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Abstract

Due to the fascinating and complicated amorphous structure of glass, composition-structure-
property relations are hitherto not well established. The properties of glasses are large determined
from the structure of the glass, which in turns is determined by the composition of the glass.
Establishing these composition-structure-property relations are important both from scientific and
technical point of views, as these relations enable design of glasses with properties specifically
tailored for an application. The aim of the present Ph.D. thesis is to obtain a better understanding of
transport processes and mechanisms in inorganic glass, and gain insights into the link between
composition, structure and property. Transport processes in glass are especially important when
designing glass products for architectural purposes, for personal electronic devices, and batteries.

To achieve a coherent picture of the transport mechanisms in glass we investigate two series of
vanadium tellurite glass and six mixed modifier aluminosilicate glass series. We determine the
influence of composition and critical parameters on the processes and mechanisms of transport, and
reveal physical links between structure characteristics and compositional property scaling. In detail,
for the vanadium tellurite glasses we study the influence of redox state, carrier concentration, and
crystallinity on the electronic conductivity and correlate the compositional influence of structure on
hardness, viscosity, and liquid fragility. For the mixed modifier aluminosilicate glasses we correlate
the specific ratios between the deformation processes under indentation to the accompanying
structural changes and Vickers hardness. Finally, we discuss the compositional trends of density,
glass transition temperature, elastic moduli, and Poisson’s ratio in regard to existing theoretical
models and reveal direct composition-structure-property relations.

In the vanadium tellurite glasses we find a strong correlation between the valence state of the
vanadium and glass properties related to the connectivity of the network, i.e., hardness and liquid
fragility. We propose the existence of a critical vanadia concentration equal to 45 mol%, and
explain the compositional trends in hardness and liquid fragility by V*' resulting in a more
constrained structure than V>, We show that the electronic conductivity of the vanadium tellurite
glass occurs strictly adiabatic and correlates linearly to the average jump distance and non-linearly
to the redox state of vanadium. Out of the three critical parameters for electronic conduction (redox
state of electron carrier, distance between electron carriers, and activation energy for jumps between
electron carriers) we find the distance between electron carriers to have the largest influence on the
electronic conductivity. The decoupling of electronic conductivity from the valence state of
vanadium, combined with the strong influence of the valence state of vanadium on liquid fragility
and hardness, enables optimization of hardness and liquid fragility independent from the electronic
conductivity. This structure-property link is technical important for glass applications such as
cathodes in secondary batteries.

In the mixed modifier aluminosilicate glasses we find that the structural trademark of the mixed
modifier effect results in universal negative deviations from linearity in glass transition
temperatures and liquid fragility indices. We explain the mixed modifier effects on glass transition
temperatures and liquid fragility via an overall bond weakening in the vicinity of the network
modifying ions, combined with a positive deviation in tetrahedrally bonded silica units. We find no
correlation between hardness and either elastic deformation or densification under indentation, but a



positive correlation between hardness and the plastic flow part of indentation. We propose the
hardness of mixed modifier glasses is dominated by the resistance to plastic flow, and that the
amount of plastic flow under indentation is closely related to glass viscosity. An increase in
viscosity increases the resistance to plastic flow of the mixed modifier glasses, and thus increases
glass hardness. This structure-property link is potentially important for glass applications such as
cover glass.

We observe an interesting structure characteristic of the mixed alkali effect which results in positive
deviations from linearity in both density and hardness. We explain the compositional scaling by two
opposite scenarios; (i) general bond weakening around the network modifying ions (universal for
the mixed modifier effect), and (ii) a tight-knit structure only available at low temperatures (unique
to the mixed alkali effect). These two effects counterbalance each other and explain the
compositional trends of positive deviations from linearity in density and hardness, and the negative
deviations from linearity in glass transition temperatures and liquid fragility.
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Resume (Danish Abstract)

Grundet den fascinerende og komplicerede amorfe struktur af glas er komposition-struktur-
egenskab relationer endnu ikke vel etableret. Egenskaberne af glas er bestemt ud fra strukturen af
glasset, som igen er bestemt af kompositionen. Etableringen af komposition-struktur-egenskab
relationer er vigtig bade fra videnskabelige og tekniske synspunkter, efter som disse relationer gor
det muligt at designe glas med egenskaber skreeddersyet til en bestemt applikation. Malet med
denne Ph.D. afhandling er at opnd en bedre forstdelse af transport processer og transport
mekanismer i uorganisk glas, og fa indsigt i relationerne imellem komposition, struktur og
egenskaber. Transport processer i glas er specielt vigtige nar man designer glas produkter for
arkitekturiske formal, personlige elektroniske apparater og batterier.

For at opna et sammenhangende billede af transport mekanismerne i glas underseger vi to serier af
vanadium tellurite glas og seks miksede modificerede aluminiumsilikat glas serier. Vi bestemmer
indflydelsen af komposition og kritiske parametre pa processerne og mekanismerne for transport,
og afslerer fysiske links imellem karakteristiske strukturer og kompositionel egenskabs skalering. I
detalje studerer vi for vanadium tellurite glassene indflydelsen af redox stadie, elektronbzarer
koncentrationen og krystalgraden pa den elektroniske konduktivitet, og korrelerer den
kompositionelle indflydelse af struktur pa hardhed, viskositet og vaske skrebelighed. For de seks
miksede modificerede aluminiumsilikat glas serier korrelerer vi den specifikke ratio imellem
deformations processer under tryk til ledsagende strukturelle @endringer og hardhed. Til sidst
diskuterer vi de kompositionelle tendenser af densitet, glas transitions temperaturer, elastisk moduli
og Poisson’s ratio i henhold til eksisterende teoretiske modeller og afslerer direkte komposition-
struktur-egenskab relationer.

I vanadium tellurite glassene finder vi en steerk sammenhang imellem valens stadie af vanadium og
glasegenskaber relateret til bindingstetheden i glasnetveerket, dvs. hardhed og vaske skrobelighed.
Vi foreslar eksistensen af en kritisk V,0s koncentration lig med 45 mol% og forklarer de
kompositionelle tendenser af hiardhed og veeske skrebelighed med at V** resulterer i flere bindinger
end V> Vi viser at den elektroniske konduktivitet af vanadium tellurite glas sker udelukkede
adiabatisk og korrelerer lineert til den gennemsnitlige hop afstand og ikke-lineeert til redox stadiet
af vanadium. Ud af de tre kritiske parametre for elektron konduktivitet (redox stadie af vanadium,
afstand imellem vanadium ioner og aktiverings energi for hop imellem vanadium ioner) finder vi at
afstanden imellem vanadium ioner har sterst indflydelse pa elektron konduktiviteten. Frakoblingen
af elektronisk konduktivitet fra valens stadie af vanadium, kombineret med den staerke indflydelse
af valens stadie af vanadium pa hardhed og veske skrgbelighed, dbner for optimering af hirdhed og
vaeske skrabelighed uathangigt fra elektron konduktiviteten. Denne struktur-egenskab relation er
teknisk vigtig for glas anvendelser sdsom katoder i sekundeere litium batterier.

I de miksede modificerede aluminiumsilikat glas serier finder vi at det strukturelle varemerke for
den miksede modificerende effekt resulterer i universelle negative deviationer fra linearitet i glas
transition temperaturer og vaske skrebeligheder. Vi forklarer den miksede modificerende effekt pa
glas transition temperaturer og vaskeskrebeligheder via en overall svakkelse i bindingsstyrke i
omradet omkring de netvaerk modificerende ioner kombineret med en positiv afvigelse i mangden
af tetrahedralt bundet silikatenheder. Vi finder ingen korrelation imellem hardhed og enten den
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elastiske part eller densifikationsparten under tryk, men finder en positiv korrelation imellem
hérdhed og mengden af plastisk flow under tryk. Vi foreslar at hirdheden af miksede
modificerende glas er domineret af modstanden mod plastisk flow og at mangden af plastisk flow
er teet forbundet med viskositet. En foregelse i viskositet eger modstanden mod plastisk flow af
miksede modificerende glas og foreger derved hardheden af glasset. Denne struktur-egenskab
relation er potentielt vigtig for glasanvendelser sdésom deekglas.

Vi observerer en interessant karakteristisk struktur for den miksede alkali effekt hvilket resulterer i
positive deviationer fra linearitet i bade densitet og hardhed. Vi forklarer den kompositionelle
skalering via to modstridende scenarier; (i) en general svakkelse i bindingsstyrke omkring de
modificerende ioner (universel for den miksede modificerende effekt) og (ii) en taet knyttet struktur
som kun er tilgengelig ved lave temperaturer (unik for den miksede alkali effekt). Disse to effekter
afbalancerer hinanden og forklarer de kompositionelle tendenser af positive deviationer fra
linearitet i densitet og hardhed and de negative deviationer fra linearitet i glas transition
temperaturer og vaeske skrgbeligheder.
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1. Introduction

Man-made glass dates back to 7000 B.C [1], and ever since glass has been a part of our daily life. In
early time, glass was merely used for jewellery, but eventually, with the intervention of glass
blowing in the 1* century, the range of applications greatly expanded. Glass found its appearance as
containers and in construction, but the main focus remained on decoration. The science of glass was
for a long period strongly limited by homogeneity issues, and the connection between composition
and property remained undeveloped. The chemistry behind the glassy state was not accessed before
the 19" century, where advanced stirring methods were developed. In modern society glass is
ubiquitous, ranging from practical usages as containers, windows, covers, and kitchenware all the
way to high technical usages as in optical fibres for telecommunication, liquid crystal displays and
substrates [2]. A whole range of human requirements are met by glass, and more than 90% of the
glass in use is silica-based oxide glass. Silica is however not a requirement for glass formation, and
the glassy state can be achieved in literally all elements of the periodic table, solely or in mixtures
[3]. The above listed applications are covered exclusively by oxide glass, but the glassy state can
also occur as metallic glass and even in plastics.

Time has encountered many definitions of glass and through that a general consensus has evolved
[3,4]. From a structural perspective, a glass is a liquid which has lost its ability to flow [5]. Glass is
normally produced by fast cooling of a liquid, where the liquid is cooled within a timescale shorter
than that of crystallisation. That is, so fast that the individual atoms do not have time to find their
respective lattice position and effectively freezes in place. The resulting solid (i.e., a glass) thus
mimics that of the last thermally equilibrated liquid. In scientific terms, glass may be defined as
amorphous solid lacking long range order and exhibits time-dependent glass transition behaviour.
The glass transition region is the temperature range, where the liquid leaves its equilibrium and
enters a meta-stable solid state relative to the corresponding crystal [4]. Basically, glass lacks order
and periodicity.

From the 19" century to today, the science behind glass has transformed into a major field of
interest, especially with respect to the structure-property relationship. Since Zachariasen in 1932
published the seminal paper about the random network theory of oxide glasses [6], the glass
structure and its relation to physical and chemical properties have been intensively investigated [7-
9]. Even today, the structure of many glass systems has not been fully revealed. Only recently, with
the advances in high resolution microscopy techniques, scientists have obtained true sight of the
atomic arrangement of individual atoms in the glass, and verified the random network theory [10].
Since the glass structure dictates the properties of the glass, understanding and prediction of the
glass structure is of important technical interest. With help of computer simulation [11,12], network
constraint theory [13,14], the dynamic structure model [15,16] and the modified random network
model [17,18], the understanding of the glass structure and the structure-property relationship will
be greatly enhanced in the future.

1.1. Background and Challenges

Glass is intrinsically a liquid, and whereas the transport mechanism in liquids occurs by self-
diffusion and well understood [19,20], in the case of glasses, the process of transport remains



unanswered. The individual components of inorganic glass can, via Dietzel’s model of field
strength [21], be separated into three categories; (i) network formers, (ii) intermediates, and (iii)
network modifiers. Network formers (e.g. Silica, boron, and germanium) exhibit covalent bonding
to neighboring atoms, creating the solid framework. Network modifiers (e.g. sodium, calcium, and
potassium) form ionic bonds and therefore experience some degree of freedom. Intermediates (e.g.
aluminium and beryllium) are in between and can occur in both bonding schemes. The covalent
bonds found between network formers are stronger than the ionic bonds that the network modifiers
create, and thus only network modifiers experience self-diffusion. As only a part of the glass
network can diffuse, the self-diffusion model doesn’t apply to glass. Existing models concerning
transport in glasses thus revolve around the mobility of the network modifiers [16,18]. Achieving a
coherent picture of the general mechanisms of mass transfer in glass also requires understanding of
the influence of the network formers on the transport processes. The main aim of the present Ph.D.
thesis is to gain insights into the dynamic properties of glass and get a coherent understanding of the
mechanisms of mass transfer. In detail, we look at deformation processes under indentation, elastic
moduli, and viscosity as key parameters, since these parameters account for the combined behavior
of both network modifiers and network formers. To get a coherent understanding of the transport
processes in glass, we also investigate the influence of individual movement of electrons and ions,
and relate to both structure and properties of the glass. The secondary aim of the present Ph.D.
thesis is to achieve a fundamental understanding of transport in glass, and thereby facilitate for new
technical applications of glass.

Over the past decades a considerable interest in studying the conduction behavior of both electrons
and ions in glasses has evolved. Such study dates back to 1847 with Kohlrausch’s work on vitreous
ionic materials, and hence has continued for more than 160 years old. Despite most scientific
problems have been solved, some important questions regarding electron and ionic conductivity
remains unanswered [22]. Regarding the ionic conductivity, the general consensus is that the
diffusion of mobile ions occurs via hopping between potential minima in the glass network, and
several models for the ionic conduction have been proposed [23]. These models include the
diffusion controlled relaxation model [24], the jump diffusion model [25], the weak electrolyte
model [26,27], the strong electrolyte model [28] and the dynamic structure model [15,29].
However, none of the models are capable of describing the fundamentals of the ionic transport to a
satisfying degree [16]. The exact mechanism of ion transport is thus remains unknown. Turning to
the electronic conductivity the proposed conducting mechanism is that of polarons, where the
theory is adapted from polarons in crystals [30]. Either the mechanism for electronic conductivity or
the mechanism for ionic conductivity is fully understood and neither is the influence of critical
parameters on the conduction mechanisms. Conducting glass is used for several applications, e.g.,
batteries, fuel cells, smart windows, and chemical sensors, so an explicit understanding of the
underlying mechanism of conduction is essential for future product development [16,31].

In order to achieve a coherent picture of the transport mechanisms in glass it is necessary to
investigate and determine the influence of composition and critical parameters on the mechanisms
of transport. We study a model vanadium-tellurite system to evaluate the influence of redox state,
carrier concentration, and crystallinity on the electronic conductivity. The compositional influence



on hardness, viscosity, and liquid fragility is evaluated, and correlated to the structure of the
vanadium tellurite glasses.

Most modifier-containing oxide glasses exhibit non-additive variations of certain properties when
one modifier ion is substituted by another one, and hence are ideal systems for studying the link
between dynamic properties and structure. The phenomenon of non-additive variations in properties
during substitution of network modifier ions is nominated the “mixed modifier effect” and is one of
the most intriguing unsolved phenomena of glass science [31,32]. The mixed modifier effect
manifests itself in non-additive discrepancies in transport properties, such as diffusion, conductivity,
and viscosity. These properties are commonly referred to as dynamic properties, in contrast to static
properties such as density, refractive index, and molar volume, all of which exhibit relatively small
deviations from linearity [33,34]. The mixed alkali effect (i.e. substitution of one alkali ion by
another) has been known for decades, yet it continually draws significant attention [34-39]. In
contrast, the mixed alkaline earth effect (i.e. substitution of one alkaline earth ion by another) and
the mixed alkali-alkaline earth effect (i.e. substitution of one alkali ion by an alkaline earth ion)
have received little attention. Both are phenomenologically analogous to the mixed alkali effect,
i.e., concerns substitution of one modifier ion by another one, The influence of both the mixed
alkaline earth and the mixed alkali-alkaline earth effect on glass properties is also analogous to that
of the mixed alkali effect, i.e., deviations from linearity are mainly observed in dynamic properties
[40-44]. The mixed modifier effect is throughout the present Ph.D. thesis used as a collective name
for the mixed alkali, mixed alkaline earth, and mixed alkali-alkaline earth effects. Since the mixed
modifier effect affects glass properties in a non-predictive manner, studying the mixed modifier
effect is important from both a scientific and a technical point of view.

Despite the structural and topological origins of the mixed modifier effect have been explored by
large amounts of experimental and modeling work, a thorough understanding of these origins
remains lacking [23,44,45]. Despite making progress in interpreting the mixed modifier effect by
establishing phenomenological and physical models for ionic conduction, experimental findings
cannot be theoretically explained to a satisfying degree. The mixed modifier effect has primarily
been investigated in silicate and aluminosilicate glass due to the industrial importance of these
systems, e.g., as chemically strengthened cover glasses in personal electronic devices [46] and for
modern architectural purposes [35,47]. In a systematic investigation of glass properties and their
dependence of the mixed modifier effect, Byun et al. [48] conclude that no simple mechanism is
responsible for the observed nonlinearities. Moreover, they point out that the deviation from
linearity of certain properties is intimately connected with microscopic structural changes. Hence, in
order to reveal the origin of the mixed modifier effect, the accompanying structural changes must be
recognized.

In the present Ph.D. thesis we study six mixed modifier aluminosilicate systems and correlate the
specific ratios between the deformation processes under indentation to the accompanying structural
changes and Vickers hardness. We discuss the compositional trends of structural, mechanical and
dynamic properties in regard to existing theoretical models and reveal direct relations amongst
mechanical and dynamic properties and glass structure.



1.2. Objectives

1.

2.

Achieve a better overall understanding of transport processes in inorganic glass

Clarify the influence of critical parameters such as degree of crystallinity, redox state
of carrier, and carrier concentration on electronic conductivity.

Clarify the influence of electron and ion motion in regard to bulk properties and
structure of glass.

Investigate the physical link between Vickers hardness and properties related to
structural rearrangement (e.g. Poisson’s ratio, liquid fragility and elastic moduli).

Clarify the impact of chemical composition on deformation processes under
indentation and link to accompanying topological and structural changes.

1.3. Thesis Content

The thesis is presented as a plurality, including an introductory overview followed by papers. The
thesis is based in the following publications (in the text these papers are referred to by roman

numerals).

I:

1I:

III:

1V:

VI

J. Kjeldsen, A.C.M. Rodrigues, S. Mossin, and Y.Z. Yue, “Critical V,0s/TeO, Ratio
Inducing Abrupt Property Changes in Vanadium Tellurite Glasses,” J. Phys. Chem.
B 118 (2014) 14942-14948.

J. Kjeldsen, M.M. Smedskjaer, J.C. Mauro, and Y.Z. Yue, “Hardness and Incipient
Plasticity in Silicate Glasses: Origin of the Mixed Modifier Effect,” Appl. Phys. Lett.
104 (2014) 051913.

J. Kjeldsen, M.M. Smedskjaer, J.C. Mauro, and Y.Z. Yue, “On the Origin of the
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(2014) 22-26.
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Cryst. Solids 369 (2013) 61-68.

J. Kjeldsen, M.M. Smedskjaer, M. Potuzak, and Y.Z. Yue, “Role of Elastic
Deformation in Determining the Mixed Alkaline Earth Effect of Hardness in Silicate
Glasses,” J. Appl. Phys. 117 (2015) 034903.

J. Kjeldsen, Y.Z. Yue, C.B. Bragatto, and A.C.M. Rodrigues, “Electronic
Conductivity of Vanadium-Tellurite Glass-Ceramics,” J. Non-Cryst. Solids 378
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This thesis has been submitted for assessment in partial fulfillment of the PhD degree. The thesis is
based on the submitted or published scientific papers which are listed above. Parts of the papers are
used directly or indirectly in the extended summary of the thesis. As part of the assessment, co-
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2. Structure, Dynamics and Properties of Glass and Glass Forming Melts

In order to discuss mass transfer processes in connection to structural and topological changes in the
glass, it is important to obtain a fundamental understanding of the glassy structure and key
properties. Therefore, we start by reviewing the vitreous state and then look at the primary
properties of interest and establish the link between the individual property and the structure.

2.1. Relevant Structural and Kinetic Aspects

Glass structure was not accessed before the beginning of the last century when Tammann was the
first to investigate glasses from a structural perspective [3]. He regarded glasses as strongly
supercooled liquids and believed that the structure of the glass was similar to that of a liquid [49]. In
1926, Goldschmidt [50] evolved the theory of glass structure and proposed that cations of a certain
size invoke glass formation as these cations were able to coordinate to 4 oxygen ions. This
condition was fulfilled in the case of e.g. SiO,, P,Os, B,Os; and GeO, [1]. The model by
Goldschmidt lacked information about the topology and assumed that all oxides behaved purely
ionic. Zachariasen [6] continued the work of Goldschmidt and formulated rules for glass formation
and proposed covalent bonding similar to that found in crystals. His rules revolved around the
oxygen ions, and stated that; (i) each oxygen ion should be linked to no more than two atoms and
(ii) that each oxygen ion polyhedra shared corners, not edges or faces. Following these rules leads
to the formation of a random network of oxygen polyhedra and consequently the glass structure as
depicted in Figure 2.1.

(_‘i

Figure 2.1: Representation of the glassy network following the rules proposed in Ref. [6].

The model proposed by Zachariasen [6] defines the glass structure as an extended network of corner
sharing oxygen polyhedra, lacking periodicity, and energetically comparable to the corresponding
crystal structure. As the glassy network is continuous and intrinsically random, it is often referred to
as a continuous random network. The glass consists of an interpenetrating network of cations
bonded to oxygen anions, termed bridging oxygen (BO). Any non-bonding oxygen ion is termed
non-bridging (NBO). When a highly ionic oxide (e.g. Na,O) is added to the network, it breaks the



Si-O-Si linkages, and creates an ionic bond to the oxygen, i.e., an NBO. The introduction of Na,O
therefore depolymerises the formed SiO, network, hence the names “network modifier” and
“network former”. Smekal [51] recognized that in order to achieve glass formation, a mixture of
both covalent and ionic bonding was essential. Pure covalent and pure ionic bonding both induce
crystalline order, but when bond lengths and angles can vary, short range order is eliminated and
glass can persist. The major weakness of prior models was that the nature of the bonding was not
considered. In 1952, Stanworth [52] introduced an electronegativity criterion to differentiate
between atoms and their bonding characteristics. The ionic character of the atoms was standardised
and their bonding scheme in the glass deduced.

With recent development in spectroscopic techniques we have reached the realisation that the
bonding of each atom is depending on the surrounding network, and cannot be completely classified
theoretically. The bond angles in a glass are distributed following a bell distribution [53,54], and
whereas former models predicts strict chemical order, the rule of chemical order is not always
obeyed [55]. A glass is an amorphous solid without long-range periodic structure and its fascinating
nature continuously attracts our attention. For instance, one of the complicated features of glass is
the so-called boron and aluminium anomalies [56,57].

2.1.1. Boron and Aluminium Anomalies

The network modifying ions possesses different structural roles depending on the glass
environment. In pure silica glass, the network modifiers disrupt the network connectivity and create
NBOs, thus network modifiers increase the flexibility of the entire network by creating flobby
nodes. In pure boron, all boron is initially three coordinated (trigonal), however, with addition of
modifier, the boron become four coordinated (tetrahedral) and is charge compensated by a modifier
ion. With further increase in modifier concentration the fraction of tetrahedral boron reaches a
maximum after which it decreases due to the formation of NBOs [58]. Because an energetic
difference exists between the configurations the network modifying ions can participate in, the
network modifier ions enter a thermodynamic competition between the formation of an NBO and
the conversion of boron from trigonal to tetrahedral configuration.

Analogue to boron, aluminium requires network modifiers to charge compensate and stabilize the
aluminium in a tetrahedral configuration. As the aluminium coordination changes from three to
four, the connectivity of the network increases, as in complete contrast to the consequences of
adding modifier to pure silica glass. In aluminosilicate glass, the modifiers are in a thermodynamic
equilibrium where the formation of four coordinated aluminium is energetically preferred. Meaning
that, under the circumstances of excess modifier, all aluminium will be charge balanced in the four
coordinated tetrahedral configuration. In the case of excess aluminium, some aluminium ions take a
charge balancing role as five- or six-fold coordinated. Viz., when network modifying ions are
unavailable, aluminium ions take the role as charge compensator in higher coordination
configurations [15]. The individual energy of the network modifier sites largely depend on; (i) the
neighbouring atoms, (ii) the atom itself, and (iii) the structural role it takes. Some network modifier
ions are thus better charge compensators than others, and when more than one network modifier is
available, a competition arises. As a general rule, an excess of network modifier in relation to



aluminium, results in all aluminium being change balanced by network modifier and existing in
tetrahedral four-fold coordination [57].

2.1.2. The Mixed Alkali Effect and Structure Models Concerning Ionic Mobility

Network modifying ions, which are characterised by their ionic bonding character, are found to
diffuse completely decoupled from the amorphous matrix [59]. As network modifiers ions diffuse
much faster than the remaining glass network, i.e., the network formers, the general consensus
among scientists have been that the network modifiers are responsible for the initial movement
under strain. A structural and topological origin of the diffusive behaviour of network modifiers
have been the subject of much experimental and modelling work, but a coherent picture is not yet
achieved [44,45].

Glass systems containing alkali oxides experience non-linear variation of several properties during
gradual substitution of one alkali by another. The non-linear behaviours excel in electronic
conductivity, internal friction, and viscosity, all of which involve ionic motion [3]. The generic term
for the non-linear behaviours is the mixed alkali effect, and since 1884 where the mixed alkali
effect was first encountered, it has attracted attention from scientists [1,34,39,60]. A number of
approaches have been made in attempt to understand the origin of the mixed alkali effect, all of
which emphasize on the structure and bonding aspects around the network modifier ions. Among
early approaches, Stevels [61] argued that the free volume of the glass was responsible for the
mixed alkali effect, as interstitial spacing in the glass has a size distribution easier filled by two
alkali ions. Filled interstices are structurally more stable, which increases the activation energy for
ionic motion and result in the mixed alkali effect [3]. From the perspective of filling free volume in
the glass, the involved gradual substitution does not need to revolve around two alkali ions, but also
occur for the mixed alkaline earth, the mixed alkali-alkaline earth, and the mixed modifier effects in
general.

