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Abstract

In order to predict the composition dependence of glass properties we first need to understand
the atomic structure of glass, since glass properties are correlated to glass structure. We study
the structure of three glass series: soda lime borate, soda lime aluminosilicate, and sodium
boroaluminosilicate. All these glass series contain abundant structural features, e.g., the
“boron anomaly” effect and mixed network former effect, which both yield nonmonotonic
variations of physical properties with composition. It is critical to explore the structural roles
of the network-modifying cations in different glass systems. In order to access different
regimes of sodium behavior, we design glass compositions with varying the ratio of network
former and network modifier or the ratio of different network formers. Multinuclear NMR
experiments on B, #’Al, °Si and *Na were performed to determine the network former
speciation and modifier environments as a function of glass composition. The different roles
of sodium in relation with the network-forming cations (Si, B, and Al) have been clarified
and quantified. In addition, we predict the fractions of various network species by using a
recently proposed model (two-state model) and the values obtained from modeling are in
agreement with the NMR data.

The composition and temperature dependence of viscosity is an important aspect for
controlling glass production process, and for tailoring physical properties of glass products.
Moreover, it is also critical for understanding the liquid and glass dynamics. With the
assumption of a universal high temperature limit of viscosity, Angell proposed that the non-
Arrhenius character of the temperature dependence of viscosity is described by the Kinetic
fragility index. However, the existence of a universal high-temperature viscosity limit has not
been validated until now. In the present thesis, we investigate the high temperature limit of
liquid viscosity by analyzing measured viscosity curves for 977 liquids including oxide,
metallic, molecular, and ionic systems. Based on the Mauro—Yue-Ellison—-Gupta—Allan
(MYEGA) model of liquid viscosity, the high temperature viscosity limit of silicate liquids is
determined to be 10> Pa-s. This result simplifies the modeling process of the compositional
dependence of viscosity and indicates a common underlying physics of silicate liquids at the
high temperature limit. In addition, we find that there is a parallel relationship between the
kinetic fragility and the thermodynamic fragility (e.g., the jump of the isobaric heat capacity
in the glass transition region) for the three studied glass series.

The physical and chemical properties of glasses can be controlled and designed by varying
the mixing ratio of different structure units. The mixed network former effect leads to
nonlinear variation in many macroscopic properties as a function of chemical composition.
The prediction of glass properties from first principles calculations is often impossible due to
the long time scales involved with glass transition and relaxation phenomena. We thus use
the temperature-dependent constraint theory to explain the composition dependence of glass
properties. According to this theory, glass properties are related to the number of constraints
since the atomic structure of a glass-forming liquid could be regarded as a network of bond
constraints. In this work we investigate the composition-structure-property relationships of
the three model glass series. The determined properties include dynamic properties (glass
transition temperature Ty and fragility), thermodynamic properties (e.g., heat capacity) and
mechanical properties (elastic moduli and hardness). We also explore how the addition of 1
mol% Fe,03 affects the measured properties of the boroaluminosilicate glasses.



Any liquids can vitrify if it is cooled fast enough to prevent crystallization of a specified
volume fraction. The slowest cooling rate, at which a liquid is vitrified at a given critical
amount of crystals, is defined as the critical cooling rate. This rate is used to quantify the
glass forming ability (GFA) of different liquids. GFA is an important property in the glass
production process. However, it is difficult to accurately measure the critical cooling rate.
GFA is often quantified by glass stability (GS), which is the glass resistance against
devitrification upon heating. It has been found that these two parameters show direct
relationship. Therefore GS is in this work used to represent GFA. The GS is derived from the
characteristic temperatures such as Tg, onset crystallization temperature and liquidus
temperature, which are determined using a differential scanning calorimeter. In general there
is no clear correlation between GS and fragility for the studied glass series. We have found
that GS of the soda-lime-borate series can be enhanced by lowering the cooling rate from the
melt to the glassy state, and the possible structural origin of this enhancement has been
clarified. Finally we have discovered that GS of soda lime aluminosilicate glasses
dramatically drops when Al,O3 content surpasses a critical value. This phenomenon is found
to be related to the appearance of five-fold coordinated aluminum species.
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Resume (Danish Abstract)

For at kunne forudsige effekten af kemisk sammensatning pa egenskaberne af glas, er det
ngdvendigt forst at forstd den atomare struktur af glas. Det skyldes, at glasmaterialers
egenskaber er direkte bestemt af glassets struktur. | denne afhandling undersgger vi
strukturen af tre glasserier: natrium calcium borat, natrium calcium aluminium-silikat og
natrium bor-aluminium-silikat glas. Alle disse glasserier besidder en raekke interessante
strukturelle faenomener, som eksempelvis ’bor anomali” effekten og blandet netvaerks-danner
effekten. Begge disse effekter resulterer i ikke-monotoniske variationer i de fysiske
egenskaber som funktion af sammensatning. Det er vigtigt at udforske de strukturelle roller
af de netveerks-modificerende kationer i forskellige glassystemer. For at kunne studere de
forskellige roller som natrium kan have, har vi designet glassammensatninger med
varierende forhold mellem netvaerks-danner og netveerk-modificerende kationer eller
varierende forhold mellem forskellige netveerks-dannere. Vi har udfgrt multikerne NMR
eksperimenter med B, #’Al, #Si og *Na for at bestemme netvarks-danner speciering og de
lokale miljger for de netveerks-modificerende kationer som funktion af glas sammensztning.
De forskellige strukturelle roller af natrium i forbindelse med de netveerks-dannende kationer
(Si, B og Al) er blevet klarlagt og kvantificeret. Derudover har vi anvendt en ny model (to-
tilstandsmodellen) til at forudsige fraktionerne af forskellig netveerks speciering. De
modellerede resultater er i god overensstemmelse med de eksperimentelle NMR data.

Afhangigheden af viskositet af kemisk sammensatning og temperatur er et vigtigt aspekt for
at kunne kontrollere glasproduktionen og for at kunne skraeddersy de fysiske egenskaber af
glasprodukter. Desuden er det ogsa kritisk for at kunne forsta dynamikken for vaesker og glas.
Baseret pa antagelsen om en universel hgj-temperatur greenseveerdi for viskositet foreslog
Angell, at veskers ikke-Arrhenius temperaturafhaengighed af viskositet kan beskrives ved
vaeskens kinetiske skrgbelighedsindeks. Hvorvidt der eksisterer en universel hgj-temperatur
greenseveerdi for viskositet er dog stadig ikke blevet valideret. | denne afhandling undersgger
vi hgj-temperatur greensevardien for viskositet ved at analysere malte viskositetskurver for
977 vasker, herunder oxider, metalliske, molekylere og ioniske systemer. Baseret pa Mauro—
Yue-Ellison—-Gupta—Allan (MYEGA) modellen for vaske viskositet har vi bestemt hgj-
temperatur greeseveerdien for viskositet af silikat vasker til at veere 1029 Pa-s. Dette resultat
simplificerer modelleringen af viskositet vs. kemisk sammensatning og indikerer en falles
underliggende fysik for silikat veesker ved hgj-temperatur graenseverdien. Derudover har vi
vist, at der eksister en parallel relation mellem den Kkinetiske skrgbelighed og den
termodynamiske skrgbelighed (f.eks. springet i isobarisk varmekapacitet ved glasovergangen)
for de tre undersggte glassystemer.

De fysiske og kemiske egenskaber af glas kan designes og kontrolleres ved at variere
forholdet mellem de forskellige strukturelle enheder. Den blandede netvaerks-danner effekt
resulterer i ikke-linesere variationer i mange makroskopiske egenskaber som funktion af
kemisk sammensa&tning. Beregningen af glasegenskaber ud fra grundprincipper er ofte
umuligt pa grund af de lange tidsskalaer involveret i glasovergangen og
relaksationsfeenomener. Vi har derfor anvendt temperaturafthaengig begraensningsteori til at
forsta og forklare afhengigheden af glasegenskaber af kemisk sammensatning. | henhold til
denne teori afhanger glasegenskaber af antallet af bindingsbegrensninger, da den atomare
struktur af en glasdannende vaske kan betragtes som et netveerk af bindingsbegraensninger.
Vi har i dette arbejde undersggt sammenhznge mellem sammensatning, struktur og
egenskaber for de tre modelsystemer. Egenskaberne, som vi har studeret i denne afhandling,

vii



inkluderer dynamiske egenskaber (glasovergangstemperatur T, o0g skrabelighed),
termodynamiske egenskaber (f.eks. varmekapacitet) og mekaniske egenskaber
(elasticitetsmodul og hardhed). Vi har ogsa klarlagt effekten af tilseetningen af 1 mol% Fe,0s
pa de malte egenskaber for bor-aluminium-silikat glasmaterialerne.

Enhver vaeske kan omdannes til glas, hvis den nedkgles tilstreekkeligt hurtigt til at undga
krystallisation til en given volumenfraktion. Den langsomste nedkglingsrate, der giver et glas
med en given kritisk maéngde krystaller, defineres som den kritiske nedkglingsrate. Denne
rate anvendes til at kvantificere glasdannelsesevnen (GFA) af forskellige veaesker. GFA er en
vigtig egenskab i forbindelse med glasproduktion, men det er svert precist at bestemme
veerdien af den kritiske nedkglingsrate. GFA kvantificeres ofte ved glasstabiliteten (GS), der
er glassets modstand mod krystallisation under opvarmning. Det er tidligere vist, at disse to
parametre er direkte relateret. Derfor bruger vi i dette arbejde GS til at repraesentere GFA.
Glasstabiliteten er udledt fra de karakteristiske temperaturer, sasom T,
begyndelsestemperaturen for krystallisation og liquidus temperaturen, der er bestemt ved
brug af et differentiel skanning kalorimeter. Der er generelt ingen klar sammenhang mellem
GS og skrgbelighed for de undersggte glasserier. Vi har vist, at GS for natrium calcium borat
serien kan forbedres ved farst langsomt at nedkele smelten til glastilstanden. Vi har diskuteret
den mulige strukturelle arsag til forbedringen af glasstabilitet. Endelig har vi opdaget et
dramatisk tab af GS, nar koncentrationen af Al,O5; overskrider en kritisk verdi i natrium
calcium aluminium-silikat glasserien. Dette fenomen hanger sammen med fremkomsten af
fem-koordinerede aluminium ioner.
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1. Introduction

Glass is a wonderful material that has found widespread application in our daily life, such as
container glass, window glass, liquid crystal display substrate, and optical fiber. Silica is
found to be the major constituent of many of these glasses and also of the early man-made
glass materials. The importance of a variety of non-silicate glasses has also been recognized,
such as chalcogenide glasses. Moreover, polymers and metals can also be formed as glasses.
In principal any liquid can be turned into a glass, provided that it can be cooled from the
liquid state at a sufficiently fast rate.

A glass is defined as “an amorphous solid completely lacking in long range, periodic atomic
structure, and exhibiting a region of glass transformation behavior.” Any material exhibits
glass transformation behavior is a glass [Shelby 2005]. We can form glasses by, e.g.,
chemical vapor deposition and sol-gel methods [Angell 1995; Varshneya 2006]. However,
oxide glasses are most commonly made by cooling a liquid fast enough to avoid
crystallization. The atomic structure of the resulting glass is representative of that of its
frozen-in parent liquid at the temperature at which the liquid equilibrated for the last time.
This temperature is defined as the fictive temperature T¢ [Mauro et al. 2009b]. The glass is
therefore a solid with a non-crystalline structure, which is unstable with respect to the
supercooled liquid. The supercooled liquid is itself metastable with respect to the
corresponding crystal [Varshneya & Mauro 2010].

Since the publication of the classic paper by W. H. Zachariasen in 1932 entitled “The Atomic
Arrangement in Glass” [Zachariasen 1932], understanding of glass structure has been one of
the most important topics in glass science, and also been improved significantly due to
advancement of structural characterization techniques, computer simulation [Cormack & Cao
1996] and structure theories such as modified random network theory [Greaves & Sen 2007]
and network constraint theory [Phillips 1979]. Recently, the first direct image of a two
dimensional silica glass has been obtained [Huang et al. 2012]. However, even today glass
structure is still far from fully understanding. From glass technology point of view, it is
crucial to understand the atomic structure of glass which determines its properties. Revealing
the connection between composition and properties is essential for predicting physical and
chemical properties of glasses as a function of chemical composition and mechanical and
thermal histories. However, unlike crystalline materials, no universal structural model exists
for glassy materials. There are still many challenging problems in terms of glass structure and
properties.

1.1 Background and Challenges

By use of the partial ionic character model of Pauling, the chemical components of oxide
glasses can be classified into three groups on the basis of the electronegativity of the cation
[Stanworth 1971]. The network formers are the cations used to create the structural network
of oxide glasses. While the network modifiers are the cations used to modify the network
structure. Intermediates are the cations behave intermediate between that of cations which do
form glasses and those which never form glasses [Shelby 2005]. The network-modifying
cations possess various structural roles in different glass systems. In silicate glasses, they
disrupt the connectivity of the silicate network. In borate glasses, due to the “boron anomaly”
effect, the role of network-modifiers becomes more complicated. In aluminosilicate glasses,
Al,O3 has a dual structural role depending on the glass composition. Moreover, the addition
of Al,Oj3 to borosilicate glasses causes changes of network speciation depending on the ratio
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of the network-formers and the content of the network-modifier. The different structural roles
of network modifiers in boroaluminosilicate glasses are complicated due to the mixed
network-former effect. The extent and nature of the mixing of the network-forming cations
(Si, B, and Al) is not yet well-understood. In the present Ph.D. work, we study the structure
of three different model glass series: soda lime borate, soda lime aluminosilicate, and sodium
boroaluminosilicate. The three glass series are all of industrial importance since the PhD
work is carried out in close collaboration with Corning Incorporated. The properties, which
we are interested in,include dynamic properties, glass-forming ability (GFA) and mechanical
properties.

Adequate control of flow behavior is essential for all steps of industrial glass production and
hence it is necessary to study the rheological and dynamic behaviors of glass-forming liquid.
Moreover, the glass forming ability and physical properties of glasses are closely related to
rheological and thermodynamic properties. However, although there has been considerable
progress in recent years, our understanding of the mechanisms of viscous flow remains
incomplete [Debenedetti & Stillinger 2001; Mauro et al. 2009b]. In this work, we investigate
the dynamic behaviors (glass transition temperature Ty and liquid fragility index m) in terms
of Kkinetics and thermodynamics. In particular, we answer the important question about
whether the high-temperature viscosity limit of glass-forming liquids is universal. In Angell
plot, the logarithmic viscosity (log #) is plotted against the Tg-scaled inverse temperature
(Tg/T) [Angell 1985]. The slope of the log n ~ Ty/T curve at Ty is defined as the liquid
fragility index m. In general, there is a connection between the kinetic fragility index m and
thermodynamic fragility despite several exceptions [Martinez and Angell, Nature 2001]. In
this work we answer the question of how the two kinds of fragilities are interconnected for
the chosen three model glass series.

The ability of substances to vitrify on cooling from the melt is known as glass-forming ability
(GFA) [Avramov et al. 2003]. The GFA is important in the industrial glass-formation
process. Moreover, it is also linked to the fundamental question of what physical factors
control a liquid-glass transition [Tanaka 2005]. GFA has been the object of theoretical and
experimental investigations for decades. Despite progress in understanding in the last few
years, it is still a major challenge to quantify the GFA of many glass systems, in particular,
good glass formers. There are still several puzzles about why some systems can be vitrfied
while others cannot, and why certain composition ranges have good GFA while others do not.
In this work, we attempt to determine and understand the GFA of soda-lime-borate glasses
and soda lime aluminosilicate systems. The derived results will be beneficial to a general
understanding GFA of liquids. We evaluate the GFA and the glass stability of these glasses
by measuring their crystallization tendency and viscous flow behavior.

Substantial progress has been made over the past decade in the development of new glasses
with improved mechanical properties. The understanding of composition dependence of
elastic moduli is of importance since it is instructive to other mechanical properties which are
closely associated with the elastic moduli, e.g., tensile strength. Hardness is another
important mechanical property of materials for both advanced glass applications and for
revealing underlying fracture mechanisms, e.g., touch screen displays require high hardness
and scratch resistance [Varshneya 2010]. Deeper understanding of the mechanical properties
is essential to optimize compositions that possess both high mechanical resistance and the
economically favorable processing conditions. Some complicated glass systems, such as
mixed network glasses, show nonlinear variation in many macroscopic properties, which is
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due to the mixed network former effect. Although many previous attempts have been made to
predict glass properties based on structural information, it is still challenging. In this thesis,
we apply the temperature-dependent constraint theory [Mauro 2011a] to understand the
composition dependence of their glass properties. This theory has been proved to be a
powerful tool to predict the composition dependence of glass properties; moreover, it
provides insight into the structural origins of that dependence.

1.2 Objectives
Based on the above introductions, the objectives of the present Ph.D. thesis are to

1. establish the high temperature limit of liquid viscosity by a systematic analysis of
experimental data,

2. clarify the glass forming ability of a series of soda-lime borate glass,

3. detect the link between the kinetic fragility determined from viscosity measurements
and various thermodynamic fragility indices,

4. clarify the structural role of sodium and the composition-structure-property
relationships in boroaluminosilicate glasses, and

5. clarify the influence of aluminum speciation on the stability of aluminosilicate
glasses.

1.3 Thesis Content

The thesis is presented as a plurality, including an introductory overview followed by papers.
The thesis is based on the following publications (in the text these papers will be referred to
by roman numerals):

I. Q. J. Zheng, R. E. Youngman, C. L. Hogue, J. C. Mauro, M. Potuzak, M. M.
Smedskjaer, A. J. Ellison, Y. Z. Yue, “Structure of Boroaluminosilicate Glasses:
Impact of [Al,03]/[SiO;] Ratio on the Structural Role of Sodium,” Physical Review B,
86,054203,(2012).

Il. Q.J. Zheng, J. C. Mauro, A. J. Ellison, M. Potuzak, and Y. Z. Yue, “Universality of
the high-temperature viscosity limit of silicate liquids,” Physical Review B 83, 212202
(2011).

I1l. Q. J. Zheng, M. Potuzak, J. C. Mauro, M. M. Smedskjaer, R. E. Youngman, Y. Z.
Yue, "Composition-Structure-Property Relationships in Boroaluminosilicate Glasses,”
Journal of Non-Crystalline Solids 358, 993-1002 (2012).

IV.Q. J. Zheng, J. C. Mauro, M. M. Smedskjaer, R. E. Youngman, M. Potuzak, and Y. Z.
Yue, “Glass-Forming Ability of Soda Lime Borate Liquids,” Journal of Non-
Crystalline Solids 358 , 658-665 (2012).

V. Q. J. Zheng, M. M. Smedskjaer, R. E. Youngman, M. Potuzak, J. C. Mauro, Y. Z.
Yue, “Influence of Aluminum Speciation on the Stability of Aluminosilicate Glasses
against Crystallization,” Applied Physics Letters, 101, 041906 (2012).



2. Glass Structure

The prediction of physical and chemical properties of glasses as a function of chemical
composition and thermal history relies on a detailed understanding of the glass structure. The
structural models of complex multicomponent glasses rely on the combination of
experimental data with atomistic modeling. However, due to lack of long-range order in
glass, it is not possible to characterize the glass structure by the application of conventional
techniques such as x-ray diffraction. Alternative techniques such as nuclear magnetic
resonance (NMR) spectroscopy have been proved to be a powerful tool to characterize both
the short- and intermediate-range structural order in glass. For example, 'B NMR
spectroscopy [Yun & Bray 1978; Zhong & Bray 1989] has successfully captured the
composition dependence of the fraction of tetrahedral and trigonal boron species (B'" and
B"" in B,Os-containing glasses.

In earlier studies, the low-field, static NMR provided some structural information; however,
the resolution is not sufficient to determine the presence of different sites [Emerson et
al.1989]. Moreover, the accurate determination of the isotropic chemical shifts is not allowed
due to the dipolar broadening and anisotropic shifts. The magic angle spinning (MAS) NMR
spectroscopy has been developed afterwards. This technique effectively reduces dipolar
broadening and anisotropies, which enables the measurement of the isotropic chemical shift
[Emerson et al.1989]. While conventional (MAS) NMR often cannot yield highly resolved
spectra due to residual second order quadrupolar broadening, triple quantum (3Q) magic
angle spinning (MAS) NMR spectroscopy has recently shown to generate better resolution on
network speciation and modifier cation environment, particularly at relatively high-magnetic
fields [Lee et al. 2006]. In this thesis, we have applied multinuclear NMR experiments
including (MAS) NMR and (3Q) (MAS) NMR on B, ?’Al, ?°Si and **Na to characterize the
structure of different glass systems.

The chemical components of oxide glasses can be divided into different categories according
to their role in the atomic arrangement of the glass network [Stanworth 1971]. The so-called
network-forming cations (such as Si*") create the structural network of oxide glasses. These
cations are defined as those having a fractional ionic bond with oxygen near or below 50%.
On the other hand, the network-modifying cations (e.g., Na* and Ca?*) form highly ionic
bonds with oxygen. These cations modify and interfere with the primary network structure
without becoming a part of it.

The network-modifying cations possess various structural roles in different glass systems. In
silicate glasses, they disrupt the connectivity of the silicate network and create non-bridging
oxygens (NBOs) that are linked to only one network-forming cation. In borate glasses, the
role of network-modifiers is more complicate due to the so-called “boron anomaly” effect.
The initial addition of modifier oxides to pure B,Oj results in the conversion of B"' to B',
with the network modifier cations acting as charge compensators for B'Y. The fraction of
tetrahedral to total boron (N4) reaches a maximum with further modifier addition, and then
decreases due to formation of NBOs on B"' [Bray & O’Keefe 1963; Zhong & Bray 1989].

In aluminosilicate glasses, AI** is stabilized in tetrahedral coordination (AI") when
associated with charge balancing cations [Mysen & Richet 2005]. However, when the
concentration of Al,O3 exceeds that of the network modifiers, higher coordinated aluminum
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(e.q., five-fold coordination) species form. Hence, Al,O3 has a dual structural role depending
on the glass composition, Therefore, the addition of Al,O3 to borosilicate glasses causes
changes of network speciation depending on the ratio of the network-formers and the content
of the network-modifier. This is because both aluminum and boron require network modifiers
for charge compensation for stabilization in a tetrahedral configuration. However, it has been
found that there is a preference in the formation of Al'Y over than of B', since the addition
of Al,O3 in these glasses results in an observed decrease in N4 [Chan et al. 1999]. Five- and
six-fold coordinated aluminum species (AlY and AIV') may start to form if the molar ratio of
modifier cation to Al is smaller than one [Chan et al. 1999; Zuchner et al. 1998; Bunker et al.
1991]. The different structural roles of network modifiers in boroaluminosilicate glasses are
therefore more complicated than the well-modeled borosilicate glasses.

Despite the large amount of reliable experimental data on glass structure that has been
obtained in the last decades, none of the currently known structural models can be used to
determine which type of structural units are responsible for changes in glass properties. In
this chapter, we study the structure of three different model systems: soda lime borate, soda
lime aluminosilicate, and sodium boroaluminosilicate glasses. The obtained knowledge will
be applied in the subsequent chapters, where the different properties of these systems will be
investigated.

2.1 Soda-Lime Borate System

Due to their poor chemical durability, pure borate glasses (i.e., without the addition of silica)
have only found limited applications However, it has recently been discovered that
nanofibers made from borate glass possess bioactivity, since they promote the healing of
flesh wounds [Wray 2011]. The poor chemical durability of the borate glass is an advantage
in this case, since it promotes soft-tissue regeneration and has an antimicrobial effect.

From a scientific point of view, borate glasses are interesting to study, since they contain an
abundance of structural features, e.g., the “boron anomaly” effect, which yields
nonmonotonic variations of physical properties. In borate glasses, boron can form both BO3
triangles and BO, tetrahedra, whereas oxygen atoms can adopt both bridging (BO) and non-
bridging (NBO) configurations. When alkali or alkaline earth oxides are added to B,0s, they
will either be used to create NBO or to convert boron from a three-coordinated (B"") to a
four-coordinated (B?) state depending on the molar ratio between B,O; and the alkali and
alkaline earth oxides [Smedskjaer et al. 2010a; Smedskjaer 2011]. Moreover, the random pair
model of Gupta [Gupta 1986] establishes three rules for network formation: (i) BO4
tetrahedra occur in corner-sharing pairs, where the B-O-B angle within a pair is random; (ii)
pairs of BO, tetrahedra cannot be bound to each other; and (iii) NBOs occur in BO3 groups
only.

The structure of alkali and alkaline earth binary borate glasses has been studied widely
[Stebbins & Ellsworth 1996]. However, the structure of ternary soda lime borate (Na,O-CaO-
B,03) glasses has not drawn much attention. Smedskjaer et al. have investigated the structure
of a series soda lime borate glass ((89-x)B,03-xNa,0O-10Ca0O-1Fe,O3 system with x = 5, 10,
15, 20, 25, 30, and 35) [Smedskjaer et al. 2010a]. This is the same series of glasses that will
be investigated in the subsequent chapters. Table 2.1 shows the chemical compositions and
selected properties of this system. For x < 23 mol%, BO3 units are converted into BO4 unit as
the Na,O content increases. For x > 23 mol%, NBOs start to form [Smedskjaer et al. 2010a].
It should be noticed that some of the glasses contain 1 mol% Fe,O3 for investigating the
5



impact of boron speciation on the so-called inward diffusion, which requires the presence of a
polyvalent oxide [Smedskjaer et al. 2010a].

Table 2.1 Nominal compositions and properties of investigated glass samples. Data taken from
[Smedskjaer et al. 2010a].

Glass Composition (mol%o)

ID B,O, Ca0 NaO Feo, @) T(K) m()
Cal0-Na5 8485 101 5.05 - - 708 -
Cal0-Nal5 7475 101 1515 - 37 775 -
Cal0-Na25 6465 101 2525 - 46 764 -
Cal0-Na35 5455 101 3535 - 41.3 716 -
Cal0-Na5-Fel 84 10 5 1 16 693 45+2
Cal0-Nal0-Fel 79 10 10 1 24 756 49+2
Cal0-Nal5-Fel 74 10 15 1 36 771 54+3
Cal0-Na20-Fel 69 10 20 1 40 768 58+4
Cal0-Na25-Fel 64 10 25 1 46 756 6515
Cal0-Na30-Fel 59 10 30 1 43 740 5616
Cal0-Na35-Fel 54 10 35 1 42 711 53+3

The inset of Fig. 2.1 shows the *'B MAS NMR spectra with (dashed lines) and without (solid
lines) 1 mol% Fe,O3 of glasses with 35, 25, and 15 mol% NayO. These spectra are
characterized by a broad, nearly symmetric peak centered at ~16 ppm corresponding to the B®
sites and a relatively narrow symmetric peak centered at ~ 1 ppm corresponding to the B*
sites. The relative fractions of B® and B* sites can be obtained from the areas under the
corresponding peaks in the !B MAS NMR spectra [Smedskijaer et al. 2010a]. Using Gupta’s
random pair model for network formation, Smedskjaer et al. have calculated the fractions
tetrahedral to total boron (N4) as a function of composition. As shown in Fig. 2.1, there is
good agreement between these calculated fractions and those determined using B MAS
NMR spectroscopy [Smedskjaer 2011].
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Figure 2.1 Fraction of tetrahedral to total boron in (90-x)B,0Os-xNa,0-10CaO glasses with and
without 1 mol% Fe,Os calculated using the random pair model of Gupta or determined experimentally
using 'B MAS NMR spectroscopy. Inset: corresponding *'B MAS NMR spectra with (dashed lines)
and without (solid lines) 1 mol% Fe,0s. The spectra from top to bottom correspond to glasses with
35, 25, and 15 mol% Na,O. Data taken from [Smedskjaer 2011].

2.2 Soda-Lime Aluminosilicate System

Aluminosilicate glasses have many applications [Varshneya 2006], such as substrate glass for
liquid crystal displays [Ellison & Cornejo 2010] and chemically strengthened cover glass for
personal electronic devices [Varshneya 2010, Tandia et al. 2012]. However, better
understanding of the relationship between glass composition, structure, and properties is of
crucial importance. For example, the glass stability (GS) of these glasses is found to be
closely related to the formation of five-coordinated Al species [Yu et al. 2010].

In aluminosilicate glasses aluminum plays mainly two different structure roles, viz., it can act
either as a network-former in tetrahedral coordination or in a charge compensating role in
five- or six-fold coordination [Bottinga & Weill 1972]. Generally, when the concentration of
network modifiers is higher than that of alumina, AI** is stabilized in tetrahedral coordination
(AI"Y) [Mysen & Richet 2005, Chan et al. 1999]. When there are insufficient network
modifiers available, higher coordinated aluminum (e.g., five-fold coordination, Al) will exist
as charge compensator. However, higher coordinated aluminum species have been
experimentally detected in peralkaline alkali and alkaline earth aluminosilicate glasses
[Toplis et al. 2000]. This indicates that the structure of aluminosilicate glasses is more
complicated than the simple structural model.

Here we study the structure of a series of soda lime aluminosilicate glasses with compositions
(in mol%) of (76-x)SiO,—xAl,03—16Na,0—-8CaO with x = 0, 2.7, 5.3, 8, 10.7, 13.3, 16, 18.7,
21.3, and 24. The atomic structural evolution of the glassy network is quantified through 2’Al
magic-angle spinning nuclear magnetic resonance (MAS NMR) measurements. This is also



the same series of glasses that will be investigated in the subsequent chapters. Table 2.2
shows the chemical compositions and structure properties of this system.

Table 2.2 Nominal compositions and properties of investigated glass samples

Composition (mol%b)

AlY

Glass Na,O CaOo SiO, Al,O3 (at%) NBO/T
ID

Ca-Al0 15.7 8.1 75.9 0.0 0 0.627
Ca-Al2.7 15.8 8.1 73.2 2.7 0 0.538
Ca-Al5.3 15.8 7.9 70.7 5.3 0 0.452
Ca-Al8 15.7 7.9 68.1 8.0 0 0.371
Ca-Al10.7  15.8 8.0 65.2 10.7 0 0.302
Ca-Al13.3 1538 8.1 62.6 13.3 8 0.267
Ca-Al16 15.8 8.1 59.8 16.0 12 0.222
Ca-Al18.7 15.7 8.1 57.2 18.7 13 0.168
Ca-Al21.3 157 8.4 54.3 21.3 18 0.148
Ca-Al24 15.8 8.1 51.8 24.0 26 0.142

The *’Al MAS NMR results in Fig. 2.2a show that when [Na,O]>[Al,Os], the spectra
primarily consist of a narrow peak centered at around +50 ppm, which corresponds to
Al"V[Smedskjaer et al. 2012; Risbud et al.1987]. For the glasses with [Al,O3]>[Na,0], the
MAS NMR lineshape broadens asymmetrically on the more shielded side (lower shift),
which is due to the presence of Al in 5-fold coordination [Risbud et al.1987]. Since calcium
is not as effective as sodium in stabilizing Al tetrahedral, 5-fold coordinated aluminum
species are formed for [Al,O3]>[Na,O], providing another means for charge-compensation.
The fraction of AlY increases with increasing Al,Os content (Fig. 2.2b). The number of non-
bridging oxygen per tetrahedron (NBO/T) can be calculated based on the AIY fractions.
NBO/T decreases as the sodium and calcium ions are used for charge-compensating
tetrahedral aluminum instead of forming non-bridging oxygens (Fig. 2.3). It indicates that the
network connectivity increases with the increase of [Al,Og].
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Figure 2.2 (a) >’Al MAS NMR spectra of the aluminosilicate glasses [Smedskjaer et al. 2012]. The
spectra show unchanging lineshape for glasses having [Al,Os]<[Na,O] and asymmetrical broadening
for glasses with [Al,Os]>[Na,0]. Reproduced from Paper V. (b) The fraction of AlY, i.e. AlY /AI" +
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Figure 2.3 Composition dependence of the number of non-bridging oxygen per tetrahedron (NBO/T)
calculated based on the analyzed compositions and the fraction of tetrahedral aluminum from *’Al

MAS NMR. Reproduced from Paper V.

2.3 Sodium Boroaluminosilicate System

Boroaluminosilicate glasses have found applications in many fields, such as crystal display
substrates [Ellison & Cornejo 2010], glass fibers for reinforcement [Varshneya 2006],
9



thermal shock-resistant glass containers [Varshneya 2006], and radioactive waste glasses
[Jantzen et al. 2010]. Therefore, it is important to understand the structure of this glass
system. However, this is a complicated task due to the mixed network-former effect, which
leads to nonlinear variation in many macroscopic properties [Ingram 1987; Martin 1991;
Schuch et al. 2009]. The extent and nature of the mixing of the network-forming cations (Si,
B, and Al) play an important role in controlling the macroscopic properties. However, it is
not yet well-understood. Particularly, it is important to better understand the composition
dependence of Ng4, since boron speciation is a very important parameter controlling several
glass properties [Saini et al. 2009].

In Paper I, we have investigated the structure of ten sodium boroaluminosilicate (Na,O-B,0s-
Al,03-Si0,) glasses with varying [Al,O3]/[SiO,] ratio. The glasses are designed in a way to
access different regimes of sodium behavior. Figure 2.4 shows the designed composition of
the ten glasses in a ternary B,03-Al,03-SiO, phase diagram.

A0, Oy g5

Figure 2.4 Ternary B,0Os-Al,05-SiO, phase diagram (mol%) plus 15% Na,O. We mark the designed
glass compositions under investigation in Paper | downward the composition triangle.

The analyzed compositions of the glasses are slightly different from the batched
compositions, but we have retained the original naming convention based on xAl,O3, as listed
in Table 2.3.

There are mainly three different regimes of sodium behavior in sodium boroaluminosilicate
glasses: 1) Na* to stabilize aluminum in a tetrahedral configuration; 2) Na* to convert boron
from trigonal to tetrahedral coordination; and 3) Na* to form nonbridging oxygens on silicon
or trigonal boron. In Paper I, we have performed multinuclear NMR experiments on B,
27Al, Si and #Na to determine the complicated network former speciation and modifier
environments as a function of glass composition. We summarize these results in the
following, where we also evaluate the ability of several models to predict the network former
speciation.
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Table 2.3 Analyzed chemical compositions, melting temperature (Ty), glass transition temperature
(Tg), and fraction of tetrahedral to total boron (N,) of the boroaluminosilicate glasses. Reproduced
from Paper |.

Compositions (mol%o) Th T, N,

Glass Finin
ID  Si0, ALO; B,0; Na,O a'ge'ntg CC) (K) (at%)

AlO 80.08 0.16 4.84 1477 0.15 1450 809 94.9
All 79.38 116 4.85 14.60 0.14 1450 814 93.2
Al25 7880 200 470 1440 0.08 1450 822 94.6
Al5 78.10 4.00 420 13.60 0.07 1500 837 91.6
Al75 7690 570 430 13.00 0.06 1550 851 83.1
AI10 7590 750 430 1230 0.07 1600 871 744
Al125 72,00 1040 4.40 13.10 0.07 1650 887 43.6
All5  69.20 1270 4.60 13.50 0.07 1650 899 19.9
All75 6297 1718 499 1473 0.13 1650 956 1.0
Al20 60,52 19.61 5.00 14.73 0.14 1650 966 0.8

Ty was obtained by fitting viscosity data with MYEGA equation [Mauro et al. 2009b] and
determined as the temperature at which equilibrium viscosity is 10'2 Pa s [Paper 111]. The uncertainty
of Ty is approximately +5 K. AlO, All, Al17.5 and Al20 used SnO, as fining agent while the rest of
these glasses used As,O; as a fining agent.

2.3.1 Aluminum Speciation

The 2’ Al MAS NMR spectra of the ten mixed network-former glasses confirm the association
between Na" and tetrahedral aluminum groups (Fig. 2.5). When [Na,0O] > [Al,Os], the spectra
all consist of the Al' peak centered at around +50 ppm and the spectra are similar to one
another [Risbud et al. 1987]. This implies that there is no significant difference in the Al'Y
environment as a function of glass composition. For the two peraluminous glasses (Al17.5
and Al20), the Al MAS NMR spectra have become asymmetrically broader, which
indicates the presence of both Al'Y and AlY [Risbud et al. 1987]. 3QMAS NMR spectroscopy
provides higher resolution for quadrupolar nuclei such as 2’Al, enabling better resolution of
different coordination environments in the isotropic dimension. We have therefore also
obtained two-dimensional Al 3QMAS NMR spectra of representative glasses containing
low (AI2.5) and high (Al17.5) [Al,Os]. As described in Paper I, these data are consistent with
the 2’ Al MAS NMR data.
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Figure 2.5 2’ Al MAS NMR spectra of the boroaluminosilicate glasses as described and labeled in
Table 2.3. The asterisks mark spinning sidebands and the arrows denote background signal from rotor
components, which is only seen at the lowest [Al,O3]. Reproduced from Paper I.

The >’ Al MAS and 3QMAS NMR results indicate that the aluminum-to-sodium ratio controls
the Al speciation. For the peralkaline compositions, there is sufficient Na* available to
stabilize all aluminum in four-fold coordination. Thus, only the Al'Y peak is detected and the
AI"Y environments are mostly unchanged with composition. For the peraluminous
compositions, a small fraction of Al" is detected in both the >’Al MAS and 3QMAS NMR
data. The presence of AlY is due to the insufficient amount of charge-balancing modifier
cations (Na") to stabilize all Al in four-fold coordination. Therefor,e some higher
coordination Al species are formed and believed to provide an additional source of charge
compensation in these networks [Risbud et al. 1987; Sen & Youngman 2004]. Based on these
results, we can confidently use the value of [Na,O]-[Al,O3] to calculate an “effective”
modifier concentration. This concentration corresponds to the amount of modifier left to act
in other roles, including stabilization of B'" and creation of NBOs in a pseudo-ternary sodium
borosilicate glass.

