, and the differences are within 0.05. As shown in the figures, the fraction of 

the non-bridging oxygen around silicon in the high sodium region is increasing with 

increasing silicon content; whereas, the one around boron shows the opposite trend. In 

addition, for high silicon content composition (K=2, 4 and 6), the fraction of non-bridging 

oxygens around Si are always higher than around B. These observations agree well with the 

DBX model and can be explained by the three stages in the model. The sodium content first 

converts three-coordinated boron into four-coordinated, then additional sodium content 

generates Si non-bridging oxygen while maintaining the number of four-coordinated boron. 

In last stage, additional sodium content converts four-coordinated boron back to three-

coordinated ones while forming non-bridging oxygen atoms around both boron and silicon 

units. 
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Fig. 5.11 Fraction of non-bridging oxygen around glass-former atoms as a function of R 
values at a) K=1, b) K=2, c) K=4 and d) K=6, respectively. The black solid and red dashed 
lines represent for the B and Si ones calculated from DBX model. The black square and red 
triangle dots are corresponding to the B and Si ones from simulation results, respectively. The 
error bars in the simulated results are calculated as the standard deviation of three parallel 
tests.  

 

 Total and Partial Correlation Function and Bond Angle Distribution Plots  

Fig. 5.12 manifests the neutron broadened total and partial correlation function plots 

of one composition with R=2.5 and K=1. There are two main peaks in the total coorelation 

function curve, which are centered at around 1.51Å and 2.50Å, respectively. The first peak in 

the total coorelation function curve consists of Si-O and B-O pairs based on the partial 
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correlation function plots while the second peak is mainly contributed by the Na-O and O-O 

pair. The main peak of the Si-O pair is located at 1.61Å which corresponds to the silicon 

tetrahedra. This value is in good agreement with both previous simulation results in 

borosilicate[33], [34] and boroaluminosilicate[18] as well as experimental data from X-ray 

absorption spectra in silicate glasses[71]. The main peak of the B-O pair is located at around 

1.39Å. This peak is contributed by both [3]B-O and [4]B-O pairs, and will be discussed later. 

The main peak of the Na-O pair is located at around 2.46Å. This value is quite close to the 

results from previous MD simulation results for sodium borosilicate, aluminosilicate and 

boroaluminosilicate glasses [18], [33], [38], as well as experimental EXAFS results [70], 

[71], [75]. The main peak of the O-O pair is located at 2.50Å. This value is slightly shorter 

than the values in previous simulations for sodium silicate glasses [36] and neutron 

diffraction data for vetreous silica [100].  

 
Fig. 5.12 Simulated neutron broadened total and partial correlation function for the 
composition with R=2.5 and K=1.  

 



 

93 

As denoted in Fig. 5.13, the bond angle distributions for same compositions are also 

analyzed. From Fig. 5.13 a), the peak for O-Si-O is located at around 109º, which is close to 

the theoretical value in a perfect silicon-oxygen tetrahedron. As shown in the plot of O-B-O 

bond angle distribution, there exists one main peak and a shoulder on the left. These two 

characteristics are corresponding to three- and four-coordinated boron and will be discussed 

later. The Si/B-O-Si/B angles distribute in a wide range from 90º to 180º as illustrated in Fig. 

5.13 b). In addition, the Si-O-Si angle has the highest peak intensity while the B-O-B has the 

lowest. This indicates Si-O-Si linkage is most preferred among the three in this composition 

(since K=1, B is twice as many as Si), which suggests that the Si has higher network forming 

ability than B. These observations are in good agreement with previous simulation results 

[18] in sodium boroaluminosilicate glasses.  

 
Fig. 5.13 Bond angle distribution function plot for the composition with R=2.5 and K=1: a) 
O-Si/B-O angles and b) Si/B-O-Si/B angles, respectively. 
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To further investigate the boron related units, both the partial correlation function plot 

of B-O pair and the bond angle distribution function plot of O-B-O angle are deconvoluted 

and shown in Fig. 5.14 a and b. The B-O partial correlation function consists of two peaks: 

the first peak is located at around 1.38Å and the second one is centered at around 1.49Å. 

These two peaks correspond to the [BO3] and [BO4] units, respectively. The peak positions 

are in good agreement with previous simulation results in sodium borosilicate [34] and 

boroaluminosilicate glasses[18], ab initio calculation results [45] and experimental data in 

sodium borate glasses [101]. Fig. 5.14 b indicates that the O-B-O angle can be decomposed 

into O-[3]B-O and O-[4]B-O, these two peaks are located at around 120.0º and 109.5º, 

respectively. These two values are in good agreement with the ones in perfect [BO3] triangle 

and [BO4] tetrahedral units.  

 
Fig. 5.14 Decomposed plots of a) partial correlation function of B-O pair and b) bond angle 
distribution of O-B-O angle for the composition with R =2.5 and K=1.0, respectively. The 
peaks of three- and four-coordinated boron units are distinguished by red dashed line and 
blue dash-dot line, respectively.  

 
It is worth noting that the composition changes will have effects on the simulated 

structures due to the composition-dependent AB-O. To probe the boron related effects, B-O 

partial correlation function and O-B-O bond angle distribution are plotted for different R 

values at same K value. As shown in Fig. 5.15 a, the peak shape changes when R value 

varies. While increasing the R value, the peak intensity which corresponds to [3]B-O pair 
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first decreases (from R=0.2 to R=0.9), then increases (from R=0.9 to R=2.5). This is due to 

the boron coordination conversion, which is clearly shown in Fig. 5.6. In addition, as the 

sodium content increases, the peak position shifts to the right and then goes back to the left. 

Since the AB-O value is composition-dependent and is a function of the N4 value (Eq. (5.3)), 

the sodium content change leads to the variance of the AB-O value. As a result, the bond 

distance varies since the repulsion term in the potential form changes. For the O-B-O angle as 

illustrated in Fig. 5.15 b, the peak position does not vary while the composition changes; 

however, the peak intensity changes when the sodium content increases since the N4 values in 

those compositions are different.  

 
Fig. 5.15 Comparisons of a) B-O partial correlation function and b) O-B-O bond angle 
distribution plots at different R ([Na2O]/[B2O3]) values and same K ([SiO2]/[B2O3]) value, 
respectively.  

 

  Mechanical Properties 

The mechanical properties such as bulk modulus, shear modulus and Young’s 

modulus are calculated using Hill’s methods [53], and the values of geometric average of 

Voigt and Reuss ones are employed. The total number of distinct elastic constants are 

reduced to 21 by symmetry, and the elastic constant matrix are obtained through the 

deformations of the final glass structures from six directions (x, y, z, xy, yz and xz) carried by 

the LAMMPS simulation package [52].  
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The values of the three moduli from simulations are calculated and compared with 

experimental ones [97] as shown in Fig. 5.16 a and b. The trends of the experimental curves 

are well reproduced by the simulation results. Both the Young’s modulus and shear modulus 

curves exist a maximum at around Rmax (equals to 0.5+K/16) in the DBX model, and these 

two moduli values decrease with additional sodium content. This is like the boron anomaly 

one in sodium borate binary systems discussed. However, the exact values of the three 

moduli in the experimental and simulated structures are different from each other. The 

simulated values are always higher than the experimental ones, and the Young’s modulus 

values have the highest differences while the bulk moduli have the smallest differences. 

To probe the relationship between the structure information and properties, the N4 

evolution curve, which tells one of the main structural characteristics in borosilicate glasses, 

is employed to compare with the curves of bulk modulus and Young’s modulus for 

compositions with K=1. As illustrated in Fig. 5.16 c and d, the bulk modulus and Young’s 

modulus curves have similar trends comparing with the N4 one. This indicates the N4 value 

change will affect the mechanical properties of the sodium borosilicate glasses. Similar 

relationship is observed in previous simulation results of the sodium boroaluminosilicate 

system [18]. It can be explained by that four-coordinated boron has a high Q4 and thus high 

network connectivity. Both the curves of the bulk and Young’s modulus show a maximum 

value at R=0.625 (which is Rmax for K=1 in DBX model), and then decrease with additional 

sodium content. However, the modulus decreases faster than the N4, which may be caused by 

the formation of Si non-bridging oxygens.  
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Fig. 5.16 Comparisons between experimental and simulated values of the mechanical 
properties as a function of R values for different K values: a) K=1 and b) K=2, respectively. 
Comparisons between N4 values and mechanical properties as a function of R values at K=1: 
c) Young’s modulus and d) bulk modulus, respectively. The error bars are calculated as the 
standard deviation of three parallel tests, and the lines are the guides. 

 

5.6 Discussions  

In addition to reproducing the boron oxide and several sodium borate crystal 

structures from the experimental data, the newly developed boron related parameters can also 

simulate both sodium borate and borosilicate glass structures. Structure information such as 

the N4 value, density, Qn distribution, fraction of non-bridging oxygen atoms around glass-

former atoms, total correlation function and bond angle distribution function are analyzed and 

compared with available data from literature.  
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As one of the important characteristics in boron containing glass systems, the N4 

value may affect most of the structural information as well as the properties. Using the newly 

developed boron related parameters, the N4 values in both sodium borate and borosilicate 

glasses are well reproduced comparing with experimental data and theoretical models. In 

addition, the maximum N4 values at different K values in the simulation results are quite 

close to the predicted ones from the DBX model as shown in Fig. 5.5 b. These ensure that 

this potential set can be used to study the atomistic structural information as well as the 

properties of these boron containing glasses more realistically. The densities of the simulated 

compositions are generally in good agreement with the experimental data and the theoretical 

model. The basic trends of the simulated ones at all K values are in good agreement with both 

experimental and theoretical predicted values; however, the simulated values are always 

higher than the ones from models. The difference between simulated values and those from 

the B&F model are mainly because the volume of the structural units used in the B&F model 

are from sodium borate binary systems.  

Qn species distribution of silicon is investigated and compared with previous 29Si 

MAS NMR data. The peak positions and general peak shapes are quite close to each other. 

However, the peak intensities of Q2 and Q3 species in the simulated structures are much lower 

than the experimental ones; whereas, the Q4 species concentration in the simulated structures 

are always higher than experimental in the high sodium content region. This has been 

observed in previous simulation results using a different potential set [34] and is explained by 

the high temperature state of the simulated configuration due to a much higher cooling rate 

compared with experiments. The boron Qn species are also analyzed and indicate that the 

four-coordinated boron has high glass-forming ability due to high Q4 species percentage. 

Further analysis of the non-bridging oxygen fractions around B/Si clearly show that sodium 

first converts three-coordinated boron into four-coordinated, then generates non-bridging 
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oxygen around silicon atoms, and alternates boron from four-coordinated to three-

coordinated while forming non-bridging oxygen atoms around B and Si.  

The total and partial correlation functions as well as the bond angle distribution are 

studied. The major peaks in these distribution plots are observed, and the peak positions are 

in good agreement with previous simulation results as well as available experimental data. 

One thing worth noting is that the bond distance of B-O pair changes with the compositions. 

This is due to the composition-dependent boron related parameter, e.g., the AB-O parameter in 

Eq. (5.1). As indicated in Eq. (5.3), an increased N4 value will lead to an increased AB-O 

value; therefore, the repulsion term in Eq. (5.1) will increase. As a result, the B-O bond 

distance will first increase and then decrease with addition of the sodium content at same K 

value. 

Mechanical properties in the simulated structures are illustrated in Fig. 5.16, and the 

trends of the curves are in good agreement with experiments. The relationship between 

mechanical properties and the N4 value is also observed. However, the simulated values are 

higher than the experimental values. Similar observations are seen in previous simulations for 

other systems, e.g., sodium aluminosilicate glasses [38], that the modified Teter potential set 

will over-estimate the mechanical properties.  

The main goal of this work is to develop compatible boron parameters for modified 

Teter parameterization. The parameters for certain compositions based on this work are 

already tested to simulate boron containing multi-component oxide glass systems such as 

55S5 bio-active glass[19] and ISG (see Chapter 7). Those results are generally in good 

agreement with the experimental data. These applications validate that the new parameters 

are compatible with previous published parameters for other elements of the modified 

parameterization.  
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5.7 Conclusions 

By using the new developed composition-dependent boron related parameters, the 

modified Teter parameterization can simulate both sodium borate and borosilicate glass 

structures. Various structural features as well as properties are well reproduced in a wide 

composition range, thus, confirming the new developed potential parameters can handle these 

systems. The mechanical properties are also calculated, and the basic trend of the 

experimental data is predicted by the newly developed potential parameters; however, the 

exact values are higher than the experimental values. Based on previous parameters for 

sodium silicate glass, the new boron related parameters can simulate sodium borate and 

borosilicate glasses, and compatible with parameters for other elements in this potential set. 
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CHAPTER 6 

EFFECTS OF SYSTEM SIZE AND COOLING RATE ON THE STRUCTURE AND 

PROPERTIES OF SODIUM BOROSILICATE GLASSES FROM MOLECULAR 

DYNAMICS SIMULATIONS 

6.1 Abstract 

Borosilicate glasses are important glass forming systems in both glass science and 

technologies. Intriguing property changes with composition, such as boron anomaly, have 

been attributed to the structure of these glasses especially the composition-dependent boron 

coordination changes. Structure features such as boron coordination and associated 

properties, are also known to change with the thermal history of glasses and their origin is 

thus of great significance in glass science. In this chapter, we explore the structure and 

property changes of sodium borosilicate glasses as a function of thermal history in terms of 

cooling rate during glass formation and simulation system sizes using classical molecular 

dynamics simulation using recently developed composition-dependent partial charge 

potentials. Short and medium range structural information such as boron coordination, Si and 

B Qn distributions, and ring size distributions have been analyzed to elucidate the effect of 

cooling rate and simulation system size on these structure features. Neutron structure factors 

and neutron broadened pair distribution functions were calculated and compared with 

experimental data to validate the structure models generated. Furthermore, properties such as 

density, glass transition temperature and mechanical properties were calculated for the MD 

generated structure models to understand the effects on these properties. The results indicate 

that both cooling rate and system size play a significant role on the structures of sodium 

borosilicate glasses. Both affect 3B and 4B distributions and consequently have impacts on 

properties such as elastic moduli and glass transition temperature. It was found that different 

structure features and properties might converge at different size or cooling rate thus 
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convergence tests are needed in these glasses. The results shed light on the complex thermal 

history dependence on structure and properties of glasses. 