The introduction of the dynamic structure model [15,29] has helped to establish a more coherent
picture of ionic conductivity in glass [3,16,39,62]. The dynamic structure model was primarily
developed to explain the mixed modifier effect, but also applies to single network modifier glasses.
In short, the dynamic structure model is based on an energy landscape approach, in which the
unoccupied interstitial sites initially are associated with a relatively high potential energy. As the
previously unoccupied interstitial sites become occupied, the surrounding atoms in the glassy
network orders accordingly. Consequently, the structural rearrangement creates a difference in
potential energy for occupied and unoccupied interstitial sites. When an ion leaves its site, the
associated potential energy relaxes back to that of the unoccupied site. Thus, there exists a time
window during which the occupation of this site by a similar ion is energetically favoured. As the
relaxation time and the potential energy associated with the ion site depend on the type of ion, each
ion creates its own preferred pathway in the network, and participates in the evolution of the energy
landscape. Several studies have demonstrated that the mixed alkali effect has a structural origin
associated with a cationic potential energy mismatch effect [18,63]. The dynamic structure model
has been supported by results from both reverse Monte Carlo modelling [64] and molecular
dynamics simulations [65].



The intermediate range order is particular relevant to ionic diffusion, as it is over these distances
that the network modifiers interact and jump [17,18]. The structure resulting from the continuous
random network theory (shown in Figure 2.1) provides a solution to the short-range order of
glasses, but fails to predict the exact structural depolymerisation caused by network modifiers.
Advances in both computational power and spectroscopic techniques have found evidence of
intermediate structures which are not completely random [66,67]. The intermediate microstructure
is characterised by segregation of modifying ions clustered within the network, creating channels of
network modifying ions. The microstructure of modifying ions percolated in channels is known as
the modified random network model, and rationalise the transport of the network modifying ions.
As the network modifying ions are percolated in close proximity and forming a channel structure,
both the jump distance and the energy difference between sites are minimized. The thermal energy
required for channel hopping is thus much smaller than that for the network formers, enabling the
high diffusivity of the network modifying ions [17]. At low concentrations of network modifier the
ionic mobility will be governed by high energy jumps, but as the network modifier concentration
increases towards the percolation threshold the activation energy of hopping decrease as conducting
channels are established. An example of the modified random network structure is shown in Figure
2.2.
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Figure 2.2: The structure of an oxide glass according to the modified random network theory. Covalent
bonds are illustrated by solid lines and ionic bonds by dotted lines. The non-shaded regions highlight the
percolation channels of high ion mobility [17].

An effect of the microsegregation of network modifier ions is that planes of low shear resistance
arise when the concentration of modifier exceed the percolation threshold. One can thus argue that
shear deformation is promoted by the hopping of network modifiers in the percolation channels,
facilitating slipping between rigid parts of the network [36].

Since the properties of glasses are determined by their structure and topology, it is technically
important to identify and potentially predict the structural arrangement. A combination of the
modified random network and the dynamic structure model are, to a certain degree, able to predict
and explain compositional property scaling in glass [16,68]. However, despite the vast amount of
work on structure-property relations in glass, none of the existing models are able to account for the



compositional scaling of the dynamic properties. Hence, in the following sections the relation
between chosen properties and structure characteristics will be elucidated. Focus will lie on
compositional scaling during modifier substitution, as its non-linear deviations are the prime
setback of existing models.

2.2. Density and Molar Volume

Density (p) is defined as the molecular mass per unit volume, and is normally an additive property.
Meaning that, p normally exhibits linear compositional scaling, which from a structural perspective
means that substitutes simply change places without interacting with the neighbouring environment.
An example the compositional scaling of p is shown in Figure 2.3 where V,0Os is substituted for
TCOQ.
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Figure 2.3: Room temperature density (p) and molar volume (7}) as a function of composition in vanadium
tellurite glasses. Solid lines are guides for the eyes. Data for the figure is reproduced from Paper 1.

In vanadium tellurite glass, both vanadium and tellurium mainly exist in a trigonal bipyramidal
configuration. Initially, as vanadium is put into the glass it will be surrounded exclusively by
tellurium bipyramids. With further increase in the vanadium concentration the possibility of finding
another vanadium bipyramid as next nearest neighbour increases, but the volume of the newly
introduced vanadium trigonal pyramid remains the same, independent of the surroundings. The
decrease in p with increasing V,0s concentration (Figure 2.3) indicates a looser packing of the
atoms since the molar weight of V,0s is higher than that of TeO,. The molar volume (V}) is an
indicator of the compactness of the network and is calculated as the molar mass divided by the
density. Hence, both density and molar volume are often used as indicators of the resistance to
further compaction. The increase in ¥, also implies that vanadia constitute a looser structural
arrangement compared to TeO,.

p is basically an interplay between two effects; (i) the weight of the individual ions, and (ii) the
volume of the local environment around the ions. The mass of the structural units are determined
from the periodic table and the total mass of the glass average that of its constituents. Each ion
creates an environment suitable for itself, where the topology depends on the type and the field
strength of the ion. High field strength ions (e.g. Na' and Mg®") tend to create compact
environments where the oxygen anions are brought in close proximity, leading to a relatively dense



structure, whereas low field strength ions tend to create a relatively open network. Simplified, the
individual ions are very similar to building blocks, each ion has its own weight and volume,
independent of the configuration, and p is simply an average over its building blocks. The linear
compositional scaling behaviour of p was acknowledged back in the 19™ century where the first
composition-density relations described linear dependence [69]. In most cases a linear composition-
density relation is applicable, but there are special cases where linear compositional scaling is not
applicable. An example is the mixed modifier effect. The mixed modifier effect can be separated in
categories depending on the participating ions and we will focus mainly on three; (i) mixed alkali
effect, (ii) the mixed alkali-alkaline earth effect, and (iii) the mixed alkaline earth effect. The
simultaneous presences of two network modifiers give rise to non-additive variations in many
properties, but density mostly remain unaffected [34].

Figure 2.4 shows three examples of the mixed modifier effect; the mixed alkali effect (Na/K), the
mixed alkali-alkaline earth effect (Ca/Li), and the mixed alkaline earth effect (Mg/Ca). All three
series are aluminosilicate glasses, and in Figure 2.4b) and c) all aluminium is charge balanced by
sodium. In Figure 2.4a) the total aluminium concentration equals the combined concentration of
sodium and potassium, meaning that sodium and potassium collaborate as charge balancer of the
aluminium.
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Figure 2.4: Room temperature density (p) and molar volume (/) as a function of composition in three series
of aluminosilicate glass. a) illustrates the compositional scaling of p and ¥} in mixed alkali glasses, and b)
and c) that in mixed alkali-alkaline earth and mixed alkaline earth glasses, respectively. Both solid and
dashed lines are guides for the eyes. Data for the figure is reproduced from Papers II and IIL.

The densities of the glasses in the mixed Na/K series exhibit a positive deviation from linearity with
the Na/K ratio, whereas densities of the glasses in the mixed Ca/Li and in the mixed Mg/Ca series
scale linearly with composition (Figure 2.4). p is regarded as a static property and thus expected to
scale linearly with the ratio of mixed modifier, unlike the dynamic properties such as viscosity and
elastic moduli [34]. Both of which will be discussed in the following sections. The linear
composition dependence of p observed for the mixed Ca/Li and mixed Mg/Ca series is in agreement
with that reported for other mixed modifier silicate systems [35,70]. However, several studies of
both mixed alkali silicate and aluminosilicate systems have shown a positive deviation from
linearity in p, i.e., similar to the trend observed in Figure 2.4a) [60,71-75]. It is noteworthy that the
observed positive deviation from linearity is not limited to mixed Na/K series, but applies to all
mixed alkali systems whereas it does not apply to e.g. mixed alkaline earth systems [35,37,73,75]. It
has been proposed that the positive deviation from linearity in p is linked to a tight-knit structure
caused by pairs of dissimilar alkali ions [71]. The tight-knit structure, however, does not explain
why some series do not exhibit this mixed alkali effect [70]. The positive deviation from linearity



must be directly linked to a compactness of the network when two types of alkali ions co-exist, but
the origin of the structural compactness requires further investigation.

2.3. Dynamic Properties of Supercooled Liquids

The dynamic properties studied in the project include viscosity (), liquid fragility index (m), and
glass transition temperature (7g). The viscosity of glass forming liquids exhibits a universal
departure from Arrhenius behaviour which is perhaps the most important feature of liquids [5], and
the viscosity-temperature relationship has thus been the focus of several models [76-78]. Mauro et
al. [78] proposed a new and improved model, founded upon the temperature dependence of
configurational entropy via the Adam—Gibbs equation of viscosity [76]. The model is able to
account for the configurational entropy both at the high temperature limit (an issue with the
Avramov-Milchev model [77]) and at the low temperature limit (an issue with the Vogel-Fulcher-
Tammann model [79]). Another important feature is that all three fitting parameters of the model
bear a physical meaning. The model is given by Eq. (1).
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where 7, is the high-temperature limit of liquid viscosity, T, the glass transition temperature, and m
the liquid fragility index. m is defined as the slope of an Angell plot at 7, (Eq. (2)) [5]. T, is the
temperature corresponding to 7 = 10'* Pa s [80,81].
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According to studies of glass forming liquids, 7., is a universal value of 10 Pa s [82]. This leaves
the Eq. (1) with only two fitting parameters, viz., T, and m. By fitting Eq. (1) to experimental
viscosity data both m and T, are determined, and an example of this determination is shown in
Figure 2.5.

Open network liquids like silicates show relatively low extent of Arrhenius variations of viscosity
with temperatures at 7y, and are thus characterised as intermediate fragile liquids. Silica and
Germania liquids are termed “strong” and experiences high resistance to structural changes caused
by changing temperature. Glass forming liquids characterised by non-directional coulomb
interactions or by van der Waals attractions belong to the other extremity. These liquids are termed
“fragile” and have relatively high m values. The structure of these liquids rapidly collapses under
thermal activation, and flocculate over a wide range of orientations and coordination states. The
fragile liquids exhibit a strong non-Arrhenius viscous behaviour. Strong liquids typically experience
smaller jumps in C, at Ty (AC, = Cpi - Cpe Where Cp and Cp, are the heat capacities of the glass
forming liquid and that of the glass, respectively), whereas fragile liquids experience larger jumps
[5]. The fragility determined via Eq. (2) is referred to as the kinetic or liquid fragility, whereas AC,
is a measure of the thermodynamic fragility. For many glass forming liquids the thermodynamic
and the kinetic fragilities exhibit a linear relation [83,84]. Meaning that, differential scanning
calorimetry (DSC) measurements can be used to determine changes in both liquid fragility and



structure [84]. Differentiation of Eq. (1) over T,/T enables determination of the liquid fragility. It is
well established that a linear relation exists between the DSC cooling rate (¢gs) dependence of fictive
temperature (77) and the temperature dependence of viscosity of the formed glass [85,86]. From this
relation Eq. (3) is obtained.
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Figure 2.5 shows m values determined both by fitting the viscosity data to Eq. (1) and by fitting the
gs- Trrelation to Eq. (3), respectively.

11048 —— , 951, ;
g O — {ma J % 0.0] \ /!
1004 £ v 85 S0
- ?m 7= 518.2K /! O %;,0,3 i
\E/ 90 . 0.98 UQ%/T‘!) 0 1.01 K \E/ 75 i - 0.990 Oaarf/r"zr(’)oz 1.008 ///
X &
B e
10 20 30 40 50 60 70 10 20 30 40 50 60 70
V,0, (mol%) V,0, (mol%)

Figure 2.5: a) Liquid fragility index (m) as a function of the molar V,0s concentration in binary vanadium
tellurite glasses determined via Eq. (1). The dashed line is a guide for the eye showing the compositional
scaling of m. Inset: Determination of m using Eq. (2) by taking the 40 mol% V,0s glass as an example. Data
for the figure is reproduced from Paper 1. b) m as a function of the molar V,0Os concentration in binary
vanadium tellurite glass determined via Eq. (3). The dashed line is a guide for the eye showing the
compositional scaling of m. Inset: Determination of m using Eq. (3) by taking the 40 mol% V,Os glass as an
example.

As observed in Figure 2.5, the vanadium tellurite system exhibits an offset between the m-values
determined from viscosity and by DSC, but both exhibit similar compositional scaling behaviour.
Vanadium tellurite glasses contain both VO, and VOs [87], where V*' primarily exists in
tetragonally distorted octahedral coordination [88]. At low V,Os concentrations, v mainly exists
in a trigonal bipyramidal configuration (~80%), but as the V,Os concentration increases, the
energetically preferred coordination geometry of V>* changes. Going from a trigonal bipyramidal
coordination configuration at low V,0s concentrations, the preferred configuration changes to a
50/50 mixture of trigonal bipyramidal and tetrahedral sites at high V,Os concentrations [89,90]. An
increase in tetrahedral sites expands the glassy network (Figure 2.3) and consequently decreases the
amount of bonds per unit volume. If all V** jons occupy tetragonally distorted octahedral sites, the
fraction of distorted tetrahedral sites starts to drop at V,0s = 45 mol%. If the V*" ions contribute to
more constraints than V>', the behaviour of m can be caused by structural changes in the
coordination configuration of vanadia. When the fraction of tetragonal V*" sites starts to decrease,
the quantity of the most constrained network diminish, leading to a an increase in .



The compositional dependence of T, and m is an indirect measure of structural changes, and their
scaling behaviour is thus predictable when sufficient structure data are available [91]. However,
structure data are not always accessible and the structural origin of the mixed modifier effect
remains unknown. Figure 2.6 shows three examples of the mixed modifier effect; the mixed alkali
effect (Na/K), the mixed alkali-alkaline earth effect (Ca/Li), and the mixed alkaline earth effect
(Mg/Ca). In all three cases both T, and m exhibit non-linear compositional scaling.
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Figure 2.6: Liquid fragility index (m) and glass transition temperature (7,) as a function of composition in
three series of aluminosilicate glass. a) illustrates the compositional scaling of m and 7, in mixed alkali
glasses, and b) and c) that in mixed alkali-alkaline earth and mixed alkaline earth glasses, respectively. Both
solid and dashed lines are guides for the eyes. Data for the figure is reproduced from Papers 11 and III.

Neuville and Richet [92] explain the minima in viscosity by an excess of entropy caused by mixing.
The proposed minima in viscosity are in contrast to the theory given by Dietzel [33]. Dietzel
proposed that oxygen ions stabilized by two different ions are energetically much more favoured
than oxygen ions stabilized by similar ions, which results in maxima in 7. The observed minima in
Figure 2.6 indicate the exact opposite, viz. that the mixed modifier compositions experience weaker
bonding than the end-member compositions. Taking the mixed alkaline earth effect as an example
(Figure 2.6¢)), Raman and *’Al MAS NMR analysis are plotted in Figure 2.7.

Raman spectra of the mixed Mg/Ca aluminosilicate glasses are shown in Figure 2.7a), where the
Raman intensity is plotted as a function of wavenumber (v). The two low wavenumber peaks are
both unaffected by composition, i.c., stationary positioned at ~498 cm” and ~570 cm’,
respectively. According to Galeener [94] these peaks are caused by Si—O-Si bending vibrations of
three-fold and four-fold silica ring structures embedded in the glass network. The position of the
high wavenumber band, ~1000 cm™, varies as magnesium is exchanged with calcium. According to
McMillan [95], this band is associated with Si-O stretching vibrations of tetrahedral silicate units.
The dashed line in Figure 2.7b) represents a linear relation between the end-member compositions.
We find that the peak position diverges positively from a linear tendency, with the largest deviation
found at [MgO]/[MgO]+[CaO]) = 0.63, indicating an increase in the amount of tetrahedrally
connected silica units for the mixed network modifier glasses.

*’Al MAS NMR spectra of mixed Mg/Ca aluminosilicate glasses are shown in Figure 2.7¢). The
spectra all exhibit a narrow asymmetric peak centred at 50 ppm, consistent with tetrahedral
aluminium groups (AI") [96]. The aluminium speciation of these glasses is thus very similar to
each other, since both position and shape of the *’Al resonance exhibits only minor composition
dependence. Only the spectrum of the magnesium end-member composition is slightly broader and
more asymmetric on the more shielded side (lower shift), which is due to the presence of higher Al
coordination in the sample, such as five-fold coordinated aluminium (A1").
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Figure 2.7: a) Raman spectra for the mixed Mg/Ca aluminosilicate glasses. The spectra are shifted
vertically for clarity. The designation written on the right corresponds to a specific [MgO]/([MgO]+[CaO])
ratio. The arrow indicates the approximate peak positions, which in b) is plotted as a function of
composition. b) Peak position wavenumber (v) of the Raman peak near 1050 cm™ as a function of the molar
Mg/Ca ratio. The solid line represents the apparent relation between v and the molar ratio of
[MgO]/([MgO]+[CaO]), whereas the dashed line represents a linear relation between the end-member
compositions. Both lines are guides for the eyes. ¢) “’Al MAS NMR spectra for the six mixed Mg/Ca
aluminosilicate glasses. The inset shows an example of deconvoluting these data into Al'Y (dashed lines) and
AlY peaks (filled area), allowing for an estimation of changes in Al coordination [93]. Multiple Al"
resonances were required to account for the complex lineshape and are consistent with literature values for
isotropic chemical shift and quadrupolar coupling product in sodium aluminosilicate and alkaline earth
aluminosilicate glasses. The fitting parameters for the Al" resonance match those used in Ref. [93]. Data for
the figure is reproduced from Papers IV.

The high wavenumber vibration modes of Raman spectroscopy are associated with higher network
connectivity because more energy is required to induce atomic vibrations (shifts in the Q"-value of
the tetrahedral SiO, units). Since the oxygen coordination number of Mg is lower than that of
Ca®" [97-99], the number of affected oxygen ions in the SiO4 network decreases when substituting
Mg*" for Ca®* A decrease in bonding oxygen ions thus explains why the concentration of T-O-T
bonds (T = tetrahedral unit) increases as magnesium is substituted for calcium.

From the NMR data presented in Figure 2.7c), we conclude that AlO4 tetrahedra in the calcium-
containing glasses are essentially all charge-balanced by a combination of Na' and Ca®". These
spectra can be satisfactorily simulated without the need for an Al1Y resonance. However, in the
composition where the Ca>* concentration approaches zero, the need for alkaline earth cations
(Mg*>) to complement the role of Na” is partially ineffective, leading to a small population of Al¥
species. In detail we find approximately 5% Al in the magnesium end-member composition
compared to 0% in the remaining compositions. Such quantities of AlY species are consistent with
high quality fitting of 2’A1 MAS NMR spectra in similar systems [92,93]. Changes in aluminium
speciation in the mixed alkaline earth compositions are thus negligible. The slight increase in Al" of
the magnesium end-member composition contributes to the general trend, being that the magnesium
end-member composition compared to the calcium end-member composition has higher 7. Figure
2.7 thus shows that the mixed alkaline earth effect manifests itself as a maximum in T-O-T bonds
and has no influence on the aluminium speciation.

The negative deviation from linearity in m is associated with higher network connectivity of the
liquid. However, the viscosity at T, of the mixed alkaline earth compositions is lower than that of
the end-member compositions. Raman spectroscopic data suggest that the network connectivity of



the mixed Mg/Ca compositions is higher than that of the two end-members, which normally
increases viscosity. Therefore we can infer that the decrease of viscosity is not related to the
network connectivity, but instead is mainly related to the local structural environment around the
network modifiers causing overall bond weakening, viz., the minimum in viscosity originates from
the structural character of the modifying ions.

2.4. Elastic Moduli and Poisson’s Ratio

Glasses are intrinsically isotropic solids due to their lack of long range atomic order. The isotropic
behaviour of glass is most evident in their elastic properties as elastic properties are studied on a
macroscopic scale. Glass has an elastic component and under stress it deforms elastically, i.e., non-
plastically. The applied force that creates the stress can be applied e.g. uniaxial, transverse, or
uniformly. Young's modulus (£) describes tensile elasticity, or the tendency to deform along an axis
when opposing forces are applied along that axis. Shear modulus (G) describes the tendency to
deform when acted upon by transverse forces, and bulk modulus (K) describes the volumetric
elasticity, or the tendency to deform uniformly under volumetric stress. E, G, and K are as a group
referred to as the elastic moduli [101]. Isotropic elastic materials, e.g., glass, have their elastic
properties uniquely determined by any two of the three moduli. Thus, given any two parameters of
the elastic moduli, the last can be calculated. Hence, only £ and G have been measured and their
compositional scaling as a function of the mixed modifier effect is shown in Figure 2.8.
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Figure 2.8: Young’s modulus (E) and Shear modulus (G) as a function of composition in four series of
aluminosilicate glass. a) illustrates the compositional scaling of £ and G in mixed Mg/Ca glasses, b) the
compositional scaling of £ and G in mixed Ca/Li glasses, c) that in mixed Mg/Ba glasses, and d) that in

mixed Na/K glasses. Both solid and dashed lines are guides for the eyes. Data for the figure is reproduced
from Papers 11, IV, and V.

Elastic moduli give a macroscopic view of a material’s resistance to elastic deformation and reflect
both the interatomic bonding energies and the connectivity of the network. Elastic moduli are
therefore particularly helpful in correlating structural changes to compositional property scaling



[101]. As elastic moduli, hence also E, is closely related to structure, several models have been
proposed to predict £ from composition. The most widely used model is that proposed by
Makishima et al. [102] which expresses E as a function of the volume density of energy and the
packing density. The volume density of energy is calculated from the dissociation energies of the
different oxides, and the packing density from composition and density. The theoretical prediction
of E is in silicates in good agreement with experiments, but in phosphates and borates E is greatly
overestimated. In phosphates, the overestimation is due to the presence of double bonded oxygen
ions on phosphate, which does not contribute to the network stiffness and the bond energy of the
double bond should thus be subtracted from the dissociation energy of P,Os. In borates, the
overestimation originates from relatively weak bonds between borate in planar BOj; triangle
coordination. Within the same glass family, a general rule of higher elastic moduli when
substituting for higher field strength modifying ions exist [103,104]. This rule of thumb, however,
does not apply to substitutions involving either magnesium or lithium.

An elastic moduli-field strength relation is consistent with the results shown in Figure 2.8d) as
sodium has higher field strength than potassium. The anomalies caused by Mg”" and Li" are
explainable by collaboration between highly compressible Q* species and clusters of modifying ions
[103]. Further structure studies are required to verify why a relatively high field strength ion like
magnesium is causing lower degrees of polymerisation compared to other alkaline earth ions. As
the results presented in Figure 2.8 cannot be explained by simple connectivity theory, they indicate
that the structural changes accompanied by the mixed modifier effect are not limited only to
modifier-modifier interactions, but include changes in the framework connectivity of the glass. The
elastic moduli exhibit linearity, positive- and negative deviations from linearity. Hence, we
recognize that existing theoretical models concerning the elastic moduli do not provide significant
insight into the structural details of the mixed modifier effect.

2.4.1. Poisson’s ratio

Determination of elastic moduli is a prerequisite to calculate the Poisson’s ratio (v), where v is
defined as the negative ratio of transverse to axial strain. When a glass is compressed in one
dimension it expands in the two dimensions perpendicular to the dimension of compression. v is the
fraction of expansion divided by the fraction of compression and can be calculated via Eq. (4)
[105]:
E

V= e 1 “)
Glasses have v-values of ~0.3 depending on the structure and the density of cross linking [106]. As
v is proportional to E/G it reveals something about the ratio between the ability of the glass to resist
densification and the ability of the glass to resist shear, and is thus useful when predicting
deformation processes under indentation. A subject discussed in detail in chapter 4. Figure 2.9
shows calculated v-values of the mixed Mg/Ba glasses presented in Figure 2.8c).
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Figure 2.9: Poisson’s ratio (v) as a function of composition in a series of mixed Mg/Ba aluminosilicate
glasses. Both solid and dashed lines are guides for the eyes. Data for the figure is reproduced from Paper V.

The negative deviation from linearity observed in G (Figure 2.8c)) is responsible for the positive
deviation from linearity of v observed in Figure 2.9, as v and G are negatively related via Eq. (4).
The relative increase in v of the mixed Mg/Ba glasses compared to the end-member compositions
corresponds to a smaller degree of shear, which is in good agreement with viscosity measurements
of the series, as T, goes through a minima at roughly [MgO] = [BaO]. It should be stressed that a
correlation between T, and v is not a universal trend.

2.5. Summary

By comparison between Figure 2.6Figure 2.8 we realise that the structural trademark of the mixed
modifier effect, which results in universal negative deviations from linearity in 7, and m, is not
encountered in measurements of £ and G. The mixed modifier effect always manifests itself as
negative deviations from linearity in 7, and m, while the effect on E, G and v can be both negative,
positive or linear. As both T, and m are measures of viscosity their compositional scaling may be a
result of structural or topological changes occurring on a microscopic level. Meaning that, the glass
is able to follow the path of least resistance and shear via bonds of relatively low energy, i.e., via
ionic bonds percolated in channels. £ and G are both macroscopic properties, as their measurements
involve constrained movement of the glass entity. The network formers of the glass are thus forced
to budge, facilitating movement via the strongest bonds of the network. The mixed modifier effect
universally shows a weakening in the overall bond strength in the vicinity of the network modifying
ions, while the effect on the network formers is not universal and varies with ion pairs.

The mixed modifier effect on p is only evident in the mixed alkali case, where a positive deviation
from linearity is observed. We propose the positive deviation from linearity in p is directly linked to
a compactness of the network structure which is also responsible for the positive deviation from
linearity in E. The origin of the structural compactness is not experimentally verified, but we
suggest the presence of a tight-knit structure only occurring for mixed alkali compositions and not
e.g. mixed alkaline earth compositions.

In the mixed network former system, i.e., the vanadium tellurite glasses (glasses with no network
modifier ions), we find a strong link between structure, composition, and the resulting properties.
The link is evident in the direct structural dependencies of density, liquid fragility, and hardness.
The compositional scaling of hardness is discussed in detail in the following chapter.



3. Mixed Modifier and Mixed Network Former Effects on Hardness

In order to investigate the link between Vickers hardness and properties related to structural
rearrangement (e.g. Poisson’s ratio, liquid fragility and elastic moduli) it is important to obtain a
fundamental understanding of the definition and applicability of Vickers hardness. Therefore, we
start by reviewing Vickers hardness and then look at both mixed modifier effects on hardness and
mixed network former effects on hardness. We give universal explanations for the observed mixed
modifier effects and mixed network former effects on hardness and couple the explanation to the
compositional scaling of viscosity, liquid fragility, and density. The composition-hardness
correlation is a main focus of Papers I and IV.