2.3.2 Boron Speciation

The B MAS NMR spectra are characterized by a broad peak centered at +10 ppm,
corresponding to B"' sites, and a relatively narrow peak centered around -2 ppm,
corresponding to B' sites (Fig. 2.6). When [Al,03] < [Na,O], both B"'and B' are detected.
When [Al,03] > [Na,0], most of the boron atoms exist in B'"', with little evidence for the B"Y
resonance. The fraction of B' (N4) decreases with increasing [Al,Os] for the entire series of
glasses as reported in Table 2.3.
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Figure 2.6 B MAS NMR spectra of the boroaluminosilicate glasses as described and labeled in
Table 2.3. Reproduced from Paper I.

1B 3QMAS NMR spectra of representative glasses containing low (Al2.5) and high (Al17.5)
[Al, 03] confirm the presence of both B"' and B'Y sites [Paper 1]. Moreover, the spectra show
that the high-[Al,O3] glasses contain a small quantity of B' units. At low [Al,Os], the boron
are predominantly in four-fold coordination since there is sufficient sodium available to
convert boron from B"' to B'Y. As [Al,O3] increases, the effective modifier content decreases,
i.e., Ny decreases.

2.3.3 Non-Bridging Oxygen Formation

As described above, N4 never reaches 100% even when there theoretically is sufficient
“effective modifier” available to charge compensate all boron atoms in four-fold
configuration. Hence, after charge compensating Al'Y, not all of the excess Na* ions are used
in converting B"' to B". Instead, some of the excess modifier is used for formation of NBOs.
The NBOs can be formed on both boron and silicon.

Both B MAS NMR spectra and *'B 3QMAS NMR spectra contain evidence for formation
of NBOs on B"' [Paper 1]. However, the quantification of NBOs on boron is difficult due to
the small amount of boron. As the amount of excess modifier increases, the *'B MAS NMR
lineshape for B"' is changing from one comprised of all symmetric B"' units, to one with at
least some fraction of B"' with NBOs (Fig. 2.6).

23i MAS NMR spectra of the ten boroaluminosilicate glasses show that the silicon shifts to
higher chemical shift as [Al,Oz] increases (Fig. 2.7). The spectra at lower values of [Al,O3]
appear to be comprised of at least two separate resonances, whereas the peak narrows and
becomes more symmetric at higher alumina concentrations. This indicates that the Si
speciation changes with the variation of the [Al,O3]/[SiO;] ratio.
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Figure 2.7 2Si MAS NMR spectra of the boroaluminosilicate glasses. The spectra are labeled as in
Table 2.3. The spectrum of AIO includes a Gaussian deconvolution into two distinct resonances
(dashed lines). Reproduced from Paper I.

The quantification of non-bridging oxygen on silicon can be achieved by analysis of #Si
wideline (static) NMR spectral lineshapes (Fig. 2.8). The *Si wideline NMR spectra for low
[Al,O3] glasses are highly asymmetric, reflecting the existence of NBOs, which is consistent
with the 2°Si MAS NMR data.
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Figure 2.8 Wideline ?°Si NMR spectra of the boroaluminosilicate glasses. The spectra are labeled
using the naming convention in Table 2.3. Dashed lines denote lineshape simulations. Reproduced
from Paper |.

The wideline 2°Si NMR spectra were deconvoluted and fit with DMFit [Massiot et al. 2002]
in order to provide quantitative estimates of the relative amounts of silicon with three BOs
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and one NBO (Q°) and silicon with four BOs (Q*) (Table 2.4). The Q°® concentration
decreases with increasing [Al,O3] and become zero for [Al,O3]>~12 mol. Despite the
complications in determining the Q* populations, the *Si NMR data do show the presence
and compositional dependence of NBO on the [Al,O3]/[SiO,] ratio. The various NMR data
confirm that the “effective modifiers” are used not only for converting B"' to B'Y, but also for
creating Si-NBO and B-NBO. Hence, there is a competition between converting B"' to B'Y
and creating NBO.

Table 2.4 Q" units calculated by the random model and measured by NMR for the
boroaluminosilicate glasses as described and labeled in Table 2.3. Q™" is estimated for comparision to
the NMR results by assuming 0’=20° and ignoring the minor contributions from Q' in the random
model. Reproduced from Paper I.

Glass Random model NMR
ID Q'(%) Q%) Q* (%) Q' (%) Q%) Q%(%) Q* (%)
AlO 77.28 20.57 2.05 0.09 0.00 24.68 33
All 79.41 18.85 1.68 0.07 0.00 22.20 24
Al2.5 81.33 17.25 1.37 0.05 0.00 19.99 18
Al5 86.11 13.12 0.75 0.02 0.00 14.62 12
Al7.5 90.72 8.95 0.33 0.01 0.00 9.61 5
Al10 95.89 4.04 0.06 0.00 0.00 4.17 2
Al12.5 | 97.90 2.08 0.02 0.00 0.00 2.12 0
Al15 100 0 0 0 0 0 0
Al17.5 | 100 0 0 0 0 0 0
Al20 100 0 0 0 0 0 0

2.3.4 Structural Modeling

In the following section, we attempt to predict the fraction of tetrahedral to total boron (Ng)
and the fraction of silicon atoms with one NBO (Q%). In sodium borosilicates, the Dell and
Bray model [Dell et al. 1983; DeGuire & Brown 1984; Yun & Bray 1978; Zhong & Bray
1989] is a frequently used empirical model to predict the composition dependence of N4. To
apply this model to the boroaluminosilicate glasses, we use [Na,;O]-[Al,Oz3] as the “effective”
modifier concentration, since Al,O3; is not considered in this model. The values of Ny
predicted using this model are all larger than the values obtained from the 'B NMR data
(Fig. 2.9). Du and Stebbins [Du & Stebbins 2005] have developed a modified Dell-Bray
model for boroaluminosilicate glasses. This model groups Al and B as a single type of cation
based on the consideration that the mixing behavior for Al'Y is similar to that of B'" and the
variation of N, is related to avoidance among B' and Al'"Y species. The N4 values predicted
by this model also exhibit a certain degree of discrepancy with the experimental NMR data
(Fig. 2.9). However, according to Du and Stebbins [Du & Stebbins 2005], the model is not
expected to precisely predict N4 in our glass system with the composition range of Al>>B.
Despite of the discrepancy, the Du-Stebbins model gives a good prediction of the N4 variation
with composition.
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Figure 2.9 Comparison of the N, data obtained from NMR and the three different models. The errors
of the experimental N, values are smaller than the size of the symbols. Reproduced from Paper I.

As noted above, there is a competition between converting B"' to B'" and creating NBO. This
has not been considered in any of the previous models for boron speciation. To quantify this
effect, we consider the two-state statistical mechanical model of boron speciation recently
introduced by Smedskjaer et al. [Smedskjaer et al. 2011a]. In this model, the addition of
network modifiers leads to a thermodynamic competition between the formation of NBO and
the conversion of boron from trigonal to tetrahedral configuration.

According to the two-state model, the free energy associated with NBO formation on Si'”
takes an intermediate value compared to those of the B"' to B'" conversion and NBO-on-B"
formation [Smedskjaer et al. 2011a; Araujo 1980; Araujo 1983; Araujo 1986]. This value
appears to be close to the energy associated with B"' to B'" conversion. AH is defined as the
enthalpy difference between NBO formation and B'"' to B'" conversion. When
[Na,O]<[Al,O3], we state that N,=0, which is close to the values determined from ‘B MAS
NMR. When [Na,O]>[Al,O3], N4 can be calculated as [Paper 1]

[Na,O] -[Al,O;]

4 = . y (21)
[B,O,]1+[SiO,]exp[—-AH /KT, ]

where k is Boltzmann’s constant. The fictive temperature T¢ is taken as equal to the glass
transition temperature (cooled at 10 K/s), i.e., Tf = Tq[Yue 2008]. The N4 value is governed
by the enthalpy difference between the two states (AH) and the number of available boron vs.
silicon sites. If AH is large, the modifiers are more likely to be used for charge-balancing B',
so N4 will be large. With higher fictive temperatures and high SiO, concentrations, N, attains
a lower value due to the effect of entropy. The model predictions are in good agreement with
the experimnetal NMR results (Fig. 2.9). However, this model has its limitation, i.e., the
fictive temperature effect on N4 applies only to silicate and boroaluminosilicate glasses, and
N, is predicted to increase monotonically with Na,O content. Despite several limitations of
the two-state model, it gives the best prediction of boron speciation compared to the Dell-
Bray model and the Du-Stebbins model.
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Next, we attempt to also predict the Si speciation. To do so, we apply the random model
which is used to describe the distribution of Q" units in silicate glasses. The Q" values are
calculated as

41

= m(l— p)"p*", (2.2)

Qn
where p is the probability that a randomly chosen Si-O bond includes a NBO. For our
aluminoborosilicate glasses, p=NBO/(4[Si"']+3[B""]). Figure 2.10 shows that the values of
Q? calculated by the random model agree well with the values obtained from fitting the
wideline #°Si NMR spectra, viz., Q° decreases as [Al,Os] increases.
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Figure 2.10 Comparison of Q* data calculated by the random model and measured by NMR of the
boroaluminosilicate glasses as described and labeled in Table 1. The error range of the NMR data is
+5%. Reproduced from Paper 1.

2.3.5 Structural Role of Sodium

The NMR spectra of the network-formers presented in the previous sections give information
about the structural role of sodium in these glasses. To further investigate the role of sodium,
we consider the 2Na MAS NMR spectra. As shown in Fig. 2.11, the spectra exhibit a single,
asymmetric resonance for all of the ten glasses. As [Al,O3] increases, the resonance becomes
narrower and less asymmetric. At low [Al,O3], the broad >Na MAS lineshapes suggests
multiple or at least a large distribution of sodium environments. They are likely from Na* as a
charge-balancing cation for B'"Y, NBO on boron and/or silicon, as well as a small fraction of
AIV. At higher [Al,Os], the narrow **Na MAS lineshapes suggests a more uniform
environment (and role) of Na* ions, i.e., they are mostly used to charge-balance Al'Y at the
higher [Al;O3]. As described in Paper I, the Na 3QMAS NMR spectra confirm these
changes in the 2Na resonance with increasing [Al,Os]. Hence, the *Na NMR data are
consistent with the NMR data for the network formers and thus confirm our previous
structural analysis.
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Figure 2.11 ®Na MAS NMR spectra of the boroaluminosilicate glasses. The spectra are labeled
using the naming convention in Table 2.3. Reproduced from Paper I.

2.4 Summary

We have investigated the structure of three different glass systems: soda lime borate, soda
lime aluminosilicate, and sodium boroaluminosilicate glasses. For the series of the soda-lime
borate glass, using Gupta’s random pair model for network formation, Smedskjaer et al. have
calculated N4 and it shows good agreement with the *'B MAS NMR data. For the series of
soda-lime aluminosilicate glasses, we investigate the influence of the Al,O3 content on the
structure. AlY starts to form for [Al,05]>[Na,0], and the fraction of AlY increases with
increasing Al,O3 content. The network connectivity increases as the increase of [Al,O3]. For
the ten Na,O-B,03-Al,03-Si0O, glasses, we confirm that when [Na,O]<[Al,O3], almost all
sodium is used to charge compensate Al'. When [Na,O]>[Al,Os], sodium first charge
compensates Al'Y, after charge compensating Al'Y, not all of the excess Na* ions are used for
converting B"' to B"Y, since some are used to create NBOs on both Si and B. We found the N,
predicted by the two-state model shows best agreement with the measured values compared
to Dell-Bray and Du-Stebbins models.



3. Dynamics of Oxide Liquids

Accurate knowledge of the temperature and composition dependence of shear viscosity is of
critical importance for all stages of industrial glass production. Furthermore, it is crucial for
the fundamental understanding of glass transition and relaxation phenomena. However, after
many decades of research, our understanding of the mechanisms of viscous flow remains
substantially incomplete [Debenedetti & Stillinger 2001; Mauro et al. 2009b]. Ideally, a
comprehensive theory should explain all thermodynamic and kinetic properties of glass-
forming systems, both at the microscopic and macroscopic levels.

In this section, we discuss the dynamic properties from both kinetic and thermodynamic
points of view. Particularly, we address the important question about whether there exist
universal dynamics of silicate liquids at the high-temperature limit. In other words, we
investigate whether the high-temperature viscosity limit is composition dependent or not. We
analyze this by using a large amount of viscosity data from Corning Incorporated to obtain a
statistically significant result.

One of the remaining puzzles of the glass transition is the origin of a glass-forming liquid’s
“fragility,” which quantifies the departure of its relaxation time from Arrhenius activated
kinetics. Many studies have attempted to find the link between the kinetic fragility index m
determined from viscosity measurements and various thermodynamic fragility indices
[Stebbins & Xu 1997; Bian et al. 2007; Angell 2008; Du et al. 2000; Huang & McKenna
2001]. However, it remains an open question whether the connection exists. We investigate
this question by studying the dynamic and thermodynamic behaviors of three different glassy
systems: soda-lime borate (Na,O-CaO-B,03), soda-lime aluminosilicates (Na,O-CaO-Al,Os-
Si0,), and sodium boroaluminosilicate (Na,O-B,03-Al,03-Si0,) glasses.

3.1 High-temperature Limit of Viscosity

Shear viscosity is a measure of the resistance of a liquid to shear deformation [Shelby 2005].
It is perhaps the single most important property of glass-forming liquids, since adequate
control of flow behavior is essential for all steps of industrial glass production. The strain,
annealing, softening, working, and melting points are crucial in the glass industry [Varshneya
2006]. For example, during glass formation, if a melt possesses high viscosity at its liquidus
temperature (temperature at which the last crystals melt upon heating), crystallization is
impeded since the high viscosity creates a large kinetic barrier toward atomic rearrangements.
Therefore, such melts can normally easily be turned into glasses instead of crystals due to the
slow dynamics. Moreover, the temperature dependence of viscosity also determines the
maximum use temperature, at which a glass product can be processed or applied before its
shape or properties change.

The shape of the viscosity vs. temperature curve varies greatly among different glass-forming
liquids. If the shear viscosity at infinitively high temperature (7.,) takes a composition
independent value, it would simplify the process for modeling the composition dependence of
liquid viscosity and it is an indication of the universal dynamics of silicate liquids at the high-
temperature limit.

3.1.1 Viscosity Measurements
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The viscosity of a glass-forming liquid decreases as the temperature increases. This is
illustrated in Fig. 3.1 for a soda-lime borate composition. The viscosity data for glass-forming
liquids are typically measured in two regimes: at temperatures slightly above the glass
transition temperature and at temperature above the liquidus temperature. Below the glass
transition temperature, the equilibrium viscosities cannot be obtained due to the slow
dynamics of the system. The viscosity values in between the glass transition and liquidus
temperatures can normally also not be measured due to the crystallization problem.
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Figure 3.1 The logarithmic shear viscosity (log #) as a function of temperature for the glass-forming
liquid with the composition (in mol%): 25Na,0-10Ca0-64B,05-1Fe,0s.

In Fig. 3.1, the low viscosities (approximately 10°-10° Pa s) are measured using a concentric
cylinder viscometer. In the high viscosity range (approximately 10'°-10% Pa s), the
viscosities are measured using micro-penetration viscometer with a vertical dilatometer.
There is no one instrument or method can be used over the entire viscosity range. For the
high viscosity range, there are several other methods that can be used, such as fiber
elongation (~10°-10" Pa s), parallel plate (~10°-10° Pa s), and beam bending (~10-10* Pa s)
viscometers.

3.1.2 Models of Liquid Viscosity

It follows from the above that there is a range of temperatures, for which it is difficult (or
even impossible) to obtain viscosity values. Therefore, it is important to have an accurate
model to describe the temperature dependence of viscosity. Furthermore, it is desirable if the
model has as few fitting parameters as possible and that the parameters have a physical
meaning. Among the three-parameter viscosity models, the VVogel-Fulcher-Tammann (VFT)
equation [Scherer 1984] is the most frequently applied model:

(3.1)

lo =lo o + .
G0 7(T) =logyo 7 T-T,

where T is temperature, X is composition, and 7., A, and Ty are the three fitting parameters.

VFT works well for a variety of liquids, mostly oxide liquids with low fragility, but performs

worse for the higher fragility liquids [Angell et al. 2000]. However, the main drawback of VFT
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is that it appears to break down at low temperatures due to dynamic divergence at T = Ty and
consequently assumes vanishing configurational entropy at a finite temperature [Stickel et al.
1995]. Therefore, VFT often overpredicts viscosity values at low temperatures [Mauro et al.
2009b].

Avramov-Milchev (AM) equation of viscosity is an alternative three-parameter model. It
describes the kinetics of the molecular motion in supercooled liquids using an atomic
hopping approach [Avramov & Milchev 1988]. The AM equation is given by

logy 77(T) =l0gyg 7., J{%) : (3.2)

where 7., 7, and « are the AM fitting parameters. The AM equation predicts divergent
configurational entropy in the limit of high temperature, which is physically unrealistic
[Avramov 2005; Mauro et al. 2009Db].

Recently, Mauro et al. presented a new three-parameter model named the Mauro—Yue—
Ellison—-Gupta—Allan (MYEGA) equation [Mauro et al. 2009b]. The MYEGA equation is
derived from the Adam-Gibbs equation [Adam & Gibbs, 1965], which relates viscosity to the
configurational entropy of the liquid, S¢(T,x). The Adam-Gibbs equation has proved to be
successful in describing the viscous flow behavior of a wide variety of systems [Scherer
1984] :

B
logyo 7(T)=10G40 7., +m : (3.3)

The configurational entropy is a complex quantity for glassy systems, but it can be modeled
by using constraint theory (constraint theory will be explained in details in Chapter 4). In
detail, the configurational entropy can be related to the topological degrees of freedom per
atom (f(T,x)) [Phillips 1979; Phillips & Thorpe 1985], by employing the energy landscape
analysis of Naumis [Naumis 2006] and the temperature-dependent constraint model of Gupta
and Mauro [Gupta & Mauro 2009]. As described in detail in Ref. [Mauro et al. 2009b], a
simple two-state system is applied to obtain the model for f(T,x). In the model, the network
constraints are either intact or broken, with an energy difference given by H(x). Based on
energy landscape analysis and the temperature-dependent constraint model for
configurational entropy [Adam & Gibbs 1965; Gupta & Mauro 2009; Phillips & Thorpe
1985], the following three-parameter model is obtained [Mauro et al. 2009b]:

K C
logo 7(T) =l0gyg 77, +?exp(?j : (3.4)

where 7., K, and C are the fitting parameters. This model provides a physically realistic and
accurate description of liquid dynamics [Mauro et al. 2009b]. This equation can be
transformed into the following expression:

T m T
logyo 7(T ) =logyg 7., + ('0910 Mg — 10010 nw)?g eXpng o — 10010 7y j(?g _1H (3.5)
1o trg — 1010 75
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where 7rq is the viscosity at Tg. Among the three viscosity models, MYEGA is the only
approach that performs a realistic extrapolation of configurational entropy in both the high
and low temperature limits. With more accurate description of the low temperature scaling of
viscosity and the absence of divergence at a finite temperature, MYEGA shows strong
evidence against the existence of dynamic divergence in glass-forming liquids [Mauro et al.
2009Db], which has also been demonstrated in the recent work of Hecksher et al. [Hecksher et
al. 2008].

3.1.3 High-Temperature Viscosity Limit

The above-mentioned viscosity models all have a common parameter: the high-temperature
limit of viscosity (7.,). It is impossible to directly measure the high temperature limit of
viscosity. Therefore, the value is a fitting parameter in the viscosity models and it is obtained
by extrapolating the low temperature viscosity data to infinitely high temperature. The fitting
of viscosity data would be significantly improved if the value of 7, is universal and
composition independent, i.e., the fitting could be done with two instead of three fitting
parameters. In previous studies, researchers have tried to fit viscosity data with different
viscosity models to get 7., [Barrer 1943; Russell et al. 2003; Giordano et al. 2008]. However,
these previously obtained values were obtained using a rather limited range of compositions.
Hence, it was impossible to conclude whether 7., a universal constant is or not. Moreover, the
viscosity models used in these previous studies (e.g., VFT and AM) all have the drawbacks
that they do not give reasonable extrapolations at low and high temperatures, as discussed
above.

As described in Paper Il, we have investigated the universality of the high temperature limit
of liquid viscosity by analyzing measured viscosity curves for 946 silicate liquids from
Corning Incorporated, in addition to 6 borate [Smedskjaer et al. 2010a], 11 metallic [Zhang et
al. 2010], 4 molecular [Mauro et al. 2009b], and 9 ionic liquids [Okoturo & VanderNoot
2004], and also water [Guevara-Carrion et al. 2011]. The 946 Corning liquids cover a wide
composition space, from simple calcium aluminosilicate ternaries through complex
boroaluminosilicates with up to eleven unique oxide components [Ellison & Cornejo 2010].

We then fit the three viscosity models (VFT, AM, and MYEGA) to the measured viscosity
data for 946 different silicate liquids and for each model we obtain the high temperature limit
of viscosity. In [Mauro et al. 2009b], by comparing the three viscosity models regarding the
fitting quality, the MYEGA model has been found to be the best among them. For the 946
silicate liquids, based on the root-mean-square (RMS) error of the viscosity fits, the MYEGA
model shows the best fit to the experimental data for the whole range of compositions, as
compared to VFT and AM [Paper II].

Figure 3.2 shows the logio 7. values obtained by fitting the three viscosity models to the 946
Corning liquids. The straight lines represent the average logio 7. values. The average 10910 7
value predicted by MYEGA is -2.93, while AM produces an unrealistically high value (-1.74)
[Kobeko 1952], and VFT gives a comparably low value (-3.87). The average logio 7., value
predicted by MYEGA is in line with previous estimates [Kobeko 1952; Russell et al. 2003].
Due to the unphysical divergence of configurational entropy in the high temperature limit of
AM and unphysical divergence of viscosity at low temperatures of VFT, both these models
give unrealistic predictions of logip 7... MYEGA also gives the lowest standard deviation of
log10 7. for all the compositions, as shown in Fig. 3.2. According to [Mauro et al. 2009b], it
has been proved that MYEGA is the most physically realistic viscosity model in both the
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high and low temperature limits [Mauro et al. 2009b], therefore it is expected to yield the
most accurate value of 7. In [Mauro et al. 2009b], the MYEGA model has been found to
give the narrowest distribution of logio 7. values around -3. Here we use more statistical data
to confirm this.
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Compositions
Figure 3.2 Log - values obtained by fitting three viscosity models to 946 silicate liquids from

Corning Incorporated. The straight lines represent the average logi, #- values and o is the standard
deviation. Reproduced from Paper II.

Figure 3.2 shows that there is significant scatter in the logio 7., values obtained by the three
models. In order to investigate whether this scatter is due to experiment errors or actual
dependence of logio #.. On composition, we have plot the value of logi 7. for different
alkaline earth boroaluminosilicate compositions as a function of different composition
variables. As shown in Fig. 3.3, there is no trend of logio #. With any of the composition
variables, i.e., 7., exhibits a random variation around 10%% Pa:s for the MYEGA model. This
indicates that there is no composition dependence of logio 7., i.e., the scatter around the
average values is due to the experimental uncertainties and differences in the range of
temperatures over which viscosity is measured.
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Figure 3.3 Logo 7- values obtained by fitting the MYEGA to the viscosity-temperature dataset of
946 Corning compositions, as a function (a) SiO,, (b) Y RO - Al,Os, and (¢) Y RO - Al,05-B,0;
content. >’RO represents the total concentration of alkaline earth oxides. The oxide contents were
measured by x-ray fluorescence. The straight lines represent the average values.

In addition to silicate liquids, we have also investigated a range of non-silicate liquids such as
borate [Smedskjaer et al. 2010a], metallic [Zhang et al. 2010], molecular [Mauro et al.
2009b], and ionic liquids [Okoturo & VanderNoot 2004], and also water [Guevara-Carrion et
al. 2011]. For these non-silicate liquids, we do not have as many data as for the silicate
liquids and the statistically certainty of the result is therefore lower. However, the fitted
values of 7., using the MYEGA model for these systems are indeed close to the average value
of ~10° Pas (Fig. 3.4). Nevertheless, in future work, it is necessary to collect more
systematic data for the non-silicate liquids in order to get test whether 10 Pas is truly a
universal value of 7., for all glass-forming liquids.
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Figure 3.4 Log,, #- values obtained by fitting MYEGA to several borate [Smedskjaer et al. 2010a],
metallic [Zhang et al. 2010], molecular [Mauro et al. 2009b], and ionic liquids [Okoturo &
VanderNoot 2004], and water [Guevara-Carrion et al. 2011]. The abscissa represents an arbitrary
composition space. Reproduced from Paper II.

The data reported here suggest that 7, is a universal, composition independent value. Then
the question arises: why are dynamics of all liquids at infinitively high temperature universal?
In order to answer this question, we first consider the Maxwell’s relation, which has
previously been used to predict the high-temperature viscosity limit [Russell et al. 2003;
Giordano et al. 2008]. It is written as 7., = Gz, where G, is the shear modulus at infinite
frequency and z is the structural relaxation time at infinite temperature, which is equal to the
liquid quasilattice vibration time (z,~ 10 s) [Angell 1985]. G., of oxide liquids is equal to
~29 GPa [Bornhoft & Brickner 1999] with only slight variation with composition and
temperature above T4 With these values of G, andz,, 7., is calculated to be around 103°Pas.
However, in our view, any explanation of a universal value of 7, based on vibrations is not
correct. This is because at infinite temperature, the system is essentially not
vibrating. Therefore, we need a more physically realistic explanation of the universality of

oo

In the following, we apply topological constraint theory to explain the physical meaning of
the high-temperature viscosity limit. This theory will be explained in more details in Chapter
4, where it is also used to account for the composition dependence of macroscopic glass
properties. According to the Phillips and Thorpe constraint theory [Phillips 1979; Thorpe
1983], the atomic structure of a glass or glass-forming liquid may be treated as a network of
bond constraints. The network can be floppy (underconstrained), isostatic (optimally
constrained), or stressed-rigid (overconstrained), depending on the average number of
constraints per atom (n) compared to the network dimensionality (d). Each atom in the
network has three translational degrees of freedom in the three-dimensional space. If the
number of constraints is less than the degrees of freedom, the network is floppy. If the
number of constraints is greater than the degrees of freedom, the network is considered to be
stressed-rigid.

While the original Phillips-Thorpe theory is formulated for zero temperature conditions,
Gupta and Mauro [Gupta & Mauro 2009] presented a topological modeling approach
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incorporating a temperature dependence of constraints that become rigid as a liquid is cooled.
At infinitely high temperature, all three degrees of freedom are floppy for each atom, so each
atom has three continuous modes of deformation, independent of atom type. Therefore, all
silicate liquids exhibit the same flow behavior in the limit of high temperature. In other
words, a convergence of 7., values at 10%% Pa-s for silicate liquids is physically meaningful
in terms of constraint theory.

By defining the high temperature viscosity limit, the fitting parameters of the MYEGA model
are reduced to only two, namely, the glass transition temperature and fragility index. This
result simplifies the modeling process of the compositional dependence of viscosity.

3.2 Liquid Fragility

As mentioned above, understanding the temperature and composition dependence of the
dynamics of glass-forming liquids is a longstanding problem in the condensed matter physics
[Debenedetti & Stillinger 2001; Ediger et al. 1996; Angell et al. 2000; Mauro & Loucks
2007]. At the heart of this problem lies the glass transition, i.e., the process by which an
equilibrium, ergodic liquid is gradually frozen into a nonequilibrium, nonergodic glassy state
[Gupta & Mauro 2007; Mauro 2011b]. The most fascinating feature of a supercooled glass-
forming liquid is arguably its dramatic rise in viscosity as it is cooled toward the glass
transition (see Fig. 3.1). For most liquids, the temperature dependence of 7 is super-
Arrhenius, which is captured by the viscosity models introduced in Section 3.1.2. Hence,
increases more dramatically upon cooling than expected from an Arrhenius law. In other
words, the free energy activation energy barrier to viscous flow is not a constant, but rather
dependent on temperature [Richert & Angell 1998; Dyre 2007; Ojovan et al. 2007].

Fragility is a common measure of the slowing down of liquid dynamics upon cooling through
the glass transition. Liquids can be classified as either “strong” or “fragile” depending on
whether they exhibit an Arrhenius or super-Arrhenius scaling of viscosity with temperature,
respectively. The degree of non-Arrhenius scaling varies greatly among different glass-
forming liquids and reflects the second derivative of the viscosity curve with respect to
inverse temperature. In the well-known Angell plot [Angell 1988; Angell et al. 2000], the
logarithm of viscosity, logio #, is plotted as a function of the Tg-scaled inverse temperature,
Ty/T (Fig. 3.5). Here, Ty is the glass transition temperature, defined as the temperature at
which the liquid viscosity equals 10** Pa-s, and T is absolute temperature. The slope of the
Angell curve at Ty defines the fragility index m,

m .
a(T, /T) -
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Figure 3.5 Angell fragility plot showing the logarithmic viscosity (log #) as a function of the T,
scaled inverse temperature (T,/T) for various organic and inorganic glass-forming liquids. Reproduced
from [Angell 1988].

Angell has proposed that the non-Arrhenius character is directly connected to fragility with
the assumption of a universal high temperature limit of viscosity [Angell et al. 2000].
However, the assumption of 7. has not yet been validated by a systematic analysis of
experimental data. With our work presented in Section 3.1.3, we have confirmed that silicate
liquids have a universal value of 7., at around 107 Pa-s. Therefore, the non-Arrhenius scaling
of liquid viscosity can be quantified through the fragility index m of the liquid.

The viscosity models introduced in Section 3.1.2 have different sets of adjustable fitting
parameters. However, all of them can be rewritten in terms of the glass transition
temperature, Ty, fragility index m, and high-temperature viscosity limit #.. Since the high-
temperature viscosity limit is equal to approximately 10 Pa-s [Paper 11] and the viscosity at
Tg (177g) is equal to 10" Pa s for oxide glasses [Yue 2008], we have the relation log ntg — log
n-=12-(-3)=15. Thus, Eq. (3.5) can be written as [Paper I1],

T?'r“s exp{(% —1)[% —1}} . 3.7)

By defining the high temperature viscosity limit as a fixed value (i.e., log 7., =-3), the
MYEGA model therefore only contains two fitting parameters (T, and m). This result
simplifies the modeling process of the compositional dependence of viscosity and indicates a
common underlying physics of silicate liquids at the high temperature limit, as discussed
above.

log,,7(T)=-3+15

Based on Angell’s [Angell et al. 2000] thought that strong liquids have stable structures with
a high degree of short range order, strong liquids are expected to exhibit small property
changes when going from the liquid state to the glassy state. On the other hand, fragile liquids
are generally characterized by less well defined short range order, and they thus display
dramatic changes in properties in the glass transition range [Huang & McKenna 2001; Shelby
2005]. Due to this structural difference in temperature dependence, fragile liquids are
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expected to have large configurational heat capacities (i.e., large change in heat capacity
during glass transition), resulting from dramatic temperature dependence of configurational
entropy [Huang & McKenna 2001]. Hence, it is interesting to investigate the correlation
between the fragility index m and thermodynamic property changes, such as heat capacity.

The fragility index determined from viscosity measurements is defined as the Kkinetic
fragility. Some of the thermodynamic property changes during the glass transition can be
determined from differential scanning calorimetry (DSC) measurements. Hence, DSC
parameters associated with thermodynamic fragility can be calculated, such as the jump in
isobaric heat capacity (ACp) in the glass transition region [Angell 1995] and the glass
transition width (ATg) [Mauro & Loucks 2008].

There have been several attempts to connect the kinetic fragility index m determined from
viscosity measurements with measures of thermodynamic fragility [Stebbins & Xu 1997,
Bian et al. 2007; Angell 2008; Du et al. 2000; Huang & McKenna 2001]. Whether there is a
parallel relation between the kinetic and the thermodynamic fragilities is still an unanswered
question. In the following, we investigate the connection between kinetic and thermodynamic
measures of liquid fragility for three glass-forming systems: soda-lime borate, soda-lime
aluminosilicates, and sodium boroaluminosilicate compositions. We do so by comparing the
experimental DSC and viscosity data with a previously proposed model for the correlation
between m and AC,,.

3.2.1 Procedure for Analyzing DSC Data

In order to quantify the thermodynamic measures of liquid fragility, we have determined
several DSC parameters: Cp - Cpg, Cppeak - Cpg, ATg, and (dCp/dT)infiect. The procedure for
determining these parameters is illustrated in Fig. 3.6. The jump in C, during the glass
transition is calculated as Cp - Cpg = ACp, Where Cyq and Cy are the isobaric heat capacities of
the glass at Ty and the liquid, respectively. Cy is determined as the offset value of the C,
overshoot above the glass transition range. Another characteristic value is the overshoot value
of the glass transition peak, Cppeak. The glass transition width ATy is determined as Tg,offset —
Tg, Where Tg,ofset IS the temperature at the offset of the C,, overshoot. We have also calculated
the slope value of the sharp rising C, curve at the inflection point, (dCp/dT)inflect.
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Figure 3.6 Illustration of the procedure for determining the characteristic temperatures (Tq and Tg ofsser)
and heat capacities (Cpg, Cpi, Cp peax @nd (dCp/dT)infiecr) Using DSC.
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3.2.2 Configurational Heat Capacity Model

In the following, we present the model of configuration heat capacity (Cpcons) introduced by
Smedskjaer et al. [Smedskjaer et al. 2011a]. The model is derived based on a combined
topological and thermodynamic approach that gives a correlation between AC, and m, i.e.,
between thermodynamic and kinetic measures of fragility, respectively.

The model assumes that Cpconf = ACy, since the glassy state contains primarily vibrational
degrees of freedom, whereas the liquid state contains both vibrational and configurational
degrees of freedom [Mauro et al. 2010; Potuzak et al. 2010]. However, this assumption may
not be completely valid for all fragile systems [Martinez & Angell 2001]. First, Cpcont IS
written in terms of configurational enthalpy (Hconr) and entropy (Sconr) [Smedskjaer et al.
2011a]:

aH conf aH conf a In Sconf 1 6H conf a In Sconf
AC, = = == . (38
or ) oInS ; oT ) T{oInS olnT )

conf conf

By combining the Adam-Gibbs model of liquid viscosity (Eq. 3.3) with the definition of
fragility m (Eq. (5)), the following expression is obtained [Smedskjaer et al. 2011a]:

m= m0[1+msc—(mm ], (39)

oInT
where my = 15 is the fragility of a strong liquid. Insertion of Eq. 3.9 into Eq. 3.8 gives
[Smedskjaer et al. 2011a]

S oH
AC, _ conf | Z conf m_4q (3.10)
T, | 0S o7t WMo

g conf

Sconf @t Tq is inversely proportional to Ty [Gupta & Mauro 2009]. oH, /ES,, iS by

definition equal to the configurational temperature (Tconr) at constant pressure [Araujo &
Mauro 2010], which for a standard cooling rate is equal to T4. Therefore, Eq. 3.10 can be
rewritten as [Smedskjaer et al. 2011a]

AC, =ﬁ(ﬂ—1j, (3.11)
T, \m,

conf

where A is the proportionally constant connecting Scont(Tg) With Ty.

Using the measured values of AC,, Ty, and m and A as the sole fitting parameter, Eq. 3.11
can be used to test the possible correlation between AC, and m. As shown in Fig. 3.7a, the
model works well for a series soda-lime borosilicate glasses, where the ratio of the network
formers (SiO, and B,0O3) change but the modifiers are constant [Smedskjaer et al. 2011a].
Here, we have also tested the model for a series of sodium silicate glasses containing
different alkaline earth ions (Mg, Ca, Sr, and Ba) [Smedskjaer et al. 2009]. The model also
works well for these glasses (Fig. 3.7b).
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Figure 3.7 Measured versus predicted values of AC, using Eq. 3.11 for (a) soda-lime borosilicate
glasses [Smedskjaer et al. 2011a] and (b) sodium silicate glasses with different alkaline earth oxides
[Smedskjaer et al. 2009].

3.2.3 Data for Oxide Systems
Soda-Lime Borate Liquids

The viscosity of the series of soda-lime borate liquids (xNa,O-10CaO-(89-x)B,03-1Fe;03
with x =5, 10, 15, 20, 25, 30 and 35) was measured by both micro-penetration and concentric
cylinder viscometry. The viscosity data are fit to the MYEGA model, and the kinetic fragility
index is derived from the best-fit of MYEGA [Paper IV]. m increases with increasing Na,O
content, but after reaching the maximum value at x = 25, m decreases with further addition of
Na,O. The structural origin of this composition dependence of m will be discussed in Chapter
4.