 

6.2 Introduction 

Boron oxide (B2O3), together with silica (SiO2) and alumina (Al2O3), are the most 

important glass-forming oxides due to their significance in wide industrial and technological 

applications ranging from cookware (e.g. Pyrex®), lab equipment, hermetic sealing materials 

for high temperature fuel cells, insulating fibers, to nuclear waste disposals[2]–[5]. However, 

as compared to the well-studied silicate glasses, the structures of borosilicate glasses are more 

complicated. Advances of experimental characterization techniques, especially Solid-state 

NMR and Raman spectroscopy, have significantly advanced our understanding of the 

structures of these glasses. 11B NMR studies found correlation of the glass structure in terms 

of boron coordination and a series of glass properties that provided an explanation of boron 

anomaly observed in borate glasses, and it is one of the first examples of clear structure-

property relationships in glass science. Borosilicate glasses still find important applications 

nowadays such as immobilization of high-level nuclear wastes. Detailed structure 

information and structure-property relation is essential in designing glasses for these 

applications. However, the understanding of these glasses is far from complete. For example, 

there exist questions of the medium range structures, thermal history effect and phase 

separation behaviors in these glasses. Atomistic computer simulations, as a fast-growing field 

of glass research, have been playing an increasing significant role in the understanding the 

structures and structure-property correlations of these glasses, thanks to the development of 

effective empirical potentials that are capable to describe the structure and structure changes 

with glass compositions.  
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Despite its wide application in silicate glasses, Molecular dynamics (MD) simulations 

of borate and borosilicate glasses is rather limited, mainly due to the lack of reliable 

potentials that are capable to describe boron coordination change with glass compositions, 

which was well captured by 11B NMR studies[14]. Special treatment of the potentials is 

needed to enable descriptions of this structure change. Delaye and Cormier[55], [56] 

developed a set of potential parameters which is able to simulate the glass systems containing 

Na, B, Al, Si, O, Zr and Ca elements with a combination of two-body and three-body terms. 

Although capable of describing some general structure features, the potential was not able to 

accurately describe coordination change of B and Al, especially in wide composition 

ranges[18], [55]. Huang and Kieffer[30], [31] proposed a set of variable charge coordination-

dependent of boron oxide but no other elements have been incorporated and the potential 

form is relatively complex comparing with other commonly used potential sets that prevents 

usage for large scale simulations. Park and Cormack[58] developed a set of potential for 

borate and borosilicate glasses that include coordination dependent parameters for boron-

oxide interactions. Inoue and coworkers[34] proposed a potential set with partial charge 

pairwise parameters for sodium borosilicate systems, where boron coordination change in 

wide composition range were tested and was in general agreement with the Dell and Bray 

model based on NMR studies. However, testing of that set of potential shows that although 

the potential is capable in describing the structures in constant volume simulations, but they 

became unstable in constant pressure simulations. Importantly, Kieu and co-workers[33] 

developed a set of partial charge potential with composition-dependent atomic charges and B-

O short range parameters for sodium borosilicate glasses. This set of potential is capable to 

describe boron coordination change in borosilicate glasses and is stable in both constant 

volume and constant pressure simulations. In addition to the structures, the potential also 

provides very reasonable description of mechanical properties as compared to experiments. 
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This set of potential was extended recently to include alumina and has been tested in wide 

composition ranges[18], [102] thus provides a reliable potential for simulation of the 

structure and behaviors of borosilicate glasses. 

Experimental studies have revealed that the structure of borate and borosilicate 

glasses strongly depend on the thermal history. It has been shown from NMR and Raman 

studies that fraction of four-fold coordinated boron (N4) changes with thermal history. 

Stebbins and coworkers[103] studied the sodium borate glasses and observed the change of 

N4 under different thermal history. Wu and Stebbins[17] studied the thermal history effect on 

boron coordination in aluminoborosilicate glasses using 11B NMR and it was found that 

higher cooling rate and higher fictive temperature led to higher proportion of three-fold 

coordinated boron and lower N4 values. Similar phenomenon was observed in borosilicate 

glasses by Michel and coworkers[104] through both experimental and simulation studies. 

Furthermore, the relationship between the thermal history and the medium range order 

structures were observed. For instance, Möncke et al[105] found that the number of medium 

range order structure units increased for samples with higher annealing temperature. 

Grandjean et al[106] studied the borosilicate glass-forming melts and found that the 

borosilicate ring starts to disappear when temperature increases. Angeli and coworkers[107] 

investigated the thermal history effect on sodium borosilicate glasses and found that 

tetrahedral-coordinated boron decreased by 7% for quenched samples as compared to 

annealed samples that had an estimated difference of fictive temperature of 100K. It was 

found that increased quenching rate led to more disorder in medium range structures as 

shown from the glass former cation - oxygen - glass former cation bond angle distributions. 

These results indicate that thermal history has a strong effect on glass structure and 

manifested in change of boron coordination number or the N4 values.  
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Various system sizes and cooling rates have been used in MD simulations of 

borosilicate glasses but there is no systematic study of their effect on the glass structure and 

properties on this system. Kieu et al[33] studied a series of sodium borosilicate glasses with 

the system size of 1000 atoms and a cooling rate of 5×1012 K/s using MD simulations using 

the developed partial charge composition-dependent potentials. Later, Deng and Lu has 

studied the sodium borosilicate glasses using systems ranging from 3000 to 6000 atoms using 

the same set of potentials[18]. Inoue et al[34] used a system size of 1000 atoms and a cooling 

rate of 3.7×1013 K/s to study a series of sodium borosilicate glass compositions. Pedesseau et 

al[44], [45] simulated both liquid and glass states of the 3Na2O-B2O3-6SiO2 system, using 

Density Functional Theory based ab initio MD simulations with 320 atoms and relatively 

faster cooling rate values (2×1014 K/s and 1.7×1015 K/s). As compared to classical 

simulations, much smaller simulation cell and faster cooling rate were used in AIMD 

simulations due to much higher computational cost.  

The effects of system size and cooling rate on simulated glass structures have been 

reported for other glass systems. For example, Vollmayr et al studied the cooling rate effect 

on amorphous silica system (α-SiO2) using MD simulations with a system size of 1000 atoms 

and a cooling rate and it was found that the cooling rage in the range of 5×1012~1×1013 K/s 

generally gave the converged structural properties in both short- and medium- ranges[50]. 

Cooling rates in this range (5-10 ×1012 K/s) is most commonly used in MD simulations of 

various glass systems such as silicate, borate, phosphate, borosilicate, aluminosilicate and 

boroaluminosilicate glasses due to the high simulation efficiency and reasonable structural 

properties generated[18], [33], [36], [40], [90], [108]–[110]. Tilocca[111] studied the effect 

of system size and cooling rate on the structures of silicate based 45S5 bioactive glass and 

found that structure features such as network connectivity, ring structural patterns, and ion 

clustering became converged at a cooling rate of 5×1012~1×1013 K/s with the system size of 
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around 1000 atoms. Recently, Matthew and Lane[112] performed a systematic study of silica 

glasses with smaller cooling rate and larger system size, and a tendency to get converged is 

observed at 3×1010 K/s for density and thermal expansion coefficient. However, systematic 

studies of the system size and cooling rate effects on boron containing glasses are not 

available. In borosilicate glasses, the sensitive change of boron coordination with thermal 

history can provide a clear indication of the cooling rate on the structure and properties of 

these glasses. The goal of this work is to provide a systematic study of the cooling rate and 

system size effects on sodium borosilicate glasses in terms of short and medium range 

structure features such as boron coordination, network connectivity, and ring size distribution 

and glass properties such as density, glass transition temperature and mechanical properties.  

The chapter will start with a summary of the simulation setups, empirical potentials 

employed in this study and analysis methods, and this is followed by results on system size 

effect and then cooling rage effect on various glass structure and properties. Comparison of 

the simulated glass structure with neutron structure factor is also provided. Finally, discussion 

and conclusion of this work is provided.  

 

6.3 Simulation Methodologies 

Ternary sodium borosilicate glass with the composition of 3Na2O-B2O3-6SiO2 is the 

targeted composition of this study. The reason to choose this silica rich sodium borosilicate 

glass composition is due to the available ab initio MD simulation results of this composition 

that provide detailed atomic and bonding structure information[44], [45] and availability of 

experimental structural (for example neutron diffraction structure factor) and physical 

property data that can be used to validate the simulation results. In our work, same system is 

simulated with different systems size values (N) and various cooling rate values (γ) to study 
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the system size and cooling rate effects in this kind of glasses. The start density value used in 

this work is the same to the ab initio one[45] which is 2.51 g/cm3.  

System sizes in the range from 320 to 6400 atoms are used in the system size effect 

tests (shown in Table 6.1) with a normal cooling rate (5×1012 K/s). They are labeled as 1x, 

2x, 3.1x, 4x, 5x, 8x, 10x, 16x, and 20x, where nx corresponds to the number of atoms 

(𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = n × 320). In the cooling rate effect tests (γ-tests), on the other hand, 1600-atom 

systems are simulated with a cooling rate (γ) from 1×1010 K/s to 1.7×1015 K/s (Detailed 

information can be found in Table 6.2).   

Table 6.1 Molecular dynamics settings of system size tests (N-tests). 
N-tests 1x 2x 3.1x 4x 5x 8x 10x 16x 20x 

N (atoms) 320 640 992 1280 1600 2560 3200 5120 6400 

γ (K/s) 5×1012 

 
Table 6.2 Molecular dynamics settings of the cooling rate tests (γ-tests). 

 γ-tests 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

γ (1010K/s) 1 2 5 10 20 50 102 5×102 103 5×103 104 5×104 105 1.7×105 

N (atoms) 1600 

 

The sodium borosilicate glasses were generated by using the simulated melt-and-

quench process using MD simulations. Five independent samples starting from different 

random initial configurations were generated for each condition to obtain statistics. The 

initial configurations were first energy minimized at 0K to remove unreasonable structures, 

e.g., atom pairs that were too close to each other. The obtained structures then are relaxed at 

300K for 60 pico-second (ps, or 60,000 steps with 1 fs time step) using the NVT ensemble. 

After that, the systems were first melted at 6000K for 60 ps and then equilibrated at 5000K 

for 100ps to obtain the melt structures. The structures were then cooled to 300K with 

different cooling rates shown in Table 6.1 to generate the glass structures. The melt-quench 

process was performed using the NVT ensemble. The glassy systems are then relaxed at 

300K using the NPT ensemble to relax any stresses. This was followed by simulations under 
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NVT and NVE ensembles at 300 K for 100 ps each. Leapfrog algorithm was used in the 

integration of equation of motion. 1 femtosecond (fs) time step was used in all simulations. 

Long-range Coulomb forces were calculated using the Ewald Sum summation method with a 

precision of 1x10-6 eV. All the simulations were carried out by using the DL_POLY 

simulation package[66]. 