3.1. Vickers Hardness: Definition and Implementation

Glass exhibit permanent deformation when subjected to indentation under sharp contact loading,
e.g., Vickers indentation. Indentation tests are simple and a useful technique to evaluate mechanical
properties of glass [107]. Hardness is defined as the applied load divided by the projected area of
the deformed region, and is the measure of the ability of the glass to resist permanent deformation.
Understanding and predicting the compositional dependence of glass hardness is important for
many applications, such as construction materials for architectural purposes [47] and scratch-
resistant glass covers for personal electronic devices [46].

The process of indentation involves both compression and shear. If the load is low, the deformation
is within the elastic limit, and upon unloading the glass relaxes to its original shape. Beyond the
elastic limit, the glass deforms by a permanent densification due to hydrostatic stress and a plastic
deformation due to shear caused by excess stress. At even higher loads, cracks initiate and enable
measurements of fracture toughness [108]. The size of the permanent indents is generally in
microns and the hardness value is therefore referred to as microhardness. The normal hardness scale
in glass is that of Vickers, where the hardness (H,) is defined as in Eq. (5):

H, = 2P 51‘1;2(% 0) )
P is applied load, 6 the angle between the indent tip and the glass (136°), and d the diagonal length
of the indent [105]. As seen in Eq. (5) Vickers hardness is directly related to the size of the indent,
but not to the time of indentation. The diagonal, d, is obtained after unloading, and as the elastic
part of the indent relaxes upon pressure removal, d becomes slightly shorter. The ratio of elastic
deformation to total deformation under indentation is higher at lower loads and results in the so-
called “indentation size effect”, where hardness is overestimated at low loads [109,110]. As the
elastic behavior of glass below the elastic limit is largely dependent on the elastic properties of the
glass, consecutive cycles of loading and unloading can be employed to determine both the elastic
limit and E [111]. In forthcoming sections E is therefore used to represent the amount of elastic
deformation occurring under indentation.

As the indenter is pressing into the glass, an area of increased density is created beneath the
indenter. The size of the indent will keep growing until equilibrium exists between the resistance to
further densification and the applied load. The time required to establish this equilibrium is



measured in days whereas measurement times normally are couple of seconds. The time of
indentation is not presented in Eq. (5), but for comparison of H, values, a constant pressing time is
important.

In order to achieve reproducible and comparable hardness values, loads above the elastic limit are
recommended. However, the applied force should be below the required force for crack initiation,
as to avoid the creation of cracks around the indent. As cracks are created, the stress concentrates at
the tip of the crack, and the energy converted by crack propagation is not contributing to the
creation of a permanent indent. Meaning that, cracks convert energy which results in smaller
indents volumes and thus erroneously high hardness values.

3.2. Mixed Alkali Effect

The composition dependences of H, for two aluminosilicate glasses series are shown in Figure 3.1.
The two mixed sodium-potassium aluminosilicate glass series are standard aluminosilicate glass
(Si0,-A,03-MgO-Na,0/K,0) and soda lime float glass (SiO»-Al,03-MgO-Ca0-Na,0/K,0)
compositions. The standard aluminosilicate series contains relatively high concentration of alumina
(>10 mol%, AS series), whereas the float glass series contains considerable less alumina (<2 mol%,
S series). Both series exhibit an initial increase followed by a decrease of H, with increasing Na/K
ratio, i.e., a mixed alkali effect of hardness. The largest positive deviation from linearity and the
maximum value of H, are observed at around [Na,O] = [K,O]. The overall trend shows that glasses
from the AS series are harder than those from the S series. As the total alkali concentration is kept
constant and above the concentration of alumina, all alumina is charge compensated by alkali ions,
leaving less alkali ions to create NBO’s.
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Figure 3.1: Vickers hardness (H,) as a function of the molar ratio of sodium to total alkali content in two
mixed Na/K aluminosilicate series. The solid lines represent the compositional scaling of H,, whereas the
dashed lines depict a linear relation between the two end-member compositions. Both lines are guides for the

eyes. Compositions depicted by squares are from a high-alumina series (AS), while compositions depicted
by circles are from a low-alumina series (S). Data for the figure is reproduced from Paper II1.

The observed maximum in hardness of the mixed alkali compositions is in good agreement with
literature, where a positive deviation from linearity have been shown for several mixed alkali
compositions [32,34-36]. Ainsworth [112] measured a positive deviation from linearity in hardness
for mixed alkali compositions back in 1954, but until now no universal theory have been able to
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describe his observations. The positive deviation from linearity in hardness is probably related to
the positive deviation from linearity found in p, as a more closely packed structure infers both
higher density and higher hardness [101]. Dietzel [33] proposed that oxygen ions stabilized by two
different network modifying ions are energetically more favored than oxygen ions stabilized by
similar ions, thus creating stronger bonding and higher hardness. In density, the observed effect is
rather small because the contraction of the coordination sphere around the stronger field strength
network modifier is balanced by an extension of the coordination sphere of the lower field strength
network modifying ion. In order to have a positive deviation in p and H, the coordination sphere of
Na' must contract more than the coordination sphere of K' is able to accommodate, resulting in a
denser structure.

3.3. Mixed Alkaline Earth Effect

Figure 3.2 shows Vickers hardness plotted as a function of the molar ratio of magnesium to total
alkaline earth content. The dashed line represents a linear relationship between the end-member
compositions. A parabolic fit matches data, and the largest deviation from linearity is found at a
substitution degree of 0.5. Both series are aluminosilicates, where the alkali concentration equals
the aluminium concentration.
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Figure 3.2: Vickers hardness (H,) as a function of composition in (a) mixed Mg/Ca and (b) mixed Mg/Ba
aluminosilicate glass series. The solid line represents the apparent relation between H, and composition,
whereas the dashed line is a linear extrapolation between the end-member compositions. Both lines are
guides for the eyes. Data for the figure is reproduced from Papers IV and V.

The theory by Dietzel [33] implies that oxygen ions stabilized by two different alkaline earth ions
are energetically much more favored than oxygen ions stabilized by similar alkaline earth ions,
which results in a maximum in Vickers hardness. The observed minimum in Vickers hardness
indicates the opposite, viz., the mixed Mg/Ca and mixed Mg/Ba compositions experience weaker
bonding than the end-member compositions. If viscosity is linked the resistance to indentation, we
suggest that the occurrence of the minimum in hardness is associated with the corresponding
minimum in isokom temperatures (Figure 2.6). Despite the deformation under indentation and the
viscous flow under shear occur at various temperature regions, their mechanisms are similar to large
extents, i.e., both are related to the translational motion of structural units. It can be argued that the
responsible underlying topological constraints of the mechanisms may differ, due to the temperature
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dependence of these constraints. If this is the case, an offset might occur between the minima in
Vickers hardness and isokom temperatures at room-temperature [113].

The composition dependence of H, of oxide glasses with varying alkaline earth ratio has been
reported in the literature as a positive deviation from linearity with a maximum deviation at the ratio
of about 1:1 [35,114-116]. To the best knowledge of the author, we are first to report a minimum in
H, for mixed alkaline earth compositions.

3.4. Mixed Alkali-Alkaline Earth Effect

The composition dependences of H, is plotted in Figure 3.3. The nominal compositions of the
studied mixed alkali-alkaline earth aluminosilicate glasses are 60Si02-16A1203-16Na20-(8-
y)Li20-yCaO where y = {0, 1.6, 3.2, 4.8, 6.4, 8}. H, exhibits a minimum value (i.e. largest mixed
alkali-alkaline earth effect) at the substitution degree of 0.5.
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Figure 3.3: Composition dependence of Vickers hardness (H,) for a mixed Ca/Li aluminosilicate glass
series. Solid lines represent the apparent relation, whereas dashed lines are linear extrapolations between

end-member compositions, both intended as guides for the eyes. Data for the figure is reproduced from Paper
1L

In a systematic investigation of glass properties and their dependence of the mixed alkali-alkaline
earth effect (i.e. when both alkali and alkaline earth ions co-exist), Byun et al. [48] conclude that no
simple mechanism can be responsible for the observed nonlinearities in the mechanic properties.
Moreover, they point out that the deviation from linearity must be intimately connected with
microscopic structural changes. Hence, in order to reveal the origin of the negative deviation from
linearity, the accompanying structural changes must be known. Greene [117] investigated the mixed
Ba/K effect in three borosilicate and three aluminosilicate glass series and found linear
compositional scaling of H, in all series. The linear tendencies are explained by differences in the
field strength of the two modifier ions, but no mixing effect was observed.

To the best knowledge of the author, there are no reports on a minimum in mechanic properties for
mixed alkali-alkaline earth compositions. However, the measured minimum in H, can be explained
by similar considerations as for the mixed alkaline earth effect, i.e., via the minimum in isokom
temperatures and viscosity (Figure 2.6).
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From a structural perspective, the mixed alkali-alkaline earth effect is qualitatively similar to the
mixed alkaline earth effect and not to the mixed alkali effect. As p is linear for both mixed alkali-
alkaline earth and the alkaline earth glasses, the minimum in H, indicate that the presence of just
one alkaline earth ion in any mixed modifier system strongly reduces the overall bonding strength.
As discussed in section 2.3, in mixed alkaline earth glasses we observe an increase in the amount of
T-O-T bonds, and explained the negative deviation from linearity in H, via relative weak bonds
located around the network modifying ions. The same explanation is applicable for the mixed
alkali-alkaline earth effect.

3.5. Mixed Network Former Effect

A series of V,0s5-TeO, glasses with varying vanadia content were synthesized via the melt
quenching technique. The H, values are plotted in Figure 3.4a) as a function of V,0s concentration.
H, remains constant when V,0s increases from 10 to 45 mol%, followed by a linear decrease with
further increasing the concentration of V,0Os from 45 to 65 mol%. The observed trend is in contrast
to the trend reported in literature [118,119], viz., a continuous decrease in H, with increase in
vanadia concentration. The compositional behaviour of H, strongly resembles that of the redox state
of the vanadium ions (Figure 3.4b)), i.e., an initial plateau followed by a decrease with further
increase in V,0s concentration.
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Figure 3.4: a) Vickers hardness (H,) and b) redox ratio of vanadium ([V‘”]/[Vtmal]) as a function of V,0s in
binary V,0s-TeO, glass. The concentration of V¥ was determined by electronic spin resonance (ESR) and
the total concentration of vanadium (Vi) determined by energy dispersive X-ray spectroscopy (EDX). The
dashed line represents the compositional scaling and is a guide for the eyes. The transition zone is where
abrupt changes in the compositional scalings occur. Data for the figure is reproduced from Paper L.

As mentioned in section 2.2, an increase in V¥ sites expands the glass network and consequently
decreases the amount of bonds per unit volume. If the V** ions contribute to more constraints than
V5+, the behaviour of ¢ (¢ = [V4+]/[tha1], where [Vioi] is the total concentration of vanadium)
might be the reason for the transition zone at about V,0s = 45 mol% observed in both m (Figure
2.5) and H, (Figure 3.4a)). When the fraction of tetragonal V* sites starts to decrease, the quantity
of the most constrained network diminish, leading to a decrease in H, and an increase in m. Sharma
et al. [118] measured H, and c¢ of vanadium phosphate, vanadium tellurite and vanadium borate
glasses and found that in each system the ¢ value decreases with increase in vanadia concentration,
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almost parallel to a 1:1 decrease in H,. We therefore propose that ¢, which is related to the structure
of the glass, is strongly linked to the physical and dynamic properties of the glass. For three
different vanadium systems, an approximately 1:1 correlation between H,, m and c is found.

3.6. Summary

The mixed modifier effect on H, manifest itself as positive deviations from linearity for the mixed
alkali glass, whereas it results in negative deviations from linearity for both mixed alkali-alkaline
earth and mixed alkaline earth glasses. These results indicate that the theory proposed by Dietzel,
suggesting increased bond strength when to different modifier ions are in close proximity is only
valid in the mixed alkali case and not in general. The observed negative deviations from linearity in
H, observed for both the mixed alkali-alkaline earth effect and the mixed alkaline earth effect are
explained by a viscosity decrease caused by a decrease in the overall bonding strength surrounding
the network modifiers. The direct viscosity-hardness link is inconsistent with the positive deviation
from linearity observed in H, for the mixed alkali effect, as the mixed Na/K series also experiences
negative deviations from linearity in viscosity and isokom temperatures. The mixed alkali effect
manifests itself as a positive deviation from linearity in p, and the increased hardness can be
explained by the effect of increased density exceeding the effect of decreased viscosity. The exact
cause of the positive mixed alkali effect on hardness is discussed in further detail in chapter 4.

The tendency in H, observed for the mixed V,0s5-TeO, series is explained from a structure
perspective and correlates well with the valence state ratio of vanadium (c). We propose that c is
strongly linked to the physical and dynamic properties of the glass and can be directly correlated to
changes in both H, and m.
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4. Impact of Chemical Composition on Indentation Processes

In order to clarify the impact of chemical composition, and hence the structure dependence on
deformation processes under indentation, it is important to obtain a fundamental understanding of
the deformation processes under indentation. Therefore, we start by reviewing indentation
deformation processes and then look at the mixed modifier effects on the indentation processes and
hardness. We discuss the origin of the different deformation processes under indentation and give
explanations for their compositional scaling. We discuss their influence on hardness and link the
compositional scaling to other properties, such as viscosity, density, and elastic moduli. The origin
of the different deformation processes and their influence on hardness is one of the main focus
points of Papers II, III, and V.

4.1. Deformation Processes during Indentation

The study of indentation deformation processes originated in 1962 when Hillig [120] discovered
that no single operative process was responsible for the deformation under indentation. Deformation
under indentation was initially proposed to obey the law of classical plasticity, i.e., indentation was
perceived as a purely plastic process [121,122]. Later, via volume comparison between indent
volumes and pile-up volumes, it was shown that the deformation occurred via two processes; (i) one
related to plasticity and (ii) one involving densification [123-125]. Neely and Mackenzie [126]
found that a portion of the densified volume was recoverable by sub-7, annealing, and proposed
that the permanent deformation was related to a density equilibrium. Nowadays, we widely accept
glass as an intrinsically brittle material which deforms both plastically and via densification.

According to Yamane and Mackenzie [105], the resistance of a glass to deformation is a result of
three distinct deformation processes: plastic flow, densification, and elastic deformation. Plastic (or
shear) flow is a volume conservative displacement of matter, while densification is a non-volume
conservative irreversible compression that creates a hemispherical area of increased density beneath
the indentation, and elastic deformation a reversible compression that recovers after unloading.
Another set of terminology has been proposed by Varshneya ez al. [127], separating the deformation
into two distinct processes (hydrostatic and deviatoric) each with an elastic component. Yoshida et
al. [116] proposed a method to quantify the recoverable part of the indent volume (i.e., densified
volume), which in turn provides an indirect measure of the plastic flow. Several studies have
applied this method to investigate the link between densification and plastic deformation in borates,
phosphates, and silicates, but simultaneous measurements of deformation volumes and Vickers
hardness have been performed in only a few studies [108,128-131]. All of which are inconclusive
on the relation between the deformation processes and hardness.

The method proposed by Yoshida et al. [116] is capable of quantifying the amount of non-plasticity
in glass, and applies sub-7;, annealing to quantify the densification part and the plastic flow part.
Walls et al. [132] reported that the magnitudes of the volumes systematically varied depending on
the definition of the zero-level surface. We define the original surface as the zero-level surface and
all material above zero-level is pile-up and all missing material under zero-level is indent volume.
Atomic force microscopy (AFM) measurements are employed to determine the size of the indents
and the amount of pile-up both before and after sub-7, annealing at 0.9x7, (in K). From these
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measurements, the volume of densification (V) and the volume of plastic flow (V) are calculated
as per Egs. (6) and (7) [116]:

Vy=W =V)+W =V7") (6)

V, =V =07 =V)+ =V (7
where subscripts i and a indicate initial volumes and volumes after annealing, respectively, and
superscripts - and + indicate indentation volumes and pile-up volumes, respectively. Examples of
the AFM images used to quantify V4 and V), are shown in Figure 4.1.

Based on the AFM determinations of the size of the indent and the amount of pile-up the volume
recovery (Vr) can be calculated per Eq. (8):

Vo _ WV V)
a a

V= ®

VR is defined as the ratio of the recovered volume during annealing relative to the initial volume of
the indentation, i.e., the ratio of the densified volume relative to the initial indent volume. Vx shows
a remarkably good correlation to v, why v is a suitable parameter to predict the densification ratio of
indentation, and via Eq. (7) also the plastic flow ratio of indentation.

It is worth noting that the ratio of densification and the ratio of plastic flow under indentation both
are load dependent. The load dependence is explained by a difference in the activation energy of the
atomic bonds which are activated during the specific deformation process. That is, at a certain
loads, certain atomic bonds are activated and the resulting deformation mechanism is a result
hereof. As a rule of thumb the mechanisms responsible for the deformations are: bond bending and
stretching for elastic deformation, bond breaking around network modifying ions or planes of low
shear resistance for plastic flow, and bond breaking around the network formers for densification.
As a result hereof the activation energies of the deformation processes are in ascending order: E
elastic deformation < E plastic flow < E densification. Meaning that at low loads, elastic deformation is favoured,
while at high loads, plastic flow and densification is favoured. The deformation processes load
dependence is supported by Vr measurements, as amorphous silica (pure network former glass) has
a Vr > 90%, while bulk metallic glass (pure network modifier glass) has a Vr < 5%, i.e., >95%
plastic flow [116,133].

The pile-up volume for all the glasses increased after annealing (V; < V,"). This increase originates
from recovery of the densified zone as it extends to regions beyond that of the indent. Hence, both
the changes in pile-up and in indent volume are assumed to constitute the densified volume. Three
arguments support the assumption that the recovered volume corresponds to the volume of
densification: (i) the activation energy of volume recovery is at 0.9xT, approximately one order of
magnitude lower than that of viscous flow [122,126,134]. (ii) plastic deformation do not result in a
driving force for volume recovery [116]. (iii)) 99% of the original volume of hydrostatically
densified silica glass can be recovered and as silica glass contains no network modifiers the
deformation originate solitary from densification [133]. Whether 0.9xT} is sufficient to fully relax
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and recover the densified volume is a dilemma, but 0.9xTy is supported by Mackenzie [133] who
showed that silica glass fully recovered after annealing for 1 h at approximately 0.9x 7.
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Figure 4.1: Atomic force microscopy (AFM) images of indents and their respective pile-up and cross-
section. Material above the surface plane is assigned as pile-up and cross-sections are defined at the
narrowest diagonal of the indent. Images a) and b) are obtained for the sample with [MgO]/([MgO]+[BaO])
= 0 before and after annealing at 0.9x7, (in K), respectively. Images c) and d) are for the sample with
[MgO]/([MgO]+[BaO]) = 1 before and after annealing at 0.9xT,, respectively. Images e) and f) are
[Na,O]/([Na,O]+[K,0]) = 0 before and after annealing at 0.9xT,, respectively. Images g) and h) are
[Na,OJ]/([Na;O]+[K,0]) = 1 before and after annealing at 0.9% T, respectively. The dashed lines represent the
initial volumes (7;) and the solid lines indicate the indent volumes after annealing. Data for the figure is
reproduced from Papers Il and V.

The resistance of a glass to permanent deformation (i.e., Vickers’s hardness) is typically dominated
by one of the three deformation processes, e.g., in silica glass densification is the dominant
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deformation process. In the following sections we will discuss the role of each deformation process
in determining hardness and the compositional dependence of hardness on each deformation
process.

4.2. Elastic Deformation

Under an applied pressure, the atomic bonds in the glass stretch and bend away from their favorable
position, allowing for some elastic deformation. Upon unloading, the bonds return to the state of
lowest energy and the material recovers to its original shape. In other words, part of external
mechanical energy (given by indentation) causes elastic work in the glass, which in turn leads to an
increase of the potential energy of the atoms. When unloading, this increased potential energy is
released, resulting in an expansion work. The rest of the mechanical energy causes plastic flow (i.e.,
a sort of deformation work), permanent densification (a permanent high potential state) and a small
amount of dissipation heat. As hardness is calculated as the applied force divided by the indent size,
part of the energy which is used for the elastic deformation does not contribute to the glass
hardness. Meaning that, the more elastic deformation the glass experiences under indentation, the
smaller the permanent indent size become resulting in erroneously high hardness values. As the
elastic component of indentation is load dependent until the elastic limit is reached [135,136],
indentation hardness is also load dependent up until the elastic limit.

The resistance of the elastic part of the deformation process is not accessed in the approach
proposed by Yoshida ef al. [116]. In order to enable prediction of the compositional dependence on
hardness, it is important to account for all three deformation processes and the elastic part is thus
equally important. Makishima and Mackenzie wrote in 1973 that the hardness of glass is closely
related to the Young's modulus [102]. £ is a measure of a materials resistance to axial stress under
circumstances where plastic flow is prohibited. The molecular movement is consequently similar to
that of elastic deformation and E therefore correlates well with the elastic part of indentation, and
under certain circumstances, well with hardness. Hand and Tadjiev [35] proposed a direct one-to-
one relation between E and H,, and found that increasing hardness usually correlated with
increasing modulus. However, this one-to-one correlation between £ and H, is not universal
amongst glass series, which is realised in Figure 4.2.

Figure 4.2 shows the relation between £ and H, for four mixed modifier glass series. Figure 4.2a)
shows H, and E for a SiO;.Al,0;.MgO-Na,O/K,O series, b) for a 60SiO,-16A1,03-16Na,0-
8MgO/CaO series, ¢) for a 60Si0,-16A1,03-16Na,0-8Li,0/CaO series, and d) for a 64SiO,-
12A1,03-6B,03-12Na,0-6MgO/BaO series. All indentation experiments are performed with an
indentation load of 0.49 N and an indentation time of 10 s, facilitating comparison between the
series. The mixed Mg/Ba series was particularly designed, via the theory proposed by Kirchheim
[43], to experience a large difference in E between the end-member compositions. If H, was largely
dependent on E, the compositional scaling of £ is imposed on H, and H, and E experience similar
compositional scaling. With increasing difference in E between end-member compositions, a
possible correlation between H, and E is more evident. Figure 4.2 shows that no universal
correlation between H, and E exist. A mixed modifier effect (i.e., deviations from linearity) is
observed in H, for all glass series, whereas it is only observed in £ for the mixed Na/K series. An
effect of increased H, due to increased £ might be superimposed on a mixed modifier effect in
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Figure 4.2d). However, as H, is increasing in Figure 4.2c), while E is decreasing, any direct
correlation between E and H, is discarded. The positive deviation from linearity in H, for the mixed
Na/K series is closely related to the similar deviation observed in p (Figure 2.4a)), and the positive
deviation in H, presumably relates to the deviations in p and not in £. The non-direct relation is also
visualised by comparison between the end-member compositions, as £ increases while H, decreases
with increase in [NaO].
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Figure 4.2: Young’s modulus (£) and Vickers hardness (H,) as a function of composition in mixed modifier
silicate glasses. Solid lines represent the apparent relation, whereas dashed lines are linear extrapolations
between end-member compositions, both intended as guides for the eyes. Data for the figure is reproduced
from Papers 1I-V.

Yamane and Mackenzie [105] have reported that the resistance of glass to elastic deformation is
proportional to K. The resistances to plastic flow and densification are proportional to aG and
(aGK)", respectively. a is a constant related to bond strength, G is shear modulus, and K is bulk
modulus. Since glass is isotropic, £ and K are proportional so according to the theory proposed in
Ref. [105] the resistance to elastic deformation is proportional to E. If elastic deformation was the
determining factor for hardness, we expect an almost direct one-to-one relation between E and H,,
As seen in Figure 4.2 a direct one-to-one relation between £ and H, is not the case.

In four mixed modifier silicate glass series we find no correlation between H, and E. As the amount
of elastic deformation under indentation is closely related to £, we propose that elastic deformation
is not the determining deformation mechanism when predicting hardness in mixed modifier glass.

4.3. Densification

Since glasses are regarded as linear elastic materials, the physics of permanent deformation of glass
under indentation at ambient temperature is particular intriguing for two reasons [122]; (i) classical
plasticity is not expected as glasses lack long range order at the atomic scale. (ii) viscous flow under
ambient temperatures requires absurd time scales for observation. Nevertheless, direct evidence of
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plastic flow under indentation at ambient temperatures has been shown in several occasions
[128,129,131,137].

The first response of a glass upon indentation is immediate elastic sinking of the original surface. In
a secondary stage, an irreversible microscopic deformation occurs, aiming at relaxing the contact
stress by increasing the density in a zone near the indenter tip. The area of the affected zone beneath
the indenter can be approximated using an elastic stress field and is of hemispherical shape.

Via Egs. (6) and (7) measurements of deformation volumes were conducted on three
aluminosilicate glass series. Measurements were performed in tapping mode at 50% relative
humidity and room temperature. The AFM cantilever had a silicon tip, the scanning frequency was
0.47 Hz, and the scan size was 20 x 20 um®. Following the procedure proposed by Yoshida et al.
[116], at least ten indentations were examined before and after annealing for 2 h at 0.97g (in K) of
the respective composition. AFM images of chosen indents are shown in Figure 4.1. The resulting
volumes of densification are plotted in Figure 4.3 together with the respective hardness value.
Figure 4.3a) shows V4 and H, for a 64Si0,-12A1,05-6B,03-12Na,0-6MgO/BaO series, b) for a
Si0,.A1,03.MgO-Na,O/K,O0 series, and ¢) for a 60Si0,-16A1,05-16Na,0-8MgO/CaO series.
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Figure 4.3: Volume of densification under indentation (V) and Vickers hardness (H,) as a function of
composition in mixed modifier silicate glasses. Solid lines represent the apparent relation, whereas dashed
lines are linear extrapolations between end-member compositions, both intended as guides for the eyes. Data
for the figure is reproduced from Papers 11, III, and V.

Figure 4.3 shows that both H, and V4 experiences a mixed network modifier effect, as deviations
from linearity are observed in both properties for all three glass series. V4 exhibits negative
deviations from linearity in all three series, while H, experiences negative deviations from linearity
in the mixed Mg/Ba and in the mixed Mg/Ca series and a positive deviation from linearity in the
mixed Na/K series. From these trends we observe that a direct relation between H, and V4 in mixed
network modifier glasses does not exist. If we assume a linear relation between measured
deformation volumes and the resistances to the specific deformation processes, a higher Vy
corresponds to a lower resistance to densification. With a lower resistance to densification we
expect lower hardness and thus a negative relation between H, and V. This negative relation is only
observed for the mixed Na/K series, whereas the mixed Mg/Ca and the mixed Mg/Ba series exhibit
positive correlations. The positive deviation from linearity observed in H, for the mixed Na/K series
is probably related to the same trend observed in p (Figure 2.4a)), and the compositional scaling of
V4 explains the trend of H,. For both the mixed Mg/Ba and the mixed Mg/Ca series we observe an
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increase in the resistance to densification, but a decrease in hardness, and the compositional scaling
of Vg is thus universally not able to explain the compositional trend of H,.