In order to quantify the thermodynamic measures of fragility, we have determined Cp-Cg,
Cp.peak-Cpg, and ATy. It has been found that C,-Cpg increases with the increase of m for many
glass-forming systems, but not all systems follow this trend [Wang et al. 2006]. There is no
apparent trend in Cp-C,q With composition for these soda-lime borate glasses (Fig. 3.8a), yet
there is a trend in Cppeac-Cpg and glass transition width with composition (Fig. 3.8b). The
kinetic fragility shows a positive correlation with the values of Cppea-Cpg and the glass
transition width since fragility is fundamentally a kinetic property, and the glass transition
width is a reflection of kinetics (i.e., a steeper viscosity curves gives a more sudden
breakdown of ergodicity [Huang & McKenna 2001; Mauro & Loucks 2008] at T). But Cy -
Cyg is a purely thermodynamic quantity, and the connection to kinetic fragility is apparently
lost for these borate glasses.
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Figure 3.8 (a) The step change in the heat capacity (Cy-Cpg) and (b) Cp peak-Cpg at the glass transition
as a function of Na,O content (x) for the seven glasses (xNa,O-10CaO-(89-x)B,0s-1Fe,03). Inset:
Co.peak-Cpg as a function of the glass transition width (AT,) during heating. Reproduced from Paper V.

We have applied the configurational heat capacity model (Eg. (10)) to these soda-lime borate
glasses. The results are shown in Fig. 3.9. The model completely fails for this series of
glasses, since the measured values of AC, are fairly constant whereas the model predicts a
change by a factor of nearly two. These borate liquids are relatively fragile (m around 50 to
75) and the assumption about C, conf =~ AC, may thus not be valid for these systems.
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Figure 3.9 Measured versus predicted values of AC, using Eq. 3.11 for soda-lime borate glasses with
varying [Na,Q]/[B,0s] ratio [Paper IV].

Soda-Lime Aluminosilicate Liquids

We have explored the dynamic properties of the soda lime aluminosilicate glasses with
compositions (in mol%) of (76-x)SiO,—xAl,03—16Na,0—8CaO with x = 0, 2.7, 5.3, 8, 10.7,
13.3, 16, 18.7, 21.3, and 24. The glass transition temperature (Ty) and fragility index (m) of
the glasses are determined by fitting measured viscosity data to the MYEGA model. The
composition dependence of T4 and m is explained in terms of temperature-dependent
constraint theory in Chapter 4.
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In terms of the thermodynamic measures of fragility, Kjeldsen et al. have determined Cp-Cg,
Cp.peak-Cpg, ATg and (dCy/dT)infiect [Kjeldsen et al. 2012]. As seen in Fig. 3.10a, Cp-Cpg does
not show obvious trend with composition, however, Cppea-Cpg displays approximately
parallel relation with fragility (Fig. 4.6). The trends exhibit here is consistent with the
discussion in the soda lime borate glasses. ATgand (dC,/dT)infiect are inversely correlated for
the soda lime aluminosilicate glasses (Fig. 3.10b), i.e., the larger the value of AT, the smaller
the value of (dCy/dT)infiect. These values are also expected to be correlated with the Kinetic
fragility index m. Although the relation is not so apparent for this glass system, the general
trends can still be observed. We compare the C,-Cpq data obtained by DSC and predicted by

the configurational heat capacity model. As shown in Fig.11, only the heat capacity change of
some compositions follows this model.
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Figure 3.10 (a) The step change in the heat capacity (C,-Cpg) VS. Cppeak-Cpg at the glass transition (b)
glass transition width (ATg) vs. the slope of the rising heat capacity curve at the inflection point during
glass transition ((dCp/dT)infiec) from DSC measurements as a function of Al,O; content for the soda
lime aluminosilicate glasses.

25
X 20 |
2
3 4
215 L 2 * 'y
2 ¢ L 2
S
K
2 10 |
5 T T T
5 10 15 20 25

Measured AC,, (J/Imol-K)

Figure 3.11 Measured versus predicted values of AC, using Eq. 3.11 for soda lime aluminosilicate
glasses.
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Sodium Boroaluminosilicate Liquids

We have also investigated twenty sodium boroaluminosilicate systems of varying
[SiO2]/[Al,O3] ratio with or without 1 mol% Fe,O3 [Paper IllI]. The glass transition
temperature has been determined using both viscosity (Tgvis) and DSC measurements
(Tgpsc). As shown in Paper 111, there is an approximate one-to-one correspondence between
Tgvis and Tgpsc. Hence, the onset of the calorimetric glass transition corresponds
approximately to the temperature at which the equilibrium liquid viscosity is 10'* Pa s. This
is in agreement with the findings of Yue [Yue 2008; Yue 2009].

This glass system displays an approximately parallel relation between Cp-C,q and m [Paper
I11]. The configurational heat capacity model (Eg. 3.11) is thus to some extent able to capture
the composition dependence of AC, for these boroaluminosilicate glasses (Fig. 3.12).
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Figure 3.12 Measured versus predicted values of AC, using Eq. 3.11 for sodium boroaluminosilicate
glasses with or without iron and with varying [SiO,]/[Al,O3] ratio [Paper I11].

ATq and (dCp/dT)infiect are also inversely correlated for the boroaluminosilicate glasses.
Similar to the soda lime aluminosilicate glasse, our experimental findings here reveal that
ATy is inversely correlated with m and (dC,/dT)infiect iS positively correlated with m (Fig.
3.13). This is because a higher value of m leads to a sharper departure from supercooled
liquid path during cooling and a more sudden and well-defined glass transition.
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Figure 3.13 Glass transition width (AT,) and slope of the rising heat capacity curve at the inflection
point during glass transition ((dC,/dT)infiect) from DSC measurements as a function of m from viscosity
measurements for both iron-containing and iron-free glasses. Reproduced from Paper III.

However, the results shown in Fig. 3.13 are only for a fairly limited range of composition and
values of m. Hence, a detailed trend for the changes of both ATy and (dCp/dT)infiect With m still
needs to be revealed by expanding the data sets and extending the fragility range. This has
been done in Fig. 3.14, in which (dCu/dT)infiect is plotted as a function of m. Here, we have
included data for the soda-lime borate glasses [Paper V], soda lime aluminosilicate glasses
[Paper V], but also diopside [Yue 2012], calcium phosphate [Yue 2012], and silica [Yue
2012] glasses from literature. The positive correlation between (dCp/dT)inflecc and m is
confirmed in this broader range of fragilities. m = 15 corresponds to the strongest possible
system (Arrhenius viscosity curve). m of SiO, is around 17 and (dCp/dT)infiect IS
correspondingly close to zero for this glass. It has been shown that the maximum fragility of
any glass-forming liquid is around 175 [Wang & Mauro 2011]. This suggests that there
should also exist an inherent upper limit to the value of (dCp/dT)infiect. More work is required
to understand whether such upper limit exists and whether the trend of (dCp/dT)infiect With m is
linear or not. This could be investigated by including data for more fragile glass-formers
(such as organic liquids).
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Figure 3.14 The slope of the rising heat capacity curve at the inflection point during glass transition
((dC/dT)insieet) plotted as a function of m from viscosity measurements for a range of different glass-
forming systems.

3.3 Summary

The temperature and composition dependence of viscous flow behavior is of critical
importance for both fundamental understanding and industrial glass production. By analyzing
946 silicate liquids and 31 additional non-silicate liquids, we have found that there is a
narrow spread of the high temperature limit of viscosity around 107 Pa:s for silicate liquids.
There is no systematic dependence of the high temperature viscosity limit on chemical
composition for the studied liquids. Having established this value, there are only two
independent parameters governing the viscosity-temperature relation, namely, the glass
transition temperature and fragility index. We have also shown that correlations between the
dynamic and thermodynamic glass transition and fragility for different borate,
aluminosilicate, and boroaluminosilicate systems. For the soda-lime borate glasses, the
kinetic fragility shows a positive correlation with the values of Cppea-Cpg and the glass
transition width, but there is no connection between the heat capacity jump and the Kinetic
fragility index. Similar to soda-lime borate glasses, the values of Cppea-Cpg, ATy and
(dCp/dT)infiect are all positively related to the kinetic fragility, however, there is no apparent
trend of Cp-Cyy with kinetic fragility. For the sodium boroaluminosilicate system, an
approximately parallel relation between C,-Cpy and m is displayed and a previously
established model of configurational heat capacity is able to capture most of this trend.
Moreover, ATy is inversely correlated with m and (dCp/dT)infiect IS poSsitively correlated with
m. We have also demonstrated that this connection between Kinetic fragility index and
thermodynamic fragility exists for a wider range of compositions and fragilities.
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4. Structure-Physical Property Correlations

Due to the complicated non-crystalline structure of glass and the non-equilibrium nature of
the glassy state, the quantitative design of glasses with tailored properties is a longstanding
problem in the glass community [Martin et al. 2002; Salmon 2002]. The strong relationships
between glass structure and properties have been documented in numerous studies [Metwalli
& Brown 2001; Zielniok et al. 2007; Saini et al. 2009]. However, accurate prediction of glass
properties from first principles calculations is often impossible due to the long time scales
involved with glass transition and relaxation phenomena. Therefore, despite many previous
attempts in predicting glass properties based on structural information, it still remains a
difficult task.

Here, we investigate the composition-structure-property correlations of the same model
systems described in Chapter 2. The main focus will be on the industrially important
boroaluminosilicate glasses. To better understand the composition dependence of their glass
properties, we first consider the temperature-dependent constraint theory [Mauro 2011a].
This approach can be used to predict property trends and provide insight into the structural
origins.

4.1 Temperature-Dependent Constraint Theory

In Chapter 3, topological constraint theory was introduced to explain the physical meaning of
the high temperature viscosity limit. It is also a powerful tool to predict the temperature and
composition dependence of glass properties such as shear viscosity and hardness. The
Phillips-Thorpe constraint theory was originally considered for non-oxide covalent systems
(i.e., chalcogenide glasses) [Phillips 1979; Phillips & Thorpe 1985]. According to their
theory, the degrees of freedom of the glass network are removed by the presence of two-body
(radial bond) and three-body (angular bond) constraints. As shown in Fig. 4.1, the two-body
constraints correspond to the rigid bond lengths between pairs of atoms, and the three-body
constraints correspond to rigid bond angles [Mauro 2011a; Smedskjaer et al. 2011a]. When
the number of constraints exactly equals the number of degrees of freedom, the glass
composition is considered to be optimum and the glass forming ability is maximized. In the
floppy region, the atoms may easily arrange themselves into the crystalline state, whereas in
the overconstrained regime, rigid structures easily percolate throughout the system, resulting
in crystallization.
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Figure 4.1 Basic structural building blocks in covalent Ge-Se glasses and their associated constraints.
(a) Each pairwise bond constitutes a single two-body constraint. (b) There are five independent bond
angle constraints (i.e., three-body constraints) for a rigid tetrahedron. (c) A two-coordinated atom
such as selenium has one rigid bond angle. Reproduced from [Mauro 2011a].

Gupta and Mauro have extended the Phillips-Thorpe constraint theory by incorporating the
effect of temperature. As illustrated in Fig. 4.2 [Mauro 2011a; Smedskjaer et al. 2011a], each
type of bond « is assigned a constraint onset temperature, T,, g.(T) is the temperature
dependence of the rigidity of the bond constraint « with the onset temperature T,. In the limit
of low temperature (T < T,), all constraints are rigid since there is insufficient thermal energy
to break any type of bond, i.e. the constraint is rigid, i.e., q(T) — 1. In the high temperature
limit (T > T,), all bonds can easily break due to the available thermal energy, i.e., all
constraints are floppy, i.e., qT) — 0 [Mauro 2011a]. According to Gupta and Mauro [Gupta
& Mauro 2009], the temperature dependence of constraints can be written in either
continuous or discrete forms. We use the discrete form for deriving analytical formulas for
calculating glass transition temperature and hardness. Whereas the continuous form are useful
for obtaining numerical solutions for liquid fragility [Mauro et al. 2009a]. The temperature-
dependent constraint theory has proved to be useful for predicting the composition
dependence of macroscopic properties such as glass transition temperature [Gupta & Mauro
2009; Mauro et al. 2009a] and fragility [Smedskjaer et al. 2010a]. In the following sections,
we will refer to the temperature-dependent constraint theory in order to understand the
origins of glass properties for several glass systems.
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Figure 4.2 Temperature dependence of the rigidity (q.(T)) of the bond constraint « with the onset
temperature T,. q,(T) can be written in either continuous or discrete forms [Gupta & Mauro 2009].
In the limits of low and high temperature the two forms converge, since all constraints are rigid and
broken, respectively. Here, AF," is the free energy to break constraint ¢, k is Boltzmann’s constant,
and 1ty is the product of vibrational frequency and observation time. Reproduced from [Mauro
2011a].

4.2 Soda-Lime Borate Glasses

Smedskjaer et al. has applied the temperature-dependent constraint theory to predict the glass
transition temperature (T) and fragility (m) of a series of soda-lime borate glasses. This is the
same series described in Chapter 2 [Smedskjaer et al. 2010a]. Borate glasses are particularly
challenging to investigate using molecular dynamics simulations. This is because it is
difficult to account for the conversion of boron from three-fold to four-fold coordination as a
function of composition and temperature using classical interatomic potentials [Kieu et al.
2011].

Application of temperature-dependent constraint theory involves identifying and counting the
number of distinct network-forming species and the number of constrains associated with
each species as a function of composition. Then, the constraints need to be ranked according
to their relative bond strengths (i.e., constraint onset temperatures). Finally, different
equations are applied to calculate various properties. The property calculations are done by
connecting the change in the number of constraints per atom with a change in the specific
property of interest. Gupta and Mauro derived expressions for calculating Ty and m based on
Adam-Gibbs theory [Adam & Gibbs 1965] and the energy landscape analysis of Naumis
[Naumis 2006]. Ty4(x) can be calculated as

Tg(x) _ fﬂ—g(XR)'XR] _ d _nl.Tg(XR)vXR]
T,06) 00X d=n[T,(,x] 1)

where Xg is some reference composition, d = 3 for a three-dimensional glass network, and
f(T,x) is the number of low-frequency floppy modes (atomic degrees of freedom) for
composition x at temperature T. n(T,,x) is the average number of constraints per atom. The
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constraints per network node can be calculated by averaging over all network-forming
species and each type of constraint. Following is the equation to calculate m:

oln f(T,x)
olinT

m(x) =m, [1+ ]
akhers (4.2)

where my =~ 17 is the fragility of a strong liquid. The fragility index m is calculated from the
temperature derivative of f(T,x) [Gupta & Mauro 2009].

As shown in Fig. 4.3a, the calculated compositional trends of m using the temperature-
dependent constraint model are in quantitative agreement with the experimental
measurements [Smedskjaer et al. 2010a]. Hence, fragility first increases with increasing
[Na;0]/[B20s3] ratio and then decreases for [Na,O] > 25 mol%. The fraction of tetrahedral to
total boron also achieves its maximum value at [Na,O] = 25 mol%.
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Figure 4.3 (a) Dependence of fragility (m) on the Na,O content (x) for the glasses (xNa,O—-10CaO—
(89-x)B,03-1Fe;03). The solid line shows the predicted composition dependence of m using a
topological model [Smedskjaer et al. 2010a]. (b) Contribution of each type of topological constraint to
the calculated fragility. m, is defined as the fragility index of the theoretically strongest liquid, and
found to be 15. Reproduced from Paper IV.

In order to further reveal the topological origins of the composition dependence fragility, we
investigate the extent to which each type of constraint contributes to fragility. This is
described in detail in Paper V. Four types of network constraints are considered in the
model: ) B-O and M™®-O0 (M“® is the network modifiers (Na and Ca) that create
nonbridging oxygens) linear constraints; f) O-B-O angular constraints; y) B-O-B angular
constraints; and x) additional modifier rigidity due to clustering effects. The contribution of
each type of constraint to the calculated fragility is calculated and shown in Fig. 4.3b.
Fragility is a first-derivative property and the constraint onset temperature of £ constraints is
close to Tq. The O-B-O angular constraints (f constraints) therefore provide the largest
contribution to fragility. There are different numbers of g constraints on boron species, viz.,
five S constraints per four-fold coordinated boron and three S constraints per three-fold
coordinated boron [Smedskjaer et al. 2010a]. Hence, the boron speciation substantially
affects fragility.

39



The success of applying the temperature constraint theory on predicting glass transition
temperature and fragility indicates that other thermal, mechanical, and dynamic properties
may also be predicted. Indeed, Smedskjaer et al. have extended the temperature-dependent
constraint approach to predict the composition dependence of glass hardness for the soda-
lime borate glasses [Smedskjaer et al. 2010b]. It is shown that hardness is governed by the
number of network constraints at room temperature and that a critical number of constraints
is required for a material to display mechanical resistance. The predicted values of hardness
by constraint theory are in excellent agreement with the experimental measurements as
shown in Fig. 4.4 [Smedskjaer et al. 2010b]. Hence, constraint theory provides a
quantitatively accurate solution to this previously unsolved problem in condensed matter
physics [Mauro 2011a).
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Figure 4.4 Measured Vickers hardness (Hy) at loads (P) of 98 mN and 0.25 N as functions of the
concentration of Na,O in the soda lime borate glasses. The solid lines represent the predicted hardness
by temperature-dependent constraint approach [Smedskjaer et al. 2010b].

4.3 Soda-Lime Aluminosilicates Glasses

The dynamic properties of the soda lime aluminosilicate glasses are also studied. By fitting
the viscosity data to the MYEGA model, the glass transition temperature (T,) and fragility
index (m) of the glasses are determined. The glass transition temperature obtained from
equilibrium viscosity measurements systematically increases with increasing [Al,O3]/[SiO;]
ratio, which agrees well with the composition trend of T, obtained from DSC measurements
(Fig. 4.5). The number of non-bridging oxygen per tetrahedron (NBO/T) decreases as the
sodium and calcium ions are used for charge-compensating tetrahedral aluminum instead of
forming non-bridging oxygens (Fig. 2.3) which indicates that the network connectivity
increases with the increase of [Al,Os]. Ty increases with increasing Al,O3 content due to an
increase in the network connectivity.
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Figure 4.5 Composition dependence of the glass transition temperature obtained from DSC (T4 psc)
and equilibrium viscosity (Tg.is) measurements. Reproduced from Paper V.

The composition dependence of m is illustrated in Fig. 4.6. For low concentrations of Al,Os,
m is approximately constant with increasing [Al,O3]. However, for [Al,O3] > 18.7 mol%, m
starts to increase with increasing [Al,Oz]. According to temperature-dependent constraint
theory, m can be calculated from the temperature derivative of the number of atomic
constraints [Gupta & Mauro 2009; Mauro et al. 2009a]. Based on equation 4.2, the increasing
number of bond angle constraints will increase fragility [Smedskjaer et al. 2010a; Smedskjaer
et al. 2011a]. Therefore, in the peraluminous regime, the increase of five-coordination Al
(AlY) leads to a greater number of bond angular constraints, which causes the increase of

fragility.
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Figure 4.6 Composition dependence of the liquid fragility index m obtained from fitting the MYEGA
equation [Mauro et al. 2009b] to the viscosity data. The dashed line is the guide for eyes. Reproduced

from Paper V.
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4.4 Sodium Boroaluminosilicate Glasses

As described in Chapter 2, the structure of sodium boroaluminosilicate glasses is complex
due to the mixing of the various network-formers and the different structural roles of sodium.
To understand structure-property correlations in these glasses, we again study the series of
sodium boroaluminosilicate glasses with systematic variation of the [Al,O3]/[SiO;] ratio to
access all of the different regimes of sodium behavior. We have also add 1 mol% of Fe,O3 to
the glasses to study the effect of iron on glass properties, since iron is a common impurity in
the raw materials. The glass compositions are listed in Table 4.1.

Table 4.1. Chemical composition, homogenization temperature (T,), iron redox ratio ([Fe*")/[Fe]wy),
and fraction of tetrahedral to total boron (N,4) of the investigated iron-free and iron-containing glasses.
Iron redox ratio was determined by °’Fe Mdssbauer spectroscopy with uncertainty of +5%
[Smedskjaer et al. 2011b]. N, was determined by B MAS NMR spectroscopy with uncertainties of
+0.2% [Paper I11].

Glass  Composition (mol%) Tn  [Fe™V[Felwt N

ID Si0, AlLO; B,0; Na,0 Fe,0; (°C) (at%) (at%)
AlO* 79.35 0.29 488 1457 091 1450 n/a n/a
All* 78.92 0.69 495 1452 093 1450 n/a n/a
Al2.5* 7740 2.20 490 14.60 090 1450 95 n/a
Al5* 7470 470 500 1460 1.00 1500 93 n/a
Al7.5* 71.80 7.60 490 14.70 1.00 1550 91 n/a
Al10* 68.90 1030 5.00 1480 1.00 1600 87 n/a
Al125* 67.10 1260 5.00 1430 1.00 1650 83 n/a
Al15* 64.10 15,60 5.00 1430 1.00 1650 78 n/a
All75* 6231 1794 5.07 1375 094 1650 n/a n/a
Al20* 61.13 19.38 498 13.63 0.88 1650 n/a n/a
AlO 80.08 0.16 484 1477 0.15 1450 n/a 94.9
All 79.38 1.16 485 1460 0.14 1450 n/a 93.2
Al2.5 78.80 2.00 470 14.40 0.08 1450 n/a 94.6
Al5 78.10 4.00 420 13.60 0.07 1500 n/a 91.6
Al7.5 76.90 5.70 430 13.00 0.06 1550 n/a 83.1
Al10 7590 7.50 430 12.30 0.07 1600 n/a 74.4
Al12.5 72.00 1040 4.40 13.10 0.07 1650 n/a 43.6
Al15 69.20 12.70 4.60 1350 0.07 1650 n/a 19.9
Al17.5 6297 17.18 499 1473 0.13 1650 n/a 1.0
Al20 60.52 19.61 5.00 1473 0.14 1650 n/a 0.8

In Paper 111, we have investigated and analyzed the composition dependence of the dynamic
and selected physical properties (density, elastic moduli, and hardness) of these glass
compositions. The importance of viscosity has been addressed in Chapter 3. The mechanical
properties are also of crucial importance in glass products, e.g., for touch screen displays
requiring high hardness and scratch resistance [Varshneya 2010]. In the following sections,
we summarize the results from Paper I11.

4.4.1 Dynamic Properties

We have determined Ty and m of the sodium boroaluminosilicate glasses by fitting measured
viscosity data to the MYEGA equation. Tg,is is the glass transition temperature, defined as
the temperature at which the equilibrium viscosity equals 10 Pa-s, and T is the absolute
temperature. We find that Tg.is increases with increasing value of [Al,Os]-[Na,O] for both
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iron-free and iron-containing glasses (Fig. 4.5). There is a change in the slope of Tgyis Vs.
[Al;03]-[Na,O] around [Al,03]-[Na,O]=0 and Tg,is increases faster in the peraluminous than
in the peralkaline regime. Moreover, the glass transition temperature of the iron-containing
glasses is generally lower than that of the iron-free glasses. We use the concept of topological
constraints to explain the composition dependence of Tg. It is done by counting the number of
constraints associated with the network forming species as a function of composition and
temperature [Mauro 2011a; Bauchy & Micoulaut 2011], since Ty increases with the average
number of network constraints per atom [Gupta& Mauro 2009; Mauro et al. 2009a]. In the
peralkaline regime, the number of constraints increases with increasing [Al,O3] due to the
decrease concentration of NBOs, therefore Ty incrases. In the peraluminous regime, both
boron speciation and the sodium environment are unchanged with composition. The increase
of Ty is because we introduce five-fold coordinated aluminum species (i.e., AlY) in the
network, The higher coordination of aluminum contributes a greater number of constraints
than four-fold coordinated silicon [Phillips 1979].

®m  Fe-containing o’
9501 e Fe-free .’ 7
.7 M
A
900- &
< B R
2, e _ . -
= 850 e PP
/.” .-
o |
q!"' ]
800+ ~
-15 -10 -5 0 5

[AL,O,]-[Na,0] (mol%)

Figure 4.5 Composition dependence of the glass transition temperature (Tg.is) obtained by fitting the
measured viscosity data to MYEGA for both iron-free and iron-containing glasses. The dashed lines
are linear fits to the data for [Al,Os]-[Na,O]<0 and [Al,Os]-[Na,O]>0, respectively. The uncertainty
of Ty.is is approximately 5 K. Reproduced from Paper I11.

The liquid fragility index also exhibits a dramatic variation in the composition region around
[Al,03]-[Na,O]=0 for both iron-free and iron-containing glasses (Fig. 4.6). The scaling of the
liquid fragility index m with composition is also explained in terms of temperature-dependent
constraint theory. As described in detail in 4.2, the O—B—O angular constraints (5 constraints)
provide the largest contribution to fragility. Since B" has more # constraints than B", the
increase of N4 will cause the increase of fragility. In the peralkaline regime, Ny is relatively
constant at low [Al,O3] and then decreases nearly to 0% around [Al,O3]-[Na,O]=0, in
agreement with the composition variation of m. In the peraluminous regime, the boron
speciation does not change, thus the increase of fragility could be attribute to the greater
number of angular constraints with increasing concentration of AlY.
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Both the glass transition temperature and the liquid fragility show sensitive change in the
composition region around [Al,O3]-[Na,O]=0. This is crucial for optimizing the industrial
processes, since the glass workability and hence the processing parameters strongly depend
on the liquid fragility and the glass transition temperature. The finding is thus instructive for
designing glass compositions in the frame of boroaluminosilicate related products.

4.4.2 Elastic Moduli

Young’s modulus (E) describes the resistance of a material to deformation along an axis
when opposing forces are applied along that axis, while the shear modulus (G) describes the
resistance to shear when acted upon by opposing forces. As shown in Fig. 4.7, the iron-
containing and iron-free glasses show similar composition dependences for both E and G. In

detail, we observe that there is a minimum of both Young’s and shear moduli around [Al,O3]-
[Na,O]=0.
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Figure 4.7 Composition dependence of (a) Young’s modulus E and (b) shear modulus G of both iron-
containing and iron-free glasses. Reproduced from Paper I1I.
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In the following, we discuss the composition dependence of E and G in three compositional
regions. In the regime of -15<[Al,O3]-[Na,O]<-5, the moduli increase slightly with
increasing [Al,Og3]. In this regime, the network connectivity increases since the concentration
of NBOs decreases, and this increases the ability of the glasses to resist elastic deformation
[DeGuire & Brown 1984]. In the regime of -5<[Al,03]-[Na;O]<0, there is a significant
decrease in moduli with increasing [Al,O3]. The moduli are strongly lowered by an increase
of the concentration of B'", since B"' species make the structure less densely. Boron
speciation plays an important role in governing the elastic response of the sodium
boroaluminosilicate glasses. In the regime of [Al,O3]-[Na,O]>0, the elastic moduli increase
with increasing [Al,Os]. Although there is no change in boron speciation in this region, the
concentration of Al" increases which contributes more constraints than four-fold coordinated
silicon atoms. Thus, the increased network connectivity may cause the incresase of the elastic
moduli. This explains the existence of the minimum moduli around [Al,05]-[Na,O]=0.

4.4.3 Hardness

We have also investigated the composition dependence of Vickers hardness (Hy) using
microindentation. Hy, is defined as the resistance of the glass to permanent deformation under
the pressure applied by the Vickers diamond pyramid indenter. As shown in Fig. 4.8, there
also exists a minimum in Hy value around [Al,O3]-[Na,O]=0. The composition dependence
of hardness of the iron-containing and iron-free glasses is similar. However, the iron-free
glasses are harder than the iron-containing glasses in the peraluminous regime.
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Figure 4.8 Composition dependence of Vickers microhardness (H/) of both iron-containing and iron-
free glasses. Reproduced from Paper I11.

Again, we discuss the detailed responses of Hy to the compositional change in terms of three
compositional regimes. In the regime of -15<[Al,O3]-[Na,0]<-5, Hy increases with
increasing [Al,O3] and reaches its maximum value around [Al,O3]-[Na,O]=-5. Similar to
elastic moduli, the number of constraints increases due to the decreased concentration of
NBOs, which is the origin of the increase of hardness. In the regime of -5<[Al,03]-[Na,0]<0,
Hy decreases with increasing [Al,O3z]. Boron speciation also plays a dominant role for
controlling hardness. Hy decreases as the concentration of B'" decreases, since four-fold
coordinated boron species contribute more constraints than three-fold coordinated boron
[Phillips 1979]. In the regime of [Al,O3]-[Na;O]>0, Hy increases again with increasing
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[Al,Os] right after reaching its minimum value around [Al,Os3]-[Na,O]=0. As shown in Fig.
2.6, boron speciation does not change in this region, indicating that the increase in hardness is
related to the increase of the concentration of AlY.

In summary, the plastic deformation we studied here all show sensitive variation in the
composition region around [Al,O3]-[Na,O]=0. The findings are important to optimize
composition that possesses both high mechanical resistance and the economically favorable
processing conditions.

4.4.3 Impact of Iron on Properties

As shown in Figs. 4.5 to 4.8, the properties of the iron-containing glasses are different from
those of the iron-free glasses. In other words, the substitution of 1 mol% Fe,O3 for SiO; has
an impact on the investigated glass properties. Iron normally exists as mixture of both Fe?*
and Fe®" in oxide glasses. The [Fe®**]/[Fe*'] ratio depends on the base glass composition,
melting temperature and time, furnace atmosphere, and crucible material [Dyar 1985]. By
using °'Fe Mdsshauer spectroscopy, we have found that the [Fe**]/[Fe?*] ratio decreases with
increasing concentration of Al,O3 (Table 2.3).

Fe?* and Fe®" possess different structural roles in silicate glasses. It has been shown that Fe**
can charge compensate Al'", similar to the role of Na* [Dickenson & Hess 1986; Rossano et
al. 2008]. On the other hand, Fe** ions play a more network-forming role in the network,
similar to that of AI** [Mysen & Richet, 2005]. The substitution of Fe,O3 for SiO, generally
leads to a decrease in the glass transition temperature, elastic moduli, and Vickers hardness.
The introduction of Fe,O3 increases the total modifier content in the glasses and thus
decreases the overall network connectivity. The concentration of Fe®" increases with the
increase of [Al,Os], i.e., there is a greater decrease of network connectivity at higher levels of
Al,O3. Therefore, the difference between the properties of iron-containing and iron-free
glasses increases with increasing [Al,Os].

4.5 Summary

Temperature-dependent constraint theory is proved to be useful for predicting the
composition dependence of macroscopic properties, e.g., glass transition temperature and
fragility. The approach can also provide valuable insights into the underlying structural
origins of glass properties for several glass systems. For the series of soda-lime borate
liquids, we have calculated the contribution of each type of constraint to the calculated
fragility, i.e., which reveals the topological origin of fragility. For the series of soda-lime
aluminosilicate liquids, Ty increases with increasing Al,Os content due to an increase in the
network connectivity. In the peraluminous regime, the increase of AlY leads to a greater
number of bond angular constraints, which cause the increase of fragility. For the series of
sodium boroaluminosilicate glasses, we have investigated several glass properties including
dynamic properties, elastic moduli, and hardness. It is found that all the property display
sensitive changes at around [Al,O3]-[Na,O]=0 for both iron-free and iron-containing glasses.
We explain the structure-property relationships of the glasses in terms of topological
constraint theory. The existence of the minimum and the three compositional response
regions are related to boron speciation. The results presented here are instructive for
optimizing the industrial processes, since the glass workability and hence the processing
parameters strongly depend on the liquid fragility. Finally, we have shown that the
substitution of 1 mol% Fe, O3 for SiO; in the glasses results in lower values of glass transition
temperature, hardness, and elastic moduli.
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5. Glass-Forming Ability

There are many ways to prepare glass, e.g., chemical vapor deposition and sol-gel methods
[Angell 1995; Varshneya 2006]. However, the predominant method is still the melt-
quenching technique. In order to optimize the glass production process, it is important to
know the glass-forming ability (GFA) of the melt. GFA is a measure of how easily a melt is
vitrified and can be quantified by critical cooling rate g. [Shelby 2005]. The critical cooling
rate is the minimum cooling rate required to vitrify a melt, i.e., to obtain a glass with a
crystallized volume fraction below a certain limit (such as 0.1%) [Uhlmann 1972]. The
higher the critical cooling rate, the more difficult it is to obtain a glass, or the lower is the
GFA of that composition.

However, it is difficult and time-consuming to determine the critical cooling rate precisely. It
is tedious to continuously vary the cooling rate and it is hard to monitor any change in their
vitrification behavior. Moreover, the quantitative characterization of the crystallized volume
fraction is also challenging [Ferreira et al. 2011]. Some theories which relate GFA to
crystallization rates have been proposed. The critical cooling rate to avoid a certain minimal
crystallized fraction can be estimated by temperature—time—transformation (TTT) curves. TTT
curves are temperature versus time graphs showing curves that correspond to specified
fractions of transformed phase [Ferreira et al. 2011; Nascimento et al. 2005]. However, TTT
curves are only available for a very few simple systems. For compositions with many
components, TTT curves are very complex to obtain [Ferreira et al. 2011].

Therefore, alternative methods for quantifying GFA have been developed. GFA is the
easiness for a liquid to be vitrified upon cooling, while glass stability (GS) is the glass
resistance against devitrification on heating. It is a question that whether there is any direct
relationship between these two parameters [Cabral Jr. et al. 1997; Nascimento et al. 2005].
Zanotto et al. [Ferreira et al. 2011; Nascimento et al. 2005] have tested several GS
parameters by comparing them with the critical cooling rates of oxide liquids. All these GS
parameters are calculated from three characteristic temperatures Tg, Tc and Tm, where Ty is the
onset glass transition temperature, and T, and T, are the onset temperatures of the
crystallization peak and the melting peak during heating. Figure 5.1 illustrates how these
characteristic temperatures are determined experimentally using differential scanning
calorimetry (DSC). Their results show that most of the GS parameters that consist of three
characteristic DSC temperatures show better correlation with GFA than parameters that use
only two characteristic temperatures. In particular, three of these parameters (K, Ku, and
K., see Table 5.1) show excellent correlation with GFA.

Among these GS parameters [Ferreira et al. 2011; Nascimento et al. 2005; Avramov et al.
2003; Lu & Liu 2003], the Hruby parameter (Ky) shows a better correlation with GFA
compared with other parameters and is commonly employed as a reliable and precise glass-
forming criterion [Hruby 1972; Kozmidis-Petrovic and Sestak 2011]. Therefore, we use Ky
as a measure of GFA in this work. A high value of Ky indicates high glass stability. Ky is
calculated as following:
KH = TC _Tg .
Tm _Tc

(5.1)

47



Table 5.1 Glass stability parameters (temperatures in K). Reproduced from [Ferreira et al. 2011].

Reference Equation number
Tx [Lu & Liu 2002; Lu & Liu
K= o~ ’ 1
Tg + Ty 2003] @)
Ky = Loy Hruby 1972] )
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Ky = 28 Weinberg 1994 3)
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Ky = T—g [Turnbull 1969] (4)
m
Ty — T, )(T. — T,
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Figure 5.1 Typical DSC curve of a glass that easily crystallizes during heating. The procedure for
determining the three characteristic temperatures T, , T, and Ty, is illustrated. Reproduced from Paper
V.

The liquidus (7;) is the ultimate temperature of thermodynamic equilibrium between the solid
and liquid phases of any material, above which crystals are unstable [Ferreira et al. 2010].
Besides GS parameters, it has been revealed that the viscosity at the liquidus temperature (or
melting temperature), » (7i) shows strong correlation with GFA [Lu et al. 2003]. In Chapter
3, we have mentioned that if a melt exhibits high liquidus viscosity, crystallization is impeded
since the high viscosity creates a large kinetic barrier against atomic rearrangements. Thus,
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such melts possess high GFA due to the slow dynamics. Nevertheless, in this thesis, we only
focus on the GS parameters.

As discussed in chapter 3, shear viscosity is an important property of glass-forming liquids. It
is also related to GFA, since the flow behavior determines the kinetic activation barriers for
both nucleation and crystal growth [Avramov et al. 2003]. An inverse correlation between
fragility index and GS has been found for various metallic glass-forming liquids in addition
to some silicate liquids [Busch et al. 1998; Moesgaard and Yue 2009]. This is because
“strong” melts have less change in rigidity with respect to changes in temperature, which
could create steric hindrance towards crystallization during cooling. However, whether the
fragility of borate and aluminosilicate glasses are correlated with their GS is still unclear.
Here, we will investigate the GS of the soda-lime borate and soda-lime aluminosilicate
glasses, and clarify the relation between m and GS in these glasses.

5.1 Soda-Lime Borate Liquids

Borate glasses have recently received significant attention due to their bioactive features,
which may have some practical medical applications. Therefore, it has become important to
investigate the GFA of the borate system. The GFA of binary alkali or alkali earth borate
glasses have been widely studied [Ferreira et al. 2011; Ferreira et al. 2010]. However, the
GFA of soda-lime borate has not been reported yet. Moreover, the “boron anomaly” makes
the structure and properties of these glasses more interesting.

DSC upscans are performed on the soda lime borate glass series (Table 2.1) at a heating rate
of 20 K/min to determine the glass stability upon heating (Fig. 5.2). For the four glasses with
X = 20, 25, 30, and 35, Ky is calculated from Tg, T, and Ty, and stated in Table 5.2. Ky
decreases as the content of Na,O increases. However, no crystallization peak is observed for
the three glasses with x = 5, 10, and 15, which implies that these compositions have higher
glass stability than the other compositions [Moesgaard & Yue 2009]. In general, the GS
decreases with increasing substitution of Na,O for B,O3 (Fig. 5.3a).
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Figure 5.2 DSC output (arbitrary units) versus temperature (T) during heating at 20 K/min for the
glasses with compositions of xNa,0-10Ca0-(89-x)B,0;-1Fe,O5. Reproduced from Paper IV.
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Table 5.2 Characteristic temperatures, Ky, N4 [Smedskjaer et al. 2010a], NBO/B, and m of the seven
glasses (xNa,0-10Ca0-(89-x)B,03-1Fe,03). The errors in the characteristic temperatures are
approximately £2-3 K and uncertainties in N, are on the order of £0.2 at%. Reproduced from Paper

V.