As the most important input in MD simulations, empirical potential strongly affects 

the final structure and properties of glasses from simulations. Among the few available 

potentials in the literature that can handle the sodium borosilicate ternary systems[33], [34], 

[55], [56], [58], we chose the one developed by Kieu et al[33] due to its capability to describe 

composition-dependent boron coordination changes and mechanical properties with good 

agreement with experiments. The applicability in wide composition range was also tested by 

our earlier work[18]. The basic potential form is a combination of long-range coulomb term 

and short-range Buckingham term as described in following equation: 

Φ�𝑟𝑟𝑖𝑖𝑖𝑖� = 𝑞𝑞𝑖𝑖𝑞𝑞𝑗𝑗
4𝜋𝜋𝜀𝜀𝑜𝑜𝑟𝑟𝑖𝑖𝑗𝑗

+ 𝐴𝐴𝑖𝑖𝑖𝑖𝑒𝑒
−𝑟𝑟𝑖𝑖𝑗𝑗
𝜌𝜌𝑖𝑖𝑗𝑗 − 𝐶𝐶𝑖𝑖𝑗𝑗

𝑟𝑟𝑖𝑖𝑗𝑗
6   (6.1) 

where 𝑟𝑟𝑖𝑖𝑖𝑖 is the distance between atom pair i and j; the 𝑞𝑞𝑖𝑖 and 𝑞𝑞𝑖𝑖 values are the calculated 

effective charges for atom pair i and j based on the composition, respectively. 𝐴𝐴𝑖𝑖𝑖𝑖, 𝜌𝜌𝑖𝑖𝑖𝑖and 𝐶𝐶𝑖𝑖𝑖𝑖 

are the empirical parameters for the Buckingham term. One important feature of this potential 

set is the composition-dependent charges of each elements. Firstly, the boron charge is 

determined and then the changes of remaining elements were obtained solving following 

equations:  

𝑞𝑞𝐵𝐵′ = −𝑞𝑞𝑂𝑂′ �𝐶𝐶6𝐾𝐾2 + ∑ 𝐶𝐶𝑖𝑖𝑅𝑅𝑖𝑖5
𝑖𝑖=1 + 𝐶𝐶0�  (6.2) 

𝑞𝑞𝑖𝑖′ = 𝑞𝑞𝑖𝑖 − 𝑁𝑁𝐵𝐵
𝑞𝑞𝐵𝐵
′ −𝑞𝑞𝐵𝐵

𝑁𝑁𝑆𝑆𝑖𝑖+𝑁𝑁𝑂𝑂+𝑁𝑁𝑁𝑁𝑁𝑁
  (6.3)  

where, R is the molar ratio between Na2O and B2O3, and K is the ratio between SiO2 and 

B2O3, respectively. The 𝐶𝐶𝑖𝑖 (i = 0, 1, 2, …, 6) values are empirical parameters, the 𝑞𝑞𝑖𝑖 (i = Na, 
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B, Si, O) values are the initial charge values of each element from Guillot-Sator’s work[60], 

and the 𝑁𝑁𝑖𝑖 (i = Na, B, Si, O) values are the numbers of each element. Additionally, the A 

parameter of the B-O pair in the Buckingham term is also composition-dependent, and can be 

expressed by following equation: 

𝐴𝐴𝐵𝐵−𝑂𝑂 = ∑ 𝑎𝑎𝑖𝑖𝑅𝑅∗
𝑖𝑖 + 𝑎𝑎05

𝑖𝑖=1  (6.4) 

where, the 𝑎𝑎𝑖𝑖 (i = 0, 1, 2, …, 5) values are empirical values and R* is based on the 

composition ratios (R and K) through following equation: 

𝑅𝑅∗ = �
min �𝑅𝑅, 𝐾𝐾16 + 0.5�                                     𝑅𝑅 < 𝐾𝐾

4 + 0.5

0                                         𝑅𝑅 ∈ (𝐾𝐾4 + 0.5,𝐾𝐾+ 2 )
 (6.5) 

Details and most of the potential parameters for each pair can be found in the original 

Kieu’s paper [33], while the 𝜌𝜌𝐵𝐵−𝑂𝑂and 𝐶𝐶𝐵𝐵−𝑂𝑂 values can be found in later works [18], [64].  

The simulation cell size and cooling rate were chosen to cover the most commonly 

used ranges in MD simulations of glasses. For simulation cell size, we start from systems of 

320 atoms that are the same as the one used in ab initio MD simulations to 24,000 atoms. For 

cooling rate range, we chose 1.7×1015K/s that was used in ab initio MD simulations as the 

high cooling rate while the lowest cooling is 1×1010 K/s, which is five orders of magnitude 

slower than the fastest cooling rate. Total 25 different system size/cooling rate settings were 

studied with 125 glasses (5 independent samples for each setting) generated from MD 

simulations. As 5-10×1012K/s (or 5-10K/ps) were most commonly used in oxide glass 

simulations and it was shown that this cooling rate generate reasonable structures of silica 

and silicate glasses. The 5×1010K/s cooling rate as chosen as the initial cooling rate to test the 

system size effect (Table 6.1). When system size to generate converged structure and 

properties was determined, this system size was then used to study the cooling rate effect 

(Table 6.2).  
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6.4 Results and Discussions 

 Calculated Density of the Systems  

Glass densities obtained from MD simulations were plotted as shown in Fig. 6.1 a) 

and b) for N-tests and γ-tests, respectively. In Fig. 6.1 a), it is shown that the glass density 

does change appreciably after the system size reaches 640 atoms at the standard cooling rate 

(5K/ps) and the density is fully converged with system with more than 640 atoms. This is in 

good agreement with results in the literature for silica and silicate glasses that showed that 

1000 atoms is sufficient for converged structural features and properties. Further increase of 

system size does not change the average density but the standard deviation of density 

decreases for larger simulation cells. The converged density is around 2.52 g/cm3, in 

excellent agreement with experimental density of 2.51 g/cm3.  

By using a system size of 1600 atoms, above the converged value for system size 

testing, the cooling rate tests were performed for cooling rate of over 5 orders of magnitude 

and 14 cooling rates. The final density is shown in Fig. 6.1 b. It is shown that higher cooling 

rate tends to underestimate the glass density by around 3% of the converged value. The 

density tends to converge when the cooling rate value becomes smaller. After the cooling rate 

is smaller than 5×1012 K/s, the density vibrates within the standard deviation and the 

converged density is around 2.53 g/cm3, also in good agreement with experimental density 

value. 

Thus, the converged system size and cooling rate in terms of glass density are 640 

atoms and 5x1012 K/s, respectively. ab initio MD simulations[45] used 320 atoms and 

1.7×1015 K/s cooling rate thus it is expected the glass density will not be converged. Most 

classical MD simulations use a few thousand atoms and cooling rate of 5-10×1012 K/s are 

thus sufficient to obtain converged glass density for the sodium borosilicate glasses. 
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Fig. 6.1 Density change with a) different system size (γ = 5×1012 K/s) and b) different cooling 
rate (N = 1600 atoms), respectively. The error bar is calculated among five parallel tests, the 
red dashed line is the converged density values and the black solid lines are the guides. 

 

 Boron Coordination Environment 

As one of the important characteristics of borate and borosilicate glasses, boron 

coordination number may affect many of the structural features and physical properties such 

as elastic constants, density, thermal expansion coefficients and others. Therefore, boron 

coordination analysis has been performed to obtain the important structure features of the 

glasses.  

In Fig. 6.2 a), percentages of both three- and four-coordinated boron units (N3 and N4, 

respectively) as a function of the system size with the standard cooling rate of 5×1012 K/s are 

shown. The results show that boron coordination converges when the system size is larger 

than 992 atoms. Further increase of system size only gives slightly changes the percentages 

while the standard deviation decreases.  

For the cooling rate testing performed for system with 1600 atoms, the results are 

shown in Fig. 6.2 b). Cooling rate has a significant effect of boron coordination, much more 

pronounced than the effect of system size. The highest cooling rate leads to over 50% less 4-

fold coordinated boron than the converged value. The percentage of four-fold boron 
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increases, while that of three-fold coordinated boron decreases, with decreasing cooling rate. 

The change trend can be fitted by double exponential function (dashed lines in Fig. 6.2 b): 

y = 𝑦𝑦0 + 𝐴𝐴1𝑒𝑒−𝑥𝑥 𝑎𝑎1⁄ + 𝐴𝐴2𝑒𝑒−𝑥𝑥 𝑎𝑎2⁄  (6.6) 

where y0 is the intercept, A1 and A2 are the slopes of the two exponential terms, t1 and t2 are 

the coefficients. Single exponential could not provide a reasonable fit of the curves.  

Boron coordination (and the N4 value) tends to converge after the cooling rate is 

smaller than 2×1011 K/s. The N4 value converges to around 79.5%. Experimental cooling rate 

(10-3~ 104 K/s[17], [103], [106], [107]) would lead to similar N4 values. This value is close 

but slightly higher than 72.9% which is the theoretical value predicated by Yun, Dell and 

Bray model[13], [14], [21].  

 
Fig. 6.2 N4 value evolution with a) different system size (γ = 5×1012 K/s) and b) different 
cooling rate (N = 1600 atoms), respectively. For system size test (figure a), the dashed lines 
stand for the converged values of the boron with two different coordination number, and the 
solid lines are the guides. For cooling rate tests (figure b), the dashed lines are the fitted curve 
using the double exponential function (Eq. (6.6)). The error bar is standard deviation 
calculated among five parallel tests. 

 
Based on the system size effect testing on boron N4 values, it is shown that cooling 

rate has a much stronger effect on the N4 values. A too high cooing rate led to significant 

underestimation of N4. System size, on the other hand, has relatively smaller effect on N4 
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values except that smaller system has much higher sample variations (as shown in larger error 

bar and standard deviations) of N4 values. This is different from density, where too small a 

system size also leads to underestimation of density of glasses. This suggests that different 

structure features and properties converge at different system size and cooling rate. This is an 

important finding and suggests that systematic convergence test would be needed for 

simulations of borosilicate glasses. Overall, larger systems can lead to a smaller standard 

deviation value of structural and property values. Because of these findings, the cooling rate 

testing was performed with system size of 1600 atoms. The subsequent analyses were then 

only performed for samples from the cooling rate tests, which were presented in the 

following sections. 

  

 Neutron Structure Factor and Neutron Broadened Pair Distribution Function 

Comparison with experimental diffraction data is effective and necessary (but might 

not be sufficient way) to validate glass structures from simulations[104]. Neutron structure 

factor was calculated from Fourier transformation from partial pair distribution function with 

weighting factors from neutron scattering length. At the same time, neutron broadened pair 

distribution functions were also calculated, with Lortch window function employed in both 

cases to counter the effect of limited system size and maximum Q values. Neutron structure 

factor for glass structures generated from different cooling rate are compared in Fig. 6.3 a), 

together with the experimental data. All the five peaks in the experimental neutron structure 

factor were reproduced in those calculated from simulated structures and the peak positions 

of the two are quite similar but there exists noticeable difference in peak intensities. 

Furthermore, the peaks in the experimental curve are generally broader than those in the 

simulations are, especially the first peak from experiments showing a broad peak but lower 

intensity. The much broader first peak in the experimental data (or called the first sharp 
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diffraction peak (FSDP)) indicates there exist more intermediate range order in the simulated 

structures than that from experiments. Fig. 6.4 b) shows the first three peaks in the neutron 

structure factor for selected cooling rates. The peak positions do not show significant change 

with cooling rates; however, it is noticeable that smaller cooling rates give higher intensity of 

the first and third peaks and lower intensity of the second peak. In addition, the first peak 

becomes broader when the cooling rate becomes larger which indicates that faster cooling 

rate leads to less medium-range order in glass structures. Importantly, the intensity of the first 

peak tends to converge when the cooling rate is smaller than 1×1012 K/s. 

 
Fig. 6.3 Neutron structure factor of the structures generated under different cooling rate 
values. a) comparison between calculated and experimental neutron structure factor, and b) 
first three peaks in the calculated neutron structure factor under various cooling rate values 
differed by orders of magnitude. Qmax of 59 Å-1 (the maximum value from the experiment 
[104]) and Lortch window function are applied in the neutron broadening process. 

 
The neutron broadened pair distribution functions have also been calculated and 

compared with the experimental data[104] (shown in Fig. 6.4 a and b). The first four main 

peaks in the experimental data are observed in the calculated pair distribution function from 

simulations (Fig. 6.4 a). The peak position and intensity also show generally good agreement 

between simulation and experiments. The experimental neutron broadened pair distribution 

function has slightly higher intensity and the peak position located at slightly longer distance 
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for the first and second peak, indicating higher short-range order in the experimental 

structures. In addition, there is a small shoulder at around 2.1 Å in experimental pair 

distribution function but was not observed in simulated structures. As shown in Fig. 6.4 b, the 

first two peaks are influenced by the different cooling rate. The intensity of the first peak 

increases with decreasing cooling rate, and the shape of both peaks get closer to the 

experimental ones. This indicating lower cooling rate can enable simulations to produce more 

reasonable short- and medium-range ordered structures, when compare with experiments.  

In summary, the neutron structure factor and pair distribution function from 

simulations are in general good agreement with experimental data. All the major peaks in 

both real space and reciprocal space are reproduced. There are some noticeable differences in 

details in both situations. The first few peaks from simulations are narrower in reciprocal 

space and broader in real space and show interesting opposite trend, suggesting less short-

range order and more intermediate-range order in simulated structures. This might be due to 

the type of potentials used in this study. Two body partial charge potentials were used 

without three-body terms. It is expected that glass forming cation oxygen polyhedra are less 

constrained thus the real space peaks are broader than experiments. For medium range order, 

the relatively small size of the simulation cell compared to real systems might explain the 

difference. On the other hand, the cooling rate does have a noticeable effect on the structure 

factors. Slower cooling rate leads to higher intensity of first sharp diffraction peak suggesting 

higher medium range order.  
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Fig. 6.4 Comparison of the neutron broadened pair distribution function between 
experimental data (dash line) [104] and the simulation results with different cooling rates: a) 
the original PDF plots and b) zoomed-in ones of the first two peaks, respectively. 