As the three glass series have a variation of hardness values, consequently, they experiences a
variation in the size of the indents and thus also the in Vg values. As hardness, via Eq. (5), is
negatively related to the size of the indent a smaller hardness value is equivalent to a larger indent
size and a larger V4. The negative correlation between V4 and H, is also seen in Figure 4.3, where
the mixed Na/K series show lowest H, and highest V4. In order to eliminate the effect of indent size,
we look at Vg, as VR is the ratio of densification and thus comparable for the three series. In Figure
4.4, Vr is plotted as a function of composition for the same glass series as in Figure 4.3.
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Figure 4.4: Volume of recovery (V) as a function of composition in three mixed modifier silicate glass
series. Vy is calculated via Eq. (9). Solid lines represent the apparent relation, whereas dashed lines are linear
extrapolations between end-member compositions, both intended as guides for the eyes. Data for the figure is
reproduced from Papers 11, I1I, and V.

Figure 4.4 shows a negative deviation from linearity in Vr in all three series. The negative
deviations from linearity exhibited by Vr implies that the positive deviation from linearity observed
in H, for the mixed Na/K series is overcompensated by the negative deviation from linearity in Vg,
resulting in a negative deviation from linearity in V'r. We see that for all glasses in both the mixed
Mg/Ba and the mixed Na/K series, V'r > 70% which is expected as these glasses contain relatively
high amount of silica. The same is the case for the magnesium end-member composition of the
mixed Mg/Ca series, but not for the mixed compositions, and not for the calcium end-member
composition. The compositional scaling observed in Figure 4.4¢) indicates that Mg®" is acting more
like a network former than Ca®*, as molar substitution of the two results in a ¥ change of nearly
30%. In the mixed Mg/Ba series the decrease in Vg is not as drastic and we infer that Ba>" is acting
more like Mg®" than Ca®’, i.e., as a network former. Vg is actually increasing as magnesium is
substituted for barium. The AVr = 30% between the end-member compositions of the mixed Mg/Ba
series only result in AH, = 0.3 GPa or a change of ~4%. The small change in hardness is in good
agreement with the findings presented in Ref. [116], as they found a AH, = 16% and a AVz = 38%.
Based on these findings they conclude that the densification ratio is much more affected by
compositional changes than H,. For the mixed Na/K series we find that AVg = 7%, while AH, = -
4%, inferring that Vg and H, supposable are negatively correlated, i.e., opposite trend of the mixed
Mg/Ba series. The non-direct relation is also visualised by the end-member compositions, as Vj is
decreasing while H, is increasing with increasing [MgO] (Figure 4.4a)).
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It is worth mentioning that the mixed Mg/Ba series, compared to the aluminosilicates, might
undergo a larger degree of densification because boron during indentation converts from trigonal to
tetrahedral configuration [138,139]. This conversion results in an increased density of the network,
enhancing the effect of densification on hardness. However, the larger degree of densification in the
boron-containing glasses compared to that of boron-free glasses is not observed, since Vr of the
mixed Mg/Ba glasses (Figure 4.3a)) is generally lower than that of a mixed Na/K aluminosilicate
series without boron (Figure 4.3b)).

V4 is found to be approximately four times larger than V, (Figure 4.3), i.e., the resistance to
densification is five times lower than that to plastic flow, assuming proportionality between the
densification and plastic flow volumes and their specific resistances. If the resistances to the three
deformation modes (elastic, plastic deformation, and densification) are perceived as parallel
resistances, the largest resistance arise from the dominant deformation mode. As all three
deformation processes are activated during indentation, their effects are correlated, i.e., not
completely decoupled from each other, and hence the deformation mode with largest resistance
(plastic flow in our case) is dominant in determining hardness. This description is in good
agreement with Ref. [105], as they propose the total resistance to indentation deformation is equal
to the geometrical average of the three deformation resistances, i.e., the deformation process
dictating glass hardness is the one with the largest resistance.

In the three mixed modifier silicate glass series we find no correlation between either V4 or V' and
H,. As the resistance to densification under indentation is closely related to measured volumes of
densification, we propose that densification is not the determining deformation mechanism when
predicting hardness in mixed modifier glass.

4.4. Plastic Flow

Deformation under indentation was initially proposed to obey the law of classical plasticity, i.e.,
indentation was perceived as a purely plastic process [121]. It has later been established that stress
relaxation under indentation in general occurs both via densification and plastic flow. In the
secondary indentation phase, an irreversible microscopic deformation occurs, and the stress relaxes
either via densification as described in section 4.3 or via a volume conservative shear flow where
material is forced to the surface.

Via Egs. (6) and (7) measurements of deformation volumes were conducted on three
aluminosilicate glass series. AFM images of chosen indents are shown in Figure 4.1. The resulting
volumes of plastic flow are plotted in Figure 4.5 together with the respective hardness value. Figure
4.5a) shows Vp and H, for a 64Si0,-12A1,05-6B,03-12Na,0-6MgO/BaO series, b) for a SiO».
Al,03.Mg0-Na,0/K,0 series, and c¢) for a 60Si0,-16A1,03-16Na,0-8MgO/CaO series.

Figure 4.5 shows that Vp increases when calcium is substituted for magnesium and when potassium
is substituted for sodium. A possible explanation is that the stronger oxygen bonding to magnesium
compared to calcium and to sodium compared to potassium retards the flow of structural units, i.e.,
the plastic flow. In other words, the substitution of calcium for magnesium and the substitution of
potassium for sodium increase the possibility for slip motion of planar structures or redistribution of
non-bridging oxygen ions, resulting in an overall increase of the irreversible shear flow. As V), of
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the magnesium-containing and the barium-containing end-member compositions are similar (Figure
4.53)), we propose that Mg®" and Ba®" exhibit equal combined bond strength to their surroundings.
As Mg”" has higher field strength than Ba**, Mg®" probably experiences fewer, but stronger bonds,
compared to Ba>". The combined bond strength is however the same.
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Figure 4.5: Volume of plastic flow under indentation (V) and Vickers hardness (H,) as a function of
composition in three mixed modifier silicate glass series. Solid lines represent the apparent relation, whereas
dashed lines are linear extrapolations between end-member compositions, both intended as guides for the
eyes. Data for the figure is reproduced from Papers IL, III, and V.

If the plastic flow volume is assumed to be directly related to the corresponding resistance, an
increase in Vp will invoke a decrease in H,. In other words, a lower resistance to plastic flow results
in lower glass hardness. Since the compositional scaling of ¥}, exhibits a negative deviation from
linearity for the mixed Na/K series, the resistance to plastic flow exhibits a positive deviation from
linearity. This positive deviation is in good agreement with the positive deviation from linearity
observed in H, (Figure 4.5b)). The compositional scaling of ¥}, for the mixed Mg/Ba and the mixed
Mg/Ca series exhibit positive deviations from linearity and the resistance to plastic flow thus
exhibits negative deviations from linearity. The negative deviations are in good agreement with the
negative deviations from linearity observed in H, (Figure 4.5a) and c)).

Above we argued that hardness was compositionally independent of both densification and elastic
deformation, and we thus suggest that plastic flow accounts for the nonlinear composition
dependence of Vickers hardness. Faivre et al. [36] reported that the plastic flow of glass is caused
by the hopping of network modifiers, promoting slippage of the rigid parts of the network. This
explanation is however not the entire explanation, as we may assume that the plastic low is
generated by a more cooperative rearrangement of atoms. lonic conductivity measurements reveal a
minimum in conductivity as one network modifying ion is substituted for another one [31]. Hence,
the lowest concentration of mobile ions is at a substitution degree of 0.50 and the plastic flow,
according to Faivre et al. [36], experiences a minimum at this substitution degree. The minimum in
ionic conductivity at equal concentrations of network modifier is also predicted by the dynamic
structure model [15,62]. A minimum in ionic conductivity is, however, not consistent with
observations of Figure 4.5a) and c), since a minimum in ionic conductivity corresponds to a
maximum in hardness.

As mentioned in section 3.3, if we consider viscosity to be linked to the resistance to plastic flow
during indentation, the occurrence of deviations from linearity in hardness might be associated with
the corresponding deviations in T, (Figure 2.6). As T, exhibits negative deviations from linearity in
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both the mixed alkali, mixed alkali-alkaline earth, and the mixed alkaline earth series, we expect Vp
to exhibit positive deviations from linearity in all three series. This is not the case, as the mixed
alkali series (Na/K) exhibits a negative deviation from linearity (Figure 4.5b)). The reasoning for
the deviation between 7, and V}, is probably connected to the observed positive deviation from
linearity observed in p in Figure 2.4a). If a tight-knit structure, caused by pairs of dissimilar alkali
ions, creates a tighter and stronger bonding scheme around the network modifiers, it explains both
the deviation in p and V},. Nevertheless, one question remains; why does the tight-knit structure only
occur for the mixed alkali effect, and not for the mixed alkali-alkaline earth effect?

Based on the Raman spectroscopic data, we find a relatively high concentration of T-O-T bonds in
the mixed alkaline earth region (Figure 2.7). The high concentration of T-O-T bonds might be
associated with the observed negative deviation from linearity in m, since higher network
connectivity generally corresponds to a stronger liquid. However, the low-temperature viscosity of
the mixed cation compositions is lower than that of the end-member compositions (Figure 2.6),
indicating lower viscosity and less connectivity in the mixed compositions. The Raman
spectroscopic data suggest that the network connectivity of the mixed Mg/Ca compositions is
higher than that of the two end-members, which normally increases viscosity. Therefore we can
infer that the decrease of viscosity is not related to the network connectivity, but instead is mainly
related to the local structural environment around the network modifiers causing overall bond
weakening.

4.4.1. Poisson’s ratio

Considering the measured values of Vg and the previously reported relationship
between Vg and v [116,140], values of Vr are plotted as a function of v in Figure 4.6. Poisson’s ratio
(v) is sensitive to the excess volume in the glass network, and to the behaviour under mechanical
loading, i,e., indentation. We expect materials, exhibiting reversible volume changes upon uniaxial
testing, also to undergo a volume contraction under point loading. Hence, as v relates to the ability
of a glass to exhibit volume change in the elastic regime it allows for a description of the sensitivity
to irreversible volume changes. In other words, v is a measure of the materials ability to expand in
the transverse axes of applied compression, and is consequently close related to Vg and V.
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Figure 4.6: Volume recovery of indents (V) as a function of Poisson’s ratio (v) for three mixed modifier
aluminosilicate glass series. The specific network modifier pairs are indicated in the top right corner with
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individual markers. A sigmoid curve is fitted to data. Data for the figure is reproduced from Papers II, III,
and V.

A sigmoidal correlation has previously been proposed between v and Vy, and is therefore fitted to
data in Figure 4.6. Figure 4.6 shows that the sigmoidal trend is in good agreement with our
measurements. As mentioned in chapter 3, the ratio between the deformation processes during
indentation differs between different families of glasses, and any correlation between v and H, is
thus not universal, as H, does not correlate with the elastic part of indentation. Since v relates to the
ratio between transverse and axial strain, v is a viable index to discriminate between densification
and plastic flow [122]. Higher values of v correspond to a larger ratio of transverse to axial strain,
and therefore plastic flow is favored. Within the same glass series, e.g., mixed modifier silicate
glasses, we find a good correlation between the dominant deformation mechanism and H,.
Therefore, within mixed modifier silicate glasses, a good correlation exists between v and H,.

In the three mixed modifier silicate glass series we find a good correlation between V), v and H,. As
the resistance to plastic flow under indentation is closely related to measured volumes of plastic
flow, we propose that plastic flow is the determining deformation mechanism when predicting
hardness in mixed modifier glass. We find that v shows up as a good index to discriminate between
densification and plastic flow, and we observe a good correlation between the V' and v. We propose
that in certain glass families, e.g., mixed modifier silicate glass, where either densification of plastic
flow is the dominant deformation process under indentation, a good correlation exists between v
and H,.

4.5. Summary

The mixed modifier effect manifest itself in the quantities of all three deformation processes under
indentation; densification, plastic flow, and elastic deformation. The elastic part of indentation is
closely related to elastic moduli, which scales linearly with composition for both the mixed alkali-
alkaline earth effect and the mixed alkaline earth effect. Elastic moduli of the mixed alkali glasses
exhibit a positive deviation from linearity. For the entire mixed modifier effect we find negative
deviations from linearity in both the densification part of indentation and volume recovery. The
plastic part of indentation exhibits a positive deviation from linearity for the mixed alkali-alkaline
earth effect and the mixed alkaline earth effect, but a negative deviation from linearity for the mixed
alkali effect. We find no correlation between either elastic deformation or densification and
hardness. Hardness experiences similar compositional trends as the resistance to plastic flow, and
we propose that the hardness of mixed modifier glasses is dominated by the resistance to plastic
flow. We also find that v is a viable index to discriminate between densification and plastic flow,
and thus in mixed modifier glasses v exhibits a good correlation to hardness.

For the mixed alkali-alkaline earth effect and the mixed alkaline earth effect we find an increase in
the connectivity of the network, but a decrease in the viscosity. These results are evident from
negative deviations from linearity in viscosity, glass transition temperatures, and liquid fragility
indices, but a positive deviation in the amount of tetrahedrally bonded silica units. We infer that the
decrease in viscosity is not related to the network connectivity, but instead is mainly related to the
local structural environment around the network modifiers causing overall bond weakening. We
propose that the overall bond weakening around the network modifiers is responsible for the
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negative deviations from linearity in the resistance to plastic flow and thus also the compositional
trends of hardness.

The mixed alkali effect is a special case, as it experiences a positive deviation from linearity in Hy,
p, and E, i.e., dissimilar trends to the mixed alkali-alkaline earth effect and the mixed alkaline earth
effect. The compositional trends of H,, p, and E have been explained by a tight-knit structure,
caused by pairs of dissimilar alkali ions, creating a tight and strong bonding of the network
modifiers. Why the tight-knit structure only occurs for the mixed alkali effect is however not
explained, and it does not agree with the negative deviations from linearity in viscosity and glass
transition temperatures. We propose that the compositional trends of the mixed alkali effects can be
explained by two opposite scenarios; (i) general bond weakening around the network modifiers also
occurs for the mixed alkali effect and accounts the negative deviations in viscosity and glass
transition temperatures. (ii) The low charge and low ionic radii of the alkali ions enable them to
exist in close proximity to each other in the glassy network, creating a dense structure which
accounts for the positive deviations in p and E. These two effects counterbalance each other and the
positive deviation from linearity in the volume of plastic flow, and thus H,, may be explained by the
strong and dense structure formation involving the alkali ions only exists at room-temperature. At
elevated temperatures the thermal energy exceeds the bonding energy of the cluster structure and it
becomes unfavourable for the alkali ions to participate in the tight-knit structure. The strong and
dense tight-knit structure collapses and the glass returns to a structure which resembles that of the
mixed alkali-alkaline earth effect and the mixed alkaline earth effect. The temperature dependence
of the tight-knit structure explains why the mixed alkali glasses experiences a higher hardness and
less plastic flow at room-temperature, but similar compositional scaling of 7, and m as the mixed
alkali-alkaline earth and the mixed alkaline earth effects.
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5. Impact of Chemical Composition on Electronic Conductivity

In order to get a better understanding of transport processes in inorganic glass and the influence of
electron motion in regard to bulk properties and structure of glass we investigate the electronic
conduction and its compositional and structural dependences. We chose a vanadium tellurite system
as it experiences higher electronic conductivity than other transition metal containing glasses, and
thus have high potential for application in electrical devices, memory switching, and gas sensors
[141]. We clarify the influence of structural characteristics such as the redox state of the carrier,
distance between the carriers, and crystallinity of the network, on electronic conductivity.
Therefore, we start with establishing a fundamental understanding of how electrons move in glassy
materials. The structural and compositional influences on electronic conductivity were one of the
main focuses of Papers I and VI.

5.1. Electronic Conductivity in Glass

If a glass contains transition metal ions of two valences, e.g., V*" and V", it can carry a current due
to the motion of electrons. An electron can move from the low valence state (V*') to the high
valence state (V>7), just as it can between ions dissolved in water [142]. When an electron occupy a
site in its motion through the glass for a time longer than the typical period of vibration, the ions of
which the glass is composed of have time to relax into a configuration appropriate to the altered
charge [143]. The local structure alteration is largest in the neighbourhood of the host ion and the
electron and its accompanying distortion may be treated as a single particle - a polaron [144,145].
The distortion that the electron induces around the host carry a change in the electrons potential
energy which traps the electron on the host cation, and the electron is effectively self-trapped. [145].
The change in potential energy caused by the polaron is called the polaron binding energy, W,. The
size of the polaron depends upon the overlap of the electron wave function and on W, If the overlap
between wave functions is large compared to the polaron binding energy (), < 2.J;), the distortion
expands further than the first sphere of atoms around the host and the polaron is adiabatic and
nominated “large”. 2Jp is the polaron band width. If the overlap between wave functions is small
compared to the polaron binding energy (W, > 2J,), the distortion is restricted to the first sphere of
atoms around the host and the polaron is non-adiabatic and nominated “small” [146-148]. A small
polaron can occur under two conditions; (i) W5 is particularly large or (ii) the distance between sites
is large resulting in a very small overlap of wave functions, i.e., Jp is small. In other words, the
small polaron describes both the case of strong electron-lattice interactions and that of strongly
localized electrons. The conduction of small polarons features a unique transition between
conduction in a polaron band and conduction by thermally activated hopping. The combined
electronic conductivity is illustrated for a crystalline material in Figure 5.1.

The transition from conduction in a polaron band to conduction by thermally activated hopping
occurs at a critical temperature (7;) when Ar' ~ Jp_where 7 is the hopping time. At this temperature,
in the order of half the Debye temperature (20p), the mean free path (average distance between
conductive sites) of the electrons becomes of the order of the interatomic distance and the
conduction is properly described as thermally activated hopping [30,142]. Below Tt the conduction
take place in a polaron band where the electron tunnels between randomly distributed sites with
equivalent energy levels moving with an effective mass considerable larger than that of the electron.
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Figure 5.1: Electron mobility as a function of inverse temperature predicted from the Holstein model for a
small polaron travelling in a crystalline material [30].

Conduction in a polaron band (also known as variable range hopping) does not involve energy
exchange between the electron and the lattice, while conduction by hopping is governed by the
energy from normal modes of the lattice. Figure 5.1 shows that in a crystalline material the mobility
of the polaron band decreases with decreasing temperature. The decreasing mobility is realized on
the basis of a probability picture: the polaron band region describes the transfer of electrons
between sites with coincident energy levels and at absolute zero temperature the energy of all sites
will coincide, and the probability of the electron transfer will be a maximum. With elevating
temperatures the thermal oscillation of the lattice will continuously alter the energy of each site,
making the timescale of coincident energy between two sites smaller.

Above %20p the main conductivity process is thermally activated hopping, where the conductivity
increases with increasing temperature, as individual jumps are thermally activated processes.
Combining the two transport mechanisms yields a local minimum of electron mobility at Tt.
Holsteins model of electron mobility was proposed to account for electronic conductivity in
crystalline materials, but the theory of small polarons as the conducting mechanism is transferable

to glasses.

As mentioned in section 2.1, a glass has a random network structure with a larger distribution of
bond angles and bond lengths compared to the corresponding crystal. This difference gives an
inherent difference in the potential energy of sites between glass and the corresponding crystal. The
average difference in potential energy between sites in glass and those in crystals is nominated as
Wp. Below T; Holstein [30] predicted the conduction in a crystal to happen by variable range
hopping with a maximum of conductivity at absolute zero due to all sites having equal potential
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energy. The largest electronic conductivity of a glass is not obtained at zero Kelvin as the potential
energy of sites is dispersed due to Wp. These energy levels will be randomly distributed around the
glass resulting in a very low density of sites with equal potential energy and an even lower density
of channels with coincident potential energy that can carry a current, resulting in almost zero
conductivity at zero Kelvin. Meaning that, any thermally induced motion of the lattice will carry a
percentage of the sites into configurations of equal potential energy, despite the two sites at zero
Kelvin had different energy levels. The density of conductive sites in the lattice thereby increases as
a function of temperature. How strongly the density of conductive sites increases depends upon Wp,
which becomes the activation energy for the electron transfer. As the density of conductive sites
increases an exponential increase in the electron conductivity arise due to the exponential increase
in overlap of the electrons wave functions thus decreasing the mean free path and ultimately
resulting in a higher conductivity.

At T, the mean free path becomes of the same order as the interatomic distance and at temperatures
above thermally activated hopping is the dominating mechanism for electron transfer [142]. The
major change from variable range hopping to thermal activated hopping is the concentration of
conductive site. The energy from the normal modes increase the energy differential over which a
transfer can be made, effectively increasing the density of conductive sites. Below T the energy of
the electron is insufficient to surpass ),. Above T the thermal energy of the normal modes are high
enough to overcome the binding energy and the activation energy changes from Wp to Wy = 2Wp
[148,149]. Wy is the polaron hopping energy. One of the most striking differences between
conduction in a crystal and conduction in a glass is the glass absence of a local minimum of
mobility. The conductivity of the glass has its minimum at zero Kelvin and only increase with
temperature. Mott [142] proposed a model for the combined conductivity in glassy materials, and
the equation is shown in Eq. (9):

w
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where vy is the optical phonon frequency, R is the mean distance between the ions, &, the Boltzmann
constant, ¢ the concentration of one of the two valencies and o the tunnelling factor [141]. The
activation energy (W) from Eq. (9) is given in Eq. (10) and split into two terms because of its
temperature dependence.

_ N W=Wy Wy — T<Op/2
W _{W:WD - T<0p/4 (10)

In a glass W,, Wy and Wp all changes from site to site, which is due to the difference in
configurations around the hosts and Egs. (9) and (10) thus averages over the entire glass. Eq. (9) can
be divided into 4 fractions making the understanding of the equation easier. voe’/RkyT is a pre-
exponential gathering of constants, ¢(1-¢) the redox state of sites, e *“® the distance between sites
(which for a large polaron equals 1), and exp(-W/k,T) the energy barrier and the probability for
hopping [142,148]. Viz., Eq. (9) contains three critical parameters; (i) redox state, (ii) distance, and

(iii) activation energy. Eq. (9) depicts the conductivity for both large and small polarons and
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accounts for the change in dominating mechanism of electron transfer, going from variable range
hopping in the low temperature range to thermally activated hopping in the high temperature range.

The electronic conduction of glass is typically evaluated via Eq. (9) and in order to establish a good
correlation between structure and property it is important to investigate the influence of critical
parameters of electronic conduction.

5.2. Valence State of Transition Metal Ions

In a typical oxide glass containing transition metal, only a fraction of the cation sites are occupied
by an ion which can contribute an electron to the electronic conduction process, (i.e., V*") and in
most of these situations the next nearest neighbour ions are oxygen anions [150]. Meaning that, the
spacing between conductive cations is large and consequently the overlap between electron wave
functions is small, explaining why the small polaron is the normal transport mechanism in glasses
containing transition metals. As the redox state of the transition metal approaches 0.5, the
probability of finding electron donating and electron accepting sites close enough for charge
transfer to occur increases, and theoretically reaches a maximum at 0.5. As the electron relies on
this transfer process to propagate, the electronic conduction is largely dependent on the redox state
of the charge carrier (c).

Six binary vanadium tellurite glasses were prepared via the normal melt quenching technique and
melted for 0.5 h at 700 °C. The glassy state was confirmed by X-ray diffraction and coplanar
samples of each composition were polished and sputtered with gold before electronic conductivity
was measured by impedance spectroscopy (IS). The electrical measurements were performed in air
with a two-point sample holder from 303 to 523 K and with an applied voltage of 100 mV in the
frequency range from 10° to 1 Hz. By fitting Eq. (9) to each set of conductivity data the parameters
of the Mott-Austin equation can be determined. In Figure 5.2a) Eq. (9) is fitted to each set of
conductivity data and the derived parameters are shown in Table 1. In order only to have two fitting
parameters (i.c. o and vy), ¢ and R are determined by electron spin resonance spectroscopy and
pycnometry, respectively.

Table 1: Electronic conductivity at 298 K (o,95x), pre-exponential term (o), and activation energy (W) of the
Mott equation, tunnelling factor (), phonon frequency (v) and adjusted sum of squared errors (SSQE)
determined via fitting of Eq. (3) to electronic conductivity data. R is the mean distance between vanadium
ions (from density data and Eq. (4)) and c is the ratio of V*" to total vanadium (from ESR).

Sample ID Log(oy) [[(] W leV] Log(owsk)[-] ¢[%] R[nm] a [em™] vo[s']  SSQE[]

VT_10 1.29 0.50 712 4.40 0.64 1.7.10°  1.6:10™  0.9980
VT 20 237 0.43 -4.97 5.07 0.52 1.0-10%  1.4-10"  0.9987
VT 30 278 0.39 -3.86 5.16 047  7410° 32:10"  0.9992
VT 40 3.04 0.37 -3.29 5.13 0.45 27-10% 5510 0.9996
VT_50 3.36 0.37 -2.88 4.15 0.43 1.0-10%  1.3-10%  0.9995
VT 65 3.39 0.38 -3.00 1.53 0.42 1.7-107  3.7-10"  0.9997
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Figure 5.2a) shows the electronic conductivity of the vanadium tellurite glasses increases with
increasing vanadia concentration. The observed tendency of an increase in electronic conductivity
with increasing V,0Os is in good agreement with literature [151-153].
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Figure 5.2: a) Logarithm of electronic conductivity times temperature (Log(¢7)) as a function of inverse
temperature (1000/7) for the vanadium tellurite glasses. The concentration of vanadium is indicated next to
each data set and the chemical compositions are tabulated in Table 1. The Mott-Austin equation (Eq. (9)) is
fitted to each composition and plotted as solid lines. Regression data is shown in Table 1. b) The valence
ratio of ¢ = [V4+]/[Vmal], where [V is the total amount of vanadium ions, and logarithm of electronic
conductivity at 298K (Log(ox9sk)) as a function of vanadia concentration. Dashed lines are guides for the eye.
¢) Logarithm of electronic conductivity times temperature (Log(a7)) as a function of Log(c(1-c)). Eq. (9)
predicts a linear relation between (Log(a7)) and Log(c(1-c)). Data for the figure is reproduced from Paper L

In order to highlight this correlation the electronic conductivity at 298 K (o29sx), along with ¢, are in
Figure 5.2b) plotted as a function of composition. Log(a29sk) initially increase with V,0s, whereas ¢
initially is constant. At high V,Os concentrations Log(o29sk) levels of, whereas ¢ drastically
decreases. Eq. (9) predicts a direct proportionality between Log(c7) and Log(c(1-¢)), which is why
Log(eT) vs. Log(c(1-c)) is plotted in Figure 5.2c). Figure 5.2c¢) shows that the electronic
conductivity of the vanadium tellurite glasses is not as dependent on ¢ as proposed in Ref. [142], as
no linear relation is apparent. Theoretically, as ¢ is below 50 mol%, we expect an increase in
Log(oa9sk) With increase in c. A positive relation between Log(o,9sx) and ¢ is, however, not what
we observe in Figure 5.2b), as Log(o29sk) increases when ¢ decreases.