Sample
(x=) T,(K) T, (K) Tm (K) Ky N, [at%o] NBO/B m
5 728 n/a n/a n/a 16 0.197 49+1
10 764 n/a n/a n/a 24 0.266 59+1
15 774 n/a n/a n/a 36 0.316 631
20 772 979 1062 2.49 40 0.47 67+2
25 760 954 1055 1.92 46 0.634 74+1
30 742 887 978 1.59 43 0.926 65+2
35 715 824 1118 0.37 42 1.247 n/a

The fractions of tetrahedral boron to total (N4) and NBO/B are determined and listed in Table
5.2, where NBO/B is the average number of non-bridging oxygen per boron tetrahedron or
triangle. As shown in Fig. 5.3a and b, Ky decreases as NBO/B increases. The results indicate
that the GS is closely related to the degree of network connectivity [Phillips 1979]. Boron
speciation also has a direct influence on the connectivity. However, N4 does not show a direct
relation with Ky. There is apparently an influence of both NBO/B and N4 on GS, since both
of these parameters affect the degree of network connectivity.

4 1.4
i u
a) 45 b) / \. E 112
3 40 n
- 11.0
m 35 . s
< {08 =z
¥ 24 = % 301 / / =
u > O 106 &
Z o5 o D/
14
201 e 0.4
D/D
- 15 0 {0.2
0 T T T T T T T T T T
10 20 30 40 5 10 15 20 25 30 35
X (Mol%) X (mol%)
(@) (b)

Figure 5.3 (a) Hruby parameter (Ky) as a function of the Na,O content (x) for the four glasses with x
= 20, 25, 30, and 35. (b) N, and NBO/B as a function of x. The uncertainties in N4 are on the order of
+0.2 % and the errors in Ky are around £0.03. Reproduced from Paper IV.

It should be noted that characteristic temperatures are dependent on the heating rate
employed during the DSC measurements. For good glass formers, Ky cannot be determined
using the accessible heating rates of a DSC since no crystallization peak is observed. The
inherent limitations of the Hruby parameter represent a universal drawback for any GS
parameter, which includes characteristic temperatures.

As mentioned in chapter 4, the composition dependence of fragility is explained in terms of
the temperature constraint theory. Comparing Fig. 4.2a with Fig. 5.3a, we find that fragility
and GS do not exhibit a linearly inverse relation. Within different amounts of network
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former, NBO/B plays a determining role in controlling GS, while the boron speciation plays a
less important role for GS. However, when we calculate the fragility with topological
constraint theory, the boron speciation is counted, which plays a less important role for GSin
different compositions. Moreover, GS is related to many other properties, e.g., the degree of
network connectivity [Moesgaard & Yue 2009], liquidus temperature [Ota et al. 1995; Angell
2008], but it is not necessarily related to only fragility [Bian et al. 2007]. Thus, the inverse
relation between GS and fragility may not be applicable to every glass system.

Interestingly, two of the glasses under study (with x = 20 and 25) do not exhibit any
crystallization exotherms during the second DSC upscan at 20 K/min to 1273 K when they
have been subjected to a prior upscan to 1273 K at 20 K/min and a subsequent downscan at
the same rate (Fig. 5.4). This means that the stability of these two glasses against
crystallization is dramatically enhanced after they undergo a slow cooling process. The
enhancement of the glass stability can also be observed in glasses containing higher Na,O
content. We explain the enhancement of GS in terms of the temperature dependence of the
boron speciation.
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Figure 5.4 DSC scans for the glass with x=20 using 20 K/min heating and cooling. Reproduced from
Paper IV.

According to Ref. [Majérus et al. 2003], the fraction of BO, tetrahedra decreases with
increasing temperature above Ty, indicating that the BO, tetrahedra in the glass are converted
to BOj triangles in the melt. The glass containing more BO3 has a less rigid network structure
and is facilitated to crystallization. Moreover, an increase of N, after the first upscan will
result in a decrease of NBO, which is expected to cause an increase of GS. Therefore, this
combination of two effects should lead to a substantially enhanced GS. The concentrations of
BO; and BO, in a borate glass depend on the cooling rate that the borate melt experienced
during production [Cormier et al. 2006; Wu et al. 2011]. The higher the cooling rate, the
higher fraction of BO;3 is frozen-in. Upon re-heating, the rapidly cooled glass should
crystallize more easily than the slowly cooled glass due to the factors mentioned above.
Therefore, the GS is ultimately determined during this cooling process. Our *'B MAS NMR
measurements provide evidence for the possible link between the boron speciation and the
enhanced GS [Paper IV].
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5.2 Soda-Lime Aluminosilicate Liquids

Aluminosilicate glasses have found widespread applications in cutting edge technologies.
However, the vitrification ability of the liquid becomes the obstacle of developing new
aluminosilicate glass, which is particularly critical for glasses with high concentration of
Al,O3. Hence, it is important to understand the correlation between the atomic structure of
glass and its GFA.

We investigate the influence of the Al,O3 content on the GS for the series of soda lime
aluminosilicate glasses with compositions (in mol%) of (76-x)SiO,—xAl,03—16Na,0—8CaO
with x = 0, 2.7, 5.3, 8, 10.7, 13.3, 16, 18.7, 21.3, and 24. The DSC curves of the ten
aluminosilicate glasses during heating (Fig. 5.5) show that the glasses with low Al,O3 content
do not exhibit any crystallization exotherms. This indicates that these glasses possess high
stability. The slight decrease in the DSC signal at high temperatures in these DSC curves is
mainly due to experimental error. Interestingly, there is a loss of glass stability at Al,O3
content between 18.7 and 21.3 mol% since crystallization exotherms and subsequent melting
endotherms are observed in the DSC spectra of these two glasses.
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Figure 5.5 Calorimetric response to heating at 20 K/min in argon for the (76-

X)SiO,—xAl,03—16Na,0—-8Ca0 glasses with x = 0, 2.7, 5.3, 8, 10.7, 13.3, 16, 18.7, 21.3, and 24. The

dashed blue line indicates the change in glass transition temperature (T,) with composition. The red

circles indicate the onset of crystallization in the glasses with 21.3 and 24 mol% Al,O;. Reproduced

from Paper V.

We also investigate whether the inverse correlation between fragility and GS is applicable to
this glass system. As shown in Fig. 4.6, m is approximately constant in the low [Al,O3], it
starts to increase with increasing [Al,O3] from [Al,O3] > 18.7 mol%. The inflection point of
m is coincident with the loss of glass stability. This indicates that the GS and fragility is
inversely correlated for these glasses.

To understand the structural origin of this loss of glass stability, we turn to the Al MAS
NMR results for these glasses [Smedskjaer et al. 2012]. These data (Fig. 2.2) show that when

[Na,O]>[Al,Oz], Al exists mainly in 4-fold coordination. For the glasses with [Al,O3] =
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[Na,O], Al in 5-fold coordination starts to appear [Risbud et al. 1987]. The fraction of AlY
increases with increasing Al,O3; content. This indicates that the structural change reflected in
the aluminum speciation plays a dominant role in the loss of glass stability. For glasses with
[Al,O3] = 10.7 and 13.3 mol%, the primary devitrification phase is anorthite (CaAl,Si,Os).
As [Al;,O3] increases, nepheline (NaAlSiO,) starts to form from the glass with [Al,Os3] = 16
mol%. The GS starts to diminish in the region around [Al,O3] = 18.7 mol%. Aluminum exists
in four-fold coordination in both the anorthite and nepheline crystals [Foit & Peacor 1973;
Dollase & Thomas 1978], i.e., the presence of AlY in the high-Al,O; glasses could make the
local structure less energetically stable. The AlY domains could readily become nucleation
sites that will grow when the glass is subjected to dynamic heating due to the high
thermodynamic driving force for crystallization. Therefore, GS will decrease if sufficient
AlY-containing domains form by increasing Al,O3 content up to a critical level. It should be
mentioned that a critical concentration of AlY is an approximate value. In reality, there is a
critical range of Al,O3 content above which GS will decrease sharply.

5.3 Summary

We have investigated the glass stability (GS) of a series of soda lime borate liquids. It is
found that GS decreases when Na,O is substituted for B,O3z, implying that the network
connectivity greatly controls GS of the studied systems. The inverse correlation between
liquid fragility and GS, which has been found for some glass-forming liquid series, is not
observed for these systems. We found that the glass stability becomes enhanced for some of
the glasses after the first DSC up- and down-scans. This enhancement of GS can be attributed
to the structural conversion of BO3 units into BO, units during this slow cooling process. A
loss of glass stability of the soda lime aluminosilicate glasses above a critical Al,O3 content is
observed. The increase amount of five-fold coordinated aluminum in the high-Al,O3 glasses
causes the structure to be less stable and is apparently responsible for the loss of glass
stability. This finding suggests that five-fold coordinated aluminum species should be
avoided when developing glasses with high GS.
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6. General Discussion and Perspectives

The properties of glasses are determined by their atomic structure, therefore, understanding
the glass properties based on the local atomic arrangements and topologies is of great
industrial application. However, the atomic structure of glass lacks of periodicity and glass is
not in thermal equilibrium state. Therefore, it is challenge to establish a unique structural
model for any glass system as in crystalline compounds. The temperature-dependent
constraint theory is applied to explain the composition-structure-property correlations in
different glass systems. The properties we focus on in this thesis include dynamic properties,
glass-forming ability (GFA) and mechanical properties. We have clarified the structure
origins of these properties based on the temperature-dependent constraint theory. The
findings are instructive in designing glass composition with high GFA and mechanical
properties. In addition, the results can also be used to optimize the industrial process
conditions.

In terms of dynamic properties, we have investigated the high temperature limit of liquid
viscosity by analyzing measured viscosity curves for 946 silicate liquids and 31 other liquids
including metallic, molecular, and ionic systems. We find that there is a narrow spread of
high temperature limit of viscosity around 10 Pa:s for silicate liquids. This indicates a
common underlying physics of silicate liquids at the high temperature limit. However, for
non-silicate glass-forming liquids, we have less data available compared to the silicate
liquids. Therefore, it is essential to extend the composition ranges for these systems.
According to temperature dependent constraints theory, in the infinite temperature limit all
three degrees of freedom are floppy for each atom, so each atom has three continuous modes
of deformation, independent of atom type. Thus, the viscous flow behavior of any glass-
forming liquids should be same in the high-temperature limit. Therefore, even though we
have not collected enough large amounts of viscosity data of non-silicate liquids, we believe
that they also have the same universal #.. value as silicate liquids. After analyzing more
viscosity data of non-silicate liquids, we could experimentally judge whether a universal 7..
value exists for all the glass-forming liquids.

We have also investigated the connection between kinetic and thermodynamic measures of
liquid fragility for the three glass-forming systems. We compare kinetic fragility get from
viscosity data with several thermodynamic fragility parameters obtain from DSC, including
Col -Cpgs Cppeak-Cpgs ATy, and (dCp/dT)infiect. The Kinetic fragility shows a positive correlation
with the values of Cppea-Cpg, ATy, and (dCp/dT)infiect. However, the parallel relation between
Cpi -Cpgand kinetic fragility does not apply to all glass systems. The reason could be Cy - Cyq
is a purely thermodynamic quantity, whereas other thermodynamic fragility parameters are
also kinetic property. Moreover, there could exist the maximum fragility of any glass-forming
liquid, the question that whether there should also exist an inherent upper limit to the value of
thermodynamic fragility parameters arises. To answer whether there is a parallel relation
between the kinetic and the thermodynamic fragilities and whether there exist an inherent
upper limit of thermodynamic fragilities, we still need to expand the data sets and the fragility
range, in particular, we could include more data for fragile liquids, such as organic liquids.

We have attempted to understand the possible correlation between fragility and GS for soda
lime borate liquids and soda lime aluminosilicate liquids. In some metallic glasses and
silicate glasses, fragility could be used as a quantitative measure of GS for those systems,
since an inverse correlation between fragility and GS has been found [Moesgaard & Yue
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2009; Bian et al. 2007]. However, fragility and GS do not exhibit a linearly inverse relation
for soda lime borate liquids. The results suggest that the positive correlation between GS and
fragility is not so evident. The weakness of the correlation may indicate that GS is not
primarily affected by fragility, it is also affected by other controlling factors, e.g., liquidus
viscosity. In other works, fragility and GS are not physically independent with each other.
The degree of short-range bond ordering is indeed one of the key physical factors controlling
GS, in addition to other thermodynamic factors [Tanaka 2005]. Therefore, we can conclude
that GS is related to many other properties rather than fragility [Bian et al. 2007], i.e., GS and
fragility might not necessarily have a linear inverse correlation.

We have characterized GFA by measuring the glass stability (GS) against crystallization. GS
is of importance during processes involving re-forming of an existing glass [Shelby 2005].
For example, when you prepare optical fibers by drawing glass from a preform, high GS is
favored since crystalline is prohibited in this process. We have reported a striking thermal
history dependence of the glass stability against crystallization for the soda-lime borate
glasses. The GS of some of the glasses gets enhanced after being subjected to a relatively
slow cooling cycle, e.g., a 10~20 K/min cooling rate. This indicates that the glass stability of
these compositions can be enhanced by slowly cooling their melts to the glassy state, before
any reheating. Our finding here is instructive for producing borate glasses with high GS
against crystallization. Moreover, we could adjust the GS of borate glass by varying the
previous cooling rate before reheating. Therefore, the borate glass might have wider
applications in various industrial fields which require glasses with high GS.

We have used the Hruby parameter to quantify the GS of various glass systems. For glasses
with low GS, Hruby parameter can be calculated easily since the characteristic temperatures
can be obtained at the applied rates (10 and 20 K/min). For glasses with high stability, Hruby
parameter could not be determined since no crystallization was observed during heating at the
applied rates (10 and 20 K/min). That is because the characteristic temperatures are
dependent on the heating rate employed during the measurements. The crystallization and
melting processes are bypassed when using a sufficiently high heating rate. This indicates the
applicability limitation of the Hruby parameter for the current DSC techniques. Similar to
Hruby parameter, there are also many other GS parameters which all use the same
characteristic temperatures, i.e., Tq, Tc, and Tm. However, the inherent limitations of the
Hruby parameter represent a universal drawback for any GS parameter, which includes
characteristic temperatures. Therefore, a more universal GFA parameter which can be applied
to any glass-forming liquid needs to be established.

In order to quantify the GFA of good glass-formers by GS parameters, previous isothermal
heat-treatments could be applied to induce crystallization before doing the DSC
measurements. For instance, we could do isothermal heat-treatments on glass for different
durations and subsequently cool the glass at 10 K/min in a furnace. The crystallization
behavior of the glass can be characterized by SEM, optical microscopy, and XRD. The
glasses that have been heat-treatments can be rescanned with DSC and the Ty, Tc, and Tp,
could be determined. These characteristic temperatures should vary with different heat-
treatment conditions, which could provide additional GFA information. Besides GS, there are
also other approaches to quantify GFA. Liquidus viscosity, #(7;), shows strong correlation
with GFA. If a melt exhibits high liquidus viscosity, crystallization is impeded since the high
viscosity creates a large kinetic barrier toward atomic rearrangements. Thus, such melts
possess high GFA due to the slow dynamics. In order to quantify # (7]), we need both
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viscosity and liquidus temperature data. For good glass-formers, it is challenging to obtain
the liquidus temperature by DSC up-scans. Ferreira et al. proposed a DSC method to estimate
T; of good glass-formers [Ferreira et al. 2010]. Similarly, crystallization is induced by heat
treatment of glass, and the liquidus temperature is then obtained by DSC. The best estimate
for the liquidus temperature is obtained by extrapolating the melting temperature measured at
different rates to 0 °C/min. By applying this technique, the # (7;) of any glass system can be
calculated and compared.

Moreover, the GFA is also related to the short-range order and/or medium-range order of the
glass structure. For instance, as discussed in Chapter 5, a loss of the GS of the soda lime
aluminosilicate glasses above a critical Al,O3 content is observed. The presence of AlY in the
high-Al,O3 glasses causes the structure to be less stable and is apparently responsible for the
loss of glass stability. This indicates that the structure units, which could make the local
structure less energetically stable, are prone to become nucleation sites and thus decrease the
GS. In addition to the factors mentioned above, GFA could also be related to the
crystallization driving force and so on. The development of a new universal GFA parameter
for both poor and good glass forming systems, which incorporates all the related factors, still
requires further detailed exploration.

Bioactive glasses have found their practical medical application for tissue engineering in
bone repair [Hench 1991; Hench 1998; Bosetti et al. 2003; Silver et al. 2001]. The bone
bonding properties of bioactive glasses were reported in 1971 by Hench et al. [Hench et al.
1971]. Most of the primary bioactive system is silicate-based materials, e.g. Bioglass®.
Recently, researchers at the University of Missouri-Rolla have shown that some borate
glasses are also bioactive [Conzone et al. 2002]. It has been discovered that borate glass
nanofibers can promote the healing of flesh wounds [Wray 2011]. The bioactive feature of
the glass is promising in clinical applications. Therefore, it is important to study the GFA of
more complex borate liquids. The chemical durability of the borate glass is related to soft-
tissue regeneration and the antimicrobial effect. Moreover, it would be useful to develop new
borate glass compositions which possess optimized bioactivity for wound healing.

In order to explain the composition dependence of various mechanical properties, we apply
the temperature-dependent constraint theory. This theory is the most powerful tool available
today to predict the composition dependence of macroscopic properties. The advantage of
this theory is that it is only involves straightforward pen-and-paper calculations based on a
counting of network constraints [Mauro 2011a]. The implicit assumption of constraint theory
of is that the network-forming structural units and their associated constraints can be
identified. Such structure information can be obtained by structure characterization, such as
NMR. Smedskjaer et al. have successfully applied the constraint theory to predict the glass
transition temperature, fragility and some mechanical properties for soda-lime borate and
borosilicate glasses. For our sodium boroaluminosilicate glasses, we only apply the
temperature-dependent constraint theory to quantitatively explain the composition
dependence of various physical properties. It would be interesting to directly use the
constraint theory to predict the composition dependence of macroscopic properties. However,
we had difficulty to accurately quantify the non-bridging oxygen on silicate due both to Al
NNN complications and relatively poor signal to noise ratio. Actually, if the direct
experimental structure information is not available, we could turn to molecular dynamics
(MD) simulation, which can provide important structure information and the energies
associated with various types of constraints [Mauro 2011a]. In the future, it is worthy to
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incorporate MD data to temperature constraint theory when predicting glass properties for
complicated glass systems. It should be mentioned that the constraint theory can be applied to
predict glass properties based on the assumption that the glasses/liquids are compositionally
homogeneous. If the glasses/liquids are heterogeneous, e.g phase separation takes place, the
number of constraints cannot correctly be counted, therefore the constraint theory cannot be
applied.

Due to the non-crystalline nature of glass, it is still challenging to develop a universal model
to predict glass properties for any glass system based on the structure information. The
temperature-dependent constraint theory provides some insights into the relation between
glass structure and properties. However, more work is required to apply this model to glass
systems with complicated structure. This thesis is useful for a general understanding the
structure-property relation in oxide glasses and for developing oxide glasses with improved
properties.
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7. Conclusions

We have investigated the structure of three different glass systems: soda lime borate, soda
lime aluminosilicate, and sodium boroaluminosilicate glasses. The boron speciation is
affected by the content of modifiers, and the boron anomaly also exists in the soda lime
borate glass. For soda lime aluminosilicate glasses, the fraction of AIY increases with
increasing Al,O3; content, which causes dramatic changes of some properties, e.g., glass
stability against crystallization. When [Na,O]<[Al,O3], almost all sodium is used to charge
compensate Al"Y. When [Na,O]>[Al,0s], sodium first charge compensates Al'Y, after charge
compensating Al'Y, not all of the excess Na* ions are used for converting B"' to B", and
some are used to create NBOs on both Si and B.

We have answered the question of whether there exist universal dynamics of silicate liquids
at the high-temperature limit. Silicate liquids have a universal value of high temperature
viscosity limit, i.e., log 7. = -3. In other words, there is no systematic dependence of the high
temperature viscosity limit on chemical composition for the silicate liquids. This result is
based on systematic analysis of experimental data, including 946 silicate liquids and 31 other
liquids including metallic, molecular, and ionic systems. After establishing this value, the
non-Arrhenius scaling of liquid viscosity can be quantified through the fragility index m of
the liquid. Moreover, there are only two independent parameters governing the viscosity-
temperature relation, namely, the glass transition temperature and fragility index. This result
also indicates a common underlying physics of silicate liquids at the high temperature limit.

We have discussed the link between the kinetic fragility index m determined from viscosity
measurements and various thermodynamic fragility indices for the three glass-forming
systems studies in this work. The thermodynamic fragility parameters include Cp -Cyq,
Cp.peak-Cpg, ATg, and (dCp/dT)infiect, Which are all obtained from DSC. The Kinetic fragility
shows a positive correlation with the values of Cp peak-Cpg, AT, and (dCpo/dT)infiect. However,
the parallel relation between Cy -C,qand kinetic fragility does not apply to all glass systems.
A previously established model of configurational heat capacity is able to capture the relation
between C,-Cpg and m mostly for the sodium boroaluminosilicate system.

We apply the temperature dependent constraint theory to explain the composition dependence
of several properties, e.g., dynamic, mechanical properties. For the series of soda-lime borate
liquids, we have revealed the topological origin of fragility by calculating the contribution of
each type of constraint to the fragility. For the series of soda-lime aluminosilicate liquids, the
increase of AlY leads to a greater number of bond angular constraints, which cause the
increase of fragility. For the series of sodium boroaluminosilicate glasses, we have
investigated several glass properties including dynamic properties, elastic moduli, and
hardness. There is a pronounced change of the measured properties at around [Al,O3]-
[Na,O]=0 for both iron-free and iron-containing glasses. There are three compositional
response regions for Young’s and shear moduli and hardness. Ty is determined by the
network connectivity and thus increases with increasing [Al,O3]-[Na,O]. The liquid fragility
shows a strong correlation with the fraction of tetrahedral boron in the glasses. The existence
of the minimum and the three compositional response regions are related to boron speciation.
Substitution of a small amount of Fe,O3 for SiO, in the glasses results in lower values of
glass transition temperature, hardness, and elastic moduli. The findings are instructive for
optimizing the composition and industrial process in the frame of boroaluminosilicate related
products.
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We have investigated the glass forming ability of the soda lime borate and soda lime
aluminosilicate melts. We have characterized GFA by measuring the glass stability against
crystallization using a differential scanning calorimeter (DSC). For the soda lime borate
liquids, GS decreases when Na,O is substituted for B,Os, implying that the network
connectivity greatly controls GS of the studied systems. We also discuss the applicability
limitation of the Hruby parameter as a metric for quantifying GFA. The glass stability (GS)
of some of the glasses get is enhanced after the first DSC up- and downscans. This indicates
that the GS of these compositions can be enhanced by slowly cooling their melts to the glassy
state, before any reheating. The enhancement of GS is related to the thermal history
dependence of boron speciation. The inverse correlation between liquid fragility and GS is
not observed for this glass system. In soda lime aluminosilicates, a loss of glass stability
above a critical Al,O3 content is observed. 5-fold coordinated aluminum are formed for
[Al,03]>[Na,0], which plays a determining role in the loss of glass stability. The finding
provides additional insight into the microscopic structural origins of GFA and will be a useful
guidance for the development of new glass compositions.
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Structure of boroaluminosilicate glasses: Impact of [Al,03]/[SiO,] ratio on the structural

role of sodium
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In order to explore the structural roles of sodium in boroaluminosilicate glasses, we have designed ten
Na,0-B,03-Al1,05-Si0, glasses with varied [Al,03]/[SiO;] ratio to access different regimes of sodium behavior.
Multinuclear nuclear magnetic resonance (NMR) experiments on !'B, ?’Al, 2°Si, and >Na were performed
to determine the complicated network former speciation and modifier environments as a function of glass
composition. The different roles of sodium in relation with the network-forming cations (Si, B, and Al) have been
clarified and quantified. When [Na,0] < [Al,Os3], all available sodium is used to charge compensate fourfold
coordinated aluminum (A1'), and deficiency in sodium concentration leads to fivefold coordinated aluminum
(A1Y) groups. When [Na,0] > [Al,03], sodium first charge compensates Al"Y, and thus all aluminum is fourfold
coordinated and unaffected by other compositional changes. Hence, the preference in the formation of Al"Y over
that of fourfold coordinated boron (B'V) is confirmed. Excess sodium can be used to convert threefold coordinated
boron (B™) to B'Y or to create nonbridging oxygen (NBO) on Si and B, with a thermodynamic competition among
these mechanisms. The NBOs on Si are quantified using 2°Si wide-line and magic angle spinning NMR. The
fraction of silicon atoms associated with NBOs is calculated using a random model and compared with the NMR
results. Finally, we have found that our previously proposed two-state statistical mechanical model of boron
speciation accurately predicts the fraction of tetrahedrally coordinated boron atoms (N4) in these mixed network

former glasses.

DOI: 10.1103/PhysRevB.86.054203

I. INTRODUCTION

The macroscopic properties of a glass are the direct result
of its microscopic structure,'”’ as determined to a large
extent by its chemical composition. In order to develop an
enhanced understanding of structure-property relationships
in glasses, it is thus critical to quantify the composition
dependence of structural motifs within the glass network. This
task is made especially difficult due to the lack of long-range
structural order in glasses, which prevents the application
of conventional structural characterization techniques such
as x-ray diffraction. Alternative techniques, such as nuclear
magnetic resonance (NMR) spectroscopy, have been partic-
ularly useful for elucidating many important aspects of both
the short- and intermediate-range structural order in glass,
especially in compositionally simple systems.®° However,
commercial glasses of industrial interest are typically multi-
component, and many unsolved structural puzzles still remain.
Boroaluminosilicate glasses constitute a particularly important
class of industrial material,'®'?> having found widespread
applications in fields such as liquid crystal display substrates,
optical components, fiberglass, radioactive waste containment,
and photochromic glass. Understanding structure-property
correlations in these glasses is especially challenging due to
the mixed network former effect, which makes the structural
speciation significantly more complicated.'*!> In this paper,
we present a detailed NMR study of network structure in
this commercially important boroaluminosilicate glass system
and evaluate several models for predicting network former
speciation.

The role of network modifier cations in borate-containing
glasses has been systematically investigated in prior
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studies.'®? In binary alkali borate glasses, the addition of
a network modifier (such as Na,O) to pure B,O; initially
converts threefold coordinated boron (B™) to a fourfold
coordination state (B'Y), with the network modifier cations
acting as charge compensators for B!V. The fraction of
tetrahedral to total boron (N;) reaches a maximum value
with further modifier addition, when formation of nonbridging
oxygen (NBO) becomes prevalent. In sodium borosilicate
glasses, the empirical Dell-Bray model?!=?* is frequently
invoked to predict N4 and NBO concentrations as a function
of glass composition. In this study, we consider quaternary
sodium boroaluminosilicate glasses, the structure of which is
more complicated due to the ability of sodium ions to interact
not only with boron and silicon, but also with aluminum.
Yamashita et al.2** found that, in alkali boroaluminosilicate
systems, when the three network formers coexist, the alkali ox-
ides react preferably with Al,O3, and the value of N4 can be es-
timated as /(1 — r), where r = ([Na,O] — (Al,03])/([Na,O]
— [ALO3;] + [B,03]). Stebbins er al.'3-1%2027 have con-
ducted a significant amount of work on understanding the
structure of boroaluminosilicate glasses, e.g., they developed
a modified Dell-Bray model’'">* to account for their ex-
perimentally determined N, values. Smedskjaer et al. have
recently introduced a new statistical mechanical model of
boron speciation for accurate prediction of both the compo-
sition and thermal history dependence of boron speciation
in borosilicate glasses.28 In this model, the addition of
network modifiers leads to a thermodynamic competition
between the formation of NBO and the conversion of boron
from trigonal to tetrahedral configuration. The model offers
improved prediction of boron speciation and provides a natural

©2012 American Physical Society
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explanation for the observed thermal history dependence
of N. 4.

Nevertheless, cation speciation in complex oxide glasses is
not yet fully understood, especially with the inherent compe-
tition between network modifiers and at least three different
glass-forming oxide constituents. A new model that can better
predict N4 needs to be developed for such materials, since
boron speciation is a very important parameter controlling
several glass properties.” The network former speciation and
modifier environments are determined by different structural
roles (e.g., charge compensation) of sodium in sodium
boroaluminosilicate glasses. In order to gain more knowledge
of this system, we have studied ten Na;0-B,03-Al,03-SiO;
glasses with systematic variation of the [Al,03]/[SiO;] ratio
to access different regimes of sodium behavior: (1) Na*t to
stabilize aluminum in a tetrahedral configuration, (2) Na* to
convert boron from trigonal to tetrahedral coordination, and
(3) Na™ to form NBO on silicon or boron. We obtain thorough
structure details, e.g. network speciation and modifier cation
environment, from a multinuclear NMR study of all cations
(M'B, ?’Al, ?°Si, and ?*Na) using both magic angle spinning
(MAS) and triple quantum (3Q) MAS NMR spectroscopy.
Based on the resulting structural information, the different
roles of Na,O as a modifier are discussed in detail. We also
extend the two-state statistical mechanical model of boron
speciation, originally developed for borosilicate glasses, to
these sodium boroaluminosilicate glasses, showing excellent
agreement between predicted and measured N4 values. This
comprehensive study of alkali boroaluminosilicate glasses
provides additional insight into glass structure and will serve
as an important contribution to understanding and developing
more complex multicomponent oxide glasses.

II. EXPERIMENTAL

A. Sample preparation

The batched compositions of the glasses were xAl,O3-
5B,03-(80-x)Si0,-15Na,O with x = 0, 1, 2.5, 5, 7.5, 10,
12.5, 15, 17.5, and 20 (mol%). The analyzed compositions
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FIG. 1. The designed glass compositions indicated in the B,O3-
Al,0;-Si0, diagram (85 mol% in total). 15 mol% Na,O is not
included in the composition diagram.

were slightly different from the batched compositions, but we
retain the original naming convention based on xAl,O3, as
listed in Table I. Figure 1 shows the ternary B,03-Al,03-SiO;
composition diagram (mol%) plus 15% Na,O and fining agent.
We keep the Na,O content constant in order to calculate the
concentrations of B,O3, Al,O3, and SiO, in this diagram.
All glasses were prepared by conventional melt quenching
methods. The batch materials used in glass melting were
Si0,, AlL,O3, H3BOs3, and Na,COj3. Here, 0.1 mol% As,O;3
or SnO, was added as a fining agent. The batch materials
were mixed and then melted in a covered silica crucible
at different homogenization temperatures 7; (see Table I)
for 6 h in air. The melts were quenched in water, and the
resulting glass shards were crushed and remelted for another
6 h at their respective melting temperatures to ensure chemical
homogeneity. Finally, the melts were poured onto a stainless
steel plate to obtain glasses. The glasses were annealed for 2 h
at different temperatures (between 450 and 560 °C) depending
on chemical composition. The chemical compositions of the

TABLE I. Analyzed chemical compositions, homogenization temperature (7},), glass transition temperature (7, ), and fraction of tetrahedral

to total boron (N,) of the boroaluminosilicate glasses.

Compositions (mol%)

Glass ID SiO, Al,O4 B,03 Na,O Fining agent T,°O) T,*(K) N4(at%)
AlO 80.08 0.16 4.84 14.77 0.15 1450 809 94.9
All 79.38 1.16 4.85 14.60 0.14 1450 814 93.2
Al2.5 78.80 2.00 4.70 14.40 0.08 1450 822 94.6
Al5 78.10 4.00 4.20 13.60 0.07 1500 837 91.6
Al7.5 76.90 5.70 4.30 13.00 0.06 1550 851 83.1
All0 75.90 7.50 4.30 12.30 0.07 1600 871 74.4
All2.5 72.00 10.40 4.40 13.10 0.07 1650 887 43.6
All5 69.20 12.70 4.60 13.50 0.07 1650 899 19.9
All7.5 62.97 17.18 4.99 14.73 0.13 1650 956 1.0
Al20 60.52 19.61 5.00 14.73 0.14 1650 966 0.8

T, was obtained by fitting viscosity data with MYEGA equation (Ref. 29) and determined as the temperature at which equilibrium viscosity is
10" Pa s.” The uncertainty of 7, is approximately +35 K. Al0, All, Al17.5 and A120 used SnO; as fining agent while the rest of these glasses

used As,O; as a fining agent.

054203-2



STRUCTURE OF BOROALUMINOSILICATE GLASSES: . ..

glasses, as reported in Table I, were determined by traditional
wet chemistry methods.

B. Nuclear magnetic resonance

The annealed glass samples were ground for NMR experi-
ments using an agate mortar and pestle. All NMR experiments
were performed on commercial NMR spectrometers (Chemag-
netics Infinity, Agilent VNMRS). 2’ AINMR experiments were
conducted using an 11.7 T wide-bore superconducting magnet
(Oxford). The resonance frequency of 2’ Al at this magnetic
field was 130.22 MHz. The ground glass samples were packed
into 2.5 mm zirconia rotors having low Al background. Nuclear
magnetic resonance spectra were collected using a 2.5 mm
double-resonance MAS NMR probe, with spinning speeds of
22 kHz. 2’ Al MAS NMR spectra were acquired with short
radio-frequency pulses of 0.6 us (7 /12 tip angle) and signal
averaging of nominally 1000 scans using a recycle delay
of 1 s. 2’Al 3QMAS NMR spectra were collected using a
hypercomplex 3QMAS pulse sequence with a Z filter.>* The
solid 7 /2 and 37 /2 pulse widths were optimized to 0.7
and 2.0 us, respectively. A lower power 7 /2 pulse width of
15.0 us was used as the soft reading pulse of the Z filter.
27A13QMAS NMR data were typically collected using 512 to
1024 acquisitions at each of 48 to 60 #; points, with a recycle
delay of 0.2 to 0.5 s. The 2?A1 NMR data were processed
with commercial software using minimal line broadening
(zero whenever possible) and referenced to aqueous aluminum
nitrate at 0.0 ppm.

"B NMR experiments were also conducted using an
11.7 T wide-bore superconducting magnet (Oxford). The reso-
nance frequency of ' B at this magnetic field was 160.34 MHz.
The ground glass samples were packed into 3.2 mm zirconia
rotors, and the NMR spectra were collected using a 3.2 mm
double-resonance MAS NMR probe, with spinning speeds of
20 kHz. Short radio-frequency pulses (7 /12 tip angle) were
used for quantitative excitation of MAS NMR spectra. ''B
3QMAS NMR spectra were collected using the same pulse
sequence as for 2’ Al, with solid 77 /2 and 37 /2 pulse widths
of 1.1 and 2.5 us, respectively. The soft reading pulse of the
Z filter was calibrated to 20.0 us. ''B 3QMAS NMR data
were typically collected using 1024 acquisitions at each of
160 to 256 t; points, with a recycle delay of 1 s. The g
NMR data were processed with commercial software, without
apodization and were referenced to aqueous boric acid at 19.6
ppm (relative to the standard BF;-Et,0).

2’Na NMR experiments were also conducted at 11.7 T
(132.19 MHz resonance frequency). The ground glass samples
were packed into 3.2 mm zirconia rotors, and the NMR spectra
were collected using a 3.2 mm double-resonance MAS NMR
probe, with spinning speeds of 20 kHz. Short radio-frequency
pulses (/12 tip angle) were used for excitation of MAS
NMR spectra. 3QMAS NMR of »*Na was also conducted
using the Z-filtered hypercomplex pulse sequence described
above, with solid 7 /2 and 37 /2 pulse widths of 1.2 and
2.8 us, respectively. The Z filter reading pulse was set to
15.0 ps. 2Na 3QMAS NMR data were collected with signal
averaging of 1000 scans at each of 36 #; points, all with a
recycle delay of 1 s. The 2>Na NMR data were processed with
minimal line broadening (zero if possible) and referenced to
aqueous NaCl at 0.0 ppm.

PHYSICAL REVIEW B 86, 054203 (2012)

29Si wide-line (static) and MAS NMR experiments were
conducted using a 4.7 T superconducting magnet (39.7 MHz
resonance frequency). All experiments made use of a 7.5 mm
MAS NMR probe, although samples were held static for
the wide-line NMR experiments. The samples were packed
into ZrO, rotors and MAS NMR data were collected at a
spinning rate of 4 KHz, using a short radio-frequency pulse
( /6) with a long recycle delay (180 s). Signal averaging of
~1000 acquisitions was necessary to obtain >°Si MAS spectra
of sufficient quality. All NMR spectra were processed with
modest line broadening (50 Hz) and were externally referenced
to TMS (0 ppm).