 

 Qn Distribution Functions and Network Connectivity 

Qn, where the “Q” is originally abbreviated from the word “Quaternary” and stands 

for the four-coordinated units and “n” is the number of the bridging-oxygen atoms per unit, 

distributions analysis is a measure of the medium range structure of network glasses. It was 

calculated for all the glass forming cations (Si4+ and B3+), with the assumption that any Si-O-

Si, Si-O-B, and B-O-B linkage is a bridging oxygen. Although boron atoms can be three- or 

four-fold coordinated, we do not distinguish this and use Qn for all network forming cation 

species.  

As shown in Fig. 6.5, the Qn distribution analysis were performed for a) silicon and b) 

total boron units, and all the species tends to get converged when the cooling rate decreases. 

However, the cooling rate values differ for silicon and boron at which the percentage Qn 

species are converged, suggesting two different kinetic process. Furthermore, Si Qn species 

show slower change with cooling rate in general while boron Qn show much larger variation 

with cooling rate. The cooling rate for silicon Qn to converge is 5×1011 K/s; whereas boron 

Qn converges at slightly slower rate at 2×1011 K/s. The majority species of both silicon and 
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boron are Q3 and Q4 species, while the Q1 specie of silicon is less than 5% and Q1 of boron is 

less than 10%. For Si Q2 species, it remains constant at around 10% for different cooling 

rates; whereas, the boron one decreases with decreasing the cooling rate and finally get 

converged. Furthermore, the total number of silicon Q3 and Q4 species are more than 80%, 

which indicates silicon is a strong glass-former. On the other hand, the total number of boron 

Q3 and Q4 species increases from 70% to 85% as the cooling rate value decreases. This is 

related to the proportion of four-fold coordinated boron (N4) increases with decreasing 

cooling rate (as shown in Fig. 6.2 (b)). As most four-fold coordinated boron atoms are 

connected to bridging oxygen, higher N4 enhances the network connectivity of glasses in this 

ternary system. Further analyses of Qn species of 3- and 4-fold coordinated boron are 

presented next. 

 
Fig. 6.5 Qn species of a) [SiO4] units and b) [BOm] units as a function of the cooling rate 
values, respectively. The error bar is standard deviation calculated among five parallel tests, 
the dashed lines are the fitted curves using the double exponential function (Eq. (6.6)). 

 

To investigate the detailed local environment around the 3- and 4-coordinated boron 

units, Qn species distributions of three- and four-fold coordinated boron, [3] B and [4] B, 

respectively, have been analyzed and plotted in Fig. 6.6 (a and b). As shown in Fig. 6.6 a), 

the majority species in [BO3] units are Q2 and Q3 species; whereas, Q1 specie is about 10 to 
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20 percentage. Furthermore, these values tend to be converged when the cooling rate 

decreases, and finally converges when the cooling rate is less than 1×1013 K/s. For the Qn 

species of [4] B unit (as shown in Fig. 6.6 b), the majority one is Q4 specie and the value 

increases from around 60 to 80 percentage as cooling rate decreases. For the Q3 species, the 

value decreases from around 35 to 20 percentage when the cooling rate decreases. 

Furthermore, the Q2 specie of [4] B unit is less than 5% and Q1 is negligible, supporting our 

earlier assumption that most oxygen around [4] B are bridging oxygen. The converged cooling 

rate of the Qn species of [4] B unit is 2×1011 K/s. 

 
Fig. 6.6 Detailed Qn speciation analysis of a)3-fold and b)4-fold boron units as a function of 
the cooling rate values, respectively. The error bar is standard deviation calculated among 
five parallel tests, the dashed lines are the fitted curves using the double exponential function 
(Eq.(6.6)). 

 

Total network connectivity (Fig. 6.7 a)) as well as the ones only consider Si and B 

were calculated and are shown in Fig. 6.7 b). The total network connectivity increases from 

about 3.24 and converges at around 3.40 with decreasing cooling rate. The converged cooling 

rate of the total network connectivity is 2×1011 K/s. As shown in Fig. 6.7 b), the main 

contribution to the increase of the total network connectivity is due to the contribution from 

boron, especially [4] B. Slower cooling rate leads to increase of N4 value and hence network 
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connectivity, as majority of oxygen around [4] B are bridging oxygen. This is consistent with 

the experimental findings that the majority of the four-coordinated boron units connect with 

other glass-former atoms through bridging-oxygen atoms, in another word, stay as Q4 

specie[113]. The converged cooling rates of Si and B network connectivity values are 1×1013 

K/s and 2×1011 K/s, respectively. 

 
Fig. 6.7 Calculated network connectivity based on the Qn species of a) all the glass-former 
atoms and b) silicon and boron, respectively. The error bar is standard deviation calculated 
among five parallel tests, the dashed lines are the fitted curves using the double exponential 
function (Eq.(6.6)). 

 

 Ring Size Distributions 

As an important characterization of the medium range structures, primitive ring size 

distributions were analyzed in various glass systems such as silica, sodium silicate, sodium 

aluminum silicate and sodium boroaluminosilicate glasses[18], [36], [38]. In this chapter, 

primitive ring size distributions have been analyzed for the sodium borosilicate system to 

study the cooling rate effect on the medium range glass structure. The results are shown in 

Fig. 6.8 a), where primitive rings per base glass-former atoms as a function of the cooling 

rate from 1×1010 to 1×1015 K/s are plotted. The intensity of the first peak in the ring size 

distribution increase with decreasing cooling rate and is eventually converged while the 
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cooling rate decreases. Higher cooling rate leads to a broader peak with lower intensity. This 

suggests that lower medium range order in glasses with a faster cooling rate. To have a better 

understanding of the cooling rate effect on the ring size distributions, the rings per glass-

former atoms at the center of the first peak in all the γ tests have been plotted as a function of 

the cooling rate values (Fig. 6.8 b)). This value increases with decreasing cooling rate, and 

eventually converges as the cooling rate being less than 2×1011 K/s.  

 
Fig. 6.8 a) Ring size distribution with cooling rate from 1×1010 to 1×1015 K/s and b) rings per 
glass-former atoms at the center of the first peak as a function of the cooling rate values. The 
error bar is standard deviation calculated among five parallel tests, the solid lines are the 
guide and the dashed line is the fitted curve using the double exponential function (Eq. (6.6)). 
  

 Glass Transition Temperature (Tg) 

Glass transition temperature (Tg) is an important characteristics of glass 

materials.[50], [107] At Tg, properties such as thermal expansion, heat capacity, and shear 

modulus show a sudden change. This is used to determine Tg experimentally. A differential 

Scanning Calorimetry (DSC) measurement is the most common way to measure Tg, a 

temperature at which a change of heat capacity happens. Linear thermal expansion 

(dilatometry) measurement is also commonly used to determine Tg. Similarly, in MD 

simulation studies[50], [51], different simulation procedures have been used to determine Tg 
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in simulated glasses. If it is a constant pressure simulation, simulation cell volume is plotted 

as a function of cooling temperature where a change of slope, meaning a change of thermal 

expansion coefficient, is used to determine Tg. In addition, the change of constant pressure 

(Cp) or constant volume (Cv) heat capacities can be used to determine Tg from MD 

simulations. From thermodynamics, the two heat capacities are defined as: 

𝐶𝐶𝑝𝑝 = �𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
�
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where Cp and Cv are the heat capacity values under constant pressure and volume, 

respectively. U is the total internal energy, H is the enthalpy, T is the temperature, S is the 

entropy, p is the pressure, V is the volume, and Q is the heat. Hence, plotting internal energy 

(U) or enthalpy (H) versus temperature during cooling can be used to measure heat capacity, 

for constant volume and constant pressure simulations respectively, as the change of slope 

means a change of heat capacity due to glass transition. 

In this work, as the NVT ensemble was used during glass formation, internal energy 

(U) versus temperature was thus employed to measure Tg. The total internal energy 

(summation of the configurational (or potential) and the kinetic energy) was obtained and 

plotted as a function of the temperature (Shown in Fig. 6.9) during the cooling process at 

100K intervals. The temperature at which a sudden change of slope, meaning a change of Cv, 

happened was used to define Tg. Tg as a function of cooling rate is plotted in Fig. 6.3 showing 

that Tg decreases with decreasing cooling rate. To find the cooling rate effects of Tg and to 

compare with experimental Tg values, the Tg vs. cooling rate curve was fitted to a function 

derived from the Vogel-Fulcher dependence of relaxation time[50]: 

𝑇𝑇𝑔𝑔(𝛾𝛾) = 𝑇𝑇0 −
𝐵𝐵

𝑙𝑙𝑙𝑙(𝛾𝛾𝛾𝛾) (6.9) 
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where, Tg is the glass transition temperature, γ is the cooling rate value, A and B are the 

coefficients, and T0 is the Vogel temperature, i.e., the predicted glass transition temperature 

for cooling rate value close to zero. In our fitting, the A value was 4.6×10-18 s/K, the B value 

was 13557.9 K, and the T0 value was 472.6 K.  

 
Fig. 6.9 The glass transition temperature (Tg) plot as a function of the cooling rate value. The 
error bar is standard deviation calculated among five parallel tests, the dashed lines are the 
fitted curves using the Vogel-Fulcher dependence function (Eq. (6.9)). 
 

Based on our fitted parameters for Eq. (6.9), the Tg values for cooling rate ranges of 

6±4×104 K/s that cover experimental values[17] were determined to be 924.3~949.9K. The 

experimental Tg value of the tested composition[104] is 763.0K which is close to the region. 
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It is worth noting that the variation and standard deviation of the Tg is high at the highest 

cooling rate of 1×1015 K/s. This is because such fast cooling rate does not allow the system to 

reach equilibrium but rather the system was trapped at local minima of potential energy of the 

high temperature melt structures. This result suggests that extrapolation to experimental 

cooling rate from the MD simulations can give reasonable prediction of the Tg of glasses. 

Relative large deviation at high temperature might be overcome by larger simulation cells.  

 

 Vibrational Density of States 

Vibrational density of states spectra of the simulated glass structures are calculated 

and compared with previous ab initio results[45]. As shown in Fig. 6.10 left a, the cooling 

rate generally does not affect the total VDOS plots except the slight changes in the ranges 

800~1300 cm-1 and 1700~2200 cm-1. By further investigating the B partial VDOS (Fig. 6.10 

left b), those changes in total VDOS plots are due to the B partial VDOS intensity change. 

The decreasing cooling rate increases the peak intensity in the range from 900 to 1400 cm-1; 

whereas, the peak intensity of the peaks in ranges 800~900 cm-1 and 1700~2200 cm-1 

decreases with decreasing cooling rate. To validate the structure and VDOS calculated, the 

VDOS plots from previous ab initio study[45] (Fig. 6.10 right a and b) are compared with the 

one from MD simulation (Fig. 6.10 left c and d) using similar cooling rate value (1.7×1015 

K/s). Four main peaks and one plateau of the total VDOS plot in the ab initio results are 

observed in the MD one; however, the peak positions in MD slightly differ from the ones in 

ab initio study. For example, the first peak consists of Na, O and Si partial VDOS is narrowed 

from 0~350 cm-1 to 0~300 cm-1. The second peak consists of O, Si and B partial VDOS shifts 

from 600~800 cm-1 to 650~900cm-1. The third peak consists of O, Si and B partial VDOS 

shifts from 800~1200 cm-1 to 900~1300 cm-1. The fourth peak consists of B VDOS shifts 

from 1300~1600 cm-1 to 1800~2200 cm-1. The plateau in the ab initio study ranges from 300 
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to 450 cm-1, while it ranges from 300 to 600 cm-1 in the MD result that is broader. In addition, 

the separation between the plateau and the second peak in the ab initio work is clearer than 

that in MD one. This can be explained by the peak shift of the B partial VDOS, which is 

illustrated in Fig. 6.10 left d and right b. For both the ab initio results and MD data, two 

major peaks are observed for [3]B units partial VDOS, while for [4]B partial VDOS only one 

major peak is found. In ab initio results, the first peak of [3]B units partial VDOS is ranged 

from 600 to 800 cm-1, and the intensity is relatively higher than the one of [4]B units partial 

VDOS which ranges from 600 to 1300 cm-1. However, the first peak of MD [3]B units partial 

VDOS shifts to the range from 700 to 1100 cm-1, and the intensity is slightly lower than the 

[4]B units one. These observations result in the unclear separation between the plateau and the 

second peak in the total VDOS plot of the MD results. In addition, the peak of ab initio [3]B 

units partial VDOS at high frequency region (from 1100 to 1600 cm-1) is narrowed and 

shifted to higher frequency side in the MD one. This leads to the shift of the fourth peak in 

the total VDOS plot since the B partial VDOS is the major contribution of this peak. 