An interesting observation is that before V205 = 45 mol%, properties such as hardness and liquid
fragility (both dynamic and thermodynamic) remains constant through compositional change
(Figure 2.5 and Figure 3.4), whereas above V,0s5 = 45 mol%, the compositional scaling is sharp
linear deviations from the initial plateau. We thus propose the existence of a critical vanadia
concentration equal to 45 mol%. We believe the observed trends in hardness and liquid fragility are
closely related to the valence state of the vanadium ions (c). A possible explanation is that the
presence of V*' results in a more constraint structure than V°*, thus resulting in fewer constraints
per unit volume and therefore lower hardness and higher liquid fragility.

It is noted that the change in c is relatively small, and that a more pronounced tendency might occur
if a larger dispersion of ¢ values were accessible. The redox state is normally controlled in the glass-
forming melt during the preparation of the glass, where the redox state typically depends on three
factors; (i) melting temperature, (ii) furnace atmosphere, and (iii) composition [154]. Decreasing the
partial oxygen pressure in the furnace atmosphere or increasing the melting temperature shifts the
redox equilibrium toward the reduced state [2]. We tried to regulate ¢ by post heat-treatment of the
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as-made glasses in controlled atmospheres, as heat-treatment has proven a valid method to control
the redox state of ion [155,156]. However, heat-treatments were unsuccessful for vanadium,
probably due to its larger reduction potential (-1.3V for V3" > V** compared to -1.0V for Fe*" >
Fe?) [157].

We also tried to regulate ¢ via the melting temperature of the glass-forming melt, and results for a
2Te0,-V,0s glass are shown in Figure 5.3.

¢ (mol%)
I

850 950 1050 1150
7, (K)

H

Figure 5.3: Molar ratio of V** to total vanadium (c) as a function of the temperature of the glass-forming
melt during preparation of the glass (7). The vanadium tellurite compositions used are congruent 2TeO,-
V,05 compositions.

Figure 5.3 shows that the investigated vanadium tellurite system experiences a good correlation
between Ty and ¢, where Ty was melting temperature of the glass-forming melt. Following the
linear relation, the optimal redox state of ¢ = 50 mol% is achieved at Ty = 4600 K, which is far
beyond the melting temperature of the gold crucible. Figure 5.3 shows the feasibility of controlling
the redox state of vanadium in the glass by variations in the melting temperature of formation.
However, the achieved dispersion of ¢ values is small and in order to get a high concentration of
V" a different method have to be considered.

In a series of binary vanadium tellurite we find that the valence state of vanadium in the glass is
directly proportional to the melting temperature of glass formation. We also find that the electronic
conductivity is almost independent on valence state of vanadium, opposing the proposed relation in
the Mott-Austin equation (Eq. (9)).

5.3. Distance between Carriers

As the jump frequency for electron hopping is largely dependent on the overlap between the
electron wave functions of participating sites, the mean distance between these sites determines the
average jump frequency, and thus also the conductivity. The mean spacing between sites (R) can be
calculated as per Eq. (11) [141,158]:

%
MW
[
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where My is the molar mass, M. the molar concentration of conductive sites (i.c. vanadium), p the
density, and N, Avogadro’s constant. For six binary vanadium tellurite glasses R was calculated via
density measurements and Eq. (11), and plotted together with impedance spectroscopy data in
Figure 5.4.
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Figure 5.4: a) Logarithm of electronic conductivity at 298K (Log(o29sk)), activation energy (), and mean
distance between carriers (R) as a function of composition for the vanadium tellurite glasses. # is determined
via data from Figure 5.2a) and Eq. (9), and R is determined via Eq. (11). Dashed lines are guides for the eyes.
b) Logarithm of electronic conductivity times temperature (Log(c7)) and ¥ as a function of R. The solid
lines are linear fits to data. Data for the figure is reproduced from Paper L.

As shown in Figure 5.4a), the electronic conductivity measured at 298 K (Log(o29sk)), initially
increases with increase in vanadia, and then levels off above a vanadia concentration of 45 mol%.
The compositional scaling of Log(o29sx) matches that of both R and W (Figure 5.4a)), since Eq. (9)
predicts R and Log(ozsk) to be inversely proportional and W and Log(oosk) to be directly
proportional. We find a linear relation between 7 and R and show that the activation energy for
hopping is linearly dependent on the jump distance. We see that the electronic conductivity of the
vanadium tellurite glasses linearly depends on R, which is in good agreement with the results
presented in Table 1 since we find that the electron hopping occurs strictly adiabatic, as exp(-2aR) =
1. In the adiabatic case you expect a direct proportionality between R and Log(e7), supporting Eq.
).

Figure 5.4b) shows that both Log(o29sx) and W are directly proportional to R, and we thus propose a
linear relation between the overlap of the wave functions and the jump frequency. That is, the
hopping distance is directly proportional to the activation energy for hopping, and thus to electronic
conductivity at a given temperature. An interesting observation is that the electronic conductivity
occurs strictly adiabatic and that ¢ does not follow the expected correlation to ¢ as predicted by the
Mott-Austin equation, but instead is showing a good correlation with R. If the decoupling of ¢ from
¢ also occurs at higher ¢ values, it enables optimization of hardness and liquid fragility independent
from o.

5.4. Crystallinity

As electronic conduction occurs by electron hopping from one site to another with activation energy
directly proportional to the jump distance, the highest electronic conductivity is achieved in pure
vanadium oxide, simply because R is minimized. The electronic conductivity of a glass is controlled
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by temperature, as the available thermal energy determines the possible jump distance. In section
5.3 we show that the activation energy of electron hopping is linearly dependent on the jump
distance, and temperature thus determines the largest feasible jump distance. As the temperature
increases so does the feasible jump distance and new electron pathways emerge, meaning that the
longest jumps are the limiting factor. Crystallisation averages jump distances, and remove any high
energy jumps (electron jump between sites relatively far away from each other), and crystallisation
thus normally leads to an increase in the electronic conductivity. Hirashima et al. [159] proposed
that the conductivity of a vanadium tellurite crystal might be as high as that of a vanadium crystal
and that both are 2 orders of magnitude larger than that of the corresponding glass. From a technical
point of view it is important to achieve the highest possible electronic conductivity, keeping the
mechanical strength inherent in the glass [160].

We investigate the dependence of the electronic conductivity on the weight fraction (wt%) of glass
in different mixtures of congruent 2TeO,-V,0s crystal and glass. Glass samples were prepared via
the normal melt quenching technique. Appropriate amounts for obtaining 2TeO,-V,0Os were
mortared, and 12 g was melted in a gold crucible at 700 °C for 1 h. In order to crystallize the glass,
heat treatment was conducted at 400 °C for 2 h, and both crystalline and glassy samples were
examined with a scanning electron microscope (SEM). Images were taken on the surface of the
samples and in fractures (the interior of the samples). Samples with glass fractions (X) ranging from
0 to 100 wt% were made and electrical measurements were performed in air from 303 to 523 K and
with an applied voltage of 100 mV in the frequency range from 10°to 1 Hz.

Figure 5.5: Scanning electron microscopy images of a) the surface of 2TeO,-V,0s glass, b) the surface of
2Te0,-V,0;s crystal, and c) a fracture of a 2Te0,-V,0s crystal. The three images are taken with similar
settings but c) is taken at a lower magnitude compared to a) and b). Data for the figure is reproduced from
Paper VL.

Figure 5.5 shows images of a) the surface of 2TeO,-V,0s glass, b) the surface of 2Te0,-V,0s
crystal, and c) a fracture of a 2Te0,-V,0s crystal. Figure 5.5a) shows that the glass is fully
amorphous and Figure 5.5b) and c¢) shows that the crystal is fully crystalline. The SEM results are
supported by XRD measurements. In Figure 5.6 the electronic conductivity of the glass, the crystal
and mixes are plotted as a function of temperature.

The solid lines in Figure 5.6a) are Mott-Austin fits (Eq. (9)), from which the activation energy for
electron hopping (W) can be determined. As the slopes of the two lines are similar, so are W. W are
determined using electronic conductivity data in a temperature range from 303 to 523 K, which is
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higher than 2@p [162], meaning that the electronic conduction occurs by thermally activated
hopping (Eq. (10)) [148]. Since the glass and the crystal have similar W, we propose the
mechanisms of electron transfer in the two states are identical.
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Figure 5.6: a) Log(o7) as a function of the inverse temperature for both bulk 2Te02-V,0s crystal and glass.
Solid lines: Mott-Austin fits (Eq. (9)) [142,148] with a correlation factor of r* = 0.998 for both lines. Inset:
Example of a semicircle obtained for glassy 2Te0,-V,0s by impedance spectroscopy at 343 K. Note the
absence of any low frequency spike attributable to the polarization of the electrode-electrolyte interface. Its
absence is characteristic of pure electronic conductivity (no ionic transport) [161]. b) Log(¢7) as a function
of the inverse temperature for different weight fractions (wt%) of glass (X) in the glass-ceramics (marked on
the curves). The solid lines are guides for the eyes. Inset: Alog(c7) as a function of temperature, where
Alog(oT) is the difference in log(o7) between X = 90 wt% and X = 10 wt%. c) Log(c7) measured at different
temperatures (marked on the curves) as a function of the glass fraction in the 2Te0,-V,0s glass-ceramics.
Solid lines: sigmoid fits; Vertical dashed line: crossover point of the sigmoid curves. Data for the figure is
reproduced from Paper VL.

The electronic conductivity of samples with crystallinity ranging from 0 to 100 wt% is plotted
against the inverse temperature in Figure 5.6b). The glass-ceramics presented in Figure 5.6
experienced different annealing conditions from those presented in Figure 5.6a), why the electronic
conductivities presented in Figure 5.6a) and b) are not comparable. Figure 5.6b) shows that the
electronic conductivity of the glass-ceramic samples increases with increasing temperature in a non-
Arrhenian way. The Mott—Austin equation is applicable only for monophase structures and not for
multi-phase systems, such as glass-ceramics [142]. This limitation is due to possible differences in
the temperature dependence of activation energies for different phases. Figure 5.6b) shows that the
electronic conductivity increases with an increasing X, which is shown explicitly in Figure 5.6¢),
where the electronic conductivity measured at given temperatures is plotted against X. All four
curves show the same trend of two plateaus separated by a transition zone. The crossover from low
to high conductivity occurs at X = 61 wt%. Another trend is that the enhancement of the electronic
conductivity by increasing X is more pronounced at low temperatures compared to high
temperatures (inset of Figure 5.6b)). As the activation energy of the glassy phase is slightly higher
than that of the crystal, a larger difference in electronic conductivity is expected at low
temperatures.

We propose that the crossover in electronic conductivity shown in Figure 5.6¢) originate from one
of three scenarios: (i) changes in the redox state of vanadium in crystallized samples (reflected by
changes in ¢), or (ii) limitation of the electronic conduction in the grain boundaries. A reduced
conduction in grain boundaries has been shown for ionic conductors [163,164] and is attributed to a
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constriction effect caused by a small contact area between grains [165]. A reduced conduction in the
grain boundary may also occur in the case of mixed crystalline and vitreous grains. (iii) The
sigmoid shape of the curves (Figure 5.6¢)) indicates a percolation threshold, which might be caused
by the lower intrinsic electronic conductivity in the crystal grains compared to that in the glassy
grains. Since the electronic conductivity is higher in the glassy grains than in the crystal grains, the
glassy phase facilitates the electrons' preferred pathway. Figure 5.6¢) suggests that an
interconnected pathway of glass grains does not occur until X reaches 61 wt%.

Activation energies for electronic conduction determined in the temperature range from 303 to 523
K in both vitreous and crystallized 2Te0,-V,0s are found to be identical within experimental error.
IS measurements thus indicate that the mechanisms of electronic conduction are similar, i.e.,
thermally activated hopping in both the glass and the crystal. We find that the electronic
conductivity of vitreous 2Te0,-V,0s is up to 1.5 orders of magnitude higher than that of the crystal
(inset of Figure 5.6b)), and we thus propose that 2TeO,-V,0s glass is more suitable for
electrochemical devices than a 2TeO,-V,0s glass-ceramic.

5.5. Summary

The structural dependence on electronic conductivity was investigated in two vanadium tellurite
series; (i) with changing vanadium-to-tellurium ratio, and (ii) with constant vanadium-to-tellurium
ratio but changing crystallinity. We find that the vanadium tellurite glass does not obey the
proposed linear relation between ¢ and ¢ as depicted in the Mott-Austin equation. However, we find
a strong correlation between ¢ and properties related to the connectivity of the network, i.e., H, and
m. We propose the existence of a critical vanadia concentration in binary vanadium tellurite equal to
45 mol%. We believe the observed trends in H, and m are closely related to ¢ and explain the
compositional trends by the presence of V*" resulting in a more constrained structure than V>*. The
structural change in coordination configuration from V* to V> results in fewer constraints per unit
volume and therefore lower H, and higher m.

In order to optimize the electronic conductivity of the vanadium tellurite glasses, we tried to control
¢ via different methods. The most successful method was controlling the melting temperature of the
glass-forming melt, as this temperature controls the partial oxygen pressure and thus the redox
equilibrium between melt and atmosphere. We find a direct proportionality between ¢ and the
melting temperature of glass formation (7%). If this linear relation between ¢ and Ty persists at
higher V** concentrations, it enables for property tailoring only via the melting temperature of the
glass forming melt.

We find a good correlation between the overlap of the electron wave functions between potential
jump sites and the electron jump frequency. That is, the electron hopping distance is directly
proportional to the activation energy for hopping, and thus to electronic conductivity at a given
temperature. The electronic conductivity occurs strictly adiabatic and shows a linear correlation to
the average jump distance. If the non-linear tendency between ¢ and ¢ persists at higher V**
concentrations, it enables optimization of H, and m independent from o.

Electronic conductivity of a vanadium tellurite glass system was investigated as a function of
crystallinity, as the crystalline structure supposedly increases the electronic conductivity, which is
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advantageous from a technical point of view. We find that the electronic conductivity of vitreous
2Te0,-V;,0s is up to 1.5 orders of magnitude higher than that of the corresponding crystal and thus
propose that vanadium tellurite glass is more suitable for electrochemical devices than a glass-
ceramic.

The important implication drawn is the existence of a critical vanadia concentration in the
vanadium-tellurite glasses, above which the local structure will be subjected to a drastic change,
leading to large changes in both physical and dynamic properties. We find that the most important
structural characteristic for electronic conductivity is the electron jump distance and thus the
spacing between carriers, i.e., not the redox state ratio of the electron carriers. An electrochemical
application, e.g., cathode material in secondary lithium batteries, requires optimization of relevant
properties such as m, H, and ¢. This work contributes to establishing such knowledge basis for
designing battery materials.
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6. General Discussion and Perspectives

For technical purposes scientists have spent decades attempting to link both structure and property
to composition. The structure-property links are important, as they provide a predictive power, and
enable compositional property design for specific applications. The composition-property relations
of glass have attracted much attention, from both scientists and industry, but a complete
understanding of these relations lacks. In particular, the dynamic properties and properties related to
either electronic or ionic motion are challenging, due to the inherent heterogeneity and complicated
character of the glass structure. In the present Ph.D. thesis, we investigated composition-property
relations in mixed modifier glasses and in mixed former glasses. We applied novel approaches to
investigate the composition-property relation, and focused on properties related to transport
processes in inorganic glass.

The study of transport processes of glass and glass-forming melts is a crucial subject of glass
science due to the importance of transport processes in applications such as electrochemical
devices, gas sensors, cover glass for electronics, and architecture. The electron and ion motion in
glass has been extensively studied for almost a century, and considerably progress has been made.
The ionic transport processes and its influence on dynamic properties in single and mixed modifier
glasses are largely explainable by a combination of the modified network theory and the dynamic
structure model, whereas the electron motion is described by the Mott-Austin equation. In the
present Ph.D. thesis we investigated electronic conduction and ion motion, and their influence on
properties and of structure. Despite progress, particularly in the understanding of the deformation
processes during indentation and its influence on glass hardness, further investigations are needed to
establish a coherent picture of transport processes in inorganic glass.

In the study of the deformation processes under indentation we found that in mixed modifier
glasses, the resistance to plastic flow was controlling the compositional scaling behaviour during
modifier substitution. We argued that a weakening in overall bond strength around the network
modifiers caused the observed deviations in hardness. For the mixed alkaline earth effect we
implied that the weakest bonds in the network are those around the network modifiers, however, we
found that the resistance to plastic flow was ~4-5 times larger than that to densification. In other
words, despite the weak bonds around the network modifiers, the activation energy for plastic flow
(which is believed to propagate via the bonds surrounding the network modifier ions) was higher
than that for densification. The reasoning for this discrepancy might be twofold; (i) a more
collaborative rearrangement of atoms under indentation, and thus a blunt distinction between the
deformation processes. (ii) load dependence. As the deformation processes are activated via
different atomic bonds, intuitively, the ratios between the deformation processes dependent on the
applied pressure. It is of interest to investigate the influence of the three deformation processes on
hardness at both lower and higher loads, where the resistances to elastic deformation and to
densification are believed to constitute a larger participation in the total resistance to deformation.

Another perspective is to investigate the direct link between the volume of plastic flow and
hardness for other glasses than mixed modifier glasses, and hereby validate the universality of the
proposed positive relation. If the positive relation between plastic flow and hardness is a universal
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trend, it is an important implication for technical applications where optimization of hardness is
necessary.

The applied method for determining the different deformation volumes is developed for boron-
containing glass, and a proper investigation of the applicability of the method has not been
conducted for silica-based glass. If the annealing procedure is not adequate to fully relax the glass
and expand the entire densified zone, the method results in erroneously high ratios of plastic flow-
to-densification. From a scientific point of view the method is applicable to silica glass, however, its
validity is not experimentally verified. Another assumption is that we assume a linear relation
between the volumes of deformation and the corresponding resistances. Presumably, for small
volume changes this assumption is valid, but we expect load dependence in extreme cases, simply
due to the nature of the involved chemical bonds.

In the investigation of the influence of structure on the electronic conductivity of mixed network
former glass, we found a strong correlation between the valence state of the vanadium and the
properties related to the connectivity of the network, i.e., hardness and liquid fragility. If the
decoupling of electronic conductivity from the valence state of vanadium is universal, it enables
optimization of hardness and liquid fragility independent from the electronic conductivity. For an
electrochemical application, e.g., cathode material in secondary lithium batteries, it is important to
optimize both mechanical and dynamic properties. It is of interest to find a method capable of
changing the redox state of vanadium, preferentially applicable as a post treatment of the glass. A
study of electronic conductivity as a function of redox state at constant vanadium concentration has,
to the best knowledge of the author, not yet been conducted. Such study would approve whether the
Mott-Austin equation is generally applicable or if the found non-linear relation between valence
state and electronic conductivity occurs in other transition metal containing glass systems as well.

The crystallisation experiments showed that the vanadium tellurite glass had an electronic
conductivity in the order of 1.5 orders of magnitude larger than that of the corresponding crystal.
The crystal structure normally exhibits higher electron conductivity compared to the vitreous one,
and a glass-ceramic potentially achieves the high mechanic strength of the glass and the high
electronic conductivity of the crystal. However, two problems were encountered during the
crystallisation process; (i) crystallisation of the vanadium tellurite glass was dominated by surface
crystallisation, and (ii) thermal annealing of the glasses recalibrated the redox equilibrium between
oxygen ions in the glass and in the atmosphere, resulting in pockets of oxygen within the glass-
ceramics. A way to circumvent these two problems might be to investigate a glass series where
homogenous bulk crystallisation is favoured. Electronic conductivity data for another series
potentially support the findings of a linear relation between the overlap of the electron wave
functions between potential jump sites and the electron jump frequency.

A complete description of the transport properties in glass has hitherto been impossible, mostly due
to the non-linear property deviations encountered in both the mixed modifier and the mixed network
former glasses. The structure-property relations elucidated in the present Ph.D. thesis provide
insights into the transport processes, and help gain a better fundamental understanding of transport
mechanisms in glass. However, there is a lot of work to be done in the future in order to obtain a
coherent picture of transport processes in inorganic glass.
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7. Conclusion

We have achieved a better overall understanding of transport processes in inorganic glass. In detail,
we have focused on three main transport processes and; (i) clarified the influence of critical
parameters such as degree of crystallinity, redox state of carrier, and carrier concentration on
electronic conductivity. (ii) clarified the influence of electron and ion motion in regard to bulk
properties and structure of glass, and (iii) investigated the link between Vickers hardness, properties
related to structural rearrangement, and deformation processes under indentation.

The structural dependence of electronic conductivity was investigated in two vanadium tellurite
series. We found a strong correlation between the valence state of the vanadium (c) and glass
properties related to the connectivity of the network, i.e., hardness (Hy) and liquid fragility (m). We
proposed the existence of a critical vanadia concentration in binary vanadium tellurite equal to 45
mol%, and explained the compositional trends in H, and m by the structural arrangement around a
V* resulting in a more constrained structure than that surrounding a V>*. The structural change in
coordination configuration of vanadium, going from V°* to V**, results in fewer constraints per unit
volume and therefore lower H, and higher m.

In an attempt to control ¢, we found a direct proportionality between ¢ and the melting temperature
of glass formation (7%). If the linear relation between ¢ and Ty persists at higher V** concentrations,
it enables for property tailoring and tuning only via the melting temperature of the glass forming
melt.

We found a good correlation between the overlap of the electron wave functions between potential
jump sites and the electron jump frequency. That is, the electron hopping distance is directly
proportional to the activation energy for hopping, and to electronic conductivity at a given
temperature. The electronic conductivity occurred strictly adiabatic and showed a linear relation to
the average jump distance, but a non-linear relation to c. If the decoupling of electronic conductivity
from ¢, and the strong influence of ¢ on H, and m, are universal, they enable optimization of H, and
m independent from the electronic conductivity, which potentially has technical value. Out of the
three critical parameters for electronic conduction (redox state of carrier, distance between carriers,
and activation energy) we found c to experience the lowest influence on the electronic conductivity.

In an attempt to obtain the theoretical high electronic conductivity of the crystal and the high
intercalation strength of the glass in one glass-ceramic, we investigated the electronic conductivity
as a function of crystallinity. We found find that the electronic conductivity of vitreous 2TeO,-V,0s
was up to 1.5 orders of magnitude higher than that of the corresponding crystal and thus proposed
that vanadium tellurite glass is more suitable for electrochemical devices than a glass-ceramic.

In the clarification of the influence of electron and ion motion in regard to bulk properties and
structure of glass, we found that the structural trademark of the mixed modifier effect results in a
universal negative deviation from linearity in glass transition temperatures (7) and m, but is not
encountered in measurements of elastic moduli. As both 7, and m are measures related viscosity
their compositional scaling are explained by structural modifications occurring on a microscopic
level. Elastic moduli are macroscopic properties, as their measurements involve constrained
movement of the glass. The network formers of the glass are thus forced to budge, facilitating
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movement via the strongest bonds of the network. We found that the mixed modifier effect
universally creates weaker bonding in the vicinity of the network modifying ions, while it increases
the amount of tetrahedrally bonded silica units. We inferred that the decrease in viscosity was not
related to the network connectivity, but instead was related to the local structural environment
around the network modifiers causing overall bond weakening The negative deviations from
linearity in T} are thus explained by the overall weaker bonding surrounding the network modifiers,
while the negative deviations from linearity in m are explained by the increase in linked tetrahedral
units. In the mixed network former, i.e., the vanadium tellurite glass, we found a strong correlation
between the structure and the resulting properties, evident in the compositional scaling of density,
viscosity, and elastic moduli.

In the investigation of links among Vickers hardness, properties related to structural rearrangement,
and deformation processes under indentation we found no correlation between hardness and either
elastic deformation or densification under indentation. However, we found a positive correlation
between hardness and the plastic flow part of indentation and proposed that hardness of mixed
modifier glasses was dominated by the resistance to plastic flow. We also found that Poisson’s ratio
was a viable index to discriminate between densification and plastic flow, and thus in mixed
modifier glass, exhibited good correlation to H,.

The negative deviations from linearity in 7, and m corresponds to negative deviations from linearity
in isokom temperatures, and thus also to negative deviations from linearity in isothermal viscosities.
We proposed that the overall bond weakening around the network modifiers was responsible for the
negative deviations from linearity in viscosity and consequently in the resistances to plastic flow
and in H,. Meaning that, the mixed modifier effect on viscosity was believed to account for the
scaling of H,. The positive viscosity-hardness relation was only valid for the mixed alkali-alkaline
earth and the mixed alkaline earth effects, as unique property scaling of density (p) and H, was
observed for the mixed alkali effect, where both p and H, exhibited a positive deviation from
linearity. We explained the compositional property scaling of the mixed alkali effect by two
opposite scenarios; (i) general bond weakening around the network modifiers (universal among the
mixed modifier effect), and (ii) a tight-knit structure caused by dissimilar alkali ions only available
at relatively low temperatures (unique for the mixed alkali effect). These two effects counterbalance
each other and the positive deviations from linearity in the volume of plastic flow, Hy, p, and m are
explained by phenomena (ii), while phenomena (i) explained the compositional trend in 7.