III. RESULTS

A. AINMR

The Al MAS NMR spectra of the ten mixed network-
former glasses are shown in Fig. 2. These data confirm the
strong association between Na™ and tetrahedral aluminum
groups (Al'Y). When [Na,O] > [Al, 03], the spectra all consist
of a narrow peak centered at around + 50 ppm, consistent
with A1'V.3! The spectra for glasses with [Na,O] > [Al,03]
are thus all very similar to one another, both in position and
shape of the 27 Al resonance, which indicates that there is no
significant difference in the Al'Y environment as a function of
glass composition. For the two peraluminous glasses (Al17.5
and Al20), the ?Al MAS NMR spectra are significantly
and asymmetrically broader, mainly on the more shielded
side (lower shift), which indicates the presence of higher
Al coordination.?! As shown by the overlay in Fig. 3, these
two spectra contain different Al species, which can either be

Al20

Al17.5

Al15

Al12.5

Al10

Al7.5

Al5

. "

Al2.5 *

All

I I | I I I I | |
250 200 150 100 50 0 -50 -100 -150

277l Frequency (ppm)

FIG. 2. Al MAS NMR spectra of the boroaluminosilicate
glasses as described and labeled in Table I. The asterisks mark
spinning sidebands, and arrows denote background signal from rotor
components, which is only seen at the lowest [Al,O3].
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FIG. 3. Overlay of the >’ Al MAS NMR spectra from the four
glasses containing the highest [Al,O3].

spectrally subtracted from one another, or more precisely,
simulated to reproduce MAS NMR line shapes for both the
AI"Y and a second resonance around + 30 ppm. The latter is
consistent with Al groups.’!

Two-dimensional ?” Al 3QMAS NMR spectra of representa-
tive glasses containing low (Al2.5) and high (Al17.5) [Al,O3]
are shown in Fig. 4. 3QMAS NMR spectroscopy provides
higher resolution for quadrupolar nuclei such as >’ Al, enabling
better resolution of different coordination environments in the
isotropic dimension. In the case of the AI2.5 glass, the >’Al
3QMAS NMR spectrum contains only a single set of contours,
consistent with the MAS NMR spectra in Figs. 2 and 3, and the
presence of only AI'"Y polyhedra. In contrast, the 2’ Al 3QMAS
NMR spectrum of the All7.5 glass contains a similar set of
contours from a large quantity of A"V groups, as well as a
barely detectable second signal attributed to a small fraction
of A1V groups. This is also consistent with the 2’Al MAS
NMR data where, for [Al,O3] > [Na,O], the glasses appear to
contain at least two different Al resonances.

B. "B NMR

B MAS NMR spectra of the ten glasses are shown in
Fig. 5. These spectra are characterized by a broad peak cen-
tered at + 10 ppm, corresponding to B! sites, and a relatively
narrow peak centered around —2 ppm, corresponding to B
sites. The relative peak intensities vary with composition,
as evident in Fig. 5, which reflects changes in the relative
proportions of B™ and B"Y. When [AL,O3] < [Na,0] (i.e., AlO
through Al15), these MAS NMR spectra show the presence of
both B™ and BY. When [A1,03] > [Na,0], most of the boron
atoms exist in trigonal groups, with little evidence for the B!Y
resonance. The fraction of BV (N4) was determined by fitting
the ''"B MAS NMR spectra in Fig. 5 and is reported in Table I
for the entire series of glasses. We find that N, decreases with
increasing [Al,Os].

In addition to the boron coordination changes, the ''B MAS
NMR spectra in Fig. 5 reveal changes in the BT NMR line
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FIG. 4. A1 3QMAS NMR spectra of two representative glasses
containing low (Al2.5) and high (Al17.5) [Al,0O3]. Contours from
different Al coordination environments, as well as spinning sidebands
(ssb), are denoted.

Al7.5
AlS
Al2.5

All
AlO

% 220 1 10 &5 0 5 A0 -5
B NMR Frequency (ppm)

FIG. 5. "B MAS NMR spectra of the boroaluminosilicate glasses
as described and labeled in Table I.
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FIG. 6. ''B 3QMAS NMR spectra of two representative glasses
containing low (Al2.5) and high (Al17.5) [Al,O3]. The two different
boron resonances are denoted, along with any spinning sidebands
(ssb).

shape, indicating some impact of glass composition on the
short-range structure around trigonal boron. The frequency and
line width of the B'Y resonances also change with composition,
but such changes are not necessarily systematic with glass
composition. This could indicate multiple types of BV sites
or changes in local environment due to differing next nearest
neighbors or intermediate-range order.

1B 3QMAS NMR spectra of representative glasses con-
taining low (Al2.5) and high (Al17.5) [Al,O3] are shown in
Fig. 6. These spectra confirm the presence of multiple boron
sites (i.e., both B and B!V sites). More importantly, the data
for the high [Al,03] glass contain a small quantity of B!V
units, which is not immediately obvious in the ''B MAS NMR
spectra in Fig. 5 due to overlapping MAS NMR line shapes.

C. ¥Si NMR

2Si MAS NMR spectra of the ten boroaluminosilicate
glasses are shown in Fig. 7. There are clear changes in these
spectra as a function of glass composition, with a systematic
deshielding (to higher chemical shift) of the signal as [Al,O3]
increases. In addition to this shift, the spectra, particularly at
lower values of [Al,03], also appear to be comprised of at least
two separate resonances, which can be fit to a sum of Gaussian
line shapes, as shown for the A10 MAS NMR spectrum.

Further details of the silicon speciation, especially with
respect to numbers of bridging and nonbridging oxygen, can

PHYSICAL REVIEW B 86, 054203 (2012)
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FIG. 7. ®Si MAS NMR spectra of the boroaluminosilicate
glasses. The spectra are labeled as in Table I. The spectrum of
AlO includes a Gaussian deconvolution into two distinct resonances
(dashed lines).

be obtained by analysis of 2?Si wide-line (static) NMR spectral
line shapes. This is because symmetry around the silicon
atom controls the static NMR powder patterns. Figure 8
shows a stack plot of the ?°Si wide-line NMR spectra for
the ten glasses, indicating that the overall line shape does
change with composition. The spectra for low [Al, O3] glasses
are highly asymmetric, with a pronounced feature on the
deshielded side of the main peak near -100 ppm. As [Al,03]
increases, the 2°Si wide-line spectrum becomes broader and
less asymmetric, reflecting changes in the Si speciation of
these glasses, consistent with the 2Si MAS NMR data.

D. 2Na NMR

Figure 9(a) shows the 2*Na MAS NMR spectra of the
ten glasses. These MAS NMR data show what appears to
be a single, asymmetric resonance for all of the glasses.
However, the line shape is sensitive to glass composition,
with a significant narrowing of the resonance with increasing
[Al,O3] [Fig. 9(b)]. The 23Na MAS NMR spectra of the high
[Al, 03] glasses also appear to be considerably less asymmetric
than spectra for glasses containing low [Al,O3].

Two-dimensional *Na 3QMAS NMR spectra of repre-
sentative glasses containing low (Al2.5) and high (Al17.5)
[Al,03] are shown in Fig. 10. Both sets of contour plots
contain a single sodium resonance, which was also found for
the entire series of compositions (data not shown). These data
were further analyzed to determine average values of isotropic
chemical shift (§cs) and quadrupolar coupling product (Pyp)
for 2’Na in all glass samples (Table II).
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FIG. 8. Wideline °Si NMR spectra of the boroaluminosilicate
glasses. The spectra are labeled using the naming convention in
Table I. Dashed lines denote line shape simulations as described
in the text.

IV. DISCUSSION

A. Aluminum speciation

The >’Al MAS and 3QMAS NMR results reported here
clearly indicate that the aluminum-to-sodium ratio controls Al
speciation. For the peralkaline compositions, there is sufficient
Nat to stabilize all aluminum in fourfold coordination, and
thus only a single Al resonance is detected in the 2’ Al NMR
spectra. These Al'Y environments are mostly unchanged when
altering the amount of Al,O3 in the glasses. There are thus
only minor changes in NMR parameters, particularly for
Py, as shown in Table II, which are likely within the error
of measurement or potentially a consequence of structural
disorder. There is no obvious systematic change in either
dcs or Py as a function of composition, which would be
consistent with cation ordering around the Al'Y tetrahedra as
the glass-former ratios are changed (e.g., decreasing Si next
nearest neighbor (NNN) with increasing [Al,O3]).

For the peraluminous compositions, a small fraction of A1Y
is detected in both the 2’ Al MAS and 3QMAS NMR data. This
asymmetric broadening of the MAS NMR spectra in Figs. 2
and 3 occurs in the region around [Na,O] = [Al,O3], where
the onset of AlY formation would be expected.?' Furthermore,
a distinct second resonance, which can be assigned to AlY
groups, is detected in the 3QMAS NMR spectra of the two
peraluminous glasses (Fig. 4). Based on analysis of the 27 Al
MAS NMR line shapes for the Al17.5 and Al20 glasses
(Fig. 3), we are able to quantify the relative proportions of
A1 and A1Y. We roughly estimate (£3%) that there exists
10% of the total Al as AlY in the AI20 glass and 4% of
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FIG. 9. (a) *Na MAS NMR spectra of the boroaluminosilicate
glasses. The spectra are labeled using the naming convention in
Table I. (b) Full width at half maximum (FWHM) of the *Na
resonance as a function of [Al,Os].

the total Al as AlY in the All17.5 glass, both consistent
with peraluminous compositions requiring AlY polyhedra for
proper charge balancing.’> As indicated by the weak peak
intensities, the population of AlY is less obvious in the 3QMAS
NMR spectra, similar to other reported data for aluminosilicate
glasses.®> By significantly expanding the vertical scales of
these data (Fig. 4) and looking in the noise, we confirm the
presence of AlY and are therefore confident that the changing
27A1 MAS NMR line shapes are a result of increasing AlY
concentration when [Al,O3] > [Na,O].

This fivefold coordination environment around Al is ex-
pected for such compositions, where the amount of charge-
balancing modifier cations (Na™) is insufficient to stabilize
all Al in fourfold coordination. As a consequence, some
higher coordination Al species are formed and believed to
provide an additional source of charge compensation in these
networks.3132 Binary SiO,-Al,03 glasses with [Al,O3] > 1
wt% contain a mixture of Al'Y, A1V, and A1V species.“'32
The relative proportions of these species depend strongly on
composition, and the high-coordinated Al species serve as
charge compensators of tetrahedral Al'Y species. However,
the addition of alkalis to these binary glasses results in the
rapid disappearance of AlY and AIY!' and stabilization of
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FIG. 10. 22Na 3QMAS NMR spectra of two representative
glasses containing low (Al2.5) and high (Al17.5) [Al,Os].

Al 32 A careful analysis of the high [Al,O3] glasses in the
present study (Al17.5 and Al20) using both >’ Al MAS and
3QMAS NMR spectroscopy shows that only Al'"Y and A1V
polyhedra are present, indicating that the amount of excess
Al,O3 (i.e., [Al,O3] — [NayO]) is small and does not lead to
the formation of AIV! groups. These results confirm that we can
confidently use the difference ([Na,O] — [Al,O3]) to calculate
an effective modifier concentration in a pseudoternary sodium
borosilicate glass. The Al speciation is completely controlled
by the sodium-to-aluminum ratio, viz., for [Al,O3] < [Na,O],
we can simply subtract [Al,O3] from [Na, O] to get the amount
of modifier left to act in other roles, including stabilization of
B and creation of NBOs, as discussed later. Similarly, the
two glasses for which [Al,O3] > [Na,O] appear to consume all
Na™ in charge-balancing Al tetrahedra, with a small fraction
of Al to account for the insufficient amount of sodium, and
more importantly, no modifier available for acting in other
charge-balancing roles.

B. Boron speciation

Evidence for the above-mentioned behavior is also found
in the ''"B MAS NMR spectra (Fig. 5), which show a large
variation of boron speciation as a function of composition.
At low [Al,03], where there is a substantial excess of Na™,
the boron atoms are found to be predominantly in fourfold
coordination, as evidenced by the very intense and narrow
"B NMR resonance near —2 ppm in Fig. 5. With increasing
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[Al, O3], this peak remains the most intense spectral feature
for most of the glasses, until the Al12.5 composition, where
the intensity of the broad, asymmetric resonance centered
around 10 ppm increases substantially. The latter feature is
indicative of B!, the relative population of which is sensitive to
[Al,03]. Inthe "B MAS NMR spectra, it reflects second-order
quadrupolar line broadening due to lower symmetry around
the B! triangles than is found for the nearly symmetric B
units. The significant line shape differences for B! triangles
and B!V tetrahedra are consistent with previous studies of
boron coordination in simple modified borate glasses.!”3*
Such differences in line shape, especially when measured
at sufficiently high magnetic fields to obtain separation of
the two peaks, allow accurate quantification of the boron
coordination and ultimately the fraction of B (N,). Here, N,
was determined for all of the glasses by fitting the ''B MAS
NMR spectra to a series of three- and fourfold coordinated
line shapes, the results of which are given in Table I. These
data clearly show that N, is controlled by the excess modifier
content of the glasses. Hence, for low [Al,O3], there is a
significant amount of sodium available to convert boron from
B to BIV. As [Al,O3] increases and the effective modifier
content decreases, N4 decreases.

In the two glasses with the highest [Al,O3], where 27 Al
NMR indicated all Na* is used for charge-balancing AI'Y
groups, a very small fraction of B! is detected (<1%).
These nonzero values of N4 are determined from fitting the
overlapping resonances in the ''B MAS NMR spectra, which
likely has some associated uncertainty. However, we have
directly detected B!V groups in the ''B 3QMAS NMR spectra,
where a weak but clearly present peak is found for B!V groups
in the All7.5 glass (Fig. 6). Similar evidence for a small
fraction of B! units in the AI20 glass was also obtained
(data not shown), indicating that even for peraluminous
compositions, a minor degree of network modification beyond
Al group stabilization occurs. This implies that, in the
peraluminous regime, there is a competition for Nat between
charge compensating AlI'Y and B'Y. However, the formation
of A1 is strongly favored over that of B!, since only minor
concentrations of B exist. In the peralkaline regime, Na*t
will first charge compensate all Al as Al'Y, and there is no
competition for Na* between charge compensating Al'Y and
B!, as confirmed by only Al'Y groups in the >’ A1 NMR data.

In sodium borosilicates, the Dell and Bray model®'~%3 is a
frequently used empirical model to predict the composition de-
pendence of Ny. It should be mentioned that [Al,O3] is not in-
volved in the Dell and Bray model. In order to apply this model
to the boroaluminosilicate glasses, we have taken [Na,O] —
[Al,O3] as the effective modifier concentration and have not
considered the effect of aluminum speciation on the network
connectivity. According to the Yun and Bray invocation of this
model,”> Ny = ([Na,O] — [Al,03])/[B,03] when [Na,0] —
[Al,O3] < [B20O3] and Ny = 1 when [Na,O] — [ALLO3] >
[B,O3] for our glasses (SiO,/B,0s3 > 8). The composition
dependence of the N4 values predicted from this model is
plotted in Fig. 11. We note that these N, values are excessively
high compared to the experimental values from the present
study.

According to Du and Stebbins, > the experimental deviation
of N, from the Dell and Bray model could be due to the energy

054203-7



Q. J. ZHENG et al. PHYSICAL REVIEW B 86, 054203 (2012)

TABLE II. Isotropic chemical shift (8¢g) and quadrupolar coupling parameters for 2’ Al, ''B and *Na using MAS and 3QMAS NMR data.
The quadrupolar coupling product (P = Co(1 + 1*/3)!/?) was determined from 3QMAS NMR spectra of 2’ Al and >*Na as described in the
text. Missing values for the AlIO glass are due to lack of 2’ Al 3QMAS NMR data for this glass. Fitting of ''B MAS NMR spectra (Ref. 45)
provided further delineation between C, (quadrupolar coupling constant) and  (asymmetry parameter).

''B MAS NMR
2 Al 3QMAS NMR* 3cs (ppm) Na 3QMAS NMR
Glass ID Scs (ppm) Py (MHz) [BO;] [BO] Co (MHz)" n° Scs (ppm) Pq (MHz)
AlO 16.8 ~11 2.55 0.52 -3 35
-2.1
All 61 42 169 —0.8 2.55 0.53 -3 3.6
~1.9
AL25 59 3.7 16.4 ~1.1 2.4 0.57 -5 2.4
22
Al5 59 4.1 16.7 -0.8 2.52 0.57 -7 25
-1.9
Al7.5 60 3.9 16.7 —0.5 2.58 0.49 -9 23
~18
Al10 60 3.9 16.4 —04 2.62 0.48 ~10 22
)
Al125 60 3.7 16.4 —0.4 2.67 0.42 -12 2.1
~17
All5 61 4.0 16.2 —0.3 2.67 0.38 ~11 2.1
~1.8
All75 62 42 16 ~0.5 2.63 0.22 -11 2.5
18.4 2.75 0.22
AL20 63 42 14 —0.5 2.59 0.25 ~11 2.3
17 2.67 0.31

ANMR parameters were determined for only Al'Y groups using 2’ Al 3QMAS NMR data.
®Quadrupolar coupling parameters for !B were only determined for the B™ sites, as C and 7 for the tetrahedral BV units are small and
therefore not included in the MAS NMR line shape simulations.

11V IIV

penalty from the mixing of BV and A1'Y groups, i.e., with the  related to avoidance among B!V and AI'"Y species. Predicted
presence of negatively charged Al'Y groups, the formation of ~ values of N, for our glasses using this model are also plotted
B!V units is energetically unfavorable. For boroaluminosilicate in Fig. 11. We find a certain degree of discrepancy between
glasses, Du and Stebbins'? have developed a modified Dell-  the Du—Stebbins model and our experimental results. The
Bray model. This model groups Al and B as a single type  discrepancy could be attributed to the assumption that the
of cation based on the consideration that the mixing behavior ~ mixing behavior for A"V is similar to that of BY. However,
for AI'Y is similar to that of B and the variation of N4 is  according to Du and Stebbins,'® their model is not expected

to accurately predict the N4 of the glass system with the

composition range of Al > B. This is exactly the range where
100 - e the discrepancy between the predicted and experimental N4
0" values appears (Fig. 11). In spite of this apparent discrepancy,
80+ the Du-Stebbins model provides a good prediction of the
1 N4 variation with composition for the glasses studied in the
< 60+ Dell-Bray model present work.
@ ) Two-state model
z" 407 C. Nonbridging oxygen formation
204 Du-Stebbins model For both the Dell-Bray and Du—Stebbins models, N, values
are overpredicted at low [Al,Os]. This suggests that, after
04 m Experiment charge compensating Al'Y, not all of the excess Na* ions are
perimen X R
used in converting B™ to B!V. Instead, some of the excess

0 5 ' 1|0 ' 15 20 modifier is available for other types of network modification,

[ALO,] (mol%) in particular, formation of NBOs. It is well known that excess

modifier can lead to formation of NBO on both boron and

FIG. 11. (Color online) Comparison of the N data obtained from  silicon.>3® In alkali borosilicates, this is apparent in the
NMR and three different models. The errors of the experimental N, ~ maximum value of N4 for various compositions, at which
values (£0.2%) are smaller than the size of the symbols. point additional modifier is used to create NBO rather than
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B™V. Hence, the maximum value of N, is not 100%, similar
to what we have observed for the low-Al,O3 glasses in this
study.

The "B NMR spectra in Fig. 5 contain some evidence
for NBO formation on B!, However, due to the low fraction
of B for glasses with alumina content smaller than that of
Al10, such effects are difficult to identify. Vertical expansion
of these spectra (not shown) indicates that the B line shape
is changing with glass composition. For example, comparing
the data for Al12.5 and Al20 reveals that the B™ line shape
is noticeably different for different [Al,O3]. Simulations of
the "B MAS NMR spectra, especially the resonances from
B confirm the presence of multiple environments, which
differ in terms of the quadrupolar asymmetry parameter 7.
This parameter is shown in Table II for all B sites in these
glasses. We find that it systematically changes with [Al,O3]. At
high [Al,O3], where most of the sodium is used for stabilizing
A1V, the value of 7 is relatively low (0.2 to 0.4). As the amount
of excess modifier increases, the B! asymmetry parameter
also increases, reaching values as high as 0.57 for some of
the low [Al,O3] compositions. Such values of 5 are typical
of B! having an asymmetric distribution of bridging and
NBO, as would be the case for B units with one or two
NBO.? Essentially, the ''B MAS NMR line shape for B is
changing from one comprised of all symmetric B units to
one with at least some fraction of B!l with NBO. Thus, for
glasses where the effective modifier concentration is nonzero
and likely greater than ~2 mol%, we detect formation of NBO
on B atoms.

The "B 3QMAS NMR spectra appear to contain only a
single B"" resonance, with the exception of the Al17.5 and
Al20 glasses. This likely reflects a distribution of environments
with average values of n higher than those in glasses having
only symmetric B"' units, as discussed above for spectral
simulation of the "B MAS NMR spectra. The inability to
resolve distinct symmetric and asymmetric B™' line shapes
in the 3QMAS NMR spectra (Fig. 6), makes accurate
quantification of NBO on boron difficult, but nonetheless
the presence of such units confirms the activity of excess
effective modifier in peralkaline glasses. There are two glasses
in which multiple B resonances were distinctly resolved in
the '"B 3QMAS NMR spectra: Al117.5 and A120. These glasses
are both peraluminous and already shown to contain almost
exclusively B, and they appear to contain two symmetric
(low n) B sites, reminiscent of ring and nonring B units
in v-B,O3 and slightly modified borate glasses.’”*® The
isotropic chemical shifts for these resonances (Table IT) are also
consistent with symmetric B" units in different superstructural
or intermediate-range order environments.

In addition to changes in boron speciation, including
both N; and NBO formation, the excess modifier in the
peralkaline compositions can also impact the speciation of
silicon. Nonbridging oxygen formation on Si, resulting in
Q"#* [n is the number of bridging oxygens (BOs) per
tetrahedral silicon], e.g., @3, Q2 and other Si tetrahedra, is well
known in alkali silicates and aluminosilicates.**** One might
expect similar behavior in the glasses studied here, in particular
for those having the highest excess modifier concentrations.
Therefore, 2°Si NMR data were collected to ascertain the Si
speciation as a function of glass composition. 2Si MAS NMR
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spectra show evolution of the signal with increasing [Al,O3]
(Fig. 7). The nominally Al-free glass (Al0) contains two fairly
well-resolved 2°Si resonances centered at approximately —96
and —108 ppm. In Al-free glasses, these peaks correspond
well to Q3 and Q* sites, respectively,*'*? suggesting that the
AlO glass contains a moderate quantity of NBO on Si (e.g.,
Q3 sites). The other glasses in this study contain nonnegligible
concentrations of Al, and the presence of Al polyhedra as NNN
to Si tetrahedra substantially complicates the interpretation and
quantification of 22Si MAS NMR spectra.*** It is thus mostly
due to increasing [Al,Os] that the peaks in the MAS NMR
spectra in Fig. 7 move to less negative chemical shifts, since
increasing Al NNN has this direct impact on Q" chemical
shifts. Notwithstanding this limitation, it does appear evident
from the evolution in the Si MAS NMR data that the spectra
are simplified with increasing [Al,Os]. For glasses at the
highest [Al,03], the 2°Si line shape is much more symmetric
and likely reflects fewer distinct Si species. This of course is
expected based on the availability of modifier in these glasses,
i.e., higher [Al,03] reduces the amount of effective modifier
available for NBO formation on Si, eventually eliminating any
possibility for non-Q* groups.

D. Structural modeling

To further identify and estimate the NBO concentration on
Si tetrahedra, static or wide-line 22Si NMR measurements were
conducted. As shown in Fig. 8, there is again a gradual change
in the 2°Si spectra with glass composition, signifying some
type of evolution in Si speciation. We first fit the All spectrum
using parameters which gave a reasonable fit and then froze
those parameters (mainly line broadening and chemical shift
anisotropy terms) in all subsequent fits. These wide-line 2°Si
NMR spectra were fit with DMFit* and provided quantitative
estimates for the relative amounts of Q3 and Q* along the
entire series of glasses (Table III). As with the 2°Si MAS
NMR data, the Q3 concentration drops steadily with increasing
[Al,O3]. For [Al,O3] > ~12 mol%, the Q3 fraction and
thus the NBO on Si content goes to zero. For [Al,03] above
this level, the glasses apparently have insufficient modifier
to stabilize AI'"Y and BV groups, as well as formation of
NBO on Si. In spite of the complications in accurately
determining Q3 populations in these glasses, due both to Al
NNN complications and poor signal to noise, the 2°Si NMR
data do show conclusively the presence and compositional
dependence of NBO on Si tetrahedra, further demonstrating
the many different modifier roles of Na in these glasses. The
various NMR data indicate that after charge compensating
A1V, not all of the excess Na,O is used for converting B! to
B!V. Instead some of the Na* ions are used to create NBO on
both Si and B. There is a competition between converting B™ to
B! and creating NBO. In order to quantify this effect, we next
consider the two-state statistical mechanical model of boron
speciation, which originally was developed for borosilicate
glasses.”®

According to the two-state model, the free energy asso-
ciated with NBO formation on Si'V takes an intermediate
value compared to those of the B to B!V conversion and
NBO-on-B™ formation,?84¢8 and this value appears close to
the energy associated with B to BTV conversion. We define
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TABLE III. Q" units calculated by the random model and measured by NMR for the boroaluminosilicate glasses as described and labeled
in Table I. Q%" is estimated for comparison to the NMR results by assuming Q% = 2Q? and ignoring the minor contributions from Q! in the

random model.

Random model

Glass ID 0* (%) 0* (%) 0 (%) o' (%) 0" (%) 0¥ (%) NMR Q° (%)
AlO 77.28 20.57 2.05 0.09 0.00 24.68 33
All 79.41 18.85 1.68 0.07 0.00 22.20 24
Al2.5 81.33 17.25 1.37 0.05 0.00 19.99 18
AlS 86.11 13.12 0.75 0.02 0.00 14.62 12
Al7.5 90.72 8.95 0.33 0.01 0.00 9.61 5
Al10 95.89 4.04 0.06 0.00 0.00 4.17 2
All2.5 97.90 2.08 0.02 0.00 0.00 2.12 0
AllS 100 0 0 0 0 0 0
All7.5 100 0 0 0 0 0 0
Al20 100 0 0 0 0 0 0

AH as the enthalpy difference between NBO formation and
B™ to BY conversion. Whether the modifiers are used for B™!
to BV conversion or NBO-on-Si'V formation is determined
by the enthalpy difference between the two states (A H) and
the number of available boron vs silicon sites (i.e., an entropic
effect governed by the fictive temperature 7y and [SiO;] vs
[B2Os3D).

Since we have confirmed that all aluminum is in fourfold
coordination when [Na,O] > [Al,O3], we can safely use
[Na,O] — [ALOs3] to calculate the effective modifier con-
centration. When [Na,O] < [ALLO3], we state that N, = O,
which is close to the values determined from ''B NMR. When
[Na,O] > [Al,O3], N4 can be calculated as

B [Na,0] — [AL,O3]
"~ [B20s3] + [SiOslexp[—AH/kT(]’

(1)

Ny

where k is Boltzmann’s constant. The fictive temperature 7'y
is taken as equal to the glass transition temperature (cooled at
10K/s), i.e., Ty = T,.* If AH is large, the modifiers are more
likely to be used for charge-balancing B'Y, so N, will be large.
With higher fictive temperatures and high SiO, concentrations,
N4 attains a lower value due to the effect of entropy. Using the
experimentally determined values of T, = T listed in Table I,
we obtain good agreement between the two-state model and
the NMR results (Fig. 11) taking AH = 0.28 eV as the sole
fitting parameter. During the fit of AH, N, is constrained to
be in the range of 0 ~ 1. The uncertainty of AH is +0.01 eV.
As shown in Fig. 11, the Dell-Bray model overpredicts N4
and the Du—Stebbins model underpredicts N4. The two-state
model gives the best agreement with NMR data among these
models. It should be noted that the two-state model has its
limitations. First, the fictive temperature effect on Ny applies
only to silicate and boroaluminosilicate glasses, and this is
seen from Eq. (1). For borate glasses, the effect of fictive
temperature on Ny also exists, but it is not considered in this
model. Second, N, is predicted to increase monotonically with
Na,O content. Despite these limitations, the two-state model
gives a relatively accurate description of the boron speciation
for the glass compositions studied in the present work.

The random model, which is used to describe the distri-
bution of Q" units in silicate glasses, assumes a statistical

distribution of Q" units for discrete values of n between 0
and 4. Here, we apply this model to the boroaluminosilicate
glasses. Following this model*>? we first calculate the
probability (p) that a randomly chosen Si-O bond includes
a NBO. It is equal to the ratio between the number of
NBOs and the total number of bonds [NBO] + [BO],
where BO is a bridging oxygen. For silicate glasses, p =
NBO/(Z[Si"V]), where Z is the coordination number of the
network former. For our aluminoborosilicate glasses, p =
NBO/(4[Si"V] + 3[B™M]), since NBOs exist both on Si'V and
B ie., the existence of B™ lowers the probability for a
NBO to be associated with Si. Since addition of sodium to
boroaluminosilicate glasses results in the formation of AI'Y,
B!, and/or NBO, the concentration of NBOs can be calculated
as 2([Na,0] — [AI"Y] — [B'Y]). By using

!
. n_4—n

n!(4_n)!(1 p)'p", 2)
the Q" values are calculated and listed in Table III. In order
to compare the calculated values of Q" to the 03 and Q*
values obtained from NMR, one Q2 unit was counted as
two Q3 units and Q' and Q° units were ignored, since their
concentrations are predicted to be less than 1%. Figure 12
shows that Q3 calculated by the random model agrees well
with that measured by NMR, viz., 03 decreases as [Al,O3]
increases. The discrepancy at AlO, which is the data point
having the most accuracy, indicates that the random model
does not work well for all glasses in this series. Without Al,O3
in the glass, all of the Na* is being consumed by B!V and
NBO, the latter of which is essentially all on Si as determined
by both "B and ?°Si NMR. This situation, which is perhaps
unique to this particular glass composition, is reflected in the
higher O population of Fig. 12.

0" =

E. Structural role of sodium

The local Nat environment is significantly impacted by
[Al,O3]. The broad »*Na MAS line shapes at low [Al,O3]
suggest multiple or at least a large distribution of sodium
environments (Fig. 9). They are likely from Na*t as a charge-
balancing cation for BV, NBO on boron and/or silicon, as
well as a small fraction of AI"Y. The 2*Na MAS line shapes
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FIG. 12. (Color online) Comparison of Q* data calculated by the
random model and measured by NMR of the boroaluminosilicate

glasses as described and labeled in Table I. The error range of the
NMR datais +5%.

narrow considerably at higher [Al,O3], suggesting a more
uniform environment (and role) of Na't ions, i.e., they are
mostly used to charge balance Al'V at the higher [Al,Os].
The *Na 3QMAS NMR spectra confirm changes in the >>Na
resonance with increasing [Al,O3], as well as the fact that
only one distinct sodium environment is resolved for all of
the glasses. Both 8cs and Py of *Na vary for these glasses
as a function of composition, with an initial decrease in §¢g
with increasing [Al, O3], until at [Al,O3] ~ 10 mol%, where
the *Na chemical shift levels at a value of —10 to —12 ppm.
The initial decrease in chemical shift correlates very well with
the increasing amount of Al'Y groups that require Na cations
for charge compensation. These Al'Y groups, as well as B
groups, are negatively charged polyhedra which do not possess
NBO atoms.

It has been reported that, in glasses where Na is the
only non-network forming cation, 8¢5 for 2*Na increases
systematically with increasing [Na,O], in part because of
increasing fraction of NBO in the average Na coordination
shells and the accompanying shortening of mean Na-O
distances.'*?%3 In our glass systems, 8¢cs decreases with
an increase in [Al,O3], indicating that the NBO content
is decreasing as well. This agrees well with our direct
determination of NBO content, where both ''B and ?°Si NMR
spectra show a decrease in the NBO content with increasing
[Al,O3]. As [Al,O3] increases, more Na™ ions are required
for stabilizing A"V groups until this is essentially the only
environment for Na, i.e., an environment without any NBO
in the local coordination environment. Similarly, we find a
marked decrease in Py with increasing [Al,Os], consistent
with a more uniform coordination environment as well as
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an increase in the average coordination number of Na.!#26:33

Both observations reflect changes from multiple Na sites
(i.e., structural roles) to a relatively uniform distribution of
Na* in Al'Y charge-balancing positions, and the increase in
Na coordination number simply reflects fewer NBO in its
coordination sphere as these species diminish with increasing
[Al,O3]. Finally, it should be mentioned that the change in the
Na environment with composition is a continuous variation in
the types and numbers of different kinds of oxygen, e.g., NBO
vs various BO (connected to Si or B or Al) in the average Na
coordination shell. This aspect will be closely studied in our
future work.

V. SUMMARY

We have studied the structure of ten Na,O-B,03-Al,03-
Si0O, glasses with varying [Al,03]/[SiO;] ratio to access
different regimes of sodium behavior. The network speciation
and modifier cation environments have been characterized
as a function of composition using multinuclear NMR spec-
troscopy. Based on these NMR results, the different roles of
sodium with respect to the network-forming cations (Si, B,
and Al) have been clarified and quantified. We confirm that
when [Na,O] < [Al,O3], almost all sodium is used to charge
compensate Al"Y; however, there are also Al species which
act as charge compensators due to insufficient sodium. When
[Na,O] > [Al,O3], sodium first charge compensates Al'Y,
i.e., all aluminum is fourfold coordinated, and there is no
compositional dependence of the aluminum speciation. After
charge compensating Al'Y, not all of the excess Na™ ions are
used for converting B to B!, since some are used to create
NBOs on both Si and B. This indicates a competition in the
boroaluminosilicate glasses between B to BV conversion
and NBO formation. Consequently, we have found that the
Dell-Bray and Du—Stebbins models do not fully predict values
of N, determined experimentally, since both models do not
account for such competition. To account for this competition,
we have extended our two-state statistical mechanical model
of boron speciation developed for borosilicate glasses to
boroaluminosilicate glasses. By doing so, we have obtained
better agreement between the predicted and measured values
of Ny. Furthermore, the composition dependence of Q3 has
been described by using a random model that agrees well with
the experimental values obtained from 2°Si wide-line NMR
spectroscopy.

ACKNOWLEDGMENTS

The authors would like to thank Adam Ellison (Corning
Incorporated) for valuable discussion on glass composition
and characterization approaches.

“Corresponding author: youngmanre @corning.com

'S. K. Lee, G. D. Cody, Y. W. Fei, and B. O. Mysen, Chem. Geol.
229, 162 (2006).

’G. Yang, B. Bureau, T. Rouxel, Y. Gueguen, O. Gulbiten,
C. Roiland, E. Soignard, J. L. Yarger, J. Troles, J. C. Sangleboeuf,
and P. Lucas, Phys. Rev. B 82, 195206 (2010).

3G. N. Greaves, J. Non-Cryst. Solids 71, 203 (1985).

“M. Hanaya and R. K. Harris, J. Phys. Chem. A 101, 6903
(1997).

3], F. Stebbins and Z. Xu, Nature 390, 60 (1997).

oM. Bauchy, M. Micoulaut, M. Celino, S. Le Roux, M. Boero, and
C. Massobrio, Phys. Rev. B 84, 054201 (2011).

054203-11


http://dx.doi.org/10.1016/j.chemgeo.2006.01.018
http://dx.doi.org/10.1016/j.chemgeo.2006.01.018
http://dx.doi.org/10.1103/PhysRevB.82.195206
http://dx.doi.org/10.1016/0022-3093(85)90289-3
http://dx.doi.org/10.1021/jp971108c
http://dx.doi.org/10.1021/jp971108c
http://dx.doi.org/10.1038/36312
http://dx.doi.org/10.1103/PhysRevB.84.054201

Q.J.ZHENG et al.

’Q. J. Zheng, M. Potuzak, J. C. Mauro, M. M. Smedskjaer, R. E.
Youngman, and Y. Z. Yue, J. Non-Cryst. Solids 358, 993 (2012).
8F. Angeli, O. Villain, S. Schuller, T. Charpentier, D. de Ligny,
L. Bressel, and L. Wondraczek, Phys. Rev. B 85, 054110 (2012).
°S. Sen, T. Topping, P. Yu, and R. E. Youngman, Phys. Rev. B 75,
094203 (2007).

1ON. Ollier, T. Charpentier, B. Boizot, and G. Petite, J. Phys.: Condens.
Matter 16, 7625 (2004).

3 Angeli, T. Charpentier, S. Gin, and J. C. Petit, Chem. Phys. Lett.
341, 23 (2001).

12]. M. Egan and K. T. Mueller, J. Phys. Chem. B 104, 9580 (2000).

BL. S. Du and J. F. Stebbins, J. Non-Cryst. Solids 351, 3508 (2005).

14J.S. Wu and J. F. Stebbins, J. Non-Cryst. Solids 355, 556 (2009).

15].S. Wu and J. F. Stebbins, J. Non-Cryst. Solids 356, 2097 (2010).

161, S. Du and J. F. Stebbins, J. Non-Cryst. Solids 315, 239 (2003).

7R. E. Youngman and J. W. Zwanziger, J. Phys. Chem. 100, 16720
(1996).

18F. Angeli, T. Charpentier, D. D. Ligny, and C. Cailleteau, J. Am.
Ceram. Soc. 93, 2693 (2010).

M. M. Smedskjaer, J. C. Mauro, S. Sen, and Y. Z. Yue, Chem.
Mater. 22, 5358 (2010).

2A. Vegiri, C. P. E. Varsamis, and E. I. Kamitsos, Phys. Rev. B 80,
184202 (2009).

2IW. J. Dell, P. J. Bray, and S. Z. Xiao, J. Non-Cryst. Solids 58, 1
(1983).

22Y. H. Yun and P. J. Bray, J. Non-Cryst. Solids 27, 363 (1978).

23J. H. Zhong and P. J. Bray, J. Non-Cryst. Solids 111, 67 (1989).

24H. Yamashita, H. Yoshino, K. Nagata, H. Inoue, T. Nakajin, and
T. Maekawa, J. Non-Cryst. Solids 270, 48 (2000).