 
Fig. 6.10 Vibrational density of states (VDOS) plots: Left a-d are from this MD work and 
right a-b are from previous ab initio work[45]. For the MD ones, a and b are total and boron 
partial VDOS under different cooling rate values, respectively. c is the total and partial VDOS 
plots, and d is decomposed B partial VDOS for [BO3] and [BO4] units (under a cooling rate 
of 1.7×1015 K/s, which is similar to the ab initio one[45]), respectively. 
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 Mechanical Properties 

Mechanical properties are fundamental properties of glasses with practical 

significance. The moduli of sodium borosilicate and sodium boroaluminosilicate glasses have 

been reported in both experimental and simulation studies[18], [33], [69]. The Young’s, 

shear, and bulk moduli of sodium borosilicate glasses as a function of cooling rate is shown 

in Fig. 6.11 a). All the three moduli show an increasing trend as the cooling rate decreases, 

and their values converge once the cooling rate is lower than 2×1011 K/s. To study the 

relationship between the mechanical properties and the N4 value, Young’s modulus is plotted 

together with N4 values as a function of the cooling rate (shown in Fig. 6.11 b)). It is clear 

from the figure that both curves show the same trend suggesting the N4 and elastic moduli 

have the same trend with cooling rate. This indicates that higher percentage of four-fold 

boron (N4) means higher elastic moduli in glass. This agrees well with previous simulation 

results in sodium boroaluminosilicate glasses where similar correlation of N4 and elastic 

moduli was observed but due to a change of glass composition rather than cooling rate[18].  

 
Fig. 6.11 a) Cooling rate effect on the mechanical properties and b) N4 and Young’s modulus 
change as a function of the cooling rate. The error bar is standard deviation calculated among 
five parallel tests, the dashed lines in a) are the fitted curve using the double exponential 
function (Eq. (6.6)), and the solid lines in b) are the guides. 
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6.5 Conclusions 

Sodium borosilicate glasses in the composition 6SiO2-B2O3-3Na2O were studied to 

understand the thermal history (especially the cooling rate) and the simulation system size 

effect on the structure and properties of these glasses using classical molecular dynamic 

simulations. Wide range of system size covering two orders of magnitude difference and 

cooling rates covering five orders of magnitude difference were studied with five independent 

samples with different random initial structures and total 115 simulations. It was found that 

simulation system size affects the density and B N4 values, which converges in systems with 

around 1000 atoms. Further increase of system size does not significantly change the density 

of B N4 but the sample standard deviation decreases. The cooling rate tests, therefore, was 

performed with a system with 1600 atoms to explore wide range of cooling rates ranging 

from 1×1010 to 1.7×1015 K/s. The density and N4 values were found to converge at around 

1×1011 K/s. The relationship between the glass transition temperature Tg of simulated glasses 

and the cooling rate values is also investigated. It was found that when extrapolated to the 

experimental cooling rate the predicted Tg is in good agreement with experimental Tg values. 

Importantly, it was found that different structural features and properties converges at 

different cooling rate values; therefore, the cooling rate value of the simulation process need 

to be carefully chosen depending on the targeted structure and properties in simulations. It 

was also found that the mechanical properties strong correlate with the B N4 value of the 

systems, in excellent agreement with previous study on sodium boroaluminosilicate 

glasses[18]. Similarly, other structural features and properties show a similar change trend 

with B N4 changes as a function of the cooling rate. This indicates the proportion of four-

coordinated boron has the single most important effect on the structure and properties of the 

sodium borosilicate glasses, supporting experimental results (e.g. 11B NMR) of these glasses. 

Based on this work, a system size of 1600 atoms and a cooling rate of 2×1011 K/s led to 
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converged structure features and properties of the sodium borosilicate glasses. It is 

recommended that convergence tests, both in terms of system size and cooling rate, are 

needed for MD simulations of multicomponent glasses. Furthermore, different structure 

features and properties may converge at different rate/size and care need to be taken in 

performing simulations of these glass materials. 
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CHAPTER 7 

THE STRUCTURE OF ISG COMPOSITIONS REVEALED BY CLASSICAL 

MOLECULAR DYNAMICS SIMULATIONS2 

7.1 Abstract 

Becoming a reference borosilicate glass in part few years, the ISG composition is 

important to give better understanding the long-term behavior of a real nuclear waste glass. 

However, the atomic details of ISG structures have never been thoroughly characterized until 

now. Therefore, it is a notable stage that this multi-component oxide glass composition was 

successfully simulated using the classical molecular dynamics methods. Structural features 

analyzed such as coordination number, pair distribution function, bond angle distribution 

function and ring size distribution can give an inside view of the ISG structure, and the 

results agree well with the experimental data. Other analysis such as nano-porosity 

calculation can provide useful information about the glass structure after long-time corrosion 

and the results is consistent with the one from experiment.  

 

7.2 Introduction 

As climate change raises issues to both environment and human society, the nuclear 

industry is topic with controversies, among which many support it as a renewable energy. 

Although the nuclear energy keeps carbon neutral, accidents such as Chernobyl and 

Fukushima increased the public defiance. In addition, the past sixty years of nuclear energy 

use have already produced toxic nuclear wastes. Most of them require conditioning and safe 

management. Currently, high-level radioactive waste arising from the reprocessing are 

vitrified. The concerned countries have selected deep geological repository as a long term-

                                                 
2This chapter is partly based on a paper submitted to: M. Collin, M. Fournier, T. Charpentier, M. Moskura, L. 
Deng, M. Ren, J. Du, S. Gin, “The structure of ISG glass and the properties of its passivating layer formed in 
neutral pH conditions”, Nature Partner Journal Materials Degradation, under revision. 
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solution to dispose of these materials [7]. The long-term behavior of glass is investigated, 

aiming at developing reliable predictive glass corrosion models [7], [87], [114].  

The International Simple Glass (ISG) was proposed and became a reference 

borosilicate glass in the past few years for related studies [7]. Its simplified six-oxide 

composition is a good analogue of the R7T7 glass, the multiple-oxide glass produced from 

the reprocessing of the French spent fuels. The atomic structure of pristine ISG glass remains 

partly unknown although many alteration and irradiation studies have been conducted on this 

specific glass in the past few years [115]–[118]. The structure of a glass is related to its 

internal energy resulting from glass elaboration. It was recently demonstrated that a glass 

entropy appears to have an impact on its corrosion [119]. This proves that ISG glass structure 

needs to be thoroughly studied to better understand its long-term behavior. Some structural 

information, such as boron speciation, is already known [117]. Qn repartition, on the contrary, 

has never been determined due to the highly complex signal obtained with NMR 

spectroscopy [117], [118]. Classical Molecular Dynamic simulations therefore may be used 

to cooperate with experiments, and can provide detailed information on short- and medium-

range order structures in multi-oxide glasses [18], [33]. In the past, binary [43] and ternary 

glasses have been successfully simulated [33], [98]. Multi-component glasses require the 

development of composition-dependent parameters that necessitate experimental 

validation [18], [54]. Addition parameters for boron related pairs to available potential sets 

which including all other oxides can be one promising way to enable the simulations of full 

ISG composition. In this study, bulk ISG structure was successfully simulated using partial 

charge pairwise potentials with new developed boron related parameters (details can be found 

in Chapter 5), giving access to previously unknown structure information. 
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7.3 Methodologies 

 Empirical Potential Set 

In classical molecular dynamics (MD) simulations, the empirical potential plays a 

critical role in generating realistic structures and descriptions of glasses properties. Here, a 

partial charge pairwise potential that has a combination of long-range Columbic term and 

short-range Buckingham term was used, which showed high transferability and 

computational efficiency in modeling multicomponent glasses [54]. The formula of the 

Buckingham term is shown in following equation: 

Vij = Aij exp�−rij ρij⁄ � − Cij rij6⁄  (7.1) 

where i and j are the elements of the i-j pair, Aij, ρij and Cij are the empirical parameters for 

pair i – j, and rij is the interatomic distance of the i-j pair. To solve the high temperature issue 

of the Buckingham term that two atoms become too close to each other, a repulsion term: 

Vij�rij� = Bij
rij

nij + Dijrij2 (7.2) 

was added to correct it. The Bij, nij and Dij values were obtained by keeping the potential, 

force and first derivative of the force curve continuous at the point where the second 

derivative of the force was approaching to 0. The parameters for O-O, Si-O, Al-O, Na-O, Ca-

O and Zr-O pairs were previously published [19], [36], [38], [54]. The boron related potential 

was recently developed, and it consists of composition-dependent parameters that were fitted 

with experimental structures and properties. The detailed description of the boron related 

parameters is discussed in Chapter 5. The atomic charges of the atoms and the Buckingham 

parameters Aij, ρij, Cij used in our simulations can be found in Table 7.1. 

Table 7.1 The atomic charges and the Buckingham potential parameters: Aij, ρij, Cij used in 
the MD simulations. 

Pairs Aij (eV) ρij (Å) Cij (eV·Å6) 

Si2.4-O-1.2 13702.905 0.193817 54.681 

B1.8-O-1.2 14877.069 0.171281 28.5 

Al1.8-O-1.2 12201.417 0.195628 31.997 
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Zr2.4-O-1.2 17943.384 0.226627 127.65 

Na0.6-O-1.2 4383.7555 0.243838 30.70 

Ca1.2-O-1.2 7747.1834 0.252623 93.109 

O-1.2-O-1.2 2029.2204 0.343645 192.58 

 

 Simulation Process 

MD simulations have been conducted with the DL_POLY simulation package [120]. 

Three parallel tests of ISG bulk structures with a system size of 24000 atoms were simulated 

through a melting and quenching process. The initial structures were energy minimized at 

0 K, and then relaxed at 300 K through a canonical process (with constant atom number, 

volume, and temperature (NVT) ensemble). After that, the systems were melted at 6000 K, 

equilibrated at 5000 K, and then cooled down to 300 K with a cooling rate of 5 K/ps using 

NVT ensemble. After the melting-quenching process, the structures were equilibrated at 

300 K under an isothermal-isobaric process (with constant atom number, pressure, and 

temperature (NPT) ensemble) combined with a NVT process. Structure analyses such as pair 

distribution function and Qn speciation statistics were achieved on the configurations of the 

simulated glass systems at 300 K. 

 

 Structure Analysis 

Besides the direct visualization, analysis on both short- and medium-range order 

structures such as total correlation function (TCF, T(r)), pair distribution function (PDF, g(r)), 

coordination number (CN) and bond angle distribution (BAD) were calculated. The Qn 

distribution was determined for each glass former (Si, B, Al and Zr), and the primitive ring 

size distribution were performed for the simulated structures. 

The details of each analysis method can be found in Chapter 3.  
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7.4 Results 

ISG structure was simulated to obtain an inside view of its atomic scale structure. All 

the glass former cations and oxygen are well mixed without obvious phase separation (shown 

in Fig. 7.1 (a) and (b)). Connections formed by different polyhedra such as [BO3], [BO4], 

[SiO4], [AlO4] and [ZrO6] are observed which can provide direct understanding on the 

structures of this glass composition.  

 
Fig. 7.1 (a) MD simulation of ISG structure (glass network and modifier cations): Global ISG 
configurations. The orange, magenta, cyan and deep pink polyhedra correspond to the silicon, 
aluminum, zirconium and boron units, respectively. (b) A zoomed-in picture where [BO3] and 
[BO4] units are distinguished by dark red and light pink polyhedra. The red, purple, and green 
balls represent oxygen, sodium and calcium atoms, respectively 

 

The TCF of cation-oxygen pairs and the oxygen number distribution of each element 

were calculated (shown in Fig. 7.2 a) and b)). The bond length of each pair was determined 

from the first peak position in the corresponding TCF and can be found in Table 7.2. The 

values agree well with the previous experimental values using neutron diffraction and 

EXAFS in vitreous boron oxide and Zr containing aluminosilicate glass systems [77], [121], 

as well as previous MD simulation results in borosilicate, aluminosilicate and 

boroaluminosilicate glass systems [18], [28], [33]. The average CNs, the cutoff values used 

for CN calculation, and the corresponding cation-oxygen bond lengths are also summarized 



 

133 

in Table 7.2. Most of the Si and Al are four-coordinated; whereas, the Zr atom is six-

coordinated. Modifier elements Ca and Na have broader distribution in the oxygen number 

analysis, which is due to the functions of both network modification and charge 

compensation. 

 
Fig. 7.2 a) Total pair correlation function of cation-oxygen pairs and b) oxygen number 
distribution around each element. 

 

As shown in Fig. 7.3 a and b, the deconvoluted plots of B-O TCF and O-B-O BAD 

highlight that there are two coordination numbers of boron, which are [3]B and [4]B. From the 

oxygen number distribution analysis, the ratio [4]B/([3]B + 
[4]B) is determined as 0.59, which is 

quite close to the experimental value, 0.52, from 11B NMR spectra. The main peaks of O-B-O 

bond angles distribution for [BO3] and [BO4] units are centered at 109º and 119.5º, 

respectively. These two values are close to the theoretical values in perfect triangle and 

tetrahedron units. However, the bond distances of [3]B-O and [4]B-O pairs are higher than 

those in vitreous B2O3 [77], which is mainly due to the composition-dependent AB-O 

parameter in the Buckingham term. 