The structure-property relations, regarding transport processes in inorganic glass, elucidated in the
present Ph.D. thesis, aid both the scientific community in achieving a better overall understanding
of transport processes in glass, and aid the technical community in designing glass with tailored
properties for specific applications.
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ABSTRACT: Transition metal containing glasses have unique electrical
properties and are therefore often used for electrochemical applications, such
as in batteries. Among oxide glasses, vanadium tellurite glasses exhibit the
highest electronic conductivity and thus the high potential for applications. In
this work, we investigate how the dynamic and physical properties vary with
composition in the vanadium tellurite system. The results show that there exists
a critical V,0O5 concentration of 45 mol %, above which the local structure is
subjected to a drastic change with increasing V,0Oj, leading to abrupt changes in
both hardness and liquid fragility. Electronic conductivity does not follow the
expected correlation to the valence state of the vanadium as predicted by the
Mott—Austin equation but shows a linear correlation to the mean distance
between vanadium ions. These findings could contribute to designing optimum
vanadium tellurite compositions for electrochemical devices. The work gives
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insight into the mechanism of electron conduction in the vanadium tellurite systems.

1. INTRODUCTION

Transition metal containing oxide glasses exhibit a unique set of
optical and electrical properties.'”” Owing to their high
electronic conductivity, they have often been applied in
electrochemical devices.® " In particular, vanadium tellurite
glasses show higher electronic conductivity than other
vanadium containing oxide glasses such as phosphates, borates,
and silicates'*™>! and therefore have attracted much attention
of scientists.’™”"'™'3 The compositional dependence of
hardness in the TeO,—V,0; glass system has been studied to
some extent.”>>> The structure of this glass system has been
determined using nuclear magnetic resonance spectroscopy,
neutron and X-ray diffraction, and Raman spectroscopy.**™*® In
the vanadium tellurite system, the effect of the composition on
glass transition temperature (T,) has been explored,**”*® and
the liquid fragility index (m), ie. the speed of the viscosity
change at T upon cooling or heating, has been determined.>*
More recently, the electronic conductivity of 2Te0,—V,05
glass ceramics was studied as a function of the degree of
crystallinity.® To the best of our knowledge, a systematic study
has not been reported concerning the compositional depend-
ence of both static and dynamic properties of vanadium tellurite
glasses. In order to better understand the composition—
structure—property relationship of this glass system and thereby
tailor its electrochemical performance, it is necessary to
perform a thorough study of the dynamic, electrical, and
physical properties. Another interesting aspect of this study is
to verify whether the vanadium tellurite liquids are indeed so
fragile as reported in previous studies.>*** If this is the case, we

<7 ACS Publications  © 2014 American Chemical Society

should explore the structural origin of the high fragility of these
glass liquids.

In this study, we determine the valence state ratio of
vanadium (c), m, Ty Vickers hardness (H,), density (p),
electronic conductivity (), and glass stability via the Hriiby
parameter (Ky) of vanadium tellurite glasses. We focus on the
compositional dependences of these properties and explain
their structural origin. The knowledge gained from this work
could be used for designing vanadium tellurite glass
compositions for electrochemical devices.

2. EXPERIMENTAL SECTION

Glass samples were prepared via the melt quenching technique,
using reagent grades of >99.6% V,05 and >99.5% TeO,. A
series of V,05—TeO, glasses with various V,0O4 contents were
synthesized by mixing and milling the batches of both oxide
materials for 0.25 h, melting them at 800 °C for 0.5 h,
quenching the melt on a brass plate, and finally annealing the
formed glasses for 2 h at their respective T,. The amorphous
state of all glasses was verified by X-ray diffraction (Rigaku,
Ultima IV) using Cu Ka radiation, and their final chemical
compositions were determined by energy dispersive X-ray
spectroscopy (Phenom). The analyzed chemical compositions
are given in Table 1. Compositions are described by the molar
percentage of vanadia, namely, X = [V,0,]/([V,05] +
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Table 1. Chemical Composition of the Six Vanadium
Tellurite Glasses with Various V,0; Contents”

sample name V,0; [mol %]

VT_10 9.7
VT_20 199
VT_30 292
VT_40 39.6
VT_s0 502
VT_65 65.8

“The compositions were analyzed by energy dispersive X-ray
spectroscopy (0.3 mol %).

[TeO,]). Room-temperature density was determined by gas
pycnometry (Quantachrome, Ultrapyc 1200e) using helium as
pressure gas.

Coplanar samples of each composition were polished and
sputtered with gold before electronic conductivity was
measured by impedance spectroscopy (Solartron, SI1260).
The electrical measurements were performed in air with a two-
point sample holder from 303 to 523 K and with an applied
voltage of 100 mV in the frequency range from 10° to 1 Hz.
Impedance data were plotted in an impedance complex plane
(Nyquist diagram) and fitted by an equivalent circuit consisting
of one resistor in parallel with one capacitor. The dc resistances
(R) were thus determined by the intercept of the semicircle to
the real axis at low frequency. ¢ was calculated as o = (1/R,)(1/
S) (1 and S are the thickness and the surface area of the sample
in contact with the electrode, respectively). H, was measured
via a Knoop pyramid indenter (Duramin, Struers). A total of 30
indents were made on each sample using an indentation time of
10 s and an indentation load of 0.25 N. The measurements
were performed in air at room temperature.

The liquid fragility indices were determined by a linear fitting
of the viscosity data around T}, The viscosities in the range of
= 10"-10" Pa s were measured using a ball penetration
viscometer (Bihr, Vis 405). For each data point, a minimum of
five penetrations were made at a specific temperature. The
pressing ball was made of silica. Press depth was 300 ym, and
the press load was between 2 to 9 N.

Calorimetric measurements were performed on a differential
scanning calorimeter (DSC) (Jupiter 449C, Netzsch) in order
to determine the calorimetric glass transition temperature (Ty),
the crystallization onset temperature (T.), the melting onset
temperature (T,,), and the isobaric heat capacity jump during
the glass transition (ACP). Each sample was initially subjected
to an upscan to 700 °C at 10 K/min in order to determine T,
and T,. Subsequently each composition is subjected to a
downscan and an upscan at 10 K/min to approximately 100 K
above T,. The first upscan curves reflect the thermal history of
an unknown cooling rate, whereas the second upscan curves
reflects the standard thermal history of a cooling of 10 K/min
during the first downscan.®® A flow of 40 mL/min argon was
used as protective gas, and gold crucibles were used for both
sample and reference. Both T, and AC, were determined from
the second upscan. In order to calculate the isobaric heat
capacity (CP) of the vanadium tellurite glasses, a 63 mg sapphire
standard was utilized.

The concentration of V* was determined by electron
paramagnetic resonance (EPR) spectroscopy. For each sample
approximately 20 mg of powder was measured at room
temperature in a Bruker EMX X-band EPR spectrometer with
an ER 4102ST cavity and a Gunn-diode microwave bridge. The

spectra were obtained from 2850 to 3500 G at microwave
frequency 9.58 GHz, microwave power 6.31 mW, modulation
frequency 100 kHz, and modulation width 8 G and were
accumulated over 10 sweeps. Identical settings were used for
five standards containing known concentrations of VO(SO,)-

3H,0 (Sigma-Aldrich) in K,SO, (Sigma-Aldrich).

3. RESULTS

Figure 1 shows the first DSC upscans of the vanadium tellurite
glasses. T is defined as the crystallization onset temperature,

Heat Flow (A.U.)

Endotherm

400 500 600 700 800 900
T(K)
Figure 1. Differential scanning calorimetry upscans at 10 K/min of the
vanadium tellurite glasses. Curves are translated on the ordinate for
comparison. An example of the determination of the characteristic
calorimetric temperatures (Ty, T, and T,,) is shown in the inset of
Figure 2

560+ 250
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Figure 2. Glass transition temperature (Ty) as a function of X
(=[V,05]/([V,05] + [TeO,])) of the vanadium tellurite glasses. The
solid line is a guide for the eye showing the compositional scaling of
Tg. Inset: Determination of the C, jump during the glass transition, i.e.,
AC,=C, - Cpg,w taking the 30 mol % V,Oj glass as an example. The
error range of the T, values is +2-3 K3

whereas T,, is determined as the onset temperature of the
melting peak. Figure 2 demonstrates the nonlinear dependence
of T, on the V,05 content of the vanadium tellurite glasses.
The inset illustrates how to determine the C, jump during the
glass transition, ie, AC, = C, — C,, where C, and C,
respectively are the isobaric heat capacities of the liquid and the
glass at T, AC, is a measure of the thermodynamic liquid
fragility.>' The C, curves for all glasses are shown in Figure 3.
On the basis of the characteristic temperatures obtained in
Figure 1, the Hriiby parameter (Kj;) is determined. K is a
measure of the glass stability against crystallization as
determined by the following equation, which has a positive
relation with the glass forming ability of a given system:*>™>*
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Figure 3. Isobaric heat capacity (C,) as a function of temperature (T),
which was determined during the second DSC upscans at 10 K/min
following the prior downscan at 10 K/min for the six vanadium
tellurite glasses under study (see Table 1).

-1,

Ky=—

"o (6]
Ky and AC, values are listed in Table 2. The dependence of Ky
on X obeys a gauss distribution with a maximum very close to
the congruent composition of V,04—2Te0,.>

Table 2. Glass Transition Temperature (Tg), Crystallization
Onset Temperature (T,), Melting Onset Temperature (T,,),
Glass Stability Parameter (Kj), and Heat Capacity Jump at
T, (ACP) Obtained from Differential Scanning Calorimetry

sample name T, [K] T.[K] T,[K] Ky[-] AC,[Jmol'K']
VT_10 559 679 858 0.7 412
VT_20 544 688 740 28 58.3
VT_30 530 704 750 37 82.6
VT_40 518 682 746 2.6 97.1
VT_50 507 578 743 0.4 96.4
VT_65 500 531 746 0.1 191.6

In Figure 4 ¢ = [V*]/[ V] is plotted as a function of X
([Viotat] is the total concentration of vanadium, ie., equal to
[V*] + [V®*]). Initially as X increases, [V*]/[V o] remains
constant at around 5%. At X = 0.45 an abrupt change in slope
occurs, and the [V*]/[V,] ratio drastically decreases with

01 02 03 04 05 06 07
X (mol%)

Figure 4. Redox ratio of [V*]/[Vi,], where [V,] is the total
amount of vanadium ions, as a function of X (=[V,05]/([V,05] +
[Te0,])). [V¥]/[Viowu] is expressed as parameter ¢ in the Mott—
Austin equation (eq 3). The dashed line is a guide for the eyes.

further increase in X. [V*]/[ V] is defined as ¢ of the Mott—
Austin equation (eq 3).

Liquid fragility index (m) of the glass systems is determined
by a linear fit of the viscosity data around T, (see inset of Figure
S), i, through the following relation:*®

= Iog n(T))
a1/ T)
=T, (2)
1109 ©
% h \Slope =796 /l,

100 5 R*=0.9997 /
g 90 TITE) g

R

X (mol%)

Figure §. Liquid fragility index (m) as a function of the molar
concentration X (=[V,05]/([V,05] + [TeO,])). Inset: Determination
of m using eq 2 by taking the 40 mol % V,0O; containing glass as an
example. The dashed line is a guide for the eyes showing the
compositional scaling of m.

The dependence of m on V,0O5 content is illustrated in Figure
S. m remains unchanged at ~80 for X between 0.1 and 0.45 but
drastically increases linearly up to m = 105 when X increases
from 0.45 to 0.65. Supposing that this trend continues, vitreous
V,0; would have an m value of 147.

Since H, strongly depends on the condition of inden-
tation,””*® all microindentation experiments were performed
with the same indentation load and time (0.25 N and 10 s),
ensuring crack free indents. The H, values are plotted in Figure
6 as a function of X. H, remains constant when X increases
from 0.1 to 0.45, followed by a linear decrease with further
increasing X from 0.45 to 0.65. Considering the experimental
error associated with the hardness determinations, the
compositional hardness scaling agrees with that reported in

3.4+

3.2

N

2.6

H, (GPa)

01 02 03 04 05 06 07
X (mol%)

Figure 6. Vickers hardness (H,) as a function of X (=[V,05]/([V,05]
+ [TeO,])) of the six vanadium tellurite glasses. The dashed line is a
guide for the eye.
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literature, viz,, a decrease in H, with increasing X. The

compositional behavior of H, (Figure 6) resembles that of ¢
(Figure 4), ie, an initial plateau followed by a decrease with
further increase in X.

Room temperature density and molar volume (V) are
presented in Figure 7. V,, is calculated as the molar mass
divided by the glass density. Density exhibits a linear decrease
with increasing X, whereas the molar volume increases
nonlinearly.

5.5 leo
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—~ 451 [0 3
e E
|3 ;
3 401 lao &
QU /./ £

N
3.5
.
* +30
3.04

0.1 02 03 0‘.4 05 06 07
X(mol%)

Figure 7. Room temperature density (p) and molar volume (V) as a
function of X (=[V,05]/([V,05] + [TeO,])) for the six vanadium
tellurite glasses. Solid lines represent the trends in the respective
properties.

Electronic conductivity of glasses containing transition metal
oxide is evaluated via the Mott—Austin equation (eq 3).**

6=
Rk, T 3)

where v, is the optical phonon frequency, R is the mean
distance between the ions where the electron transfer occurs
(vanadium ions in this case), a is the tunneling factor, and W is
the activation energy. The parameters of the Mott—Austin
equation can be determined by plotting log(¢T) vs 1000/T and
fitting eq 3 to each set of conductivity data. This is performed
in Figure 8, and the derived parameters are shown in Table 3.
In order only to have two fitting parameters (namely, a and v,),

]c(l _ C) e—ZaR e—W/(k,,T)

VT_65

- vT 40, VT
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A\ . A
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~
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Figure 8. Logarithm of electronic conductivity times temperature
(log(6T)) as a function of inverse temperature (1000/T) for the
vanadium tellurite glasses. The sample identities are indicated in the
figure, and the compositions are tabulated in Table 1. The Mott—
Austin equation (eq 3) is fitted to each composition via the least-
squares method and plotted as solid lines. Regression data are shown
in Table 3.

cand R are determined by EPR and pycnometry, respectively. R
is calculated as per eq 4:*%*°

1/3
()
2MpN, o

where Myy is the molar mass, M, the molar concentration of
conductive sites (i.e., vanadium), p the density, and N,
Avogadro’s constant. R is plotted in the inset of Figure 9 and
¢ values are plotted in Figure 4. In Figure 8 it is seen that the
electronic conductivity of the vanadium tellurite glasses
increases with X. The observed increase in electronic
conductivity with increasin_g V,05 is in good agreement with
that reported elsewhere.>”~® In order to better visualize this
correlation, electronic conductivity data at 298 K (6,9gx), along
with W, are plotted in Figure 9 as a function of X. The
log(6,0sx) initially increases with X, while W decreases. Both
quantities reach a plateau when X surpasses the critical value of
about 0.45.

4. DISCUSSION

The decrease in p with increasing X (Figure 7) indicates a
looser packing of the atoms, since the molar mass of V,0Oj is
higher than that of TeO,. The observed increase in V,, implies
that V,Oj constitutes a less compact structural arrangement.
The structural expansion with increasing X causes a decrease in
the bond numbers per unit volume, ie., a decrease of
constraints, and hence a decrease in T (Figure 2 and Table
2).%67% The decrease of p and T, with increasing X has also
been reported in previous studies,””***™* e.g, T, drops from
560 to 505 K when VO is raised from 10 to 50 mol %.*° In
contrast, the onset temperature of crystallization (T.) first
decreases with X and then increases (Table 2). The melting
temperature (T,,) only slightly varies in an irregular manner.
Consequently, according to eq 1, the glass stability parameter
(Kyy) first increases and then decreases with increasing X. The
trend manifests itself as a Gaussian distribution of Kj; over X
with a maximum around X = 0.3 (Table 2). This is consistent
with a previous study,”” but different from another study,*®
where the glass stability is found to linearly increase with
increasing X.

Vanadium tellurite glasses have been reported to contain
both VO, and VOj polyhedra,”* 2% where V* primarily
exists in tetragonally distorted octahedral coordination,””*® and
V* mainly exists in a trigonal bipyramidal configurational
(~80%) at low V,O; concentrations. As the V,05 concen-
tration increases, the energetically preferred coordination
geometry of V** however changes from a trigonal bipyramidal
coordination at low V,0O5 concentrations to a 50/50 mixture of
trigonal bipyramidal and tetrahedral configuration at high V,05
concentrations.***® By comparison of p and ¢ obtained in this
work with the structural environment of vanadium in vanadium
tellurite glass obtained in literature,> 2** an increase in
tetrahedral sites could cause an expansion of the glass network
(Figure 7) and consequently decrease the amount of bonds per
unit volume (decrease in connectivity and T,; see Figure
2).2** If all V™ ions are assumed to occupy tetragonally
distorted octahedral sites, from Figure 4 we can infer that the
fraction of distorted tetrahedral sites starts to drop at X = 0.45.

At a certain ¢ value, the V** ijons start to contribute more
constraints to the network than V**, leading to the onset of
both the increase in m (Figure S) and the drop in H, (Figure 6)
at about X = 0.45. When the fraction of tetragonal V** sites
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Table 3. Electronic Conductivity at 298 K (6,95x), Pre-Exponential Term (5,), and Activation Energy (W) of the Mott Equation,
Tunneling Factor (), Phonon Frequency (¢,), and Adjusted Sum of Squared Errors (SSQE) Determined via Fitting of Eq 3 to

Electronic Conductivity Data”

sample identification  log(c,) [0 in Q7' em™] W [eV]  log(0ysx) [Gaosx in Q7' em™] ¢ [%] R [nm] a [em™] v [s'] SSQE [-]
VT_10 129 0.50 -7.12 440 0.64 17 x 1077 16 x 10" 0.9980
VT_20 2.37 0.43 —4.97 5.07 0.52 1.0 X 107 14 x 10" 0.9987
VT_30 2.78 0.39 —3.86 5.16 0.47 74 % 1077 32 x 10" 0.9992
VT_40 3.04 0.37 -329 5.13 0.45 27x 107" 55x 10" 0.9996
VT_50 336 0.37 -2.88 4.15 043 10X 10 13 x 10?2 0.9995
VT_6§ 3.39 0.38 -3.00 153 0.42 17x107 37 x 10* 0.9997

“R is the mean distance between vanadium ions (from density data and eq 4), and ¢ is the ratio of V** to total vanadium (from EPR measurements).

o
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Figure 9. Logarithm of electronic conductivity at 298 K (log(c,0sx))
and activation energy of electronic conduction (W) as a function of X
(=[V,05]/([V,05] + [TeO,])). The log(oysk) is plotted in the
primary ordinate and W on the secondary. Inset: Mean distance
between vanadium ions (R) as a function of X. The dashed lines are
guides for the eyes.

starts to decrease, the quantity of the most constrained network
diminishes, leading to a decrease in H, and an increase in m.
Sharma et al.* measured H, and ¢ of vanadium phosphate,
vanadium tellurite, and vanadium borate glasses and found that
in these systems the ¢ value decreases with an increase in X,
almost parallel to a 1:1 decrease in H,. As demonstrated in
Figures $ and 6, the ratio of V* to total vanadium is seen to
have significant impact on both H, and m. According to Figures
4—6 and a previous work,” ¢ is believed to impact the physical
and dynamic properties of the studied glass, since it affects the
structure of these glasses. For the three different vanadium
systems, an approximate 1:1 correlation is found between H,,
m, and c.

A change of ¢ affects the local structural arrangements in the
studied glasses and hence results in a mismatch in constraints
between the two involved structural arrangements (ie., V** in
tetragonally distorted octahedral coordination and V** in a
trigonal bipyramidal coordination). As both H, and m have
been shown to linearly degend on the total amount of
constraints in the network,**® a direct link might occur
between H,, m, and c. H, and m are measured at different
temperatures, but the structural arrangements that ¢ differ-
entiates between might exhibit a constraint mismatch both at
room temperature and at T,. The m value of the vanadium
tellurite glass with 40 mol % V,05 was found by Souri to be
70.* This m value is only slightly lower than that shown in
Figure S considering the relatively large error range of m.

Consistent with the change of the kinetic fragility (m), the C,
jump across the glass transition (ACI,) (see Table 2) also
increases with increasing X. AC, is a measure of the
thermodynamic fragility. This implies that the change of the
configurational entropy during the glass transition is associated
with that of the valence state of the vanadium. This means that
the change of the local structural environment scales with the
change in the configurational entropy.

In contrast, electronic conductivity does not show the same
compositional trend as H, and m, indicating that other
structural factors rather than ¢ dictates the electronic
conductivity. As shown in Figure 9, the electronic conductivity
measured at 298 K (log(0,eg¢)) initially increases with X and
then remains almost unchanged above X = 0.4S, exactly where ¢
drastically drops. This is surprising, as eq 3 predicts an increase
in log(6,9sx) with increasing ¢ (for ¢ < 0.5). The compositional
scaling of log(6,04) matches that of the mean distance between
vanadium ions (R) (see inset of Figure 9), since eq 3 predicts R
and log(o,04¢) to be inversely proportional. The exact same
trend is observed for W (Figure 9), and the linear relation
between W and R is well documented for vanadium tellurite
glasses.7’9’49'5° On the basis of Figures 8 and 9, we can infer that
the electronic conductivity of the vanadium tellurite glasses
depends linearly on R. This is not surprising, as the electron
hopping is strictly adiabatic, as exp(—2aR) = 1 for all
compositions (see Table 3). In the adiabatic case we expect a
linear influence of R on 6. The fact that electron hopping
occurs adiabatically in vanadium tellurite glass is in good
agreement with former measurements.**"** In order to
achieve higher conductivity, the vanadium ions must thus be
brought closer to each other, i.e., an increase in density. This
implies that the electronic conductivity is not so dependent on
c as predicted by the Mott—Austin equation (eq 3). When ¢
varies, VO, and VOj polyhedra are interchanging, leading to
changes in R. It might be this change in R that facilitates the
changes in log(o’zggK).g'l1’19_21"‘9‘50 For an electrochemical
application, e.g,, cathode materials in secondary lithium
batteries, it is important to optimize the relevant properties
such as m, H,, and ¢ of the vanadium tellurite glass. This work
contributes to establishing the knowledge basis for designing
battery materials. Certainly, further studies still need to be done
in order to clarify the detailed microscopic mechanism of the
abrupt change of the studied properties at the critical V,05
concentration. In particular, a detailed structure analysis by
small angle neutron/X-ray diffraction techniques and molecular
dynamic modeling will provide additional information on the
role of the structure in determining the properties of the
vanadium tellurite glass systems.****
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5. CONCLUSION

We have observed a critical V,05 concentration in the
vanadium tellurite glasses, above which the local structure
undergoes a drastic change, leading to an abrupt change in both
physical and dynamic properties.

Hardness and liquid fragility of the studied glasses remain
almost unchanged with X when X < 0.45. However, when X
exceeds 0.45, hardness drops whereas the liquid fragility rises.
This means that there is a critical V,0Og concentration of X =
0.45, above which an abrupt change of the glass properties takes
place. The observed trends in hardness and liquid fragility are
closely related to the valence ratio of the vanadium ions (c), as ¢
shows the same trend. The reason for this coincidence could be
that V** results in a more constrained structure than V>, i.e., in
fewer constraints per unit volume and hence in lower hardness
and higher fragility.

The electronic conduction of vanadium tellurite glasses
occurs strictly adiabatically, and ¢ does not follow the expected
correlation to ¢ as predicted by the Mott—Austin equation;
instead it exhibits a linear correlation to R. If the decoupling of
o from ¢ also occurs at higher ¢ values, it enables optimization
of hardness and liquid fragility without influencing o.
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The scaling of Vickers hardness (H,) in oxide glasses with varying network modifier/modifier ratio is
manifested as either a positive or negative deviation from linearity with a maximum deviation at the
ratio of about 1:1. In an earlier study [J. Kjeldsen ef al., J. Non-Cryst. Solids 369, 61 (2013)], we
observed a minimum of H, in CaO/MgO sodium aluminosilicate glasses at CaO/MgO = 1:1 and
postulated that this minimum is linked to a maximum in plastic flow. However, the origin of this link
has not been experimentally verified. In this work, we attempt to do so by exploring the links among
H,, volume recovery ratio (Vg) and plastic deformation volume (Vp) under indentation, glass
transition temperature (T,), Young’s modulus (E), and liquid fragility index (m) in CaO/MgO and
CaO/Li,O sodium aluminosilicate glasses. We confirm the negative deviations from linearity and
find that the maximum deviation (i.e., the so-called mixed modifier effect) of H,, Ty, and m is at the
modifier ratio of 1:1. These deviations increase in intensity as the total modifier concentration
increases. We find a strong correlation between Vp and H,, for the CaO/MgO series, implying that
the minimum in H, originates primarily from an increased shear flow in the mixed modifier glasses.

© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4864400]

Hardness is a measure of the ability of a material to
resist permanent deformation. It is one of the most important
mechanical properties for many applications, such as super-
hard crystalline abrasive materials' and scratch-resistant
glass covers for personal electronic devices.”> However, in
glasses, the deformation processes under indentation are
complex and not yet fully understood, involving both revers-
ible and irreversible displacements of matter.®> The study of
indentation deformation processes originated in 1962 when
Hillig* discovered that no single operative process is respon-
sible for the deformation. Later, Neely and Mackenzie®
found that a portion of the densified volume is recoverable
by sub-T, annealing of the indented glass. According to
Yamane and Mz:lckenzie,6 the resistance of a glass to defor-
mation is a result of three distinct deformation processes:
plastic flow, densification, and elastic deformation. Plastic
(or shear) flow is a volume conservative displacement of
matter, while densification is a non-volume conservative ir-
reversible compression that creates a hemispherical area of
increased density beneath the indentation, and elastic defor-
mation a reversible compression that recovers after unload-
ing.” Another set of terminology has been proposed by
Varshneya et al.,® separating the deformation into two dis-
tinct processes (hydrostatic and deviatoric) each with an
elastic component. Yoshida e al.” have proposed a method
to quantify the recoverable part of the indented volume (i.e.,
densified volume), which in turn provides an indirect mea-
sure of the plastic flow. Several studies have applied this
method to investigate the link between densification and
plastic deformation in borate, phosphate, and silicate glasses,
but simultaneous measurements of deformation volumes and

¥ Author to whom correspondence should be addressed. Electronic mail:
yy@bio.aau.dk. Tel.: +-45 9940 8522.
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Vickers hardness have been performed in only a few
studies.” '

Mixed modifier glasses exhibit non-additive variations
of certain properties when one modifier oxide species is sub-
stituted by another one at constant total modifier content.
The composition dependence of Vickers hardness of oxide
glasses with varying network modifier/modifier ratio has
been reported in the literature as either a positive or negative
deviation from linearity with a maximum deviation at the ra-
tio of about 1:1.'°7' That is, the mixed alkali effect mani-
fests itself as a positive deviation from linearity in
hardness,'” while we have recently reported a minimum in
Vickers hardness when substituting Mg for Ca in a series of
sodium aluminosilicate glasses.'® We postulated that this
minimum is linked to a maximum in plastic flow. However,
the origin of this link has not been experimentally verified
and only Yoshida et al.’ have hitherto performed measure-
ments of deformation volumes in a mixed alkaline earth sys-
tem. In this work, we investigate this possible link in two
new series of mixed modifier sodium aluminosilicate glasses
by measuring both mechanical and dynamic properties. The
measured mechanical properties include Vickers hardness
(H,), Poisson’s ratio (v), elastic moduli (£ and G), densifica-
tion, and plastic flow during indentation, whereas the deter-
mined dynamic properties are the glass transition
temperature (7T,) and liquid fragility (m). We discuss the ori-
gin of the compositional scaling of H, with varying modi-
fier/modifier ratio in relation to previous literature results
and propose an explanation for the observed behavior.