2H. Yamashita, K. Inoue, T. Nakajin, H. Inoue, and T. Maekawa,
J. Non-Cryst. Solids 331, 128 (2003).

26J. F. Stebbins, Solid State Tonics 112, 137 (1998).

27S. K. Lee and J. F. Stebbins, Geochim. Cosmochim. Acta 67, 1699
(2003).

2M. M. Smedskjaer, J. C. Mauro, R. E. Youngman, C. L. Hogue,
M. Potuzak, and Y. Z. Yue, J. Phys. Chem. B 115, 12930 (2011).

2]. C. Mauro, Y. Z. Yue, A. J. Ellison, P. K. Gupta, and D. C. Allan,
Proc. Natl. Acad. Sci. USA 106, 19780 (2009).

30J. P. Amoureux, C. Fernandez, and S. Steuernagel, J. Magn. Reson.
A 123, 116 (1996).

PHYSICAL REVIEW B 86, 054203 (2012)

31S. H. Risbud, R. J. Kirkpatrick, A. P. Taglialavore, and B. Montez,
J. Am. Ceram. Soc. 70, C-10 (1987).

8. Sen and R. E. Youngman, J. Phys. Chem. B 108, 7557
(2004).

3D. R. Neuville, L. Cormier, and D. Massiot, Geochim. et
Cosmochim. Acta 68, 5071 (2004).

%R, E. Youngman and J. W. Zwanziger, J. Am. Chem. Soc. 117, 1397
(1995).

3D. Manara, A. Grandjean, and D. R. Neuville, Am. Mineral. 94,
777 (2009).

3 A. C. Wright, Phys. Chem. Glasses: Eur. J. Glass Sci. Technol. B
51,1 (2010).

37R. E. Youngman and J. W. Zwanziger, J. Non-Cryst. Solids 168,
293 (1994).

*S. Sen, Z. Xu, and J. F. Stebbins, J. Non-Cryst. Solids 226, 29
(1998).

39E. Schneider, J. F. Stebbins, and A. Pines, J. Non-Cryst. Solids 89,
371 (1987).

40J_F. Stebbins, J. Non-Cryst. Solids 106, 359 (1988).

4E. Lippmaa, M. Migi, A. Samoson, G. Engelhardt, and A. R.
Grimmer, J. Am. Chem. Soc. 102, 4889 (1980).

42M. Migi, E. Lippmaa, G. Engelhardt, and A. R. Grimmer, J. Phys.
Chem. 88, 1518 (1984).

#3S. K. Lee and J. F. Stebbins, J. Phys. Chem. B 104, 4091 (2000).

#3. K. Lee and J. F. Stebbins, J. Non-Cryst. Solids 270, 260
(2000).

4D. Massiot, F. Fayon, M. Capron, L. King, S. Le Calvé, B. Alonso,
J. Durand, B. Bujoli, Z. Gan, and G. Hoatson, Magn. Reson. Chem.
40, 70 (2002).

46R. J. Araujo, J. Non-Cryst. Solids 42, 109 (1980).

47R. J. Araujo, J. Non-Cryst. Solids 58, 201 (1983).

“8R. J. Araujo, J. Non-Cryst. Solids 81, 251 (1986).

49Y. Z. Yue, J. Non-Cryst. Solids 354, 1112 (2008).

30M. Moesgaard, R. Keding, J. Skibsted, and Y. Z. Yue, Chem. Mater.
22, 4471 (2010).

31J. F. Stebbins, J. Non-Cryst. Solids 106, 359 (1988).

2I. Avramov, C. Riissel, and R. Keding, J. Non-Cryst. Solids 324, 29
(2003).

3L. M. Peng and J. F. Stebbins, J. Non-Cryst. Solids 353, 4732
(2007).

054203-12


http://dx.doi.org/10.1016/j.jnoncrysol.2012.01.030
http://dx.doi.org/10.1103/PhysRevB.85.054110
http://dx.doi.org/10.1103/PhysRevB.75.094203
http://dx.doi.org/10.1103/PhysRevB.75.094203
http://dx.doi.org/10.1088/0953-8984/16/43/006
http://dx.doi.org/10.1088/0953-8984/16/43/006
http://dx.doi.org/10.1016/S0009-2614(01)00423-7
http://dx.doi.org/10.1016/S0009-2614(01)00423-7
http://dx.doi.org/10.1021/jp992999m
http://dx.doi.org/10.1016/j.jnoncrysol.2005.08.033
http://dx.doi.org/10.1016/j.jnoncrysol.2009.01.025
http://dx.doi.org/10.1016/j.jnoncrysol.2010.08.015
http://dx.doi.org/10.1016/S0022-3093(02)01604-6
http://dx.doi.org/10.1021/jp961439protect $
elax protect 
elax kern .16667em {+}protect 
elax kern .16667em $
http://dx.doi.org/10.1021/jp961439protect $
elax protect 
elax kern .16667em {+}protect 
elax kern .16667em $
http://dx.doi.org/10.1111/j.1551-2916.2010.03771.x
http://dx.doi.org/10.1111/j.1551-2916.2010.03771.x
http://dx.doi.org/10.1021/cm1016799
http://dx.doi.org/10.1021/cm1016799
http://dx.doi.org/10.1103/PhysRevB.80.184202
http://dx.doi.org/10.1103/PhysRevB.80.184202
http://dx.doi.org/10.1016/0022-3093(83)90097-2
http://dx.doi.org/10.1016/0022-3093(83)90097-2
http://dx.doi.org/10.1016/0022-3093(78)90020-0
http://dx.doi.org/10.1016/0022-3093(89)90425-0
http://dx.doi.org/10.1016/S0022-3093(00)00056-9
http://dx.doi.org/10.1016/j.jnoncrysol.2003.08.086
http://dx.doi.org/10.1016/S0167-2738(98)00224-0
http://dx.doi.org/10.1016/S0016-7037(03)00026-7
http://dx.doi.org/10.1016/S0016-7037(03)00026-7
http://dx.doi.org/10.1021/jp208796b
http://dx.doi.org/10.1006/jmra.1996.0221
http://dx.doi.org/10.1006/jmra.1996.0221
http://dx.doi.org/10.1111/j.1151-2916.1987.tb04859.x
http://dx.doi.org/10.1021/jp031348u
http://dx.doi.org/10.1021/jp031348u
http://dx.doi.org/10.1016/j.gca.2004.05.048
http://dx.doi.org/10.1016/j.gca.2004.05.048
http://dx.doi.org/10.1021/ja00109a026
http://dx.doi.org/10.1021/ja00109a026
http://dx.doi.org/10.2138/am.2009.3027
http://dx.doi.org/10.2138/am.2009.3027
http://dx.doi.org/10.1016/0022-3093(94)90342-5
http://dx.doi.org/10.1016/0022-3093(94)90342-5
http://dx.doi.org/10.1016/S0022-3093(97)00491-2
http://dx.doi.org/10.1016/S0022-3093(97)00491-2
http://dx.doi.org/10.1016/S0022-3093(87)80279-X
http://dx.doi.org/10.1016/S0022-3093(87)80279-X
http://dx.doi.org/10.1016/0022-3093(88)90289-X
http://dx.doi.org/10.1021/ja00535a008
http://dx.doi.org/10.1021/j150652a015
http://dx.doi.org/10.1021/j150652a015
http://dx.doi.org/10.1021/jp994273w
http://dx.doi.org/10.1016/S0022-3093(00)00089-2
http://dx.doi.org/10.1016/S0022-3093(00)00089-2
http://dx.doi.org/10.1002/mrc.984
http://dx.doi.org/10.1002/mrc.984
http://dx.doi.org/10.1016/0022-3093(80)90023-X
http://dx.doi.org/10.1016/0022-3093(83)90024-8
http://dx.doi.org/10.1016/0022-3093(86)90274-7
http://dx.doi.org/10.1016/j.jnoncrysol.2006.11.027
http://dx.doi.org/10.1021/cm1011795
http://dx.doi.org/10.1021/cm1011795
http://dx.doi.org/10.1016/0022-3093(88)90289-X
http://dx.doi.org/10.1016/S0022-3093(03)00230-8
http://dx.doi.org/10.1016/S0022-3093(03)00230-8
http://dx.doi.org/10.1016/j.jnoncrysol.2007.06.066
http://dx.doi.org/10.1016/j.jnoncrysol.2007.06.066

Paper Il



PHYSICAL REVIEW B 83, 212202 (2011)

Universality of the high-temperature viscosity limit of silicate liquids
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We investigate the high-temperature limit of liquid viscosity by analyzing measured viscosity curves for 946
silicate liquids and 31 other liquids including metallic, molecular, and ionic systems. Our results show no system-
atic dependence of the high-temperature viscosity limit on chemical composition for the studied liquids. Based on
the Mauro-Yue-Ellison-Gupta-Allan (MYEGA) model of liquid viscosity, the high-temperature viscosity limit of
silicate liquids is 107>%* Pa-s. Having established this value, there are only two independent parameters governing
the viscosity-temperature relation, namely, the glass transition temperature and fragility index.
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Shear viscosity is perhaps the single most important
property of glass-forming liquids, since adequate control of
flow behavior is essential for all steps of industrial glass
production. It is also critical for understanding the relaxation
characteristics of liquids, as in the well-known Angell plot'
where the logarithm of viscosity, log;o 1, is plotted as a
function of the Ty-scaled inverse temperature, T, /T. Here, T,
is the glass transition temperature, defined as the temperature
at which the liquid viscosity equals 10'? Pa-s, and T is absolute
temperature. The slope of the Angell curve at T, defines the
fragility index m,

dlogyn
T,/ T) .

Fragility is a common measure of the slowing down of liquid
dynamics upon cooling through the glass transition.

According to Angell,! liquids can be classified as either
“strong” or “fragile” depending on whether they exhibit an
Arrhenius or super-Arrhenius scaling of viscosity with temper-
ature, respectively. The degree of non-Arrhenius scaling varies
greatly among different glass-forming liquids and reflects
the second derivative of the viscosity curve with respect to
inverse temperature. With the assumption of a universal high-
temperature limit of viscosity, 7, Angell proposed that this
non-Arrhenius character is directly connected to the fragility
index, m, a first-derivative property of the viscosity curve at
Tg.2 However, the assumption of a universal high-temperature
limit of viscosity, which enables this direct connection between
first- and second-derivative properties, has not yet been
validated by a systematic analysis of experimental data.

In this Brief Report, we analyze viscosity-temperature
curves of 946 silicate liquids and 31 other liquids, including
water and silica, as well as borate, metallic, molecular, and
ionic liquids. Our results show that there is no systematic
dependence of 7. on composition and point to a narrow
spread around 7., = 10729 Pa-s for silicate liquids. This
result implies the existence of a universal high-temperature
limit of viscosity, indicating that the fragility index m does
have a direct relationship to the non-Arrhenius scaling of
liquid viscosity (a measure of curvature), at least for silicate
liquids. Our results indicate that there are only two independent
parameters governing the viscosity of silicate liquids: 7, and m.
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This simplifies the process for modeling the composition
dependence of liquid viscosity and is an indication of the
universal dynamics of silicate liquids at the high-temperature
limit.

To evaluate 7., we analyze experimental viscosity data
using three of the most popular three-parameter equations
for liquid viscosity. First, we consider the Vogel-Fulcher-
Tammann (VFT) equation, which is historically the most
frequently applied model,

log,on = logy oo + ()

T—-Ty,
Here, 1, A, and T are fitting parameters. VFT works well
for most classical oxide liquids with low fragility, but it does
not apply well for higher fragility liquids.> A major drawback
of VFT is that it breaks down at low temperatures due to
divergence at T = T;,.>° Hence, it often overpredicts viscosity
values at low temperatures.

Avramov and Milchev (AM) proposed an alternative
three-parameter equation that describes the kinetics of the
molecular motion in undercooled melts using an atomic
hopping approach.” The AM equation is

9 o
logo 1 =10gy Neo + (;) ; 3)

where 7., 0, and « are treated as fitting parameters. The
AM equation does not suffer from the problem of dynamic
divergence at finite temperature; however, this equation gives a
divergence of configurational entropy in the high-temperature
limit.%?

Finally, based on energy landscape analysis and the
temperature-dependent constraint model for configura-
tional entropy,'®'?> the recent Mauro-Yue-Ellison-Gupta-
Allan (MYEGA) equation’® was derived as

K C
log,o 1 =10g;¢ Moo + T exp 7)) “)
This model provides a physically realistic and accurate de-
scription of liquid dynamics®- '3~ since it is the only approach
that accounts for a reasonable extrapolation of configurational
entropy in both the high- and low-temperature limits. It should
be mentioned that in the high-temperature limit, VFT can

©2011 American Physical Society
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be derived as a simple approximation to MYEGA through
a Taylor series expansion.'? This implies that VFT is a
reasonable approximation at high temperatures but becomes
less accurate as temperature is decreased.

All of the aforementioned models have the high-
temperature limit of viscosity, 7, a5 @ common parameter.
However, direct measurement of 7., is not possible, so the
value of 7,, must be obtained either through extrapolation of
measured viscosity data or through a separate model designed
specifically for n.. According to the viscous flow theories of
Frenkel'® and Eyring,'” the high-temperature viscosity limit
is oo = 10°%! Pa.s. However, this is a rough estimate since
they describe the temperature dependence of viscosity using
an Arrhenius equation, which does not account for liquid
fragility. The 1., values of some glass-forming liquids were
also determined by Barrer,'® where the viscosity data are also
simply fitted by the Arrhenius equation. The obtained 7.,
values are scattered over several orders of magnitude and
are nonphysically described as a function of temperature.
Kobeko!® showed a value equal to 1, = 1073%!5 Pa.s for
all liquids. Russell et al.?® fitted the viscosity data of 333
silicate melts using the VFT and Adam-Gibbs (AG) models
and obtained a high-temperature limit as 7o, = 107#3+0.74
and 107322066 pa.g respectively. Recently, Giordano et al.?!
obtained a common high-temperature viscosity limit for
silicate melts of 7, = 107*® Pa.s based on the VFT
equation. However, these previously obtained values of 7
were obtained using a fairly limited range of compositions.

We begin our investigation by fitting the three viscosity
models (VFT, AM, and MYEGA) to measured viscosity
data for 946 different silicate liquids from Corning Incorpo-
rated, in addition to 6 borate,?> 11 metallic,>> 4 molecular,’
and 9 ionic liquids.?* The fitting was done using a con-
strained Monte Carlo algorithm to avoid becoming trapped
in local minima. The 946 Corning liquids cover a wide range
of composition space, from simple calcium aluminosilicate
ternaries through complex borosilicates with up to eleven
unique oxide components.>> Overall, the compositions cover a
range of fragility values from 25.9 to 73.8. Each composition
is represented by 6-13 data points in the range of 10 to 10°
Pa-s, obtained via a rotating spindle method. Most are also
represented by data points at 10%° Pa-s (the softening point,
obtained via parallel plate viscometry) and 10! Pa-s (obtained
via beam bending viscometry). The measured isokom (i.e.,
constant viscosity) temperatures are accurate to within =1 K.
Figure 1 shows the root mean square (RMS) error of the
viscosity fit to 946 Corning compositions as a function of each
composition, plotted from highest to lowest error. MYEGA
provides the best fit with the lowest root mean square (RMS)
error for the whole range of compositions, as compared to VFT
and AM, although the difference between MYEGA and VFT
models is subtle. The superior fitting quality of MYEGA is
due to its derivation from physically realistic considerations in
both the high- and low-temperature limits; hence, it is expected
to yield the most accurate value of 7,..” In Fig. 1, we also
consider a recent viscosity model by Elmatad, Chandler, and
Garrahan (ECG), in which the viscosity curves are considered
to be parabolic in inverse temperature space.’® However, this
model provides a significantly worse fitting quality compared
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FIG. 1. (Color online) Root mean square error of the viscosity
models when fitting measured data of 946 Corning compositions.

to the other three models, and due to its parabolic form, the
extrapolation of 74 is not physically meaningful. Therefore,
we consider only the VFT, AM, and MYEGA models in the
remainder of our analysis.

Figure 2 shows the fitted values of logjy 1 for the
Corning liquids. The straight lines in the figure represent the
average values of 7, obtained from the three models. The
average value of logjp 7. predicted by MYEGA is —2.93,
which is in line with previous estimates.'®?° AM produces
an unrealistically high value of 7,.° due to an unphysical
divergence of configurational entropy in the high-temperature
limit. In contrast, VFT produces comparatively low values of
Neo as a by-product of its unphysical divergence of viscosity
at low temperatures. Our results show that the lowest standard
deviation of logjy 1. for all the compositions occurs using
the MYEGA model (o = 0.337, compared to 0.343 and
0.519 for VFT and AM, respectively). The difference among
these models reflects the fact that log;y 1o is an extrapolated
quantity well beyond the range of measurements.”>>’ Since
MYEGA produces the most accurate fits and is physically
derived, the value yielded by this equation is expected to be
reasonable.”

The next question is whether the scatter in Fig. 2 is due to
stochastic measurement error or if it is the result of an actual

0
14
AM Average=-1.74
. 6=0.519
)
g P
=, MYEGA Average= -2.93
5 o\ 5=0.337 L
o CTN ™
o VFT Average= -3.87
6=0.343 N
44
-5

Compositions

FIG. 2. Log;o 1o values obtained by fitting three viscosity models
to 946 Corning compositions. The straight lines represent the average
logio 1o values, and o is the standard deviation.
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FIG. 3. Logiy 7~ values of 946 Corning compositions
plotted as a function (a) SiO,, (b) Y RO-ALO;, and

(¢) Y_RO-Al,05-B,0; content. > _RO represents the total concentra-
tion of alkaline earth oxide as measured through x-ray fluorescence.
The straight lines are the average values.

dependence of logg 1o, on composition. In order to answer this
question, we analyze the fitted values of log;o 1. as a function
of every composition variable. For example, Fig. 3 shows the
logo neo values for different alkaline earth boroaluminosilicate
compositions as a function of alkaline earth concentration.
Within the error range of the data, there is no trend of 74
with composition, and 71, has a fairly narrow spread around
10723 Pa-s. Similar results are obtained when plotting log;o
Neo Versus any composition variable. These results suggest
that the value of 1., is independent of composition and that
the scattering of the data is due to the experimental noise and
differences in the range of temperatures over which viscosity
is measured.

The range of liquid fragility values (m) of the 946 glass
compositions investigated is between 25.9 and 73.8. In order
to find out whether relatively strong liquids (i.e., with m
< 25) show similar 7., values to 10729 Pa.s, we also
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FIG. 4. (Color online) Logjy 1« Vvalues obtained by fitting
MYEGA to several borate,”? metallic,”> molecular,’ and ionic**
liquids, and water.?® The abscissa represents an arbitrary composition
space.

analyze the viscosity data of silica, an archetypical strong
glass-former. Here, we obtain a value of 1, = 10724 Pa-s
for Corning code 8655 high-purity fused silica (HPFS). In
addition, we obtain the 7., values of several fragile liquids with
m > 75, e.g., o-terphenyl (m = 99) and 4Ca(NO3),-6KNO;3
(m = 115), by fitting their viscosity data to the MYEGA
equation. We plot the 7, values of the two liquids in
Fig. 4, along with those of other nonsilicate liquids, such
as borate,”? metallic,>® molecular,” and ionic liquids®* and
water.?® Although there are significantly less statistics here
compared to the silicate compositions, we find that the values
of 7o do indeed fall near 10~ Pa-s for all of these liquids.
However, the viscosity data of more nonsilicate liquids need
to be analyzed to judge whether a universal 1., value exists
for all the glass-forming liquids.

The narrow spread of 7., points to a common underlying
physics of silicate liquids at the high-temperature limit. It
should be noted that the high-temperature limit refers to the
viscosity of a liquid at high temperature. In other words, it does
not involve the gaseous state, but rather a superheated liquid
state. In his early work, Angell suggests that the value of 7.,
is determined by the liquid quasi-lattice vibration time (7o, ~
10~ !4 s), which is the time between successive assaults on the
energy barrier for atomic rearrangements.' Maxwell’s relation
(Moo = GooToo, Where G, is the shear modulus at infinite
frequency at temperature above T, and T, is the structural
relaxation time at infinite temperature) was used to calculate
the high-temperature viscosity limit from 7, &~ 1074 §20!
For oxide liquids, G varies only slightly with temperature
and was measured over a large range of temperatures above
T, to be around 29 GPa.”” However, for some organic liquids,
both G, and 7., vary with composition and temperature.30-32
In our view, any explanation of 7, based on vibrations is
not correct, since at infinite temperature, the system is not
really vibrating. Rather, it is exploring the upper region of
the energy landscape dominated by high entropy and low
activation barriers.’> Moreover, the atoms have an infinite
amount of thermal energy to overcome any barrier, so they
do not even see the activation barriers at all and hence cannot
be vibrating. Therefore, a more physically realistic explanation
of 1, 1s needed.

For this explanation, we turn to the topological constraint
approach of Phillips and Thorpe,'"!? which states that the
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atomic structure of a glass-forming liquid may be treated as a
network of bond constraints. By comparing the average num-
ber of constraints per atom (#) to the network dimensionality
(d), the network can be floppy (underconstrained), isostatic
(optimally constrained), or stressed-rigid (overconstrained).
When n < d, the network is underconstrained and contains low-
frequency deformation modes (so-called “floppy modes”). The
network is optimally rigid when n = d, and it is stressed-rigid
when n > d. Based on this original work of Phillips and Thorpe,
Gupta and Mauro'? presented a topological modeling approach
incorporating a temperature dependence of constraints. At
infinitely high temperature, any constraint is easily broken
and hence does not contribute to the rigidity of the network.
In a three-dimensional space, the atomic degrees of freedom,
f=d - n, i.e., the number of low-frequency “floppy modes,”
is equal to d = 3 for any system. In other words, in the
infinite temperature limit, all three degrees of freedom are
floppy for each atom, so each atom has three continuous
modes of deformation, independent of atom type, and the
configurational entropy has achieved its maximal value.
Hence, all silicate liquids will exhibit the same flow behavior
in the high-temperature limit. We are in a three-dimensional
space; however, if we were operating in a different dimensional
space (i.e., d = 2 or d = 4), there would exist different values
of 1. We thus argue that our result of a convergence of
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Neo Vvalues at 10793 Pa-s for silicate liquids is physically
meaningful in terms of constraint theory. The narrow spread
of the high-temperature viscosity limit is an implication of the
universal dynamics of silicate liquids at the high-temperature
limit.

In summary, by analyzing 946 silicate liquids and 31
nonsilicate liquids, we find that there is a narrow spread
of high-temperature limit of viscosity around 10~3 Pa-s for
silicate liquids. This implies that silicate liquids have a
universal value of 7. Thus, in accordance with the work
of Angell, the non-Arrhenius scaling of liquid viscosity can be
quantified through the fragility index m of the liquid. Moreover,
by defining the high-temperature viscosity limit as a fixed
value, i.e., logjp 7oc = —3, the MYEGA model contains only
two fitting parameters. This result simplifies the modeling
process of the compositional dependence of viscosity and
indicates a common underlying physics of silicate liquids at
the high-temperature limit.

We express our sincere thanks to the Advanced Materials
Processing Laboratory at Corning Incorporated for their
tireless work in sample preparation and to the Characterization
Sciences and Services Directorate at Corning for their care in
obtaining reliable viscosity data.
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The complicated structural speciation in boroaluminosilicate glasses leads to a mixed network former effect
yielding nonlinear variation in many macroscopic properties as a function of chemical composition. Here we
study the composition-structure-property relationships in a series of sodium boroaluminosilicate glasses
from peralkaline to peraluminous compositions by substituting Al,O3 for SiO,. Our results reveal a pro-
nounced change in all the measured physical properties (density, elastic moduli, hardness, glass transition
temperature, and liquid fragility) around [Al,03]-[Na,0] = 0. The structural origin of this change is elucidat-
ed through nuclear magnetic resonance analyses and topological considerations. Furthermore, we find that
addition of 1 mol% Fe,03 exerts a complicated impact on the measured properties.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Boroaluminosilicate glasses have a wide variety of applications, in-
cluding liquid crystal display substrates [1], glass fibers for reinforce-
ment [2], thermal shock-resistant glass containers [2], and radioactive
waste glasses [3]. Controlling the properties of this glass family is thus
of the utmost importance. The properties of such mixed network
glasses are a result of their complicated structural speciation [4-8],
which leads to a mixed network former effect yielding nonlinear var-
iation in many macroscopic properties [9-11]. The structure of boroa-
luminosilicate glasses is rather complicated due to the uncertainty of
the extent and nature of mixing of the network-forming cations (Si, B,
and Al). Structure-property correlations for boroaluminosilicate
glasses and their relation with glass composition are thus still unclear.

The short range structure of boroaluminosilicate glasses has been
studied to a large extent, particularly by ''B NMR spectroscopy
[12-19]. This technique has successfully captured the composition
dependence of the fraction of tetrahedral and trigonal boron species
(B and B™). In borate-containing glasses, it is now well known
that the initial addition of modifier oxides (such as Na,O or CaO) to
pure B,05 results in the conversion of B™ to B"Y. With increasing mod-
ifier content, the fraction of tetrahedral to total boron (N4) reaches a
maximum and then decreases due to formation of non-bridging oxy-
gens (NBOs) on B" [13,19]. In borosilicate glasses, the maximum
value of N4 depends on the [Si0;]/[B20s] ratio. The empirical model
of Dell and Bray [15,17] has traditionally been applied to predict the

* Corresponding author. Tel.: +1 607 974 2185; fax: +1 607 974 2410.
** Corresponding author. Tel.: +45 99408522; fax: +45 9635 0558.
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composition dependence of N4. Smedskjaer et al. have recently intro-
duced a new statistical mechanical model of boron speciation for ac-
curate prediction of both the composition and thermal history
dependence of boron speciation [20]. In this model, the addition of
network modifiers leads to a thermodynamic competition between
the formation of NBO and the conversion of boron from trigonal to
tetrahedral configuration. The model offers improved predictions of
boron speciation and provides a natural explanation for the observed
thermal history dependence of Ng.

The addition of Al,0O5 to borosilicate glasses involves several struc-
tural complications. Like boron, aluminum requires network modi-
fiers for charge compensation for stabilization in a tetrahedral
configuration (AI"Y) and thus acts as an effective network former
[21-23]. However, it has been found that there is a preference in
the formation of Al'Y over than of B, since the addition of Al,05 in
these glasses results in an observed decrease in Ny [22]. 2’Al NMR
studies have shown that five- and six-fold coordinated aluminum
species (AlY and AI'") generally start to form when the molar ratio
of modifier cation to Al is smaller than one [22-24]. It has also been
reported that the mixing behavior in these glasses is driven by the
mutual avoidance of B'Y and Al'Y [25-27], i.e., direct linkages between
tetrahedral trivalent cations are not energetically favorable due to the
difficulty in charge balancing the high net charge on the bridging
oxygens.

The network modifier cations in boroaluminosilicate glasses can
thus possess various structural roles depending on the chemical com-
position. To understand structure-property correlations in these
glasses, it is important to access all of those regimes. In this work,
we have therefore designed a series of sodium boroaluminosilicate
glasses with systematic variation of the [Al,03]/[SiO;] ratio to access
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different regimes of sodium behavior: 1) Na™ to stabilize aluminum
in a tetrahedral configuration; 2) Na™ to convert boron from trigonal
to tetrahedral coordination; 3) Na™ to form nonbridging oxygens on
silicon or trigonal boron. Thorough structural information has been
gained by magic angle spinning (MAS) NMR and triple quantum
(3Q) MAS NMR in our parallel study [28]. We will refer to those find-
ings when we discuss the results obtained here.

In this paper, we will investigate and analyze the composition de-
pendence of the rheological and selected physical properties (density,
elastic moduli, and hardness) of these glass compositions. In industri-
al glass melting processes, adequate control of the temperature and
composition dependence of viscous flow behavior is essential and
therefore shear viscosity is a very important property [2]. The me-
chanical properties are also crucial for glass application. For instance,
touch screen displays require high hardness and scratch resistance
[29]. We also explore the effect of iron on the measured properties,
since iron is a common impurity in the utilized raw materials.
Hence, it is important to know how it will affect the properties of
real industrial glasses. In order to study the effect of iron on the
properties, we have added 1 mol% Fe,O3 to the glasses, even though
this concentration is much higher than that of most industrial glasses,
where it usually occurs only as a trace-level contaminant.

2. Experiments
2.1. Sample preparation

We prepared two sets of sodium boroaluminosilicate glasses with
and without iron (see sample IDs and compositions in Table 1).
0.1 mol% As,03 or SnO, was added as fining agent in the iron-free
compositions. First, the batch materials (SiO,, Al;03, H3BOs3, Na,COs,
Fe;03, As;03, and SnO,) were thoroughly mixed for 60 min using a
ball mill. The mixed batch materials were then melted in covered Pt
crucibles at different homogenization temperatures Ty, (see Table 1)
for 6 h in air. In order to improve the chemical homogeneity, the
melts were first quenched in water and the resulting glass shards
were crushed and remelted for another 6 h at their respective Ty,

Table 1

Chemical composition, homogenization temperature (T;), iron redox ratio ([Fe>*]/
[Feliot), and fraction of tetrahedral to total boron (N4) of the investigated iron-free
and iron-containing glasses. Iron redox ratio was determined by °’Fe Mdssbauer spec-
troscopy with uncertainty of +5% [30]. N4 was determined by ''B MAS NMR spectros-
copy with uncertainties of +0.2% [28].

Glass  Composition (mol%) T [Fe**)/[Feloe  Na
) Si0, ALOs By0; Na,0 Fe,05 (°C)  (at%) (at%)
AlO* 7935 0.29 488 1457 091 1450 n/a n/a
All* 7892 0.69 495 1452 093 1450 n/a n/a
Al2.5* 7740 2.20 490 1460 0.90 1450 95 n/a
Al5* 74.70  4.70 500 1460 1.00 1500 93 n/a
Al7.5* 71.80 7.60 490 1470 1.00 1550 91 n/a
Al10* 6890 1030 5.00 1480 1.00 1600 87 n/a
Al12.5*  67.10 12,60 5.00 1430 1.00 1650 83 n/a
Al15* 6410 15,60 500 1430 1.00 1650 78 n/a
Al17.5* 6231 1794 507 1375 094 1650 n/a n/a
Al20* 61.13 1938 498 13.63 0.88 1650 n/a n/a
Al0 80.08 0.16 484 1477 0.15 1450 n/a 94.9
All 7938 1.16 485 1460 0.14 1450 n/a 93.2
Al2.5 78.80 2.00 470 1440 0.08 1450 n/a 94.6
Al5 78.10 4.00 420 13.60 0.07 1500 n/a 91.6
Al7.5 7690 5.70 430 13.00 0.06 1550 n/a 83.1
Al10 7590 7.50 430 1230 0.07 1600 n/a 744
Al12.5 7200 1040 440 13.10 0.07 1650 n/a 43.6
Al15 69.20 1270 460 13.50 0.07 1650 n/a 19.9
Al175 6297 17.18 499 1473 0.13 1650 n/a 1.0
Al20 60.52 19.61 500 1473 0.14 1650 n/a 0.8

Finally, these melts were poured onto a stainless steel plate in air
and then annealed for 2 h at different temperatures depending on
chemical composition.

We analyzed the chemical compositions of the glasses using wet
chemistry methods. The analyzed compositions are reported in
Table 1. The iron redox state in the iron-containing glasses was deter-
mined by >’Fe Méssbauer spectroscopy with uncertainty of + 5% [30].
The densities were determined using Archimedes principle. The
errors of the reported density values do not exceed 4 1%.

2.2. Viscosity measurements

The temperature dependence of equilibrium viscosity of the glass-
forming liquids was determined by beam bending and parallel plate
compressing experiments for all of the compositions under study. For
selected compositions, we also performed concentric cylinder rotating
experiments to determine viscosities above the liquidus temperature.
The compositions are thus represented by data points at 10%° Pa-s
(the softening point, obtained via parallel plate viscometry), 10'! Pa-s
(obtained via beam bending viscometry), and 6-13 data points in the
range of 10 to 10° Pa-s (obtained via a concentric cylinder viscometry).
For beam bending experiments, bars of 5.5 cm length and 2.5 x 2.5 mm?
cross-section were cut from the bulk glasses. For parallel plate compres-
sing experiments, cylinders of 6 mm diameter and 5 mm thickness
were core-drilled and afterwards the flats were polished. For concentric
cylinder rotating experiments, ~600 g of crushed glass was used. The
errors associated with determining the 10! Pa-s point by the beam
bending method and the 10%° Pa-s point by the parallel plate method
are+2 and+5 °C, respectively. The estimated error in viscosity
for the high temperature measurements (by the concentric cylinder
method) is A logio1=40.02 (nin Pa-s) [31].

2.3. DSC measurements

The calorimetric measurements of the glasses were performed
using a differential scanning calorimeter (DSC 404 C, Netzsch). The
measurements were conducted under a flow of argon at 40 ml/min.
The samples were heated at 10 K/min to 100 K above the glass transi-
tion temperature in order to relax the sample fully and then cooled at
10 K/min to 313 K. The sample was then subjected to another upscan
at 10 K/min. The recorded heat flow of the first upscan reflects the en-
thalpy response of a sample with an unknown thermal history (i.e., an
unknown cooling rate experienced by the sample during melt-
quenching), whereas that of the second upscan reflects the enthalpy
response of the sample with a well-defined thermal history (i.e., a
known cooling rate). The isobaric heat capacity (Cp) curve for each
measurement was calculated relative to the C, curve of a sapphire ref-
erence material with the same mass (56 mg).

2.4. Mechanical testing

The elastic properties (Young's and shear moduli) were measured
at room temperature using resonant ultrasound spectroscopy. Prisms
of dimensions 10 mm x 8 mm x 6 mm?> were used to gather resonance
spectra from 100 to 300 kHz. For each sample, the first five resonant
peaks as a function of frequency resulting from excited resonant
eigenmodes were used to calculate the elastic properties.

The Vickers microhardness (Hy) of the glasses was measured
using a Duramin 5 indenter (Struers A/S). The measurements were
performed in air atmosphere at room temperature. We applied a
load of 0.49 N for duration of 5 s and 30 indentations were performed
on each sample. The Vickers hardness was calculated from the lengths
of the indentation diagonals.
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3. Results
3.1. Rheological properties

The temperature dependence of viscosity of a glass-forming melt
is one of the most important properties for industrial glass formation
[2]. Various models exist for fitting and describing the temperature de-
pendence of viscosity. Recently Mauro et al. [32] proposed a new model
for the viscosity—-temperature relationship that is derived from funda-
mental physics and provides realistic extrapolations of configurational
entropy at both the low and high temperature limits, as shown below:

K C
logyon = 10gy07.. + 7 exp <T> ; 1)

where 1. is the high-temperature limit of the liquid viscosity, and K and
C are constants. The viscosity data for four of the iron-containing com-
positions containing low and high [Al,Os] are plotted in Fig. 1. The
data are shown in the form of an Angell plot [33], where the logarithm
of viscosity (log;o7) is plotted as a function of the Ty is-scaled inverse
temperature (Tg,is/T). Here, Tg,is is the glass transition temperature, de-
fined as the temperature at which the equilibrium viscosity equals
10'2 Pa-s, and T is the absolute temperature. Glass-forming liquids are
classified as either “strong” or “fragile” depending on whether they ex-
hibit an Arrhenius or super-Arrhenius scaling of viscosity with temper-
ature, respectively. This effect is quantified by the slope of the Angell
curve at Tg s, Which defines the liquid fragility index m:

_0log;on
") ?

T=Tgyis

Moreover, the high-temperature viscosity limit has recently been
shown to be composition independent and equal to approximately
1073 Pa-s [34]. With these definitions of glass transition tempera-
ture, high-temperature viscosity limit, and fragility, Eq. (2) can be re-
written as [32,34],

T, T,
log;on(T) = =3+ 15-5= exp[(%—1) (%—1)] 3)
12
| = Alo*
0l A
| 4 AH7.5*
v AI20*

logig 77 (7in Pa's)
(o]
1

0 T T T T T T T T T T T T
0.4 0.5 0.6 0.7 0.8 0.9 1.0
Tg,vis/T

Fig. 1. Angell fragility plot showing the logarithmic viscosity (logio 1)) as a function of
the Tgis scaled inverse temperature (Tgis/T) for four representative iron-containing
glasses with low and high [Al,0s]. The temperature errors of 10'! Pa-s (by the beam
bending method) and 10%° Pa-s points (by the parallel plate method) are +2 and
+5 °C, respectively. The estimated error in viscosity for the high temperature measure-
ments (by the concentric cylinder method) is A logio 7= 40.02 (1 in Pa-s) [31].

We fit the experimental data to Eq. (3) using a Levenberg-Marquardt
algorithm [35,36], as shown in Fig. 1 for four of the glass-forming liquids.
The fitted values of Tg;s and m are listed in Table 2 and shown in Figs. 2
and 3, respectively. We plot these values and other properties against the
value [AL,O5]-[Na,0], i.e., the excess concentration of AI** not being
charge-balanced in tetrahedral configuration by Na*.