ISG glass contains several glass formers, namely Zr, Al and B, that forms negatively 

charged units ([ZrO6]2-, [AlO4]- and [BO4]- respectively). Ca2+ and Na+ are known to 

compensate those negative charges, but whether there is a preferred cation for charge 

compensation is still questioned. This can be easily answered by comparing the pair 
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distribution functions that are shown in Fig. 7.4 (a) to (d), as higher peak intensity indicates 

higher probability of presence. For B-Ca, Al-Ca, and Zr-Ca pair distribution function, it 

appears clearly that the Zr-Ca pair possesses the highest first peak intensity. It proves that Ca 

tends to be associated more with Zr than with B and Al. Moreover, the first PDF peak 

intensity of Zr-Na is lower than that of Zr-Ca in Fig. 7.4 (d); further confirming that Ca rather 

than Na is preferably to charge compensate Zr. There are three distinct peaks in the distance 

range of 3.0 to 4.5 Å for Zr-Ca PDF. By decomposition of the Zr-Ca contributions to 5, 6 and 

7-coordinated Zr, the majority of the contribution can be assigned to [6]Zr-Ca, while [5]Zr-Ca 

only contributes to the formation of the second peak and [7]Zr-Ca contribution is negligible 

due to low concentration of [7]Zr. The intensities of Si-Ca and Si-Na PDFs are quite similar 

and relatively lower than those of B, Al and Zr ones, which indicates that the sodium/calcium 

are evenly preferred to [SiO4] units due to the neutral charges.  

Table 7.2 Bond length rX−O, cutoff used for CN calculation (rcut), cation averaged 
coordination number ( CNavg.) and corresponding CN distributions in ISG. X are elements in 
the ISG composition. 

X 
rX−O 

(Å) 

rcut 

(Å) 
CNavg. 

Coordination Number (CN) Distribution (%) 

3 4 5 6 7 8 9 ≥10 

Si 1.61 2.25 4.00 -- 
100 ± 

0.0 
-- -- -- -- -- -- 

B 

1.45 

([3]B) 

1.55 

([4]B) 

2.00 3.59 
41.3 ± 

0.5 

58.7 ± 

0.5 
-- -- -- -- -- -- 

Al 1.77 2.25 4.00 0.5 ± 0.2 
98.6 ± 

0.2 
0.9 ± 0.2 -- -- -- -- -- 

Zr 2.10 2.85 5.68 -- -- 
10.7 ± 

1.2 

85.7 ± 

0.6 
3.6 ± 0.7 -- -- -- 

Na 2.47 3.30 7.42 0.1 ± 0.1 0.6 ± 0.1 5.9 ± 0.5 
17.6 ± 

0.9 

28.1 ± 

0.6 

27.5 ± 

0.6 

15.4 ± 

1.4 

3.5 ± 

1.9 

Ca 2.42 3.10 6.62 -- 1.8 ± 0.8 
11.2 ± 

1.7 

32.9 ± 

3.3 

34.3 ± 

2.3 

16.1 ± 

0.4 
3.5 ± 0.6 -- 

O 2.59 2.925 -- -- -- -- -- -- -- -- -- 
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Fig. 7.3 Deconvolution of (a) total correlation function of B-O and (b) of bond angle 
distribution of O-B-O in the simulated ISG structure. 

 

It is slightly less clear whether calcium or sodium are favored for aluminum charge 

compensation, as both Al-Na and Al-Ca PDF peaks intensity displayed in Fig. 7.4 (c) are 

similar. Similarly, no signal distinguished itself from the others when comparing Si/B/Al/Zr-

Na PDF peak intensity, indicating that sodium does not seem to associate more with any of 

those elements.  

 
Fig. 7.4 (a)Si-Ca/Na pair distribution function, (b) B-Ca/Na pair distribution function, (c) Al-
Ca/Na pair distribution function and (d) Zr-Ca/Na pair distribution function. 
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Qn distributions of each glass former is analyzed to understand the medium-range 

structures of ISG composition (as listed in Table 7.3Table 7.3 Qn distribution for each glass 

former in %:). Similar to the oxygen coordination distributions, the Qn species of Si, Al are 

mainly Q4 species and Zr is mainly Q6. This indicates that the glass former atoms with higher 

oxygen coordination number are more likely to connect with each other thus lead to higher 

network connectivity. For boron Qn distributions, the Q4 and Q3 species are the major ones; in 

addition, the Q4 value of boron is quite close to the fraction of four-coordinated boron, 

indicating most four-coordinated boron are Q4 species. The number of non-bridging oxygen 

(NBO) around silicon was also calculated, and the concentration of NBO bounded to Si was 

estimated to be around 3.7 %. 

Table 7.3 Qn distribution for each glass former in %: 
Qn 2 3 4 5 6 7 

Si 0.5 ± 0.1 13.8 ± 0.3 85.7 ± 0.1 
   

B 3.7 ± 0.4  39.4 ± 0.5 56.8 ± 0.5 
   

Al 
 

2.5 ± 0.2  96.7 ± 0.1 0.9 ± 0.2 
  

Zr 
   

13.0 ± 0.8 83.4 ± 0.3 3.6 ± 0.7 

 

To complete this study on simulated pristine ISG, ring size distribution can be 

calculated for medium-range structure analysis. In ISG structure, Si, B, Al and Zr are four 

species that could be considered as glass former cations. When all four elements are 

considered, the ring size distribution shows a symmetric Gaussian type distribution with a 

peak centered at seven membered rings. This suggests that when all network formers are 

considered, the structure is like a three-dimension random network. If Zr is set aside, the ring 

size distribution does not change, which may be related to the low ZrO2 molar percentage in 

ISG composition. Omitting both Zr and B leads to a decrease of the ring size distribution 

peak intensity with a tail at higher ring sizes. Finally, if we consider both Si and B, or only Si, 

the network is much more fragmented with a wide distribution of rings. All the results are 
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depicted in Fig. 7.5. This suggests that boron plays a significant role connecting Si and Al 

networks. Such an observation is particularly important for the glass corrosion community, 

because boron is known to be a mobile species during glass corrosion. This therefore 

suggests that the network left behind after boron release will be very fragmented and prone to 

re-condensation. 

 
Fig. 7.5 Ring size distribution calculated with different ISG glass former consideration. 

 

The free volume in the ISG glass after dissolution was calculated, based on ISG 

structures generated from MD simulations, with the mobile elements (all the B and Na atoms 

as well as 30 % of Ca) and unbonded oxygen removed. The free volume was then determined 

based on solvent-excluded surface [122] implemented in Materials Studio 7.0 [123]. The free 

volume was found to be a function of the probe radius (as shown in Fig. 7.6) and it converged 

to 30 % when the probe radius is smaller than 0.1 Å. This is in very good agreement with the 

previous estimation in the experimental part of this study (around 33.5%), which suggests 

that the assumption of quasi-isovolumetric release of the soluble species is reasonable. 
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Fig. 7.6 The free volume of the ISG bone structure (removing all the mobile species and non-
bonded oxygen) as a function of the Connolly radius. The standard deviation is calculated 
among three parallel tests. 

 

7.5 Discussions 

Coordination number values are in good agreement with previous simulation results 

[19], [38] , and generally in good agreement with experimental data [71], [75], [76]. The 

[4]B/([3]B + 
[4]B) ratio determined from MD simulated structure (0.59), even if slightly higher, 

is relatively close to the experimental value (0.52 ± 0.02) as well as value obtained previously 

(0.49) [117]. The number of NBO calculated using silicon Qn repartition from MD (3.7 %) is 

very close to that calculated from the glass composition (4.5 %) [124]. The difference can be 

explained by the fact that only Si was considered for MD simulation.  

Zirconium is mostly 6-coordinated, which is coherent with X-ray Absorption Near 

Edge Structure and Extended X-Ray Absorption Fine Structure study on similar glasses 

[125], and it appears to be preferentially charge compensated by calcium in our simulations. 

Aluminum seems to be compensated by both calcium and sodium in here. Both Na and Ca 

display the same normalized probability of presence near aluminum (Fig. 7.4 c). Considering 

sodium and calcium content in the glass, it appears that there is roughly twice as much Al-Na 

site as Al-Ca. It is higher than what was suggested by NMR data. The 27Al signal shows that, 

in pristine ISG, aluminum is mostly compensated by sodium [126]. Potential sets with rigid 
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charges are too simple in the description of electrostatic interactions to describe aluminum 

compensation properly. Moreover, NMR is not quantitative, it is therefore impossible to 

estimate the Al-Ca/Al-Na ratio to compare with MD data.  

The ring size distributions suggest that boron has an important connecting role in the 

network. This is supported by the fact that [BO3/4]-[SiO4] have a higher percentage of 

polyhedral connectivity. This structure feature has a significant impact on glass corrosion. As 

boron is preferentially leached out during glass alteration, it leaves a very fragmented nano-

porous network structure mostly made of [SiO4] and [AlO4] units that can re-polymerize. 

The free volume calculation of the simulated ISG structure after removing mobile 

elements agrees well with the estimated value based on experimental observations. This 

result support that the potential set with new developed boron related parameters can produce 

reasonable ISG structure. 

 

7.6 Conclusions 

In this work, the six-component oxide glass, ISG, is well simulated using the new 

developed boron related parameters. The simulated structure features of ISG such as bond 

distance and coordination number were validated by experimental data and can therefore 

provide previously unknown structure information such as Qn repartition and polyhedral 

connection. This structure is now available and could be used for further studies investigate 

the alteration behavior as well as other long-time behaviors of this glass compositions. 
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CHAPTER 8 

STRUCTURE AND PROPERTIES OF SODIUM BOROSILICATE AND 

BOROALUMINOSILICATE GLASSES FROM MOLECULAR DYNAMICS 

SIMULATIONS: THE EFFECT OF EMPIRICAL POTENTIALS  

8.1 Abstract  

In this chapter, two series of sodium borosilicate and boroaluminosilicate glass 

systems were studied to investigate the mixed glass-former effect using molecular dynamic 

simulation method with two sets of empirical potentials. The final glass structures of the 

studied compositions were analyzed, and the results were compared with available 

experimental data as well as the theoretical predicted values. As one of the prominent 

features in boron containing oxide glass, boron coordination number can influence the 

connection between glass-former polyhedra thus the network connectivity. In addition, the 

major contribution species of boron in the edge-sharing B-Al polyhedral connection was 

found to be the four-coordinated B. In addition, glass structures generated by two different 

potential sets have similar structural features such as density, Qn speciation and network 

connectivity. However, the trends of these curves from the two potentials are slightly 

different from each other due to dispersion of the N4 values. The N4 value predicted by Kieu 

potential was under-estimated at certain compositions in both SBN and SBNA glasses 

studied, and the trend diverged from the experimental and theoretical predicted ones. Teter 

potential well predicted the trend of N4 curve in both SBN and SBNA glasses; however, the 

values for SBNA glasses are over-estimated. 

 

8.2 Introduction  

As one of the glass types with both industrial and technological interests, the oxide 

glasses plays a more significant role nowadays. Applications of the oxide glasses such as 
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cookware, sealing materials, optical fibers, bio-active glass, nuclear waste glass affect not 

only our daily life but also scientific research and industrial development [2]–[7]. Structures 

and properties of multi-component oxide glasses can be complicated due to additional oxides, 

and composition changes will greatly affect these features. For example, the properties such 

electrical conductivity, alkali diffusion internal friction, viscosity are observed to depart from 

linearity since they are closely related to the movement of the alkali ion[127]. These features 

always increase with the substituted alkali content first and then are reversed showing a 

maximum or minimum in the trend. This non-linear trend is called the “mixed alkali effect”. 

Similarly, substitution between glass-former oxides will also lead to no-linear change of the 

structures and properties, which is also called “mixed former effect”. For example, ionic 

conductivity and activation energy can be changed by substituting P2O5 by B2O3 in alkali 

borophosphate. Similarly, in borosilicate glasses the deviation in alkali ion conductivity from 

the linear behavior also exists; however, the behavior is opposite to the one in borophosphate 

glasses [128]. In sodium boroaluminosilicate glass, the mixed former effect can be more 

complicated than ternary systems, and it may be resulted by either B2O3 substitution on SiO2, 

B2O3 substitution on Al2O3, or Al2O3 substitution on SiO2. Since the relationship between the 

mobility of the cation and the detailed structure of the glasses is a key to find an optimized 

composition of these glasses, a better understanding the atomic structural features is 

necessary. Systems such as sodium borophosphate, borosilicate and borogermanate glasses 

have been studied and the short-range order structure units are investigated using the 

experimental methods such as Raman, Magic Angle Spinning NMR spectroscopies; in 

addition, elastic properties are also measured by using Brillouin Light Scattering method for 

both sodium borosilicate and borogermanate glasses [128]–[131].  

Molecular dynamics (MD) simulation method has become a powerful tool in giving 

the insight of the atomic structural information of the glass system. By using suitable force 
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field, MD simulation can be used to seek the detailed information, which is usually hidden 

from the experimental; in addition, it can also be used to predict the properties of the 

simulated compositions. Interatomic potential, which describe the interactions between atom 

pairs, is therefore the key to generate reasonable structures thus predict the properties. There 

are several available potential sets which can simulate the boron which is discussed in 

Chapter 2; however, only a few can both handle the ternary and quaternary systems as well as 

reproduce the experimental four-coordinated boron percentage (N4). In this work, two 

potential sets developed in our previous work are used since they can fairly reproduce the 

experimental N4 value, which is an important characteristic of boron containing oxide glass 

systems. 