The nominal compositions of the studied mixed modifier
aluminosilicate glasses are 60Si0,-12A1,03-12Na,0-(16-x)
MgO-xCaO where x = {0, 3.2, 6.4, 8, 9.6, 12.8, 16} and
60Si0,-16Al,03-16Na,O-(8-y)Li,O-yCaO where y = {0, 1.6,
3.2, 4.8, 6.4, 8}. The glasses were prepared according to the

© 2014 AIP Publishing LLC
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TABLE I. Analyzed chemical composition of the 13 sodium aluminosilicate
glasses under study. Compositions were analyzed by X-ray fluorescence
(=0.1mol. %).

Composition (mol. %)

Glass ID SiO, AlLO5 Na,O MgO CaO Li,O
Ca-Mg0 59.9 11.9 11.9 0.2 16.0
Ca-Mg3.2 60.0 12.0 11.9 32 127
Ca-Mg6.4 59.9 12.0 11.8 6.6 9.6
Ca-Mg8 60.2 12.0 11.9 79 79
Ca-Mg9.6 59.6 11.9 11.8 10.0 6.5
Ca-Mgl12.8 60.2 12.0 11.9 12.6 32
Ca-Mgl6 59.6 11.9 11.8 16.4 0.1
Ca-Li0 59.8 16.0 15.8 8.1 0.0

60.0 15.9 15.8 6.4 1.6
59.8 15.9 159 49 32
60.0 15.9 159 32 4.8
60.1 159 15.9 1.6 6.4
60.0 15.9 15.9 0.0 8.0

procedure described in Ref. 16, and the analyzed compositions
are given in Table I. The chemical compositions of the glasses
were determined using X-ray fluorescence and they were all
within 0.5mol. % of the nominal targets. Measurements of
H,, E, G, v, m, and T, are all performed according to the pro-
cedures described in Ref. 16. Indentations were performed for
10s at loads of 0.49N (Ca-Li series) and 0.25N (Ca-Mg se-
ries). The two different loads were chosen in order to avoid
cracking around the indents but still achieve a sufficiently
high load to improve measurement accuracy. The indentation
impressions were observed using a Ntegra (NT-MDT) atomic
force microscope (AFM). Measurements of deformation vol-
umes were conducted only for the Ca-Mg series and per-
formed in tapping mode at 50% relative humidity and room
temperature. The AFM cantilever had a silicon tip, the
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scanning frequency was 0.47 Hz, and the scan size was 20 x
20 um?. Following the procedure of Yoshida er al.’ at least
ten indentations were examined before and after annealing for
2h at 0.9, (in K) of the respective composition. The compo-
sition dependences of H, and E are plotted in Fig. 1 for both
series of glasses. H, exhibits a minimum value (i.e., largest
mixed modifier effect) at the substitution degree of 50% for
both Ca-Mg and Ca-Li series, which is in good agreement
with our previously reported finding in Ref. 16. For the
Ca-Mg series, H, of the magnesium end-member composition
is about 0.3 GPa higher than that of the calcium end-member
composition (Fig. 1(a)), whereas for the Ca-Li series, the
two end-member compositions have similar values of H,
(Fig. 1(b)). The elastic moduli £ and G are in both series
found to be independent of composition, since the differences
in E and G between the compositions are only about 1% (Fig.
1), i.e., within the measurement errors and thus considered
negligible. The experimental viscosity data are fitted to the
Mauro—Yue-Ellison-Gupta—Allan (MYEGA) equation® to
obtain the liquid fragility index m.>' The composition depend-
encies of m and T, (measured by differential scanning calo-
rimetry (DSC)) are shown in Fig. 2. Both m and T, deviate the
most from linearity at equal modifier contents, viz.,
[CaO]/([CaO0] + [MgO]) ~ 0.5 and [CaO]/ ([CaO] + [Li,O])
~ 0.5. For the Ca-Mg series, both T, and m decrease until
reaching a minimum with increasing Ca content (Fig. 2(a)),
whereas for the Ca-Li series, the two values increase with
increasing concentration of Ca (Fig. 2(b)). Such difference
between the two series is likely related to the scenario that
Mg*" compared to Li" is able to bind to two non-bonding
oxygens, thereby creating a more connected network, and thus
increasing 7. 1622 Therefore, in Fig. 2(a), we see a decrease in
T, as [CaOJ/([CaO] + [MgO]) increases.

Based on AFM measurements done on indented Ca-Mg
samples, we have determined both the size of the indentation

H, (GPa)

FIG. 1. Composition dependence of
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and the amount of pile-up before and after annealing. From
these results, the volume recovery (Vg) after annealing can
be calculated as’

(Vi =V + v -vhH
V- ’

i

Vg = ()

where subscripts / and « indicate initial volumes and vol-
umes after annealing, respectively. Superscripts — and +
indicate indentation volumes and pile-up volumes, respec-
tively. Vg is defined as the ratio of the recovered volume dur-
ing annealing relative to the initial volume of the
indentation, i.e., the ratio of the densified volume relative to
the initial indentation volume. The volume of plastic flow
(Vp) during indentation is calculated as

Ve=Vi— (Vi = V) + (Vi V). @)

Vp and Vi are plotted as a function of the Ca/Mg ratio in Fig. 3.
‘We generally find an increase of Vp and a decrease of Vi as the
molar ratio of Ca/Mg increases. In other words, the mixed modi-
fier effect manifests itself as a positive deviation from linearity
in Vp and a negative deviation from linearity in Vg. This is
visualized in Fig. 4 in which AFM images of indentations before
and after annealing of the two end-member compositions are
shown. Fig. 4 illustrates that the magnesium end-member com-
position (Ca-Mg16) experiences a larger pile-up volume after
annealing than the calcium end-member composition (Ca-Mg0)
does. According to Eq. (2), this results in a lower plastic flow
volume, in agreement with the results presented in Fig. 3.

For the studied Ca-Mg and Ca-Li glass series, we find
that the mixed modifier effect manifests itself as a positive
deviation from linearity in Vp and negative deviation from
linearity in Ty, m, Vg, and H,. In another Ca-Mg glass se-
ries,'® we have also observed that the mixed alkaline earth
effect appears as a negative deviation from linearity in Ty, m,
and H,, although those deviations from linearity were not as
deep as those reported in this Letter. As shown in Figs. 1 and
2, the observed negative deviations from linearity are not
limited to the mixed alkaline earth effect, as they are also
found for the Ca-Li series. Considering the size of the

1004 /*/_L L25
901 ? B [0
80|
= - F15
& 701 "’Ei
« F10
N ool o
501 tos
40 £0.0

00 02 04 06 08 10
[Ca0)([Ca0]+[MgO]) (mol%)

FIG. 3. Composition dependence of volume recovery ratio (V) and volume
of plastic deformation (Vp) for the Ca-Mg glass series. Vi and Vp are calcu-
lated from Eqgs. (1) and (2), respectively. Solid lines represent the apparent
relation, whereas dashed lines are linear extrapolations between
end-member compositions, both intended as guides for the eye. Vy is plotted
on the primary ordinate and Vp on the secondary.
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Before annealing

After annealing

FIG. 4. Atomic force microscopy images of samples Ca-Mg16 and Ca-Mg0
(see Table I) before and after annealing for 2h at 0.97, (in K). Images are
recorded in tapping mode with a scan size of 20 x 20 um?.

modifiers, Li" is likely to occupy similar positions within
the glassy network as Mg?".>> When Ca®" ions are
exchanged either for Mg>* or Li* ions, a difference in site
energy arises according to the dynamic structure model*
and creates the observed negative deviation from linearity in
most of the measured properties (Figs. 1-3). The detailed
structural origins of these negative deviations from linearity
are still under debate, but promising results have been achieved
by using topological constraint theory.”*® Via constraint
theory, Mauro and Varshneya®’ have related the average coor-
dination number of a glass to the physics of indentation with
respect to both elasticity and plasticity. Later, Smedskjaer
et al>** were able to predict the hardness of borosilicate
glasses using temperature-dependent constraint theory.

Fig. 3 shows that Vp increases when Ca is substituted for
Mg. This could be due to the stronger oxygen bonding to
Mg*" compared to Ca®*, which retards the flow of structural
units, i.e., the plastic flow.?? In other words, the substitution
of Ca for Mg may increase the possibility for slip motion of
planar structures or redistribution of non-bridging oxygens,
which results in an overall increase of the irreversible shear
flow (Vp). Considering the measured values of Poisson’s ra-
tio (Table II) and the previously reported inverse relationship
between Poisson’s ratio (v) and indentation volume recovery
(V)™ the observed trend in Fig. 3 is in good agreement
with those of previous studies.”'" As Ca is substituted for
Mg, we find that Vp increases approximately linearly with
increasing v (Table II).

TABLE II. Compositional dependence of Poisson’s ratio (»), initial volume
of indents (V; ), volume of densification (Vy), and volume of plastic flow
(Vp) for the Ca-Mg series. v is calculated from the measured bulk and shear
moduli and Vp from atomic force microscopy results. The error associated
with volume determinations is approximately +0.1 um®.

Glass ID V(=) Vp (um®) Vg (um?) Vi (um®)
Ca-Mg0 0.232 22 1.8 40
Ca-Mg3.2 0.234 24 2.0 45
Ca-Mg6.4 0.234 24 2.0 44
Ca-Mg9.6 0.226 2.0 22 42
Ca-Mgl2.8 0.228 1.7 27 4.4
Ca-Mgl6 0.222 1.3 33 4.6
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Yamane and Mackenzie® have reported that the resist-
ance of glass to densification is proportional to («GK)'"”,
where « is a constant related to bond strength, G is shear
modulus, and K is bulk modulus. The resistances to plastic
flow and elastic deformation are proportional to oG and K,
respectively. In our previous study of a series of mixed
Ca-Mg glasses, we postulated that a maximum in Vp should
account for the observed minimum in H, since both densifi-
cation and elastic deformation were compositionally inde-
pendent.'® In this Letter, we also observe that £ and v vary
only slightly with composition for both Ca-Mg and Ca-Li se-
ries, i.e., K can be regarded as constant for the two studied
glass series. Thus, we can regard the elastic deformation con-
tribution to be independent of composition. Furthermore,
since Vy is calculated as the densified volume (V) divided
by the initial indentation volume,” Vg is proportional to V.
As the initial indentation volumes are approximately con-
stant (V;” = 4.3 = 0.2 um?, see Table II), the composition
dependence of Vy corresponds to that of V4 (Fig. 3). Yoshida
et al.” have argued that Vi is much more sensitive to compo-
sitional variations than Vickers hardness, i.e., a relatively
large change in V4 (or V) results in a relatively small change
in H,. This is in good agreement with the results presented in
Figs. 1(a) and 3, as the end-member compositions have val-
ues of Vi between 45% and 72% (i.e., 38% relative differ-
ence) and of H, between 7.1GPa and 6.8 GPa (i.e., 4%
relative difference). Hence, densification is not the dominant
deformation process in the studied sodium aluminosilicate
glasses.

According to Yamane and Mackenzie,® the total resist-
ance to indentation deformation is equal to the geometrical
average of the three deformation resistances, i.e., the defor-
mation process dictating glass hardness is the one with the
largest resistance. As argued above, V4 does not exhibit any
correlation with H, and densification is thus not the domi-
nant deformation process.*’ In addition, the elastic deforma-
tion is believed to be compositionally invariant. Therefore,
the origin of the mixed modifier effect in H, must be
ascribed to the non-linear composition dependence of the re-
sistance to plastic flow. If the plastic flow volume is assumed
to be directly related to the corresponding resistance, an
increase in Vp will invoke a decrease in H,. In other words, a
lower resistance to plastic flow results in lower glass hardness.
This is what has been observed in Figs. 1 and 3, since the min-
imum in hardness is located at the composition where we find
the largest deviation from linearity in Vp. This finding is sup-
ported by the previous work of Varshneya er al.,* who pro-
posed a similar relation to account for the composition
dependence of hardness in Ge-Se glasses. The relation
between H, and Vp is further supported by comparing the Vp
values of the two end-member compositions in the Ca-Mg se-
ries. The Ca end-member composition has a larger Vp than the
Mg end-member composition (Fig. 3), which is why H, of the
Ca end-member composition is lower than that of the Mg
end-member composition (Fig. 1(a)).

In summary, we have observed negative deviations
from linearity in Ty, m, and H, for two series of Ca-Mg and
Ca-Li sodium aluminosilicate glasses. The intensities of
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these deviations, i.e., the mixed modifier effect, increase
when the total modifier concentration increases. By per-
forming AFM analyses of the indented Ca-Mg samples, we
have clarified the composition dependences of the indenta-
tion volumes (plastic flow vs. densification). We have found
a direct link between the volume of plastic flow and the
Vickers hardness, suggesting that the origin of the mixed
modifier effect of hardness in aluminosilicate glasses is a
result of the non-linear composition dependence of the abil-
ity of the mixed modifier glasses to resist plastic flow.
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The compositional scaling of Vickers hardness (H,) in mixed alkali oxide glasses manifests itself as a positive de-
viation from linearity as a function of the network modifier/modifier ratio, with a maximum deviation at the ratio
of 1:1. In this work, we investigate the link between the indentation deformation processes (elastic deformation,
plastic deformation, and densification) and H, in two mixed sodium-potassium silicate glass series. We show

that the mixed alkali effect in H, originates from the nonlinear scaling of the resistance to plastic deformation.
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1. Introduction

Glasses exhibit permanent deformation when subjected to indenta-
tion under sharp contact loading (e.g., Vickers diamond indenter).
Hardness, which is defined as the applied load divided by the projected
area of the deformed region, is the measure of the ability of the glass to
resist this permanent deformation. Understanding and predicting the
compositional dependence of glass hardness are important for many
applications, such as construction materials for architectural purposes
[1] and scratch-resistant glass covers for personal electronic devices
[2].

One of the most challenging problems in oxide glass science is the
understanding of the microscopic origin of the so-called mixed modifier
effect. Despite much progress, this problem is still not fully solved [3-7].
The mixed modifier effect refers to non-additive changes of certain
properties when one modifier oxide species is substituted by another,
keeping the total modifier concentration constant [8]. The composition-
al dependence of Vickers hardness of mixed modifier oxide glass has
been reported as either a positive or negative deviation from linearity
with a maximum deviation at the modifier ratio of 1:1 [9-16]. Specifi-
cally, the mixed alkali effect of hardness manifests itself as a positive de-
viation from linearity [9,10,14,15], while the mixed alkaline earth effect
and mixed cation effect (the presence of both an alkali and an alkaline
earth ion) cause negative deviations from linearity [10-13,16]. Yamane
and Mackenzie [17] have proposed a model to account for the composi-
tion dependence of hardness, which predicts linear scaling of Vickers
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‘We thus confirm a direct relation between the resistance to plastic flow and H, in mixed modifier glasses. Fur-
thermore, we find that the mixed alkali effect also manifests itself as a positive deviation from linearity in the
compositional scaling of density for glasses with high alumina content. This trend could be linked to a compaction
of the network when two types of alkali ions co-exist.

© 2014 Elsevier B.V. All rights reserved.

hardness with the modifier mixing ratio for all three glass systems
(mixed alkali, mixed alkaline earth, and mixed cation). However, this
predicted scaling is not in agreement with the experimental observa-
tions [9,18].

Recently, Kjeldsen et al. [18] have proposed a new approach for
predicting the compositional scaling of Vickers hardness in mixed mod-
ifier oxide glasses. In this approach, the compositional dependence of
Vickers hardness is assumed to be directly related to the ability of the
glass network to resist isochoric structural rearrangement, i.e., plastic
flow. The direct correlation between plastic flow and Vickers hardness
has been found for various mixed alkaline earth and mixed cation
glasses. Bond weakening in the local structural environment around
the network modifiers could be responsible for a minimum in the plastic
flow volume and thus a minimum in Vickers hardness around the com-
position with equimolar concentrations of modifier [18]. To examine
the validity of the proposed correlation between Vickers hardness and
plastic flow further, it is interesting to investigate glass systems
exhibiting positive deviation from linearity in Vickers hardness. As men-
tioned above, this is the case for mixed alkali glasses, and therefore their
mechanical and dynamical properties are investigated in this study in
order to reveal whether the proposed relation between plastic flow
and Vickers hardness is generally applicable for all mixed modifier
oxide glass systems. In addition, to the best of our knowledge, the in-
dentation deformation mechanisms in mixed alkali glasses have not
yet been elucidated by direct quantification of plastic flow and densifi-
cation volumes.

In this work, we study two series of mixed Na,0-K,0 aluminosili-
cate glasses to reveal the possible relation between plastic flow and
Vickers hardness in mixed alkali glasses. We measure Vickers hardness
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(H,) by micro-indentation and quantify the volumes of plastic flow and
densification by recording atomic force microscopy (AFM) images of the
indented areas before and after annealing. Moreover, to understand the
observed trends of densification and plastic flow further, we measure
properties that are related to each of the deformation processes (elastic
deformation, plastic deformation and densification). In particular, we
determine the composition dependence of liquid fragility index (m)
and glass transition temperatures (T), since both of these properties
are related to shear motion and thus to plastic flow. The composition
dependence of Young's modulus (E) and shear modulus (G) is deter-
mined in order to obtain indirect measures of the elastic component
of indentation. Finally, the composition dependence of density (p) is
measured, since p is closely related to the densification part of
indentation.

2. Experimental
2.1. Sample preparation

The two mixed sodium-potassium aluminosilicate glass series
are standard aluminosilicate glass (SiO,-Al,03-Mg0-Na,0/K,0)
[19] and soda lime float glass (SiO,-Al,03-Mg0O-Ca0-Na,0/K,0)
[20] compositions. The standard aluminosilicate series contains rela-
tively high concentration of alumina (>10 mol%), whereas the float
glass series contains considerable less alumina (<2 mol%). The total
concentration of Na,0 and K,0 was kept constant at ~15 mol% in
each glass series. The low-alumina and high-alumina series are re-
ferred to as the S and AS series, respectively. The raw materials
used for preparing the batches include silica sand, alumina, sodium
carbonate, sodium nitrate, potassium carbonate, potassium nitrate,
magnesia, limestone, and tin (IV) oxide as a fining agent. The nitrate
materials are used to provide an oxidizing environment for tin fining.
A total of 15 kg of glass was melted for each composition using a
large, platinum-lined melter. The glasses were melted with continu-
ous stirring for 16 h at 1650 °C and delivered through a platinum
downcomer at a viscosity of approximately 70 Pa-s. The glasses
were pressed in 5 in. x 5 in. x 1 in. graphite molds and transferred
to an annealing oven, where they were annealed for at least 8 h at
their respective annealing points.

2.2. Indentation

All of the prepared glass samples were polished to mirror image fin-
ish and H, was measured using a Duramin 5 indenter (Struers A/S). A
total of 30 indents were conducted on each sample using an indentation
time of 10 s and an indentation load of 0.49 N. The measurements were
performed in air at room temperature. The indentation impressions
were observed using a Ntegra (NT-MDT) atomic force microscope
(AFM). Measurements of deformation volumes were performed in tap-
ping mode at 50% relative humidity and room temperature. The AFM
cantilever had a silicon tip, the scanning frequency was 0.47 Hz, and
the scan size was 20 x 20 um?. Following the procedure of Yoshida
et al. [16], at least ten indentations were examined before and after an-
nealing for 2 h at 0.9T, (in K) of the respective composition.

2.3. Temperature dependence of viscosity

The temperature dependence of equilibrium viscosity was measured
by performing beam bending, parallel plate, and concentric cylinder ex-
periments. The viscosity curve of each composition is represented by
data points at 10%6 Pa-s (obtained via parallel plate viscometry),
10" Pa-s (obtained via beam bending viscometry), and 12-20 data
points in the range of 10 to 10° Pa-s (obtained via the concentric cylin-
der method). For beam bending experiments, bars of 55 mm length and
2.5 x 2.5 mm? cross section were cut from the bulk glasses. For parallel
plate experiments, cylinders of 6.0 mm diameter and 5.0 mm thickness

were core drilled, and afterwards the flats were polished to an optical
finish. For concentric cylinder experiments, ~600 g of crushed glass
was remelted. The temperature errors associated with determining
the 10'! Pa-s point by the beam-bending method and the 1056 Pa-s
point by the parallel plate method are +1 and +2 °C, respectively.
The estimated error in viscosity for the high-temperature measure-
ments (by the concentric cylinder method) is log() = £0.02 (1 in
Pa-s).

24. Elastic moduli and density

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 eigen-
modes were used to calculate the elastic properties. Room-temperature
densities of the glasses were determined by Archimedes' principle using
water as the immersion liquid.

3. Results

The composition dependences of H, for the two aluminosilicate
glasses series are shown in Fig. 1. Both series exhibit an initial increase
followed by a decrease of H, with increasing Na/K ratio, i.e., the mixed
alkali effect of hardness. The largest positive deviation from linearity
and the maximum value of H, are observed at around [Na,0] = [K,0].
The overall trend shows that glasses from the AS series are harder
than those from the S series.

According to Yamane and Mackenzie [17], the resistance of a glass to
deformation during indentation is a result of three distinct processes:
plastic flow, densification, and elastic deformation. Plastic (or shear)
flow is a volume conservative displacement of matter, while densifica-
tion is a non-volume conservative irreversible compression that creates
ahemispherical area of increased density beneath the indent. Elastic de-
formation is a reversible compression that recovers after unloading [21].
Based on AFM measurements, the size of the indents and the amount of
pile-up both before and after annealing are determined. Examples of the
measured indents are illustrated in Fig. 2(a-d), along with the calculat-
ed pile-up for each indent in Fig. 2(e-h). From these results, the volume

AS series

S series

00 02 04 06 08 10
[Na,0}/([Na,0]+[K,0l) (mol%)

Fig. 1. Vickers hardness (H,) as a function of the molar ratio of sodium to total alkali con-
tent, [Na,0]/([Naz0] + [K;0]). The solid lines represent the compositional scaling of H,,
whereas the dashed lines depict a linear relation between the two end-member composi-
tions. Both lines are guides for the eye. Compositions depicted by squares are from the
high-alumina series (AS), while compositions depicted by circles are from the low-
alumina series (S).
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b)

2z 1.0!“”

Fig. 2. Atomic force microscopy (AFM) images of indents and their respective pile-ups for the AS series. Material above the surface plane is assigned as pile-up. Images a and b are [Na,0]/([Na,O]
+ [K20]) = 0 before and after annealing at 09 x Ty (in K), respectively. Images c and d are [Na;0}/([Na;0] + [K;0]) = 1 before and after annealing at 0.9 Ty, respectively. Images e-hillustrate the
pile-up of the respective indent and are shown for comparison. All images have the same scanning area (20 um x 20 pum), but the height of the images (z) is different and indicated on each image.

of densification (V) and volume of plastic flow (V,) are calculated as
[18]:

Va= (Vi =vi)+ (vi-vi) 1)
V=V =((vi—vi)+ (vi-vi)) V)

where subscripts i and a indicate initial volumes and volumes after
annealing, respectively, and superscripts — and + indicate indenta-
tion volumes and pile-up volumes, respectively. Quantification of
plastic flow and densification have only been performed on the AS
series, and the derived volumes are plotted in Fig. 3. As the [Na,0]/
([Na20] + [K20]) ratio increases, V4 generally increases, whereas
V,, generally decreases (Fig. 3). Both V4 and V;, exhibit a mixed alkali
effect, viz., negative deviation from linearity with a maximum devia-
tion at around [Na;0]/([Na,0] + [K;0]) = 0.5. It is notable that V4 is
~4-5 times larger than V. In the inset of Fig. 3, the initial indent

Teel 00 02 04 06 08 10
) [Na,0/([Na,01+[K,0) (mol%)

00 02 04 06 08 10
[Na,OJ/([Na,O]+[K,0]) (mol%)

Fig. 3. Volume of densification (V) and volume of plastic flow (V},) as a function of the
molar ratio of sodium to total alkali content of the AS series. V4 and V;, are calculated as
per Egs. (1) and (2), respectively. The solid lines represent the compositional scaling,
whereas the dashed lines depict a linear relation between the two end-member composi-
tions. Both lines are guides for the eye. Inset: Initial volume (V;") as a function of the molar
ratio of sodium to total alkali content of the AS series.

volume (Vi) is plotted as a function of the Na/K ratio. Vi~ generally
increases with increasing [Na,0]/([Na,0] + [K>0]), while Vi~ experi-
ences a negative deviation from linearity, largest at around [Na,0]/
([Nax0] + [K20]) = 0.4.