We find that Tg,;s increases with increasing value of [Al,03]-[Na,O]
for both iron-free and iron-containing glasses (Fig. 2). However, there
exist two regimes for the composition dependence of Tg i, as illustrated
in Fig. 2 by the dashed lines that are linear fits to the data for [Al,O03]-
[Na,0]<0 and [Al,03]-[Na,0] > 0, respectively. In the peraluminous re-
gime ([Al,O3]-[Na,0]>0), Tg,is increases more rapidly with increasing
[Al,O3] than in peralkaline regime ([Al,03]-[Na,0]<0). In other words,
there is a change in the slope of Tg s vs. [Al,03]-[Na,0] around [Al,0s]-
[Na,0] =0 and T ;s increases faster in the peraluminous regime than in
the peralkaline regime. The data in Fig. 2 also show that the glass tran-
sition temperature of the iron-containing glasses is generally lower
than that of the iron-free glasses.

Fig. 3 shows the composition dependence of fragility for both iron-
containing and iron-free compositions. In the peralkaline compositions
regime, the liquid fragility is relatively composition independent and
equal to around 35-38 for —15<[Al,03]-[Nay0]<—5. As [AlLOz] in-
creases for [Al;03]-[Na,0] > — 5, the value of m decreases dramatically
and attains its minimum value around [Al,03]-[Na,O] = 2. In the pera-
luminous regime, m increases with increasing [Al,03]. We also note that
the iron-free compositions are generally more fragile than the iron-
containing compositions.

3.2. Glass transition

As shown in Figs. 4(a) and (b), the isobaric heat capacity (Cp) is
plotted as a function of temperature for the iron-containing and
iron-free glasses using DSC. The glass transitions of all the glasses
are recorded at a heating rate of 10 K/min subsequent to a cooling
rate of 10 K/min. From these heat capacity curves, we have deter-
mined two characteristic temperatures, Tgpsc and Tg ofrser, Which are
the standard calorimetric glass transition temperature and the offset
temperature of the C, overshoot in the glass transition zone, respec-
tively. Tgpsc is defined as the temperature at the intersection point
between the extrapolated straight line of the glass C;, curve and the
tangent line at the inflection point of the sharp rising C, curve in
the transition zone. This method has an uncertainty of approximate-
ly & 2 to 3 K. The procedure for determining these values is illustrated
in Fig. 5 by using glass Al2.5" as an example. In the figure, C,,z and Cp;
refer to the isobaric heat capacities for the glass at Tgpsc and the lig-
uid state, respectively. The latter is determined as the offset value of
the C, overshoot above the glass transition range. We have also calcu-
lated the slope value of the sharp rising C, curve at the inflection
point, (dCy/dT)infiect- The jump in C, during the glass transition is cal-
culated as Cp,; — Cpg. The glass transition width (ATg) is determined as
Tg,offset_ g,DSC-

Fig. 6 shows the composition dependence of Ty psc, which is similar
to that of Ty, (Fig. 2), i.e, the glass transition temperature increases
with increasing value of [Al,05]-[Na,O]. There also exist two regimes
for the composition dependence of Typsc, since it increases faster in
the peraluminous regime compared to the peralkaline regime, as illus-
trated by the dashed lines in Fig. 6. Moreover, Tgpsc of the iron-
containing glasses is generally lower than that of the iron-free glasses.
The composition dependencies of the values of Cp—Cyg, AT, and
(dCp/dT)infece are shown in Figs. 7(a), (b), and (c), respectively. For
iron-free glasses, the value of G, — Cp,g appears to be relatively indepen-
dent of composition, whereas that of the iron-containing glasses ex-
hibits similar composition dependence as m (Fig. 3). AT, generally
increases with increasing [Al,Os], with only minor differences between
glasses with and without iron. (dCp/dT)infec generally decreases with
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Glass transition temperature determined from viscosity (Tgyis) and DSC measurements (Tg psc), liquid fragility index from viscosity (m), jump in isobaric heat capacity during glass
transition (AG), slope of the heat capacity curve during glass transition ((dCp,/dT)ingect), glass transition width (ATg), density (p), molar volume (Vy,), Young's modulus (E), and

shear modulus (G) of the investigated glasses.

Glass Tyvis Tgpsc m AC, (dCp/dT)inflect AT, p Vin E G

ID (K) (K) (-) (Jmol ="K~ (Jmol~"K~?) (K) (gecm—3) (cm® mol 1) (GPa) (GPa)
AlO* 807 810 359 16.0 0.63 62 2.443 25.3 725 303
AlT* 807 809 36.5 17.6 0.71 56 2.444 254 729 30.5
Al2.5* 816 815 37.2 18.1 0.76 56 2.448 25.6 73.4 30.5
Al5* 825 823 36.9 19.4 0.76 58 2.449 26.0 73.7 304
Al7.5* 846 839 373 19.5 0.73 61 2.449 26.5 738 305
Al10* 850 849 34.0 18.8 0.70 61 2.433 27.2 70.8 293
Al12.5* 864 856 28.8 15.2 0.44 84 2419 27.7 67.6 27.8
Al15* 905 892 26.1 13.0 0.32 82 2413 283 66.9 274
Al17.5* 922 917 27.5 15.1 0.44 80 2.425 28.6 69.4 28.1
Al20* 936 923 295 16.9 0.44 78 2.440 28.6 70.8 28.8
AlO 809 804 35.1 15.7 0.59 60 2.421 25.2 724 30.0
All 814 808 35.6 16.0 0.63 60 2414 255 727 304
Al2.5 822 819 37.1 16.0 0.55 57 2.409 25.6 72.6 30.2
Al5 837 833 35.1 15.2 0.59 60 2.406 26.0 73.1 304
Al7.5 851 840 38.0 17.6 0.70 58 2.402 26.3 732 305
Al10 871 859 36.3 15.9 0.67 62 2392 26.8 73.1 30.6
Al12.5 887 865 35.8 17.3 0.61 67 2.398 27.2 70.7 29.2
All5 899 875 30.7 15.1 0.44 80 2.384 27.8 67.1 28.0
All7.5 956 931 28.2 14.6 033 91 2.400 28.4 68.5 27.8
AI20 966 943 30.9 17.0 039 78 2.409 28.7 70.4 28.9

increasing [Al,O3] for both iron-containing and iron-free glasses with
the greatest change for —5<[Al,03]-[Na,0]<0.

3.3. Physical properties

Fig. 8(a) shows the composition dependence of the measured
densities. For any given value of [Al,05]-[Na,O], the iron-containing
glasses are denser than the iron-free glasses. For both glass series,
the density exhibits a minimum around the charge balanced compo-
sition [Al;03]-[Na;0] = 0. The evolution of molar volume (V,;,) of the
glasses is shown in Fig. 8(b). V,, is calculated from dividing molar
mass of the analyzed chemical compositions by measured densities.
The molar volume of iron-containing and iron-free glasses exhibits
the same trend, viz., V;;; monotonically increases with increasing
value of [Al;03]-[Nay0].

Young's modulus (E) describes the resistance of a material to de-
formation along an axis when opposing forces are applied along
that axis, while the shear modulus (G) describes the resistance to
shear when acted upon by opposing forces. We have determined
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Fig. 2. Composition dependence of the glass transition temperature (Tg,is) obtained by

fitting the measured viscosity data to Eq. (3) for both iron-free and iron-containing
glasses. The dashed lines are linear fits to the data for [Al;03]-[Na,0]<0 and [Al,03]-
[Na,0]>0, respectively. The uncertainty of Ty is approximately +5 K.

both of these moduli from resonant ultrasound spectroscopy mea-
surements as shown in Figs. 9(a) and (b). First, we note that the
iron-containing and iron-free glasses display similar composition de-
pendences for both E and G. In the peralkaline regime, the elastic
moduli decrease with increasing [Al,03] for —5<[Al,03]-[Na,0]<0.
For [Al,05]-[NayO]<—5, the elastic moduli are essentially constant.
In the peraluminous regime, the elastic moduli increase with increas-
ing [Al,O3], i.e., there is a minimum of both Young's and shear modu-
lus around [Al,03]-[Na,0]=0.

The Vickers hardness (Hy) was determined from micro-
indentation experiments. Since hardness values of glasses depend
on the loading conditions [37,38], all indentations were carried out
using identical load and loading time. Furthermore, we note that
there was no initiation of radial cracks from the indents at the applied
load of 0.49 N. Fig. 10 shows the composition dependence of hardness
of the iron-containing and iron-free glasses. In the peralkaline regime,
hardness first increases with increasing [Al,Os] until reaching its
maximum value around [Al,03]-[Na,O]= —5, and then it starts to
decrease with further increase of [Al;O3]. In the peraluminous regime,
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Fig. 3. Composition dependence of the liquid fragility index (m) obtained by fitting the
measured viscosity data to Eq. (3) for both iron-free and iron-containing glasses. The
error range of m is approximately + 1.
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shown curve is for the Al2.5* glass scanned at a heating rate of 10 K/min subsequent
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Hy again increases with increasing [Al;03]. There is thus a minimum
value of hardness around [Al,03]-[Na;0] = 0. In the peraluminous re-
gime, the iron-free glasses are harder than the iron-containing
glasses, whereas there are only minor differences in the peralkaline
regime.

3.4. Iron redox state

Iron exists primarily in two redox states in glasses (Fe?™ and
Fe3T). We have determined the [Fe3*]/[Fe].: ratio, where
[Fe]ior = [Fe3T]+[Fe?T], in the iron-containing glasses by >’Fe
Mossbauer spectroscopy. The uncertainty of this method is
about 4 5%. Details including the experimental procedure can be
found in Ref. [30]. As shown in Table 1, the [Fe**]/[Fe],: ratio
decreases with increasing [Al,03].

4. Discussion
4.1. Thermodynamic vs. kinetic fragilities

DSC measurements can be used to determine the glass transi-
tion temperature and obtain thermodynamic measures of liquid
fragility. Here we compare the DSC data with the viscosity data
with respect to both the glass transition temperatures and the
liquid fragility. Fig. 11 shows an approximate equivalence between
the Typsc and the Tg,is values for all glass samples, although the
former is slightly lower than the latter in the range of high tempera-
ture. This agrees with the results of previous studies [39,40].

There have been several attempts to connect the kinetic fragil-
ity index m determined from viscosity measurements with ther-
modynamic property changes at the glass transition determined
using DSC [20,33,41-44]. “Fragile” liquids have dramatic viscosity
changes at the glass transition, and they are thus expected to
have large configurational heat capacities, as a consequence of
their configurational entropy changing rapidly with temperature
[42]. The glassy state contains primarily vibrational degrees of
freedom, whereas the liquid state contains both vibrational and
configurational degrees of freedom [45]. Therefore, Cp,; — Cpg is ap-
proximately equal to the configurational heat capacity. Hence, for
most systems, it has been found that Cp — Cpg increases with the
increase of m, but not all glass-forming liquids follow this trend
[33]. The sodium boroaluminosilicate system studied here displays
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an approximately parallel relation between Cp—C,s and m
(Fig. 12(a)).

Furthermore, we have determined both the glass transition width
AT, and the slope at the inflection point of the C;, jumping curve in the
glass transition regime, i.e., (dCp/dT)inflecr, from DSC measurements
(Fig. 5). These two values are inversely correlated, i.e., the larger the
value of AT, the smaller the value of (dCp/dT)infect.- These values
are also expected to be correlated with the kinetic fragility index
m [46]. This is because an increase in the fragility of a system re-
sults in a more rapid increase of the free energy barriers to struc-
tural relaxation as the system is cooled [47]. Above the glass
transition temperature, the free energy barriers are lower for the
higher-fragility system due to entropic effects, i.e., it follows
more closely the supercooled liquid path. Below the glass transi-
tion temperature, the free energy barriers are greater for the
higher-fragility system due to enthalpic effects, i.e., there must
be a sharper departure from the supercooled liquid path and a
more sudden glass transition. In other words, a higher value of
the fragility m leads to a sharper breakdown of ergodicity and a
more well-defined glass transition [48]. We therefore expect AT,
to be inversely correlated with m and (dC,/dT)inpect to be positive-
ly correlated with m, which exactly agrees with our experimental
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findings (Fig. 12(b)). The dashed lines in Fig. 12(b) are just drawn
as guides for the eye and show the inverse correlation for AT, and
(dCp/dT)inflecr, but not necessarily a linear correlation. A detailed
trend for the changes of both AT, and (dCp/dT)infiect With m still
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Fig. 11. Comparison of the glass transition temperatures obtained from viscosity mea-
surements (Tgyis) and those obtained DSC measurements (Tgpsc). Tgpsc is the onset
glass transition temperature determined at the upscan rate 10 K/min that is equal to
the prior downscan rate, whereas Tg,;s is determined as the temperature at which
the viscosity is equal to 10'2 Pa-s. The uncertainty of Ty psc is approximately +2-3 K.
The uncertainty of Tg,is is approximately 45 K.

needs to be revealed by expanding the data sets and extending
the fragility range.

4.2. Structural and topological origins of glass properties

In order to understand the structural and topological origins of the
observed composition-property correlations, we have clarified the
structural roles of sodium and the network formers as a function of
composition using multinuclear NMR spectroscopy in a parallel
study [28]. According to this study, in the peralkaline regime
([Al,05]-[Na,0]<0), sodium is first used to charge compensate Al",
i.e., all aluminum is four-fold coordinated and unaffected by composi-
tional changes in this regime. These results thereby confirm the pref-
erence in the formation of A"V over that of B" [22]. The excess
sodium not used for charge compensating aluminum can be used to
convert trigonal to tetrahedral boron or to create non-bridging oxy-
gens (NBOs) on silicon and/or boron. There is a competition among
these three structural roles of sodium and some of the species like
AlY, AlY, B, B Si"V, and NBO coexist. With the increase of [Al,03],
the concentration of Al'Y increases while the concentrations of NBOs
and B" decrease as shown in Fig. 13(a). In the peraluminous regime
([Al,05]-[Na,0]>0), all sodium is used to charge compensate Al"Y
and some of the aluminum is found in five-fold coordination due to
the insufficient amount of sodium. Therefore, there are essentially
no B or NBOs on silicon or boron in this regime. The concentration
of AlY increases with increasing [Al,Os], while the local sodium envi-
ronment is unaffected by composition in the peraluminous regime. In
the following sections, we discuss the structural and topological ori-
gins of the composition and structure dependence of various
properties.

4.2.1. Glass transition temperature

The scaling of glass transition temperature (Tg) with composition
can be accurately predicted using temperature-dependent constraint
theory [20,49-52]. This is done by counting the number of two-body
bond-stretching and three-body bond-bending constraints associated
with the network forming species as a function of composition and
temperature [52,53], since T, increases with the average number of
network constraints per atom [49,50]. In other words, T is governed
by the network connectivity and introducing NBOs into a SiO, glass
thus generally decreases T [2], whereas converting boron from
three-fold to four-fold coordination in a B,03 glass increases Tg [50].
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In this study we use the concept of topological constraints to explain
the composition dependence of T.

In Figs. 2 and 6 it is seen that T, generally increases with increasing
[Al;03]. In the peralkaline regime, the number of constraints in-
creases with increasing [Al,0s], since the concentration of NBOs de-
creases as sodium is used for charge compensating Al"Y. However,
the concentration of B" also decreases (Fig. 13(a)), but apparently
this effect is relatively small compared to the effect of removing
NBOs due to the low concentration of B,0s3; (5 mol%). Around
[Al,03]-[Na,0] =0, the slope of Tg vs. [Al,O3] changes, i.e., T, changes
more rapidly with increasing [Al,O3] in the peraluminous regime. In
this regime, both boron speciation and the sodium environment are
essentially unaffected by composition. Therefore, the change of T, in
this regime must be due to the changes in the aluminum speciation.
When we substitute Al,03 for SiO, in this regime, we incorporate
higher coordinated aluminum species (i.e., AlY) in the network,
while removing four-fold coordinated silicon species. The higher co-
ordination of aluminum contributes a greater number of constraints
than silicon [54], and hence T increases.

4.2.2. Liquid fragility index
The scaling of the liquid fragility index m with composition can
also be predicted using temperature-dependent constraint theory. m

is calculated from the temperature derivative of the number of atomic
constraints, as described in detail elsewhere [49,50]. For borosilicate
and borate glasses, boron speciation is the main contributor to increasing
the fragility index [20,55]. This is because fragility is a first-derivative
property and the constraint onset temperature (i.e., temperature at
which the constraints become rigid upon cooling) of O-B-0 angular
constraints is close to T,. Consequently, the derivative of the O-B-O con-
straints is large, and these constraints therefore have a large positive
contribution to m.

There are five O-B-0 constraints for every tetrahedral boron
and only three for every trigonal boron. For our glasses, in the
peralkaline regime, N4 is relatively constant at low [Al,05]
(Fig. 13(a)). As [Aly03] increases, N, decreases dramatically and
reaches nearly 0% around [Al,03]-[Na,O0]=0, i.e., the total num-
ber of O-B-O constraints decreases, in agreement with the de-
crease of m in the same regime (Fig. 3). This indicates that the
boron speciation plays a dominant role in controlling the fragili-
ty of these boroaluminosilicate liquids in the peralkaline regime.
In the peraluminous regime, the boron speciation is unaffected
by composition (Fig. 13(a)). Even though, fragility increases
when substituting Al,03 for SiO, (Fig. 3). This might be due to
the greater number of angular constraints with increasing con-
centration of AlY. To illustrate the dominant role of boron
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Fig. 13. (a) Composition dependence of the fraction of tetrahedral to total boron (N,4)
for the iron-free glasses [28]. (b) N4 as a function of liquid fragility index (m) for the
iron-free glasses. The uncertainties in N4 are on the order of +0.2%. The error range
of m is approximately 4 1. The line is drawn as a guide for the eye.

speciation in controlling the fragility of these boroaluminosilicate
liquids, particularly in the peralkaline regime, N, is plotted as a
function of m in Fig. 13(b). We find that around 75% of the com-
position variation of m can be accounted for by the change in
boron speciation.

In summary, both the liquid fragility and the glass transition
temperature are sensitive to a variation in composition for the
boroaluminosilicate system, in particular, in the composition re-
gion around [Al;03]-[Na,0]=0. This is crucial for optimizing the
industrial processes since the glass workability and hence the pro-
cessing parameters strongly depend on the liquid fragility and the
glass transition temperature. The finding is also instructive in de-
signing glass composition in the frame of boroaluminosilicate re-
lated products.

4.2.3. Elastic moduli

Young's and shear moduli follow the same trend in terms of their
responses to composition change. In Fig. 9, a striking phenomenon
can be observed, i.e., there is a minimum of both Young's and shear
moduli around [Al;03]-[Na,0] = 0. The responses of the two moduli
to the compositional change are analyzed in terms of three composi-
tional regions as follows.

In the regime of —15<[Al,03]-[Na,0]<—5, the moduli increase
slightly with increasing [Al,Os]. This is the same composition regime
where there is no change in boron speciation (Fig. 13(a)). In this re-
gime, the concentration of NBOs decreases as Al,Os is substituted
for SiO-, i.e., the network connectivity increases, and this increases
the ability of the glasses to resist elastic deformation [56]. In the re-
gime of —5<[Al,05]-[Na;0]<0, there is a significant decrease in
moduli with increasing [Al,O3]. This is the same region where N, de-
creases to 0% with increasing [Al,03], suggesting that the moduli are
strongly lowered by an increase of the concentration of B", since B
species make the structure less densely packed, even in such low
B,0s-containing glasses (5 mol%). In other words, B! reduces the
moduli in comparison to B'V. This agrees with the early findings that
E-glass fibers have smaller (10%) Young's modulus than E-glass bulk
[57,58], because glass fibers have more B groups and also lower
moduli than bulk glass [57]. The glass fibers have higher fictive tem-
peratures (Ty) than bulk glass and B™ groups are more abundant in
high T; glasses [59]. Boron speciation thus plays an important role in
governing the elastic response of the sodium boroaluminosilicate
glasses studied here. In the regime of [Al,03]-[Na,0] >0, the elastic
moduli increase with increasing [Al,O3]. This is the regime with no
changes in boron speciation, but with an increase of AlY and AlY con-
tributes more constraints than Al'Y. This increased network connec-
tivity may cause the increase of the elastic moduli. This is why the
minimum moduli exist around [Al,05]-[Na;0]=0, as shown in
Figs. 9a and b.

The identification of these three compositional response regions
for elastic moduli is helpful for tailoring other mechanical properties,
e.g., the tensile strength and fracture behavior, of the boroaluminosi-
licate glass product since these properties are closely associated with
the elastic moduli [60].

4.2.4. Vickers hardness

Vickers hardness (Hy) is another property that can be predicted
using temperature dependent constraint theory [20,61,62]. Unlike T,
and m, Hy is determined by the number of room temperature con-
straints, i.e., at a temperature where we can assume all constraints
to be rigid. In Fig. 10, a Hy minimum around [Al,03]-[Na,0] =0 is ob-
served for both the iron-free and the iron-containing series of glasses.
The detailed responses of Hy to the compositional change are again
discussed in terms of three compositional regions as follows.

In the regime of — 15<[Al,03]-[Na,O]<—5, Hy increases with in-
creasing [Al,Os3] and reaches its maximum value around [Al,Os]-
[Na,0]= —5. As also discussed in Section 4.2.3, in this regime, the
boron speciation is essentially independent of composition, but the
concentration of NBOs decreases with increasing [Al,Os]. Hence, the
increasing number of constraints could cause the increase of hard-
ness. In the regime of —5<[Al,03]-[Na,0]<0, Hy decreases with in-
creasing [Al,03], despite the fact that NBOs are gradually converted
to bridging oxygens (BOs) in the network. Thus, it can be inferred
that the boron speciation also plays a dominant role for controlling
hardness in this regime. This could be related to the fact that four-
coordinated boron species contributes more constraints than three-
fold coordinated boron [54]. In the regime of [Al,03]-[Na;O]>0, Hy
increases again with increasing [Al,O3] right after reaching its mini-
mum value around [Al,03]-[Na,0]=0. Boron speciation does not
change with composition for [Al;03]-[Na,0]> 0, implying that the in-
crease of the concentration of five-fold coordinated aluminum could
be responsible for the increase in hardness.

In summary, the plastic deformation behavior of these glasses is
sensitive to composition variation, in particular, in the composition
region around [Al;03]-[Na;0] = 0. Such information, combined with
other results reported in this work, is important for finding the opti-
mum composition that possesses both high mechanical resistance
and the economically favorable processing conditions.
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4.3. Impact of iron on properties

The substitution of 1 mol% Fe,0s3 for SiO, exhibits an impact on the
investigated glass properties as shown in Figs. 2, 6, 9, and 10. To un-
derstand this impact, it is important to note that iron exists both as
Fe?" and Fe3" in oxide glasses (Fe® may also form under reducing
conditions). As shown in Table 1, the [Fe3"]/[Fe?"] ratio decreases
with increasing [Al,Os]. This may be due to the increase in the
employed melt homogenization temperature with increasing
[Al,03], considering that the redox reactions are shifted to the more
reduced side with increasing temperature [2]. Knowledge of the
iron redox state is important, since Fe?* and Fe>* have different
structural roles in silicate glasses. It has been shown that Fe?™ can
charge compensate Al", similar to the role of Na™ [63,64]. Thus,
some Fe?* ions can compete with Na™ ions for charge compensating
Al"Y, despite there being a preference for charge balancing by Na™
[63,64]. Furthermore, Fe?* ions can play a network-modifying role
in the network and create NBOs. On the other hand, Fe>* ions play a
more network-forming role in the network, similar to that of AI>* [65].

The substitution of iron oxide for SiO, generally leads to a de-
crease in the glass transition temperature (Figs. 2 and 6), elastic mod-
uli (Fig. 9), and Vickers hardness (Fig. 10). This should be because the
substitution of Fe,03 increases the total modifier content in the
glasses and thus decreases the overall network connectivity. The con-
centration of Fe?™ increases with increasing [Al,0s], i.e., the effect of
lowering the network connectivity by iron becomes more pro-
nounced as [Al,0s] is raised. This could be the reason why the differ-
ence between the properties of iron-containing and iron-free glasses
becomes greater with increasing [Al;Os].

5. Conclusions

We have studied the composition-structure-property relationships
of a series of sodium boroaluminosilicate glasses from peralkaline to
peraluminous compositions by substituting Al,05 for SiO-. Interesting-
ly, we find a minimum of the measured property values including den-
sity, fragility, Young's and shear moduli, and hardness around [Al,O5]-
[Na,0] =0 for both iron-free and iron-containing glasses. In detail, we
find three compositional response regions for Young's and shear moduli
and microhardness. For —15<[Al,05]-[Na,0]< — 5, formation of NBOs
controls the composition dependence of the properties, whereas they
are controlled by boron speciation for —5<[Al,03]-[Na,0]<0. For
|Al;03]-[Na;0]> 0, the formation of higher coordinated aluminum spe-
cies have a pronounced impact on the glass properties. Moreover, we
find that Ty is determined by the network connectivity and thus in-
creases with increasing [Al,O3]-[Na,0]. However, the increase in T
with [Al,O3]-[Na,O] has a greater slope above [Al,03]-[Na,0]=0
than below it. The liquid fragility shows a strong correlation with the
fraction of tetrahedral boron in the glasses, in agreement with previous
findings for borate and borosilicate glasses. The existence of the mini-
mum and the three compositional response regions are related to
boron speciation, i.e., B™ and B", which contributes a different number
of constraints to the glassy networks. The liquid fragility index is thus
particularly sensitive to composition variation around [Al,03]-[NayO]
=0. This is crucial for optimizing the industrial processes since the
glass workability and hence the processing parameters strongly depend
on the liquid fragility. Substitution of a small amount of iron oxide for
SiO, in the glasses results in lower values of glass transition tempera-
ture, hardness, and elastic moduli, since the substitution increases the
total modifier content in the glasses and thus decreases the overall
network connectivity.
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We investigate the composition dependence of glass-forming ability (GFA) of a series of iron-containing soda
lime borate liquids by substituting Na,0 for B,0s. We have characterized GFA by measuring the glass stability
against crystallization using a differential scanning calorimeter (DSC). The results show that the GFA
decreases when substituting Na,O for B,03. Moreover, we find that there is no direct link between the kinetic
fragility and GFA for the soda lime borate series studied herein. We have also discovered and clarified a strik-
ing thermal history dependence of the glass stability against crystallization. In particular, the two glasses
containing 20 and 25 Na,O mol% do not exhibit crystallization exotherms during the second DSC upscan at
10 and 20 K/min following prior slow (10 and 20 K/min) downscans. This indicates that the glass stability
of these compositions can be enhanced by cooling their melts to the glassy state slowly, before any reheating.
We explain this phenomenon in terms of the thermal history dependence of boron speciation.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Inorganic glasses are predominantly produced using the melt-
quenching technique, where the batch materials are heated to a tem-
perature above the liquidus temperature and then cooled sufficiently
fast to avoid crystallization [1-3]. In order to optimize the glass pro-
duction process, it is important to know the glass-forming ability
(GFA) of the melt. The GFA has been systematically investigated for
arange of silicate [4], aluminosilicate [5], borosilicate [6], alkali borate
[7], and alkaline earth borate [6] liquids. Traditionally borate glasses
have found only limited applications due to their poor chemical dura-
bility, but recently it has been found that borate glass nanofibers are
bioactive and promote the healing of flesh wounds [8]. Hence, it has
become increasingly important to understand the GFA of more com-
plex borate liquids. To the best of our knowledge, the GFA of alkali
alkaline earth borate liquids has not received much attention. More-
over, the so-called boron anomaly makes the structural foundation
of borate glass and liquid properties especially interesting. In borate
compositions, the initial addition of alkali or alkaline earth oxides
affects properties differently compared to further additions of these
same modifiers due to conversion of boron between three-fold (trigo-
nal) coordination and four-fold (tetrahedral) coordination [9]. Hence,
the effect could also cause an “anomalous” composition dependence

* Corresponding author. Tel.: +1 607 974 2185; fax: +1 607 974 2410.
** Corresponding author. Tel.: 445 99408522; fax: + 45 9635 0558.
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doi:10.1016/j.jnoncrysol.2011.11.004

of GFA, and it may thus be particularly interesting to explore this ef-
fect [7,9,10]. In this paper, we therefore attempt to quantify and un-
derstand the GFA of a series of soda lime borate compositions and
connect these results back to general features of glass formation in in-
organic liquids.

GFA is a measure of how easily a melt is vitrified and can be quanti-
fied by determining the critical cooling rate q. [1], which is defined as
the minimum cooling rate required to vitrify a melt, i.e., to obtain a
glass with a crystal concentration lower than a certain standard value
such as 1 ppm. However, it is difficult and time-consuming to deter-
mine q. precisely, and therefore alternative methods for quantifying
GFA have been developed. For example, various glass stability (GS) pa-
rameters have been proposed [6,11]. Generally speaking, these param-
eters all describe the ability of a glass to bypass crystallization upon
heating. It has been found that GFA and GS parameters have a direct
relationship [4,5], i.e., GS increases with increasing GFA. While there
are several proposed metrics for GS, the Hruby parameter (Ky) shows
a better correlation with GFA compared with other parameters [12].
Therefore, we use Ky as a measure of GFA in this work. Ky can be calcu-
lated from three characteristic temperatures:

T—T,
Ky =12, 9

m c

where Ty is the onset glass transition temperature, and Tc and Ty, are the
onset temperatures of the crystallization peak and the melting peak
during heating. A high value of Ky indicates high glass stability. These
characteristic temperatures can be determined experimentally using
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differential scanning calorimetry (DSC). A typical DSC curve for a glass
exhibiting high tendency for crystallization has three well-defined
characteristic peaks upon heating: an endothermic glass transition
peak, an exothermic crystallization peak, and an endothermic melting
peak (Fig. 1). Ty, T, and Ty, are the onset temperatures of these three
peaks, which are determined as the intersection of tangents to the
curve, traced on the baseline and on the peak side (Fig. 1). This method
is called the “tangent method” [13] and it has its limitations due to the
uncertainty in drawing tangents along the sides of the DSC peaks. The
inherent drawbacks of using the GS parameters such as Ky are discussed
later in this paper.

Shear viscosity of glass-forming liquids is an important
temperature-dependent property governing glass formation [14]. It
is also related to the GFA, since the flow behavior determines the
kinetic activation barriers for both nucleation and crystal growth
[6]. Several models have been proposed for describing the tempera-
ture dependence of the viscosity () of a melt, e.g., Vogel-Fulcher-
Tammann (VFT) [15] and Avramov-Milchev (AM) [16]. However,
these models exhibit systematic error when extrapolating to low
temperatures as described elsewhere [17]. Recently, based on energy
landscape analysis and the temperature-dependent constraint
model for configurational entropy [18-20], Mauro et al. have derived
a new three-parameter viscosity model [17]:

K C
logn = logn., + T exp (T) (2)

where 7)., is the high-temperature viscosity limit and K and C are
constants. This model has been shown to provide improved fitting
quality of measured viscosity-temperature curves compared to the
existing models. Furthermore, it provides a physically realistic de-
scription of liquid dynamics across the full range of temperatures
[17,21]. Based on the analysis in [17,21], it has been concluded that
T is @ universal composition-independent constant equal to approx-
imately 107 Pa s. Since the viscosity at Ty (7)rg) is equal to 10'* Pa's
for oxide glasses [22], log 1)z —log 1.=12—(—3)=15. Eq. (2)
can then be expressed in terms of the liquid fragility index m and Tg:

logyon(T) = —3+15%exp{(%—1) <%—1>} 3)

The definition of the fragility m is due to Angell [3], who noted that
liquids can be classified as either “strong” or “fragile” depending on
whether they exhibit an Arrhenius or super-Arrhenius scaling of
viscosity with temperature, respectively. The slope of the Angell
curve (log 7 as a function of Ty scaled inverse temperature (Tg/T)) at

Glass transition

DSC output (arb. units)

Crystallization

T(K)

Fig. 1. Typical DSC curve of a glass that easily crystallizes during heating. The procedure
for determining the three characteristic temperatures Ty ,Tc and Ty, is illustrated.

T, defines the fragility index,

_ 0logyen
") @

An inverse correlation between fragility index and GFA has been
found for various metallic glass-forming liquids in addition to some
silicate liquids [23,24]. “Strong” melts have a more consistently rigid
structure upon temperature changes compared to “fragile” melts.
This rigidity could create steric hindrance towards crystallization dur-
ing cooling, and therefore strong melts are expected to have better
GFA. However, it remains unknown if and how the fragility of borate
liquids is correlated with their GFA. Clarifying this relation is one of
the objectives of the current study, where we characterize the GFA
of these systems by determining their crystallization tendency and
viscous flow behavior. We also demonstrate a dramatic enhancement
of the glass stability against crystallization for two of the high-Na,0
compositions under study after imposing a new thermal history on
these glasses. Finally, we discuss the possible structural origin of the
enhancement of glass stability.

2. Experiments
2.1. Sample preparation

Eight glass samples were synthesized using analytical reagent-grade
H3BO; (Sigma-Aldrich, >99.5%), Na,COs; (Sigma-Aldrich, >99.5%),
CaCOs (Fluka, >99%), and Fe,05 (Aldrich, >99.9%) powders. Seven of
them have the compositions (mol%) of xNa,0-10Ca0-(89-x)B,05-
1Fe,03 withx =5, 10, 15, 20, 25, 30, and 35. The eighth glass has a com-
position (mol%) of 25Na,0-10Ca0-65B,03; (denoted B-Na25). The
thoroughly mixed batches were melted in a covered PtgoRh;o crucible
at 1323-1423 K for ~15 min in an inductively heated furnace. Melting
by using a covered crucible and the relatively low melting temperatures
and short times were chosen to minimize boron evaporation, and
homogeneity was ensured by the convection currents created in the
melt due to the induction furnace. In order to obtain glasses, the melts
were cast onto a brass plate and cooled in air to room temperature.
Measurements of the weight loss due to melting indicate that the
glasses are within 1-2 wt.% of the desired compositions [25].

Owing to the hygroscopic character of the borate glasses, all sam-
ples were kept in glass or plastic containers with desiccant. All of the
glasses under study besides B-Na25 contain 1 mol% Fe,03, since they
have also been used in a parallel study that established the influence
of boron speciation on ionic transport [26]. The transport properties
were studied using an inward cationic diffusion approach, which
requires the presence of a polyvalent element in the glass [27]. More-
over, the structure and topology of these glasses have been studied in
[25].

2.2. DSC measurements

For the glass stability investigations, the three characteristic tem-
peratures (Tg, T, and Ty,) were determined using a calorimetric meth-
od as shown in Fig. 1. The differential scanning calorimetry (DSC)
measurements were performed with a simultaneous thermal analyz-
er (STA 449 C Jupiter, Netzsch, Selb, Germany) at a rate of 20 K/min
for both up- and downscanning in a purged argon atmosphere. The
samples were heated to 1273 K to locate the glass transition, crystal-
lization, and melting peaks. As mentioned earlier, the characteristic
temperatures were determined using the “tangent method”. This
method has uncertainties of approximately +2 to 3 K.

In order to obtain the heat capacity curves of the standard glass
(cooling and heating at 10 K/min), the samples were subjected to
two runs of DSC upscans and downscans. The rates of the upscans
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and downscans were always equal to 10 K/min. The recorded heat
flow of the first upscan reflects the enthalpy response of a sample
with an unknown thermal history (i.e., an unknown cooling rate ex-
perienced by the sample during melt-quenching), whereas that of
the second upscan reflects the enthalpy response of the sample
with a well-defined thermal history (i.e., a known cooling rate). The
standard T, is determined from the second upscan curve as the
onset temperature of the glass transition peak [28]. The isobaric
heat capacity (Cp) curve for each measurement was calculated rela-
tive to the G, curve of a sapphire reference material of comparable
mass.

2.3. Viscosity measurements

In order to determine the liquid fragility index, viscosity measure-
ments were performed. The low viscosities (approximately 10°-
10®Pas) were measured using a concentric cylinder viscometer.
The viscometer consisted of four parts: furnace, viscometer head,
spindle, and sample crucible. The viscometer head (Physica Rheolab
MC1, Paar Physica) was mounted on top of a high temperature fur-
nace (HT 7, Scandiaovnen A/S). Spindle and crucible were made of
PtgoRhyo. The viscometer was calibrated using the National Bureau
of Standards (NBS) 710A standard glass. In the high viscosity range
(approximately 10'°-10'3 Pas), the viscosity was measured using
micro-penetration viscometry with a vertical dilatometer (Model
VIS 405, Bahr-Termoanalyse, Hiillhorst, Germany). The precision of
the equipment was tested using the Deutsche Glastechnische Gesell-
shaft (DGG) standard glass I and was found to be within 4 1% of the
standard linear viscosities stated in [29]. The viscosity of the x=35
composition could not be measured due to its high tendency for
crystallization.

2.4. "B MAS NMR spectroscopy

Boron speciation in glasses depends on thermal history [30]. In
order to investigate the thermal history dependence of boron specia-
tion and how it affects GFA of the soda-lime borate liquids, we carried
out ''B magic angle spinning (MAS) NMR measurements on selected
samples. The NMR spectra were collected at 11.7 T (160.34 MHz
resonance frequency) using a 2.5 mm MAS NMR probe and sample
spinning at 20 kHz. The data were acquired using a short (1/12)
pulse width of 0.6 s and 1 s recycle delays. 600 scans were collected;
data were processed without line broadening and referenced to an
external aqueous boric acid sample (19.6 ppm from BFs-Et;0).

1B MAS NMR spectra were fit using DMFit [31], with two trigonal
and two tetrahedral lineshapes for each spectrum. The trigonal sites
were reproduced using second-order quadrupolar broadened line-
shapes, and a mixture of Gaussian and Lorentzian lineshapes was
sufficient to fit the 4-fold coordinated boron resonances. The experi-
mental data required at least two distinct 3-fold coordinate boron
peaks and one 4-fold coordinated boron resonance. A second 4-fold
coordinated peak was added to the simulations to account for minor
peak intensity to the higher-shielded side of the 4-fold coordinated
boron resonance. Regardless of the exact number of distinct sites in
these glasses, all data were fit using identical methods and thus
uncertainties in the fraction of tetrahedral to total boron (N,4) are on
the order of 4 0.2%.