 

8.3 Methodologies 

 Empirical Potential Sets 

Kieu and coworkers [33] proposed a pair wise composition-dependent potential set 

for sodium borosilicate glass systems using a formula combining short-range Buckingham 

interaction and long-range Coulomb term: 

Φ�rij� = qi qj
rij

+ Aije
−rij
ρij − Cij

rij6 
 (8.1)  

in which the qi and qj values are the effective charge values for atom i and j, respectively. 

The rij value is the interatomic distance between atom i and j, and the Aij, ρij and Cij values 

are the parameters in the Buckingham term for atom pair i-j. Two major features of this 

potential set are implemented in this potential set to make it composition-dependent. One is 

that the charge value of each element can be different when the concentration of this element 

changes. The other part is that the Aij value of B-O pair in the Buckingham term is 

determined based on two composition ratios R (Na2O
B2O3

) and K ( SiO2
B2O3

). For sodium 
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boroaluminosilicate glass systems, the Du and Stebbins model (D&S) [16] is employed in 

both charge value calculation and AB-O parameter determination to reproduce the 

experimental fraction of four-coordinated boron (N4). The potential parameters for Al related 

pairs which compatible of the original Kieu parameters are developed by Deng and Du [18]. 

The details about this potential set are discussed in Chapter 4 and parameters for each pair are 

list there. 

Another potential set, which can handle both sodium borosilicate and 

boroaluminosilicate glass systems, is the Teter parameterization. The main potential form is 

also described by a combined equation of the long-range Coulomb term and short-range 

Buckingham term: 

V�rij� = ZiZje2

4πε0rij
+ Aijexp�−ρij rij⁄ � − Cij rij6⁄  (8.2) 

where the Zi and Zj values are partial charges for atom i and j, respectively. These reduced 

charge values enable this potential to model the partial covalent bonds. The e value is the 

charge of a single electron, and the ε0 value is the vacuum permittivity. The rij value is the 

interatomic distance between atom i and j, and the Aij, ρij and Cij values are empirical 

parameters in the Buckingham term. This set of potential also employs composition-

dependent Aij for B-O pair to reproduce the experimental N4 value. Details of the 

parameterization for sodium borosilicate systems can be found in Chapter 5. For sodium 

boroaluminosilicate glass, D&S model is employed that effective R and K values named as 

R’ ( Na2O
B2O3+Al2O3

) and K’ ( SiO2
B2O3+Al2O3

) are used instead of the original R and K in the AB-O 

calculation. In addition, the Rmax value used in AB-O calculation is also changed to K
′

16
+ 0.5. 
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 Glass Structure Forming Process 

Three parallel configurations with 6000 atoms for each composition are randomly 

generated. System is first relaxed at 300 K under a canonical process (constant atom number, 

constant volume and constant temperature (NVT)) to obtain initial structure. The system is 

then melted at 6000 K for 60 ps and relaxed at 5000 K for another 100 ps under the NVT 

ensemble. After the melting process, the system is quenched down to 300 K with a cooling 

rate 5 K/ps under the NVT ensemble. The structure is then relaxed at 300K under the 

isothermal-isobaric process (constant atom number, pressure, and temperature (NPT)) to 

obtain the density information. The obtained glass structure is then equilibrated at 300 K 

under a combination of NVT and NVE (a microcanonical process with constant atom 

number, volume, and total energy) ensembles to remove the inner stress.  

 

 Structure Analysis 

In addition to density calculations for the studied compositions, detailed analysis such 

as coordination number analysis, Qn distribution function, network connectivity, pair 

distribution function for B related pairs, and polyhedral connection analysis were performed.  

Detailed description of each analysis method can be found from Chapter 3. 

  

8.4 Results 

Both Kieu’s and Teter’s parameterization sets are applied to simulate two series of 

glass compositions named as SBN and SBNA. The SBN glasses are a series of sodium 

borosilicate compositions with a formula of 25 Na2O - 18.75x B2O3 - 18.75(4-x) SiO2 (x= 0, 

1, 2, 3, 4). The SBNA glasses are sodium boroaluminosilicate glass expressed as 4 Na2O - 

11.6 B2O3 - x Al2O3 - (84.4-x) SiO2 (x=0, 1.4, 2.7, 4, 5.3 and 6.6), and they are named as 

SBNA-M1 to SBNA-M6, respectively. Structural features of the final glass configurations 
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simulated by using both potential sets are analyzed and compared with each other, as well as 

the experimental data.  

 

 Structures of SBN Glass 

The SBN glass series uses the B2O3 to substitute the SiO2 content in the glass, and 

these compositions cover the composition region from 0% to 100% B2O3 which can be used 

to study the mixed former effect caused by B2O3/SiO2 substitution. 

The density change of the glasses can be one of the most direct indications of the 

mixed former effect. The experimental density from Rutgers University shows a maximum at 

the composition with 18.75% B2O3 content and decreases with additional B2O3 as plotted in 

Fig. 8.1. The densities from simulations using both potential sets give similar trend; however, 

Teter potential ones (Fig. 8.1 a) agree better with the experimental ones in reproducing both 

the trend and the exact values comparing with the Kieu potential ones (Fig. 8.1 b). 

 
Fig. 8.1 Density change as a function of B2O3 mole percentage of the SBN structures using a) 
Kieu and b) Teter potential sets.  

 

As one of the prominent features which reflects the interatomic structures, the four-

coordinated boron fractions, N4, of the simulated SBN structures using both potential sets 

were calculated as shown in Fig. 8.2 a and b. The experimental data provided by Goal’s 

group from Rutgers University agrees well with the theoretical values predicted by DBX 

model [14]. For the simulated results, the simulated structures using Teter potential 
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parameterization agree perfectly with the theoretical predicted N4 values as well as the 

experimental ones (Fig. 8.2 b). The linear decrease of N4 with increasing B2O3 content is also 

reproduced. On the other hand, the Kieu ones diverge from both theoretical and experimental 

N4 values, and the trend is different (Fig. 8.2 a).  

 
Fig. 8.2 The four-coordinated boron fractions of the SBN structures generated using a) Kieu 
and b) Teter potential sets comparing with the experimental values as well as the theoretical 
predicted ones from DBX model.  

 

Qn distribution function of boron and silicon polyhedra has been calculated for the 

simulated SBN structures as shown in Fig. 8.3 a and b. The major species of the Si Qn in 

structures using both potential sets are the Q4 species, and the percentage of this species 

increases with the addition of B2O3 (while Q3 and Q2 species decrease at same time). This can 

be explained by that more sodium atoms are consumed to charge compensate boron forming 

[BO4] units, and the amount of sodium atoms which modifies silicon network forming non-

bridging oxygen atom is reduced. The major species in the boron Qn distribution from both 

potential sets are Q3 and Q4 species, while there is also small amount of Q2 species. The Teter 

one shows almost linear increase of Q3 and decrease of Q4 with increased B2O3 content; 

however, the Q3 and Q4 species of boron for the composition with 18.75% B2O3 using Kieu 

potential diverges from the linear trend formed by the rest compositions. This dispersion is 

due to the under-estimated boron N4 value of this composition using Kieu potential set.  

 



 

147 

 
Fig. 8.3 Qn distributions of the B and Si polyhedra as a function of B2O3 content in the 
simulated structures using a) Kieu and b) Teter potential sets.  

 

Network connectivity (NC) which can be derived from the Qn species distribution can 

be used to predict the dissolution rate thus estimate the bioactivity of the glasses [19], [132]. 

The higher network connectivity always leads to lower bioactivity of the glasses. Therefore, 

network connectivity was calculated for all the SBN compositions to understand the mixed 

former effect on this structural feature. As shown in Fig. 8.4 a, the total network connectivity 

(NCtotal) of the structures using Kieu potential show a maximum at the composition with 

37.5% B2O3 content; however, the NCtotal value of this composition from Teter potential (Fig. 

8.4 b) is larger which leads to a closer trend of the NCtotal curve comparing with the density 

curve. The under-estimated total NCtotal value at 18.75% B2O3 using Kieu potential is mainly 

due to the low value of the network connectivity only considering B (NCB) at this 

composition, which is caused, by the N4 value. This indicates that boron coordination 

environment can greatly affect the network connectivity of the boron containing glass and is 

important for understanding the dissolution rate of these glasses. The network connectivity 

only considering Si (NCSi) produced by both potential sets increases with addition boron 

content up to around 4, and this is due to the increasing Si Q4 species.  
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Fig. 8.4 Total network connectivity and network connectivity considering only B/Si as a 
function of B2O3 content in the simulated structures using a) Kieu and b) Teter potential sets.  

 

Polyhedral connection analysis can give additional information about the network by 

quantifying the number of connections between two polyhedra formed by glass-former and 

surrounding oxygen atoms. Similar information can also be obtained experimentally by 

analyzing the multiple quantum 17O NMR spectra[15]. In the SBN glass, there are three types 

of linkages exist: [SiO4]-[SiO4], [SiO4]-[BOx], [BOx]-[BOx], and is simplified as [Si][Si], 

[Si][B], [B][B], respectively. The normalized number of each linkage (LSiSi, LSiB and LBB) of 

the SBN glasses simulated using both potential sets were calculated (shown in Fig. 8.5 a and 

b). The Kieu one shows a maximum point of the [Si][B] linkage, which is mainly due to the 

under-estimated boron N4 value. No clear trend of the [Si][Si] and [B][B] ones is observed. 

For the Teter one, the normalized numbers of [Si][B] and [B][B] linkages decrease with 

increasing boron content, which is due to the increased total number of glass-former atoms 

employed by B2O3 substitution on SiO2. The [Si][Si] one generally stays the same expect the 

composition with 56.25% B2O3 which has relatively less SiO2 content thus a large standard 

deviation. To have better idea about the preferences among all the linkages, the probability of 

each linkage is calculated for the compositions with both B2O3 and SiO2. In the structures 

using both potential sets, the [Si][B] linkage has the highest probability among the three, the 
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[Si][Si] linkage takes the second place and the [B][B] linkage is the least likely to form. This 

observation agrees with the experimental finding, which is called “boron avoidance rule”, 

that the formation of [B][B] linkage is somehow prevented in the compositions with 

relatively high N4 value due to the excess negative charge on oxygen atoms in the linkage 

[15]. For Kieu potential ones (shown in Fig. 8.5 c), the probability of [Si][B] linkage almost 

keeps as a constant, while the ones for [Si][Si] and [B][B] linkages slightly change in 

different compositions showing opposite trends. This is caused by the under-estimated N4 at 

the composition with 18.75% B2O3. On the other hand, the probabilities of all the three 

linkages in the structures using Teter potential set are almost constants, indicating the 

probabilities can be one of the characters of the glasses and is composition-independent.  

 
Fig. 8.5 Normalized numbers and probabilities of each linkage connecting two glass-former 
atoms in the SBN structures. a) and b) are the normalized number of the linkages in the 
structures using Kieu and Teter potential sets, and c) and d) are the probabilities of the 
linkages in the structures using Kieu and Teter potential sets, respectively.  

 



 

150 

 Structures of SBNA Glass 

In the sodium boroaluminosilicate glasses, the structural changes induced by the 

composition can be even more complicated than those in the ternary systems can. The 

simulated compositions, which employ Al2O3 to substitute the SiO2, thus can give more 

information about the atomic structure features of this kind of glass. 

The experimental density curve of the compositions studied first decreases until the 

Al2O3 content reaches 4%, the density value then increases with additional Al2O3 content. 

This is an indication of the mixed former effect during the substitution. The simulated glass 

structures using Kieu and Teter potential reproduce the trend of the experimental density 

curve; however, the exact density values in simulated structures diverge from the 

experimental ones. In addition, the Teter potential set gives closer density values with 

difference is less than 3%, while the difference in structures using Kieu potential is around 

7~8%.  

 
Fig. 8.6 Density change as a function of Al2O3 mole percentage of the SBNA structures using 
a) Kieu and b) Teter potential sets. 

 

The coordination number of the boron is also analyzed for structures using both Kieu 

and Teter potentials (shown in Fig. 8.7 a and b) and compared with the theoretical predicted 

values based on the model proposed by Du and Stebbins [16] (D&S). For structures using 
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Kieu potential, the N4 values at low Al2O3 region (from 0 ~ 2.7%) are under-estimated, while 

the N4 values at higher Al2O3 region (from 4 to 6.6%) are slightly over-estimated. In addition, 

the experimental trend is also not well reproduced in the simulated structures. For the 

structures using Teter potential, the trend of the N4 curve is quite similar to the experimental 

one; however, the exact values are higher than the experimental ones. The dispersions 

between the experimental N4 value and the ones from simulations using both potential sets 

are mainly due to the high K value of the studied compositions and can be expected to get 

improved by further fitting on the potential parameters.  

 
Fig. 8.7 The four-coordinated boron fractions of the SBNA structures using a) Kieu and b) 
Teter potentials comparing with the theoretical predicted ones from D&S model [16].  

 

The major species in Qn distributions of Si polyhedra (Fig. 8.8 a and b) in structures 

using both potential sets is the Q4 species, and the number is higher than 96% in Kieu and 

98% in Teter. There are also around 2 ~ 3% Q3 species in Kieu; whereas the number of Q3 in 

Teter is negligible. The major species in Al Qn distributions in both potential is the Q4 

species, while small percentage of Q3 species exists in structures using both potential. In 

addition, minimum points are observed in Q4 distribution curves for both Si and Al at the 

composition with 4% Al2O3 in structures using Teter parameters, and Q3 distribution ones 

show the opposite trends. The change point is at the same composition (4% Al2O3) 
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comparing with the ones in the density and B N4 curves which reflects the mixed former 

effect. However, no clear trend of these species is observed in structures using Kieu 

parameters. For the boron Qn distributions in both potentials, Q4 species is the major one, 

which shows similar trend, and values comparing with the N4 ones, which indicates most of 

the four-coordinated boron is the Q4 species. This observation is consistent with previous 

studies on sodium boroaluminosilicate glasses [18]. However, the exact values in the Kieu 

potential are different from the ones in Teter potential, which is due to the differences of the 

N4 values.  

 
Fig. 8.8 Qn distributions of the Si, Al and B polyhedra as a function of Al2O3 content in 
SBNA structures using different potential sets. The figures a and b are the Qn distributions of 
Si/Al polyhedra using Kieu and Teter potentials, and figures c and d are the Qn distribution of 
B polyhedra using Kieu and Teter potentials, respectively.  
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The total network connectivity is also calculated for the SBNA systems as well as the 

partial ones, which only considers Si, B, or Al (named as NCSi, NCB, NCAl, respectively). The 

NCSi slightly increases with the additional Al2O3 content in the structures using Kieu 

parameters; whereas the one in structures using Teter parameters shows a minimum at the 

composition with 4% Al2O3. Similar trends are observed for the NCAl values and are 

corresponding to the Qn distributions. On the other hand, the NCB curves decrease with 

addition aluminum content and show similar trend of the N4 and Q4 curves of boron in 

structures using both potentials, and the slope of the curves both change at the composition 

with 4% Al2O3. The total NC values decrease following similar trend of the NCB curves in 

structures using both potentials with smaller slope values, which shows the total network 

connectivity is significantly affected by the boron coordination environment.  

 
Fig. 8.9 Total network connectivity and partial network connectivity considering only Si/Al/B 
as a function of Al2O3 content in the SBNA structures using a) Kieu and b) Teter potential 
sets. 

 

The pair distribution function of the structures using both potentials is analyzed, and 

several boron related pairs with interesting information are plotted as shown in Fig. 8.10 (a-

h). Positions of the first sharp peaks of [3]B-O and [4]B-O pairs slight shift with the change of 

compositions in the Kieu structures. The peak values of these two pairs are around 1.37 and 

1.45 Å, which agrees well with the experimental values in vitreous boron oxide [77] as well 
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as previous simulation results in sodium boroaluminosilicate glasses [18]. However, the shifts 

of these peak positions in structures using Teter parameters are much larger which is mainly 

because the AB-O change of these compositions are significant due to the large K values. The 

intensities of the first sharp peaks of [3]B-Al pair in Teter simulations are relatively higher 

than the ones in the Kieu simulations, which is mainly due to the parameters for the 

additional repulsion term of the B-Al pair in Kieu potential. It is worth noting that two sharp 

peaks of the [4]B-Al pair are observed in both Kieu and Teter simulations. The first peak with 

smaller value is corresponding to the edge-sharing B and Al polyhedra through visualization. 

In addition, the number of this edge-sharing connecting decreases with additional aluminum 

content in the Teter simulations, which means abundant units with excess negative charge 

such as [AlO4] and [BO4] tend to get separated from each other. This agree well with 

previous experimental NMR observations on borosilicate and boroaluminate glass systems 

[15].  

To further analysis the medium-range structures of the SBNA glass, the normalized 

number of the linkages in both Kieu and Teter simulations are calculated and shown in Fig. 

8.11 a-d. Similar to the SBN glass, the linkages in SBNA glasses are simplified as [Si][Si], 

[Si][B], [Si][Al], [B][B], [B][Al] and [Al][Al]. In structures using both potentials, the 

normalized number of the [Si][Si] linkage keeps as a constant. The normalized numbers of 

the other two linkages formed without aluminum ([Si][B] and [B][B]) in Kieu simulations 

slightly vibrate, while the ones in Teter simulations decreases with additional aluminum 

content. In addition, the trend of the ones in Teter simulations is quite similar to the N4 curve. 

For the Al related linkages, the [Si][Al] linkage has the highest number in structures using 

both potentials; however, the normalized number of [B][Al] and [Al][Al] behaves differently 

in structures using the two potentials. 
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Fig. 8.10 Pair distribution function plots of boron related pairs in SBNA structures using both 
potential sets. The figures a-d are for [3]B-O, [4]B-O, [3]B-Al and [4]B-Al pairs in structures 
using Kieu potential, and e-h are for [3]B-O, [4]B-O, [3]B-Al and [4]B-Al pairs in Teter ones, 
respectively.  
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Fig. 8.11 Normalized numbers of each linkage connecting two glass-former polyhedra in the 
SBNA structures. a) and b) are the normalized number of the linkages involving Si/B in 
structures using Kieu and Teter potential sets, and c) and d) are the normalized number of the 
linkages involving Al in structures using Kieu and Teter potential sets, respectively. 

 

To understand more details to evaluate the two potentials, forming probabilities of the 

linkages are calculated (shown in Fig. 8.12 a) and b)). The order of the probabilities of the 

linkages are the same in structures using both potentials except the [B][Al] one. In the Kieu 

simulations, the forming probability of the [B][Al] linkage is the smallest one and is close to 

the [B][B] one which is consistent with the experimental findings [15]; whereas, the [B][Al] 

linkage probability in Teter simulations is even higher than the [Si][B] one. The over-

estimated probability of [B][Al] linkage in Teter simulations is due to the lack of cation-

cation interaction between B and Al. For the probabilities of rest linkages, the order is 
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[Si][Al]> [Si][B]> [Al][Al]> [Si][Si]> [B][B] in structures using either Kieu or Teter 

potential.  

 
Fig. 8.12 Probability of each linkage connecting two glass-former polyhedra in the SBNA 
structures using a) Kieu and b) Teter potential sets, respectively. 

 

8.5 Discussions 

 Evaluations of Both Kieu and Teter Potentials 

Both the Kieu and Teter potentials can produce reasonable SBN and SBNA glass 

structures within certain composition regions as discussed in literature [18], [33] as well as in 

Chapter 5. However, for the compositions studied in this work, Kieu potential set is limited in 

producing accurate N4 values for both composition series. This potential set over-estimates 

the fraction of four-coordinated boron in the compositions at the plateau region in DBX 

model, and the N4 values for those compositions after the plateau is not well produced due to 

the constant AB-O value at this region. For the compositions with high K value, the N4 value is 

not well produced as shown in this work. Since the N4 value is a characteristic of the structure 

and properties in the boron containing glass, these limitations of Kieu potential should be 

taken into consideration when choosing a potential set to do simulations. On the other hand, 

the Teter potential set is also a choice to simulate the boron containing glass systems. It can 

well reproduce the experimental structural features such as density, boron coordination 



 

158 

number and oxygen environment. However, this potential set will over-estimate the N4 values 

for compositions with high K values as shown in this work. The shift of the bond distance of 

the B-O pair is another limitation when using Teter parameters on high K compositions. This 

can be improved by further fitting on the boron related parameters.  

 

 Mixed Former Effect 

The compositions of SBN and SBNA glasses studied includes B2O3/SiO2 and 

Al2O3/SiO2 substitutions, which can partially reveal the mix former effect in the boron 

containing glass systems. However, two things need be considered when choosing 

compositions to study the mixed former effect. When doing glass-former substitution, it is 

necessary to use 1:1 ratio of the glass-former atoms so that the total number of former atoms 

keeps as a constant. It can reduce the side effects induced by additional glass-former atoms, 

therefore, lead to a purified understanding on the mixed former effect. On the other hand, the 

number of compositions for a series is also necessary to obtain a more reasonable result. As 

discussed in the SBN series, the boron content change is large from one composition to 

another, which might omit the real composition where the change-point is. For example, the 

change-point of the SBN compositions should be between the composition with x=1 and x=2 

based on the structural features investigated in this work. This indicates the whole 

composition region should be separated into smaller parts to find the clear trend of the mixed 

former effect.  

 

8.6 Conclusions 

In this work, composition series of both sodium borosilicate and boroaluminosilicate 

glasses have been studied using different potential sets. Several structural features were 

investigated to monitor the mixed former effect on these glass compositions. Similar trends of 
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the experimental density and N4 value curves were observed in the simulated ones. The Qn 

species distributions and network connectivity values were also found to be related to the 

composition. Edging-sharing [B][Al] linkages are formed by the aluminum and four-

coordinated boron units. N4 value is found to be crucial in boron containing glass structures; 

therefore, potential set should be chosen carefully to produce the reasonable N4 values thus 

structures. The Kieu potential and Teter potential can simulate both SBN and SBNA glass 

compositions; however, both are limited in some composition regions. Further improvement 

will be necessary for these potential sets to reproduce the experimental N4 values at those 

composition regions. On the other hand, compositions need to be chosen carefully for doing 

mixed former effect. A former-former ratio of 1:1 is needed to remove the side effect of 

glass-former number change. In addition, dense sampled compositions are recommended for 

investigating the mixed former effect. 
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CHAPTER 9 

CONCLUSIONS 

Potential parameters of aluminum oxide and boron oxide have been added to two 

established empirical potential sets, respectively, to enable the simulations on oxide glass 

systems including glass former oxides such as SiO2, B2O3 and Al2O3. Both new 

parameterizations work well in simulations of sodium borosilicate and boroaluminosilicate 

glasses in large composition regions. Glass structure information can be obtained from the 

simulations, and the properties can be predicted by using the new developed parameters. The 

addition of boron related parameters to Teter parameterization enables the simulations of six-

component oxide glass named ISG, which is becoming a reference of the nuclear waste glass, 

and a series of seven-component bioactive glass. The potential set thus can be used to reveal 

structure-property relations, as well as exploring the long-time behaviors such as ion 

transport and phase separation. 

System size and cooling rate effects on borosilicate glasses have been also 

investigated systematically to have a better understanding of the MD simulation settings on 

the structure and properties of simulated glasses. Large system size is necessary to obtain 

enough statistics, especially for the components with low concentration, e.g., the Al2O3 in the 

ISG compositions. On the other hand, the cooling rate plays significant role in reproducing 

experimental data. Simulated structures using different cooling rates can be significantly 

different; therefore, the properties predicted can also diverge from the ones expected. In 

addition, the cooling rate values used in future simulations should be close to the one used in 

original fitting process to produce reasonable results, since the structure change caused by the 

cooling rate value can be significant.  

The results from simulations of this dissertation confirm that boron coordination 

number plays a significant role in understanding both structure and properties of boron 
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containing glass systems. Structural features such as density, Qn species and network 

connectivity are influenced by the fraction of four-coordinated boron; in addition, properties 

such as VDOS, glass transition temperature and mechanical properties are also related to the 

boron coordination number. 

For the first time, the six-component International Simple Glass (ISG) has been 

simulated by using MD simulations with the parameters developed in this dissertation. 

Structure features of ISG glasses were characterized and compared with available 

experimental data.  

The mixed former effect was also explored using MD simulations with the newly 

developed potential parameters. The experimental trends of density and boron coordination 

number are well reproduced by the new developed parameters; however, the exact values are 

slightly different from the experimental ones (or theoretical predicted ones) due to the high K 

values of the chosen compositions. It is found that more intensive sampling of the 

compositions is important to give accurate information of this effect; otherwise, important 

points in the composition region will be passed by, and the whole trend could be different.  
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CHAPTER 10 

FUTURE WORK 

Based on the work done in this dissertation, the two sets of boron oxide containing 

glasses potential developed in this dissertation were well-tested in various compositions from 

ternary and quaternary systems; in addition, the Teter potential set is also tested in binary 

system as well as the six-component oxide glass. These potentials enable the simulations of 

multicomponent glasses with mixed glass formers. However, there are several limitations that 

were observed during the testing of these potentials and these require further developments. 

For the Kieu potential set, efforts are required to solve the problem of the over-estimation of 

N4 values on higher R values (R> Rmax) as well as the under-estimation of N4 value in 

compositions with low R and high K values (R<Rmax and K>6). For Teter potential set, 

further refinements for improving N4 values in compositions with low R and high K values 

(R<Rmax and K>6) are also needed. 

Since the Kieu potential set shows advantages in predicting mechanical properties in 

good agreement with experiments, it would be reasonable to add parameters for CaO and 

other oxides such as ZrO2 into the potential set to enable simulations for other multi-

component oxide glass systems. For the Teter potential set, water related parameters could be 

added to enable the simulations for water diffusion and other related long-term corrosion 

behavior. 

With current Teter potential set, both bulk and surface structures for silicate, borate, 

aluminate, phosphate, multi-component oxide glass systems can be studied. Structure and 

properties such as diffusion behavior, phase separation, nucleation and interface interactions 

can be studied.  
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