2.5. XRD measurements

The resulting crystalline phases after the first DSC scan were de-
termined from X-ray diffraction (XRD) measurements. The quantita-
tive XRD analyses were performed using a PANalytical CUBIX PRO
instrument. XRD signals were recorded in the range 5°<260<65°
with a stepsize of 0.02 and a steptime of 120 sec/step. The X-rays
were generated by a Cu Ko target operated at 40 kV and 45 mA.

10 wt.% TiO, was added as internal standard by mixing in a Herzog
disk mill twice for 30 s each.

3. Results

DSC upscans are performed on the borate glass series at a heating
rate of 20 K/min to determine the glass stability upon heating. Fig. 2
shows the temperature dependence of the DSC output (in arbitrary
units) for the seven glasses. The first endothermic peak is attributed
to the glass transition. For the four glasses with x =20, 25, 30, and
35, there is an exothermic peak well above T,, which is attributed to
crystallization of the glass. An endothermic crystal melting peak
occurs following the crystallization peak [13]. No crystallization
peak is observed for the three glasses with x=15, 10, and 15 during
dynamic heating at 20 K/min and therefore Ky cannot be calculated
for those glasses. This implies that these compositions have higher
glass stability than the other compositions [24]. The determined
values of Tg, T, and Ty, and the Hruby parameter Ky [12] are stated
in Table 1.

It has been found that GFA and kinetic fragility have an inverse
correlation for some glass-forming systems [23,24]. Here the question
is whether this inverse relation exists for the soda lime borate liquid
series. Fragility is traditionally determined from viscosity measure-
ments to obtain the kinetic fragility index m. Besides determining
m, we also determine the thermodynamic values, which are associat-
ed with thermodynamic fragility for many glass systems, such as the
jump in isobaric heat capacity (C,) in the glass transition region
[3,32-34] and glass transition width (ATg) [35]. Therefore, another
question is whether there is a parallel relation between the kinetic
and the thermodynamic fragilities.

The temperature dependence of viscosity obtained from both
micro-penetration and concentric cylinder viscometry is illustrated
by the Angell plot in Fig. 3. The experimental data are fitted to
Eq. (3) [17], and the kinetic fragility (m) is derived from the best-fit
of Eq. (3) (see Table 1). We find that m increases with increasing con-
centration of Na,O, but after reaching its maximum value at x =25, it
starts to decrease. For the thermodynamic fragility, we determine the
Cp jump as Gy — Cpg, Where Cp,g and Cp, are the isobaric heat capacities
for the glass at Ty and the liquid, respectively, as shown in Fig. 4. Cp; is
determined as the offset value of the C, overshoot above the glass
transition range. Another characteristic value is the overshoot value
of the glass transition peak, C, peax. It should be noted that this peak
value is not the intrinsic heat capacity of the glass at the peak temper-
ature; instead it is a reflection of the kinetic consequence of the glass
transition during upscanning. The glass transition width (ATg) is de-
termined as Tg.offset — Tg, Where Tg.ofrset iS the temperature at the offset

Xx=5
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20 N\
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r

400 600 800 1000 1200
T(K)

DSC output (arb. units)

Fig. 2. DSC output (arbitrary units) versus temperature (T) during heating at 20 K/min
for the glasses with compositions of xXNa,0-10Ca0-(89-x)B,03-1Fe,0s.
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Table 1

Characteristic temperatures, Ky, N4 [25], NBO/B, and m of the seven glasses (xNa,O-
10Ca0-(89-x)B,03-1Fe,05). The errors in the characteristic temperatures are approxi-
mately +2-3 K and uncertainties in N, are on the order of +0.2%.

Sample (x=) Ty (K) Tc(K) Tm(K) Ky Nj[at¥] NBO/B m

5 728 n/a n/a n/a 16 0.197 4941
10 764 n/a n/a n/a 24 0.266 59+1
15 774 n/a n/a n/a 36 0316 63+1
20 772 979 1062 249 40 047 6742
25 760 954 1055 192 46 0.634 7441
30 742 887 978 159 43 0.926 65+2
35 715 824 1118 037 42 1.247 n/a

of the C, overshoot. The procedures for determining Cyi, Cpg, Cp peaks
and A Ty are illustrated in the inset of Fig. 4.

The composition dependencies of the values of Cy-Cpg, Cp peak—Cpg
and AT, are shown in Figs. 5-7, respectively. It can be seen that there
is no apparent trend in Cp-C,g with composition (Fig. 5), yet there is
a trend in Cp peak—Cpg and AT with composition (Fig. 6). The kinetic
fragility (quantified by m) shows a positive correlation with the
values of C, peak—Cpg and the glass transition width, which are in this
work regarded as indirect measures of the thermodynamic fragility.
This is expected because fragility is fundamentally a kinetic property,
and the glass transition width is a reflection of kinetics (i.e., a steeper
viscosity curves gives a more sudden breakdown of ergodicity [35,37]
at Tg). But Cp,; — Cpg is a purely thermodynamic quantity, and the con-
nection to kinetic fragility is apparently lost for these borate glasses.
In Section 4.2, we will discuss whether there is a correlation between
fragility and GFA.

Interestingly, two of the glasses under study (with x=20 and 25)
do not exhibit any crystallization exotherms during the second DSC
upscan at 20 K/min to 1273 K when they have been subjected to a
prior upscan to 1273 K at 20 K/min and a subsequent downscan at
the same rate. The DSC curves for the glass with x=20 are shown
in Fig. 8(a). The same phenomenon is also observed when the second
upscan rate is lowered to 10 K/min (Fig. 8(b)). This means that the
stability of these two glasses against crystallization is dramatically
enhanced after they undergo a slow cooling process. The enhance-
ment of the glass stability can also be observed in glasses containing
higher Na,O content, e.g. glasses with x=30 and 35 as shown in
Fig. 9. The glass with x=30 shows a crystallization peak during the
first downscan at 20 K/min. This implies that the cooling rate is
lower than the critical cooling rate, and hence the melt crystallizes
during cooling. After cooling, the sample contains both glass and
crystal phases. In the second upscan, there is no crystallization peak,
indicating that the remaining glass phase does not crystallize during

14 n x=5

log n( ninPas)

0.6 07 08 0.9 1.0
Tg/T

Fig. 3. Angell fragility plot showing the logarithmic viscosity (logn) as a function of the
T, scaled inverse temperature (Ty/T) for the glasses with compositions of xNa,0-
10Ca0-(89-x)B,03-1Fe,05.The error ranges for the high viscosity measurements (by
the micro-penetration method) and for the low viscosity measurements (by the con-
centric cylinder method) were A log = +0.06 and +0.02 (1 in Pas), respectively
[36].

0.7 0.8 0.9 1 10 1.1
TIT, (K/K)

Fig. 4. Glass transition of the glasses (xNa,0-10Ca0O-(89-x)B,05-1Fe,03) determined
by DSC at a heating rate of 10 K/min subsequent to a cooling rate of 10 K/min. The
plots are shown as the isobaric heat capacity (C,) divided by C, at Ty (Cy/Cy(Ty))
against T/T,.

the second upscan. In other words, the GS of the remaining glass is
enhanced after the first downscan. The glass with x=35 shows
similar behavior to that with x =30.

We have also determined the crystal phases of the sample with
x =20 resulting from the first DSC upscan. This was done by conduct-
ing X-ray diffraction (XRD) measurements on samples that were
heated in a muffle furnace by using the same conditions as during
the DSC scan. As shown in Fig. 10, the sample that has been heat trea-
ted contains both crystalline and glassy phases. Using the Rietveld
refinement method with an internal standard, the amounts of crystal-
line and glassy phase are determined to be 56 and 44 wt.%, respec-
tively. The main crystalline phase (97.7 wt.%) is calcium sodium
pentaborate, which consists of complex metaborate sheets with a
Bs0g building block. The BsOg unit contains BO4 and BO3 groups in
the ratio of 2:3 in two rings, and Na and Ca are partially ordered in
sites in channels between the metaborate sheets [38]. There are also
two other low concentration crystals: boron oxide (2.0 wt.%) and
iron boride (0.3 wt.%).

4. Discussion
4.1. Glass stability
Fig. 11 (a) shows the Hruby parameter (Ky) as a function of Na,O

concentration (x) for the four glasses with x =20, 25, 30, and 35. In
general, the GFA decreases with increasing substitution of Na,O for
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Fig. 5. The step change in the heat capacity (C;,-Cp,) at the glass transition as a func-
tion of Na,O content (x) for the seven glasses (xNa,0-10CaO-(89-x)B,03-1Fe;03).
The step change is determined as Cy; — Cpg, Where Cpg is the isobaric heat capacity of
the glass at Ty and Cp is the isobaric heat capacity of the liquid, which is determined
as the offset value of the C, overshoot above the glass transition range. The uncer-
tainties in C,; — Cyg are on the order of 4 2-3%.
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Fig. 6. C;, peak—Cpg as a function of the Na,O content (x) for the glasses (xNa,0-10Ca0-
(89-x)B,03-1Fe,03), where Cp pear is the heat capacity value of the C;, overshoot peak.
Inset: Cp peak-Cpg as a function of the glass transition width (ATg) during heating. The
uncertainties in Cp peak—Cpg are on the order of + 2-3%.

B,0s. To understand this trend, the fractions of tetrahedral boron to
total (N4) and NBO/B are determined and listed in Table 1, where
NBO/B is the average number of non-bridging oxygens per boron
tetrahedron or triangle. With the values of N4, we are able to calculate
the number of NBOs per boron. The boron itself can be tetrahedral or
trigonal. As shown in Table 1, Ky decreases as the NBO/B increases for
x=20, 25, 30, and 35. The Ky values of glasses with x=5, 10, and 15
are unknown higher values, but we suppose that the GFA increases as
the value x decreases, i.e., NBO/B decreases. An increase of NBO/B
lowers the connectivity of the network, which creates escape chan-
nels for the moving particles [39]. Consequently it is easy for the par-
ticles to rearrange, and hence there may be a greater tendency for
crystallization. However, following Phillips-Thorpe constraint theory,
we note that a sufficiently low value of NBO/B would also promote
crystallization, since rigid structures would then easily percolate
throughout the system resulting in crystallization [19,20].

Fig. 11(b) shows N4 and NBO/B as a function of Na,O concentra-
tion for all seven glasses. The results indicate that the GFA is closely
related to the degree of network connectivity [19]. Boron speciation
also has a direct influence on the connectivity. However, N, does
not show a direct relation with Ky. There is apparently an influence
of both NBO/B and N4 on GFA, since both of these parameters affect
the degree of network connectivity. This indicates that when compar-
ing two glasses with different amounts of network former, NBO/B
plays a determining role in controlling GFA, while the boron specia-
tion plays a less important role. However, when comparing two
glasses with the same amount of network former, the N, will play
an important role, as will be discussed in Section 4.3.
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Fig. 7. Glass transition width (ATg) and liquid fragility index (m) as a function of the
Na,O content (x) for the glasses (xNa,0-10Ca0-(89-x)B,03-1Fe,03). AT, is deter-
mined as Tg.offset — Tg, Where Tg.ofisec is the temperature at the offset of the C;, overshoot.
The errors in AT, are approximately +2-3 K.
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Fig. 8. DSC scans for the glass with x =20 using (a) 20 K/min heating and cooling and
(b) 10 K/min heating and cooling.

For three of the glasses under study, the Hruby parameter could
not be determined, since no crystallization was observed during heat-
ing at the applied rates (10 and 20 K/min). It should be noted that the
phase transitions observed during a DSC scan are dynamic, i.e., the
characteristic temperatures are dependent on the heating rate
employed during the measurements. Especially for glasses with high
stability (e.g., x=>5, 10, 15), the crystallization and melting processes
can be bypassed when using a sufficiently high heating rate. For good
glass formers, K cannot be determined using the accessible heating
rates of a DSC since no crystallization peak is observed. However,
theoretically Ky must have a finite value that could be determined
using a sufficiently low heating rate beyond the DSC heating rate
window. This highlights the limitation of the Hruby parameter with
the current DSC techniques. Actually there are several other GS pa-
rameters, e.g. K, Kw, Ki [4,5], which all use the same characteristic
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Fig. 9. DSC scans for the glass with x=30 at 20 K/min heating and cooling.
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Fig. 10. X-ray diffraction (XRD) pattern of the glass with x =20 after crystallization
resulting from the first DSC upscan. 10 wt.% of crystalline anatase has been added as
an internal standard. The intensities of anatase signals were then used to quantify
the amount of the other crystalline phases.

temperatures, i.e., Tg, T, and Ty,. Here, we have only shown the results
of the representative Hruby parameter, since the other parameters
show similar trends. However, the inherent limitations of the Hruby
parameter represent a universal drawback for any GS parameter,
which includes characteristic temperatures. Therefore, a more uni-
versal GFA parameter which can be applied to any glass-forming
liquid is needed.

4.2. Relationship between Fragility and GFA

In our attempt to understand the composition dependence of GFA
for soda lime borate liquids, we will investigate the possible correla-
tion between fragility and GFA. However, for this correlation to be
insightful, it is important first to understand the composition
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Fig. 11. (a) Hruby parameter (Ky) as a function of the Na,0O content (x) for the four
glasses with x=20, 25, 30, and 35. (b) N4 and NBO/B as a function of x. The uncer-
tainties in N4 are on the order of 40.2% and the errors in Ky are around 4 0.03.
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Fig. 12. (a) Dependence of fragility (m) on the Na,O content (x) for the glasses
(xNa,0-10Ca0-(89-x)B,03-1Fe;05). The solid line shows the predicted composition
dependence of m using a topological model [25]. (b) Contribution of each type of
topological constraint to the calculated fragility. mg is defined as the fragility index of
the theoretically strongest liquid, and found to be 15 from Eq. (4).

dependence of fragility. We obtain this understanding from topologi-
cal constraint theory [19,20], since Gupta and Mauro [9,18] have
developed a new topological modeling approach that enables accu-
rate prediction of the scaling of both glass transition temperature
and fragility with composition. A key feature of the approach is the
incorporation of temperature-dependent constraints that become
rigid as a liquid is cooled. Recently, Smedskjaer et al. have extended
the topological modeling approach to soda-lime borate systems
[25]. The basic three steps to apply the topological modeling approach
are: (1) identify and count the number of distinct network forming
species (i.e., BO4, BOs, O, and MNB (network modifiers (Na and Ca)
that create NBOs); (2) identify and count the number of constraints
associated with each species; and (3) calculate fragility in terms of
atomic degrees of freedom. Fig. 12(a) shows both the measured and
predicted values of m using the topological constraint model (solid
line) [25]. The experimental values of m obtained from viscosity mea-
surements are in good agreement with the modeled fragility values.
Four types of bonding constraints are considered in the model: o)
B-0 and MNB-0 linear constraints; 3) 0-B-O angular constraints; y)
B-0-B angular constraints; and p) additional modifier rigidity due to
clustering effects. We note that the borate glasses are intrinsically
hygroscopic and thus contain hydroxyl groups that are expected to
break linear and angular constraints. This effect is not included in
the current model, but the good agreement between data and
model predictions of m suggests that neglecting the hydroxyl effect
is a good approximation. Fig. 12 (b) shows the contribution of each
type of constraint to the calculated fragility, i.e., it reveals the topolog-
ical origins of fragility. The 3 constraints provide the largest contribu-
tion to fragility, while o and p constraints have little influence on the
fragility value. There are five 3 constraints per four-fold coordinated
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Fig. 13. 1'B MAS NMR spectrum of the glass with x=25 (Fe-free) before and after first
dynamic DSC scan at 20 K/min. The uncertainties in N4 are on the order of +0.2%.

boron to form a rigid BO4 tetrahedron and three (3 constraints per
three-fold coordinated boron to keep the BO3 unit planar [25]. Most
importantly, fragility is a first-derivative property and the constraint
onset temperature of (3 constraints is close to Tg. Therefore, the
derivative of 3 constraints is large, and these constraints therefore
have a large contribution to fragility. Thus, the boron speciation sub-
stantially affects fragility.

The indirect measures of the thermodynamic fragility (i.e., Cp peak—
Cpe and glass transition width) both exhibit a positive correlation
with kinetic fragility m. The Cp pea—Cpg measurement is a reflection
of both thermodynamics and kinetics, since higher fragility leads to
a sharper and more well-defined glass transition [37] and the value
of Cppeak is influenced by the kinetic glass transition process. There-
fore, m has a positive relation with both Cp peak—Cpg and the glass tran-
sition width.

An inverse correlation between fragility and GFA has been found
for various metallic glasses [24,40], and hence fragility can be used
as a quantitative measure of GFA for those systems. However, we
find that this is not the case for these soda lime borate compositions.
Comparing Fig. 12(a) with Fig. 11(a), we can see that fragility and
GFA do not exhibit a linearly inverse relation. In addition, the thermo-
dynamic fragility (shown in Figs. 6 and 7) and GFA also do not exhibit
this relation. As mentioned above, both NBO/B and boron speciation
affects the degree of network connectivity. Within different amounts
of network former, NBO/B plays a determining role in controlling
GFA, while the boron speciation plays a less important role for GFA.
However, when we calculate the fragility with topological constraint
theory, the boron speciation is counted, which plays a less important
role for GFA in different compositions. In addition, GFA is related to
many other properties, e.g., the degree of network connectivity [24],
liquidus temperature [14,41], but it is not necessarily related to only
fragility [40]. Therefore, GFA and m might not have a linear inverse
correlation.

4.3. Enhancement of glass stability

Interestingly, the glass stability becomes enhanced for some of the
glasses after the first DSC up- and downscans, as shown in Figs. 8 and 9.
Now the question arises: what is the origin of the enhancement of the
GS after slow cooling? To answer this question, we discuss several factors
which could affect the crystallization behavior of these glasses.

For borate systems, liquid-liquid phase separation is often an issue
to consider [42]. Phase separation could occur during the first DSC
upscan, since phase separation is more favorable at higher tempera-
tures due to the supplementation of thermal energy. Hence, the
atoms more easily overcome the energy barriers to rearrange and
favor phase separation [1]. If phase separation has occurred, there
will be two glassy phases and during the second DSC upscan, the Ty

and the C, jump should have changed and a second glass transition
peak should have been observed. However, we did not observe these
changes and we therefore exclude this factor. Moreover, the enhance-
ment of GS is likely not attributed to the evaporation of boron during
the DSC scans. Boron vaporizes rapidly when the temperature is above
1473 K [43], but the sample was only scanned to 1273 K, and therefore
the temperature was low enough to exclude significant boron evapo-
ration. Another possible explanation could be that during the first
upscan, the glass disk was inserted in the Pt crucible with relatively
poor contact between glass and Pt crucible. However, during the sec-
ond upscan, the sample stuck to the Pt-crucible due to the melting
during the first upscan. The heat transfer was then more efficient dur-
ing the second upscan, since there is minimal air gap between the
sample and the bottom of the Pt crucible. In order to explore this pos-
sible explanation for a change in GS, we melted the glass inside the Pt-
crucible in the induction furnace and then performed the DSC scan.
We observed the same phenomenon, i.e., the enhancement of GS
first occurs during the second upscan. Thus, we can also exclude any
effects related to the surface contact between glass and crucible.

Instead, the enhancement of GS might be related to the tempera-
ture dependence of the boron speciation. Temperature-induced
changes in boron speciation have been reported in alkali borate
glasses and melts [44,45]. According to these previous studies, the
fraction of BO, tetrahedra decreases with increasing temperature
above Ty, indicating that the BO, tetrahedra in the glass are converted
to BOs triangles in the melt [44]. The BO4 to BO5 conversion can lower
the rigidity of the glasses, since the degree of cross-linking of the
borate framework with covalent B-O bonds is lowered [44]. Accord-
ing to [25], there are five 3 constraints (O-B-0 angular constraints)
per B* to form a rigid BO, tetrahedron and three 3 constraints per
B2 to keep the BO; unit planar. Thus, the glass containing more BOs
has a less rigid network structure. In other words, the degrees of free-
dom of the liquid at the crystallization temperature increase with
increasing BO3 concentration. This facilitates rearrangement of the
structural units, and hence crystallization. Consequently, the glass
stability is lowered. In Section 4.1 we mentioned that in glasses
with different amount of network former, NBO/B plays a determining
role in controlling GFA, while the boron speciation plays a less signif-
icant role. However, considering a constant concentration of network
former, the boron speciation conversion will have a significant effect.
An increase of N, after the first upscan will result in a decrease of
NBO, which is expected to cause an increase of GS. Therefore, this
combination of two effects should lead to a substantially enhanced
GS.

The concentrations of BO; and BO, in a borate glass depend on the
cooling rate that the borate melt experienced during production, i.e.,
its thermal history [46-49]. The GFA is ultimately determined during
this cooling process. The as-produced glasses studied here have been
subjected to a relatively fast cooling (approximately 1000 K/s [50]).
After the first DSC upscan, the melt was cooled at a slower rate, i.e.,
0.17 K/s. The higher the cooling rate, the higher fraction of BOs is
frozen-in. Upon re-heating, the rapidly cooled glass should crystallize
more easily than the slowly cooled glass due to the factors mentioned
above. In order to test whether these inferences are reasonable, ''B
MAS NMR measurements have been conducted on the Fe-free glass
(B-Na25) before and after the first upscan. We choose an iron-free
analogous glass in order to avoid the effect of dipolar coupling
between !B nuclear spin and unpaired spin of d-electrons in Fe dur-
ing the NMR measurement. As shown in Fig. 13, the N, values for the
glass before and after the first upscan are 46.3 and 47.8 at%, respec-
tively. For relatively fast cooling (before first upscan), more BO3 spe-
cies are frozen-in and the N, value is low. For a slower cooling (after
first upscan), less BO3 species are frozen-in and N, attains a higher
value. N4 increases by 1.5 at¥% after the first up- and downscans. This
provides evidence for the possible link between the boron speciation
and the enhanced GS.
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5. Conclusions

The glass forming ability (GFA) of a series of soda lime borate
liquids has been determined using a calorimetric method. Specifically,
we express GFA in terms of the Hruby parameter. It is found that GFA
decreases when Na,O is substituted for B,0s3, implying that the
network connectivity greatly controls GFA of the studied systems.
We note that the applicability of the Hruby parameter is limited
only to the poor glass formers. The inverse correlation between liquid
fragility and GFA, which has been found for some glass-forming liquid
series, is not observed for these systems. We also report a remarkable
result concerning the stability of two glasses, containing 20 and
25 mol% Na,O, against crystallization. Their GS during heating is
enhanced when the glasses have previously been subjected to a
relatively slow cooling cycle, e.g., a 10-20 K/min cooling rate. This
enhancement of GFA can be attributed to the structural conversion
of BO3 units into BO,4 units during this slow cooling process. This
conversion increases the network connectivity of the glass, and
hence the GFA.
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In this letter, we investigate the correlation between glass microstructure and glass stability (GS) in
soda lime aluminosilicates. We find a loss of GS (i.e., an onset of crystallization) in the glasses above
a critical concentration of Al,O3 when heating at the standard rate of 20 K/min. This loss in GS may
be attributed to formation of five-fold coordinated Al species when [Al,O3]/[Na,O] > 1. The primary
crystalline phase is identified as nepheline, in which Al exists in four-fold coordination. This implies
that the five-fold coordinated Al is energetically less stable compared to Al in a tetrahedral
environment. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4739005]

Aluminosilicate glasses are ubiquitous in nature and
technology' and have found widespread use” in applications
such as substrate glass for liquid crystal displays® and chemi-
cally strengthened cover glass for personal electronic devi-
ces.”” However, the relationships among glass composition,
structure, and glass-forming ability (GFA) in those glasses
are not fully understood.™” GFA is a measure of the critical
cooling rate at which the glass-forming liquid must be cooled
to yield a crystallized volume fraction below a certain limit
(such as 0.1%)." The development of new aluminosilicate
glass compositions is limited by the vitrification ability of
the liquid, which is particularly important for glasses with
high concentration of Al,O5. Hence, it is important to under-
stand the correlation between the atomic structure of glass
and its GFA. Due to the complexity of measuring the critical
cooling rate, the resistance of a glass against crystallization
upon reheating is often used as a measure of GFA.''™"? This
resistance is defined as the glass stability (GS).

Understanding the correlation between structure and
GFA for aluminosilicate liquids is particularly challenging
due to the dual structural role of aluminum, viz., it can act ei-
ther as a network-former in four-fold coordination or in a
charge compensating role in five- or six-fold coordination.'*
A" is stabilized in tetrahedral coordination (Alw) when
associated with charge balancing cations (such as Na® and
Ca?").">!® It is generally a good approximation that only
AI'"Y exists in compositions with excess network modifiers.
However, this simple structural model of aluminosilicate
glasses and melts has been questioned, since higher coordi-
nated aluminum (e.g., five-fold coordination, AlV) species
have been experimentally detected in peralkaline alkali and
alkaline earth aluminosilicate glasses, where only Al'Y is
expected due to the excess of modifier cations.'’ " There
exists a larger proportion of AlY in glasses with modifier cat-
ions of relatively high field strength, such as divalent alka-
line earth elements.'®*'**
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In this letter, we investigate the influence of the Al,O3
content on the GS for a series of ten soda lime aluminosili-
cate (Na,0O-CaO-Al,05-Si0O,) glasses. We correlate the
changes in GS with the microstructural evolution of the
glassy network quantified through *’ Al magic-angle spinning
nuclear magnetic resonance (MAS NMR) measurements.
We show that the GS is intimately linked with the medium
range structure of the network, which has important conse-
quences for the viscous flow behavior of the glass-forming
liquids.

Glasses with compositions (in mol%) of (76-x)
Si0,—xAl,03—16Na,0—-8CaO with x=0, 2.7, 5.3, 8, 10.7,
13.3, 16, 18.7, 21.3, and 24 were prepared by melt quenching
methods, as described in detail elsewhere.”® The glasses
were doped with ~0.15mol% SnO, as a fining agent and the
chemical compositions were determined by x-ray fluores-
cence and found to be within 0.5 mol% of the nominal ones.
The GS was determined using differential scanning calorim-
etry (DSC). The annealed and polished samples (diameter:
6 mm; thickness: 1 mm) were heated in Al,O5 crucibles at a
rate of 20 K/min in argon in a STA 449 C Jupiter (Netzsch)
instrument. The primary devitrification phase at the liquidus
temperature was determined using a temperature gradient
furnace and x-ray diffraction analysis. The NMR experi-
ments were performed on commercial NMR spectrometers
(Chemagnetics Infinity, Agilent VNMRS) at 11.7T. The
ground glass samples were packed into 2.5mm zirconia
rotors and the NMR spectra were collected using a 2.5 mm
double-resonance MAS NMR probe, with spinning speeds of
22 kHz and short radio-frequency pulses of 0.6 us (~m/12 tip
angle). The temperature dependence of equilibrium viscosity
was measured by performing beam bending, parallel plate,
and concentric cylinder experiments, as described
elsewhere.”*>

Figure 1 shows the DSC curves of the ten aluminosili-
cate glasses during heating in argon. It is seen that the
glasses with low Al,O3; content do not exhibit any crystalli-
zation exotherms during the DSC upscans at 20 K/min. This
is indicative of the high stability of these glasses. The slight
decrease in the DSC signal at high temperatures observed in

© 2012 American Institute of Physics
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FIG. 1. Calorimetric response to heating at 20 K/min in argon for the
(76—x)Si0,—xAl,03—16Na,0—8CaO glasses with x=0, 2.7, 5.3, 8, 10.7,
13.3, 16, 18.7, 21.3, and 24. The dashed blue line indicates the change in
glass transition temperature (7;) with composition. The red circles indicate
the onset of crystallization in the glasses with 21.3 and 24 mol% Al,Os.

Fig. 1 is presumably due to the instrumental uncertainties at
these temperatures. Interestingly, the two glasses with the
highest Al,O5 contents exhibit crystallization exotherms and
subsequent melting endotherms (Fig. 1). Hence, there is a
loss of glass stability at Al,O; content between 18.7 and
21.3 mol%.

As shown in Figs. 1 and 2(a), the glass transition tem-
perature (Tgpsc) systematically increases with increasing
[AL,O3]/[SiO5] ratio. T, ;s is the glass transition temperature
obtained from viscosity measurements, and it is defined as
the temperature at which the equilibrium viscosity equals
10" Pas. Ty is can be derived from the Mauro-Yue-Ellison-
Gupta-Allan (MYEGA) model which describes the tempera-
ture dependence of viscosity.”* The MYEGA model is writ-
ten as follows:

T
log,on(T) = log N + (12 — log;on.) 7g

m Tg
. eXme —logiole l) (T - 1)} M

where 7, is the high-temperature viscosity limit and m is the
liquid fragility index, which quantifies the departure from an
Arrhenius temperature dependence of viscosity." The tem-
perature dependence of viscosity is illustrated by the Angell
plot where the logarithmic viscosity (log#n) is plotted as a
function of the T, scaled inverse temperature (T/T) in Fig.
2(b). We fit the viscosity data to Eq. (1) using a Levenberg—
Marquardt algorithm for all the glass-forming liquids.*®*’
The T} ;s and m values are shown in Figs. 2(a) and 3, respec-
tively. As shown in Fig. 2(a), the increase of T, pgc is in
agreement with that of T .

An inverse correlation between fragility and GFA has
been reported for some metallic and silicate glass-forming
liquids.”*>" This is because “strong” melts have less change
in rigidity with respect to changes in temperature, which
could create steric hindrance towards crystallization during
cooling. Fig. 3 shows that m is approximately constant with
increasing Al,O3 content up to 18.7 mol%. However, when
[Al,O3] exceeds 18.7mol%, m starts to increase with

Appl. Phys. Lett. 101, 041906 (2012)
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FIG. 2. (a) Composition dependence of the glass transition temperature
obtained from DSC (T, psc) and equilibrium viscosity (T .i) measure-
ments. (b) Angell fragility plot showing the logarithmic viscosity (log 1) as
a function of the T, scaled inverse temperature (Ty/T) for five selected
liquids.

increasing alumina content, and this inflection point is coin-
cident with the loss of glass stability. According to
temperature-dependent constraint theory, m can be calcu-
lated from the temperature derivative of the number of
atomic constraints.’>** The increase in the number of bond
angle constraints plays a governing role in determining the
fragility.”*" Hence, in the peraluminous regime, fragility
increases as the higher coordination number of Al leads to a
greater number of bond angular constraints that increase
fragility.

45
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FIG. 3. Composition dependence of the liquid fragility index m obtained
from fitting the MYEGA equation (see Ref. 24) to the viscosity data. The
dashed line is the guide for eyes.
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FIG. 4. *’A1 MAS NMR spectra of the aluminosilicate glasses (see Ref. 36).
The spectra show unchanging lineshapes for glasses having [Al,Os]
< [Na,O] and asymmetrical broadening for glasses with [Al,O3] > [Na,O].
The inset shows simulation of the Al'"Y and AlY resonances for the x =24
glass.

To reveal the structural origin of this loss of glass stabil-
ity, we next consider the 27A1 MAS NMR results in Figure
4.%° When the concentration of Na,O is higher than that of
Al,O3, the spectra primarily consist of a narrow peak cen-
tered at around +50 ppm, consistent with Al in 4-fold coordi-
nation.>” At higher alumina concentrations, the MAS NMR
lineshape broadens asymmetrically on the more shielded
side (lower shift). This is due to the presence of Al in 5-fold
coordination.”” The two Al species can be simulated to
reproduce MAS NMR lineshapes for both AI'" around
+50ppm and AlY around +30ppm. The fraction of AlY
increases with increasing Al,Os content. The presence of
AlY implies that Ca”" is not as effective as Na* in charge-
balancing tetrahedral aluminum species. This statement can
be understood in terms of the aluminum avoidance principle,
according to which Al-O-Al linkages in the glass are ener-
getically unfavorable and hence two AlO, tetrahedra avoid
connecting with each other.*® Thus, the probability for Ca**
ions to stabilize Al cations in two not linked aluminum tetra-
hedra is relatively low since two adjacent Al ions are too dis-
tant to share one Ca®" ion. Note that the aluminum
avoidance can be avoided under certain circumstances.”’

The AI-O-Al linkages could exist in peraluminous sys-
tem, or even in the high-Al,O3 containing peralkaline sys-
tems (e.g., 1821 mol% Al,O3 used in the present work). But
in the latter case, the majority of Al is in 4-fold coordination
and its tetrahedra are still connected with SiO, tetrahedra.
Only the minority of Al is in 5-fold coordination, where
Ca”" charge-balances only one AI’" and this is easier than
balancing two AI’" in the Al-O-Al linkages. Thus, AlY will
form in the glasses with [Al,O5] > 18.7mol%. However,
Al1Y in glass state is less energetically favorable compared to
the Al'Y in crystalline state. When an Al" containing glass is
heated up to a certain temperature well above T\, AlY is
readily converted to Al'Y in the crystalline state. Therefore,

Appl. Phys. Lett. 101, 041906 (2012)

the formation of Al is the possible origin of the loss of glass
stability of the glass when [Al,O5] reaches a critical concen-
tration (e.g., >18.7 mol%).

It should be mentioned that the aluminum speciation is
also temperature dependent,”” similar to boron speciation.*!
It has been found that the content of AlY increases with fic-
tive temperature (7y), which is confirmed by in situ high tem-
perature 2’Al data on calcium aluminosilicate glasses.*”
However, the changes in aluminum speciation with tempera-
ture are rather small (~1%) and much smaller than the dif-
ferences between the samples. Therefore, the differences in
aluminum speciation measured at room-temperature are also
present at the higher temperatures experienced by the sam-
ples during the DSC measurements. Based on the fraction of
AlY, we can calculate the number of non-bridging oxygen
per tetrahedron (NBO/T), which is a measure of the connec-
tivity of the glass network. The composition dependence of
NBO/T is shown in Figure 5. NBO/T decreases as the so-
dium and calcium ions are used for charge-compensating tet-
rahedral aluminum instead of forming non-bridging oxygens.
Normally, the decrease of NBO/T (i.e., the increase of the
network connectivity) leads to an increase of GS.***** How-
ever, our results show the opposite trend. This implies that
the negative effect of an increase in the AlY content on GS is
more dominant than the positive impact of an increase in net-
work connectivity for the glass series studied in this work.

Furthermore, structural heterogeneity is another impor-
tant factor for enhancing nucleation in glasses. It has been
reported that the medium-range quasi-heterogeneity exists in
aluminosilicate glasses.** Specifically, there exists clustering
of regions rich in highly polymerized AlO, and SiO, units
and other regions rich in highly depolymerized SiO, units.
The extent of the quasi-heterogeneity increases with increas-
ing Al,O5 content, leading to declining glass stability against
crystallization during reheating.””** This observation is in
agreement with the result obtained in the present work.

The findings reported above imply that the structural
change reflected in the aluminum speciation plays a dominant
role in the loss of glass stability. The primary crystalline
phase of glasses with [Al,O3]=10.7 and 13.3mol% is
found to be anorthite (CaAl,Si,Og). As [Al,Os3] increases,
nepheline (NaAlSiO,4) starts to form from the glass with

0.7

0.6

0.5+

0.4+

NBO/T
u

0.3 ]

0.2

0.1+

0.0

0 5 10 15 20 25
[AL,O,] (mol%)

FIG. 5. Composition dependence of the number of NBO/T calculated based
on the analyzed compositions and the fraction of tetrahedral aluminum from
77AI MAS NMR.
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[Al,O3]=16mol%. In the region around [Al,O5]=18.7
mol%, the GS starts to diminish. According to Refs. 45 and
46, Al exists in four-fold coordination in both the anorthite
and nepheline crystals. The presence of Al" in the high-Al,O5
glasses could make the local structure less energetically sta-
ble, since the AlY polyhedra in glass are less stable than both
AI" in glass and Al'" in both anorthite and nepheline (note
that Al'Y in glass is less stable than in crystals). Owing to the
high thermodynamic driving force for crystallization, the AlY
domains could readily become nucleation sites that will grow
when the glass is subjected to dynamic heating. In other
words, the thermodynamically unstable structural domains
will be spontaneously transformed into the crystalline state
with lower potential energy when the glass is heated up.
Therefore, GS will decrease if sufficient Alv-containing
domains form by increasing Al,O5; content up to a critical
level.

Finally, it should be mentioned that a minor concentra-
tion of crystals has presumably been formed already slightly
below the critical Al,O3 content, but they are so few in num-
ber that the DSC has reached the limit of detection of crys-
tals and hence no obvious exothermic peaks are detected
(Fig. 1). This means that a critical concentration of Al" is an
approximate value. In reality, there is a critical range of
Al,O5 content above which GS will decrease sharply.

In summary, a loss of glass stability of soda lime alumino-
silicate glasses above a critical Al,O3 content is observed. The
glass transition temperature increases with increasing Al,O;
content due to an increase in the network connectivity when
sodium and calcium ions are used for charge-compensating tet-
rahedral aluminum species instead of creating non-bridging
oxygens. However, calcium is not as effective as sodium in
stabilizing Al tetrahedra. Consequently, five-fold coordinated
aluminum species are formed for [Al,O3] > [Na,O], providing
another means for charge-compensation. This causes the struc-
ture to be less stable and is apparently responsible for the loss
of glass stability. This finding suggests that five-fold coordi-
nated aluminum species should be avoided when developing
glasses with high GS.
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