To determine the liquid fragility index, m, and the glass transition
temperature, Ty, we use the measured viscosity data in the range of
10" to 10'! Pa-s. Those data are fitted to the equation proposed in Ref.
[22]:

log n(T) = log ., 7 . .
+ (12—log n“)T exp [(mfl) (771)} 3)

where 7)., is the high-temperature limit of liquid viscosity. The derived
Ty and m values are plotted against composition in Figs. 4 and 5, respec-
tively. It is seen in Fig. 4 that T, decreases with increasing [Na,0]/
([Na,0] + [K,0]) ratio for both the AS series and the S series. The

213
1150 g1
59
11001 s series £ R =0.99998
AN =5 7,=9304K
1050 G m=295
N 24 log(y,) =-2.81
1000+ _' 06 08 10 12
3 7ol 1000/T (K)
i 950 Sse{ies SLLY
900+
850
800

00 02 04 06 08 10
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Fig. 4. Glass transition temperature (T) as a function of the molar ratio of sodium to total
alkali content; [Na,0]/([Na,0] + [K;0]). T values are determined by fitting the MYEGA-
equation (Eq. (3)) to viscosity data. An example of this determination is shown in the
inset. The solid lines represent the compositional scaling of T, whereas the dashed lines
depict a linear relation between the two end-member compositions. Both lines are guides
for the eye. Compositions depicted by squares are from the high-alumina series (AS),
while compositions depicted by circles are from the low-alumina series (S).
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Fig. 5. Liquid fragility indices (m) as a function of the molar ratio of sodium to total alkali
content; [Na,0]/([Na;0] + [Kz0]). m values are determined by fitting the MYEGA-
equation (Eq. (3)) to viscosity data. An example of this determination is shown in the
inset of Fig. 4. The solid lines represent the compositional scaling of m, whereas the dashed
lines depict a linear relation between the two end-member compositions. Both lines are
guides for the eye. Compositions depicted by squares are from the high-alumina series
(AS), while compositions depicted by circles are from the low-alumina series (S).

decrease is in both cases non-linear and exhibits a negative devia-
tion from linearity, the maximum of which is located around
[Na,0] = [K,0]. Fig. 5 shows that m initially decreases with increas-
ing Na/K ratio, but at equimolar modifier concentration, the compo-
sitional trend changes, i.e., m increases with Na/K ratio. The largest
negative deviation from linearity is for both series observed at
[Na,0]/([Nay0] + [K,0]) = 0.6. Generally, the glasses from the AS
series have higher T, values (Fig. 4) but lower m values (Fig. 5)
than those from the S series.

In Fig. 6, E and G are plotted against the molar concentration of
[Na;0]/([Naz0] + [K;0]). These elastic moduli generally increase with
increasing [Na;0]/([Na20] + [K;0]), showing positive deviations from
linearity with maxima at [Na,0]/([Na,0] + [K,0]) =~ 0.5. Poisson's
ratio v is calculated as ¥ = E / 2G — 1 and plotted in the inset of Fig. 6.

344 sues r95
Nos * lozs
324 - L) oz ¥ A8 sorie 8 %0
e 021 series
T 3000w o o e fo 185 =
o [Na,0([Na,0]+[K,0]) (mol%) o
o r80 O
284
® . lsw
26 ASse\r\ies " 70
24 65
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[Na,OJ/([Na,O]+[K,O]) (mol%)

Fig. 6. Shear modulus (G) and Young's modulus (E) as a function of the molar ratio of so-
dium to total alkali content; [Na,OJ/([Na,0] + [K;0]). The solid lines represent the com-
positional scaling of G and E, whereas the dashed lines represent a linear relation between
the two end-member compositions. Both lines are guides for the eye. Compositions
depicted by squares are from the high-alumina series (AS), while compositions depicted
by circles are from the low-alumina series (S). In the inset is Poisson's ratio (1) as a func-
tion of the molar ratio of sodium to total alkali content; [Na;0J/([Na,0] + [K;0]). vis cal-
culated as v = E / 2G — 1 and the dashed lines are linear fits to data.
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Fig. 7. Density (p) as a function of the molar ratio of sodium to total alkali content; [Na,0]/
([Na;0] + [K;0]). The solid lines represent the compositional scaling of p, whereas the
dashed line represents a linear relation between the two end-member compositions.
Both lines are guides for the eye. Compositions depicted by squares are from the high-
alumina series (AS), whereas compositions depicted by circles are from the low-alumina
series (S).

Both the AS and the S series are presented with a linear fit, although
data are scattered.

Fig. 7 shows the composition dependence of density p. p is found to
increase with increasing Na/K ratio. For the S series, the increase is linear
with composition, whereas for the AS series, a small but significant pos-
itive deviation from linearity is observed. The glasses from the S series
are generally more dense than those from the AS series.

4. Discussion
4.1. Density

We have found that the mixed alkali effect occurs for all of the mea-
sured properties (m, Tg, p, Hy, V;,, Vg, E, and G), but to a different extent.
Interestingly, the densities of the glasses in the AS series exhibit a posi-
tive deviation from linearity with the Na/K ratio, whereas densities of
the glasses in the S series scale linearly with composition (Fig. 7). p is
regarded as a static property and thus expected to scale linearly with
the ratio of mixed modifiers, unlike the dynamic properties such as con-
ductivity, viscosity, and hardness [8,9]. The linear composition depen-
dence of p observed for the S series is in agreement with that reported
for some mixed alkali silicate systems [10,23]. However, several studies
of both mixed alkali silicate and aluminosilicate systems have shown a
positive deviation from linearity in p, i.e., similar to what has been ob-
served here for the AS series [8,24-30]. It is noteworthy that the ob-
served positive deviation from linearity is not limited to the mixed
sodium-potassium system, but applies to all mixed alkali systems
whereas it does not apply to mixed alkaline earth systems[10,26,27,31].

It has been proposed that the positive deviation from linearity in p is
linked to a tight-knit structure caused by pairs of dissimilar alkali ions
[24]. This link, however, does not explain why some systems do not ex-
hibit this mixed alkali effect. The positive deviation from linearity must
be directly linked to a compactness of the network when two types of
alkali ions co-exist, but the origin of this structural compactness needs
to be further explored.

4.2. Indentation

The observed negative deviation from linearity in T, (Fig. 4) and m
(Fig. 5), and the positive deviation from linearity in H, (Fig. 1) are all
in good agreement with previously reported results [8,10,24,26,
29-35]. The maximum in H, is also in good agreement with the
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minimum in Vi~ (inset of Fig. 3), since hardness is directly linked to the
size of the indent and thus also to its volume [13,17]. In an earlier study,
we have proposed that the origin of the mixed modifier effect in Hy is a
result of a non-linear composition dependence of the ability of the
mixed modifier glasses to resist plastic flow [18]. Since the composition-
al scaling of V, exhibits a negative deviation from linearity (Fig. 3), the
resistance to plastic flow exhibits a positive deviation from linearity.
This positive deviation is in good agreement with the positive deviation
from linearity observed in Hy, supporting the ideas proposed in Ref. [18].
Based on the V4 and p data (Figs. 3 and 7), the non-linear compositional
scaling of H, (Fig. 1) can be explained by a non-linear increase in the re-
sistance to densification. However, it has been shown that the resistance
to densification is not the dominant mechanism when predicting com-
positional Hy scaling [16,18]. In this study, V4 is found to be approxi-
mately four to five times larger than V,, ie. the resistance to
densification is five times lower than that to plastic flow, assuming pro-
portionality between the densification and plastic flow volumes and
their specific resistances. If the three deformation modes (elastic, plastic
deformation, and densification) are thought of as parallel springs, the
largest resistance should arise from the dominant deformation mode.
As all three deformation processes are activated during indentation,
their effects are correlated, i.e., not completely decoupled from each
other, and hence the deformation mode with largest resistance (plastic
flow in our case) is dominant in determining the glass hardness.

The degrees of elastic deformation and densification are not negligi-
ble, as it can be realized by comparing the indent volumes of the end-
member compositions (i.e., glasses with only one alkali ion present).
V, is higher for the potassium end-member composition than the sodi-
um end-member composition, whereas H, values for the two end-
member compositions are similar. Yoshida et al. [16] have proposed
that the ratio between densification and plastic flow is connected with
v (inset of Fig. 6), viz., a higher value of v results in a higher V,-to-Vy
ratio [13]. The proposed relation between v and the Vj,-to-Vj ratio fol-
lows a sigmoidal curve, but for small changes in v, the relation can be
approximated with a proportionality constant (i.e., 1:1 scaling between
v and the V|,-to-V; ratio). For the AS series, v slightly increases with in-
creasing [Na;0]/([Nay0] + [K0]), and the V,,-to-V4 ratio is thus also ex-
pected to increase with Na/K ratio. This is in contrast to the trend shown
in Figs. 2 and 3, where the V,-to-V ratio is found to decrease as [Na,0]/
([Na;0] + [K>0]) increases.

5. Conclusion

We have shown that in two sodium-potassium aluminosilicate glass
series, the mixed alkali effect manifests itself as positive deviations from

linearity in hardness and elastic moduli but negative deviations from
linearity in glass transition temperature, fragility, and volumes of densi-
fication and plastic flow. We show that the maximum in hardness is as-
sociated with a minimum in the resistance to plastic flow. This supports
the conclusion reported in Ref. [ 18] concerning the origin of the mixed
modifier effect of glass hardness. For the glass series with high alumina
concentration, a positive deviation from linearity in density is also
found, which should be related to structural compactness around the al-
kali ions.
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While the mixed alkali effect has received significant attention in the glass literature, the mixed alkaline
earth effect has not been thoroughly studied. Here, we investigate the latter effect by partial substitution
of magnesium for calcium in sodium aluminosilicate glasses. We use Raman and NMR spectroscopies to
obtain insights into the structural and topological features of these glasses, and hence into the mixed alkaline
earth effect. We demonstrate that the mixed alkaline earth effect manifests itself as a maximum in the amount of
bonded tetrahedral units and as a minimum in liquid fragility index, glass transition temperature, Vickers
microhardness, and isokom temperatures (viz, the temperatures at1) = 10'> and 10'2? Pa s). The observed min-
ima in fragility, glass transition temperature, and isokom temperature are ascribed to bond weakening in the local
structural environment around the network modifiers. We suggest that, since the elastic properties of the investi-
gated system are compositionally independent, the minimum in Vickers microhardness is closely correlated to
the minimum in isokom temperatures. Both of these properties are related to plastic flow and the translational
motion of structural units, and hence both may be related to the same underlying topological constraints. This
indicates that there might not be any significant difference in the onset of the rigid sub-T; constraints for the inves-
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tigated compositions.
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1. Introduction

Most alkali-containing oxide glasses exhibit non-additive varia-
tions of certain properties when one alkali ion is substituted by an-
other one. This phenomenon is known as the “mixed alkali effect”
and is one of the most intriguing unsolved phenomena in glass
science [1,2]. The mixed alkali effect especially manifests itself in
non-additive discrepancies in transport properties, such as diffusion,
conductivity, and viscosity. These properties are commonly referred
to as dynamic properties, in contrast to static properties such as den-
sity, refractive index, and molar volume, all of which exhibit relatively
small deviations from linearity [3,4].

The mixed alkali effect has been known for decades, yet over the
past few years it is still drawing significant attention [1,5-10]. In
contrast, the mixed alkaline earth effect has received relatively little
attention. The mixed alkaline earth effect is phenomenologically
analogous to the mixed alkali effect, i.e., it concerns substitution of
one alkaline earth ion by another one. The influence of the mixed
alkaline earth effect on glass properties is also analogous to that of
the mixed alkali effect, i.e., deviations from linearity are observed
for certain glass properties upon substitution of alkaline earth ions
[4,11-14]. Since the mixed alkaline earth effect can affect the glass

* Corresponding author. Tel.: 445 9940 8522.
E-mail address: yy@bio.aau.dk (Y.Z. Yue).

0022-3093/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
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properties in a non-predictive manner, it is important to study this
effect from both scientific and technological points of views.
Although the structural and topological origins of the mixed alkali
effect have been the subject of much experimental and modeling work,
a thorough understanding of the effect is still lacking [9,15,16]. Despite
making progress in interpreting the mixed alkali effect by establishing
phenomenological and physical models such as the strong [17,18] and
the weak [19-23] electrolyte models, the diffusion controlled relaxation
model [24,25], and the jump diffusion model [26], the experimental find-
ings can still not be completely explained by theory. Recently, the intro-
duction of the dynamic structure model [27-30] has helped to establish
a more coherent picture [9,10,31-33]. The dynamic structure model is
based on an energy landscape approach, in which the unoccupied cationic
sites initially are associated with a relatively high potential energy. As the
previously unoccupied sites become occupied, the surrounding atoms in
the glassy network are ordered. Consequently, different potential ener-
gies for these sites are created. When an ion leaves its site, the associated
potential energy relaxes back to that of the unoccupied site. Thus, there
exists a time window during which the occupation of this site by a sim-
ilar ion is energetically favored. As the relaxation time and the potential
energy associated with the ion site depend on the type of ion, each ion
creates its own preferred pathway in the network, and participates in
the evolution of the energy landscape [27,30]. Several studies have
demonstrated that the mixed alkali effect has a structural origin associ-
ated with a cationic potential energy mismatch effect. Such evidence is
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obtained from X-ray absorption spectroscopy [34,35], nuclear magnetic
resonance (NMR) spectroscopy [36,37], infrared spectroscopy [38,39],
and neutron and X-ray scattering [40] measurements. The dynamic
structure model has been supported by results from both reverse
Monte Carlo modeling [40] and molecular dynamics simulations
[29,41,42].

The mixed alkaline earth effect has primarily been investigated in
silicate and aluminosilicate glasses due to the industrial importance of
these systems, e.g., as chemically strengthened cover glasses in personal
electronic devices [43] and for modern design purposes [5]. In silicate
systems, the glass transition temperature exhibits a negative deviation
from linearity when calcium is substituted for magnesium [11,44-46].
Also, in the same system, Vickers hardness has been shown to deviate
positively from linearity and the liquid fragility index negatively
[5,14,47]. Density, molar volume and the coefficient of thermal expan-
sion all exhibit a linear dependence on composition [5,11]. These results
qualitatively agree with those of mixed alkali glasses [4].

In a systematic investigation of glass properties and their de-
pendence of the mixed cationic effect (i.e., when both alkali and alkaline
earth ions co-exist), Byun et al. [48] conclude that no “simple mechanism”
can be responsible for the observed nonlinearities. Moreover, they point
out that the deviation from linearity of certain properties must be inti-
mately connected with microscopic structural changes [48]. Hence, in
order to reveal the origin of the observed deviations of glass properties
from linearity, the accompanying structural changes must be known
[48]. In literature, the mixed alkaline earth effect has been observed as
nonlinearities in properties of various silicate [11,13,14,44-47,49,50],
phosphate [12,51], and borate glasses [52]. However, to our best knowl-
edge, the correlation between the mixed alkaline earth effect and struc-
tural changes has not yet been studied.

In this paper, we investigate both static and dynamic properties of
sodium aluminosilicate glasses containing calcium and/or magnesium
with respect to the mixed alkaline earth effect. We prepare eight glass
compositions with a molar ratio between calcium and magnesium vary-
ing from O to 1. We measure static properties such as density, molar vol-
ume, refractive index, coefficient of thermal expansion, elastic moduli,
and Vickers hardness, as well as dynamic properties such as glass tran-
sition temperature, configurational heat capacity, and liquid fragility
index. The influence of the mixed alkaline earth effect on these proper-
ties is discussed based on structural information obtained from room
temperature Raman and NMR spectroscopy measurements. Finally,
we discuss the mixed alkaline earth effect in terms of topological
changes of the networks by considering the dynamic structure model.

2. Experimental procedure
2.1. Sample preparation

The analyzed compositions of the sodium aluminosilicate glasses
under study are given in Table 1. All glasses included ~0.16 mol% SnO,
as a fining agent. To prepare the glasses, the raw materials were first
melted in a covered platinum crucible for 5 h in air at a temperature be-
tween 1450 and 1600 °C, depending on composition. In order to ensure
chemical homogeneity, the melts were first quenched in water, and the
resulting glass pieces were crushed and remelted for 6 h at 1650 °C and
finally cast onto a stainless steel plate in air. The glasses were annealed
for 2 h at their respective annealing points. The chemical compositions
of the final glasses were determined using X-ray fluorescence, and the
analyzed compositions were all within 0.5 mol% of the nominal targets
(Table 1). Room-temperature densities of the glasses were determined
by Archimedes' principle using water as immersion liquid.

2.2. Thermal expansion and strain, annealing, and softening points

Analysis of annealing and strain points involves heating a glass fiber
of specific dimensions under a specific load (ASTM C336). The fibers

Table 1
Analyzed chemical composition of the eight sodium aluminosilicate glasses under
study. Compositions were analyzed by X-ray fluorescence (£0.1 mol%).

Glass ID Composition (mol%)

Sio, Al,03 Na,0 MgO Cao
Mg-Ca0 59.92 15.98 15.77 8.08 0.09
Mg-Ca0.8 59.93 15.98 15.83 733 0.78
Mg-Cal.6 60.11 15.96 15.82 6.39 157
Mg-Ca2.4 59.91 15.99 15.79 5.76 240
Mg-Ca3.2 59.73 16.00 15.75 514 3.23
Mg-Ca4.8 59.81 16.02 15.70 341 4.90
Mg-Ca6.4 59.85 15.97 15.85 1.65 6.52
Mg-Ca8 59.83 16.01 15.79 013 8.08

were heated to approximately 25 K above their estimated annealing
point and then cooled at a rate of 4 K/min. Annealing and strain points
(n=10"2Pas and 1 = 10'>° Pa's) were then determined as the
temperatures that correspond to specific elongation rates, which have
been identified by prior analysis of NIST standard glasses. Softening
points (1 = 10°° Pa s) were determined by heating glass fibers and
monitoring their elongation rate under their own weight (ASTM
(C338). The heating rate was set to 5 K/min and the softening point
was defined as the temperature at which the elongation rate was
1 mm/min. Coefficients of thermal expansion () were also determined
from this experiment, averaged over a temperature range of 25-300 °C.

2.3. Temperature dependence of viscosity

The temperature dependence of equilibrium viscosity was mea-
sured by performing beam bending, parallel plate, and concentric cylin-
der experiments. The viscosity curve of each composition is represented
by data points at 105 Pa s (obtained via parallel plate viscometry),
10'! Pa's (obtained via beam bending viscometry), and 12-20 data
points in the range of 10" to 10° Pa s (obtained via the concentric cylin-
der method). For beam bending experiments, bars of 55 mm length and
2.5 x 2.5 mm? cross section were cut from the bulk glasses. For parallel
plate experiments, cylinders of 6.0 mm diameter and 5.0 mm thickness
were core drilled, and afterwards the flats were polished to an optical
finish. For concentric cylinder experiments, ~600 g of crushed glass
was remelted. The temperature 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 41 and +2 °C, respectively.
The estimated error in viscosity for the high-temperature measure-
ments (by the concentric cylinder method) is logn = £0.02 (ninPa s).

2.4. Vickers microhardness

All of the prepared glass samples were polished to mirror image
finish and Vickers microhardness (Hy) was measured using a Duramin
5 indenter (Struers A/S). A total of 30 indents were conducted on each
sample using an indentation time of 10 s and an indentation load of
0.49 N. The measurements were performed in air at room temperature.

2.5. Elastic moduli

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 eigen-
modes were used to calculate the elastic properties.
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2.6. Refractive indices

Refractive index (n) measurements were performed at the sodium
D-line (589.3 nm) using a low range Precision Refractometer (Bausch
& Lomb) with a sodium arc lamp. The measurements were performed
on 1.0 mm thick samples with polished surfaces that were cleaned
prior to measurements with high purity ethanol. The standard devia-
tion of n is around +0.0003.

2.7. Glass transition temperature and isobaric heat capacity

Calorimetric measurements were performed on a differential
scanning calorimeter (DSC 449C, Netzsch) to determine the calorimet-
ric glass transition temperature (T;) and the jump in heat capacity dur-
ing the glass transition (AG,). Each sample was subjected to two up and
downscans at 10 K/min to approximately 100 K above the glass transi-
tion temperature. The first scan reflects an unknown thermal history
whereas the second scan reflects the standard thermal history of a cooling
of 10 K/min [53]. A flow of 40 ml/min argon was used as protective gas
and platinum crucibles were used for both sample and reference. In
order to calculate the isobaric heat capacity (C,) of the sodium alumino-
silicate glasses, a sapphire standard of approximately the same weight
was measured before the measurement of each sample.

2.8. Structural aspects

Raman spectra were collected at room temperature on glass sam-
ples that were optically polished to a thickness of 50-80 pm with
parallel top and bottom surfaces. Grinding and polishing were done
using 600 grit SiC sand paper and cerium oxide slurry. A LabRAM
HR800 Raman microscope (Horiba Jobin Yvon) was used to collect
the spectra by using a 532 nm Verdi V2 DPSS green laser as the prob-
ing light source. The experimental setup is described in detail by
Guerette and Huang [54]. Following Refs. [55,56], we have removed
the spectral background by fitting a second order polynomial to the
spectral region between 1250 and 1550 cm ™' (where no Raman bands
are present), extrapolating it to lower frequencies and subtracting it
from each spectrum.

27Al magic angle spinning (MAS) NMR experiments were conducted
at 11.7 T (130.22 MHz resonance frequency) using a commercial spec-
trometer (VNMRS, Agilent) and a commercial 3.2 mm MAS NMR probe
(Varian/Chemagnetics). Powdered glasses were packed into aluminum-
free 3.2 mm zirconia rotors with sample spinning at 20 kHz. 0.6 s
radio-frequency pulses, corresponding to a 11/12 tip angle, were used to
excite the 2’Al central transitions uniformly and thus provide quantita-
tively accurate Al speciation. The ’Al MAS NMR spectra were processed
without additional line broadening and referenced to aqueous alumi-
num nitrate at 0.0 ppm. 2’Al MAS NMR spectra were analyzed using
the Dmfit program [57]. This program provides a means by which to
simulate second-order quadrupolar lineshapes, and in the case of 27Al
NMR spectra, an additional parameter (Czjzek distribution) to account
for distributions in the quadrupolar interaction [58]. 2’Al MAS NMR
spectra were fit using this approach and relative peak intensities were
determined from numerical integration of the simulated AlO4 and
AlOs lineshapes.

3. Results
3.1. Dynamic properties

The viscosity-temperature relationship has been the focus of several
models [59-62]. Recently, Mauro et al. [61] proposed a new and im-
proved model. This model is referred to as the “MYEGA” equation. It is
founded upon the temperature dependence of configurational entropy
[60] via the Adam-Gibbs equation of viscosity [59] and is derived based
on topological constraint theory. The model is able to account for the

configurational entropy both at the high temperature limit (a problem
with the Avramov-Milchev model [60]) and at the low temperature
limit (a problem with the Vogel-Fulcher-Tammann model [62]). Another
important feature is that all three fitting parameters of the MYEGA model
bear a physical meaning. The model is given by Eq. (1),

logn(T) = logni 7 m T
+(12 log’r;m)Teprm 1)(T 1)} 1)

where 11.. is the high-temperature limit of liquid viscosity, T is the glass
transition temperature, and m is the liquid fragility index. m is defined
as the slope of an Angell plot at T, (Eq. (2)) [63].

_0(logn(T))

Ty @

T=T,

By fitting Eq. (1) to the experimental viscosity data using a Levenberg—
Marquardt algorithm [64,65] (see inset of Fig. 1), we obtain the liquid
fragility index and glass transition temperature.

In Fig. 1, m is plotted as a function of the molar ratio of magne-
sium to total alkaline earth content [MgO] / ([MgO] + [CaO]). We
note that two distinct compositional regimes exist. Initially, as calcium
is substituted for magnesium, the liquid fragility index decreases. This
trend continues until a substitution degree of 0.70 after which the fra-
gility increases upon further substitution. The largest deviation from
linearity (the dashed line) is observed at a substitution degree of
~0.63, i.e., the largest mixed alkaline earth effect is observed at a com-
position close to the one with equal concentrations of the two alkaline
earth ions.

Fiber elongation data are presented in Figs. 2 and 3. In Fig. 2, the coef-
ficient of thermal expansion (c), calculated as an average from 25 to
300 °C, is plotted as a function of the molar ratio of magnesium to total
alkaline earth content. «exhibits a linear decrease over the entire compo-
sition range, with a minimum at a ratio of magnesium to total alkaline
earth content equal to 1. The fitted linear tendency has an adjusted
coefficient of determination (R?) equal to 0.960. Isokom temperatures
at the softening (1) = 10%° Pas), annealing (1 = 10'?2 Pas), and
strain points (1) = 10'>° Pa s) are plotted as a function of the molar
ratio of magnesium to total alkaline earth content in Fig. 3. The dashed
lines are guides for the eye and represent linear tendencies between the
end-member glasses, whereas the solid lines represent polynomial fits

37.0 R®=0.9998
o Log(n,,) =-1.94
3 T, = 952K
3651 s m=366
36.0 4 4.
— I
= 3551 S
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R
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Fig. 1. Liquid fragility index (m) as a function of the molar ratio of magnesium to total al-
kaline earth content [MgO] / ([MgO] + [CaO]). m is determined by fitting the MYEGA
equation (Eq. (1)) to the measured log 1) vs. T data. The inset shows an example of this de-
termination using data for Mg-Ca8 [61]. The solid line represents the apparent relation
between m and the molar ratio of [MgO] / ([MgO] + [CaO]), whereas the dashed line rep-
resents a linear relation between the two end-member compositions. Both lines are
guides for the eye. (Am) . is equal to the maximum discrepancy in fragility between
the linear relation and the apparent relation, i.e,, the largest mixed alkaline earth effect.
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Fig. 2. Coefficient of thermal expansion (o) as a function of the molar ratio [MgO] /
([MgO] + [Ca0]). e is taken as the average value between 25 and 300 °C. The solid line is
alinear fit to data (R? = 0.960) and the accuracy of « is approximately +0.6 x 10~7/K.

to all data points. Both the strain and the annealing points generally lie
beneath the dashed line, since they exhibit a more parabolic shape,
whereas the softening temperatures exhibit linear composition depen-
dence and thus lie on the dashed line. Furthermore, both the straining
and annealing isokoms have the largest deviation from linearity at a
substitution degree of approximately 0.51. For all three points, the
isokom temperature increases as magnesium is substituted for calcium.
With an increase in isokom temperature, i.e., a decrease in viscosity, the
deviation from linearity becomes less pronounced and approaches zero
(Fig. 3). In other words, the mixed alkaline earth effect is declining as
the temperature increases.

3.2. Physical properties

Vickers hardness (Hy) is determined by using the microindentation
method. Experimental Hy values depend on the measurement con-
ditions [66-69]. Consequently all microindentation experiments have
been performed on the same indenter with the same indentation load
and time (049 N and 10 s), ensuring crack free indents. Fig. 4 shows
Vickers microhardness plotted as a function of the molar ratio of mag-
nesium to total alkaline earth content. The dashed line represents a lin-
ear relationship between the end-member compositions. A parabolic fit

1240 ® Softening point
A Annealing point
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ool '/././Q/VV.
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Fig. 3. Strain (1 = 10'>® Pa s), annealing (1 = 10'%2 Pa s), and softening point
(= 10°° Pas) as a function of the molar ratio [MgO] / ([MgO] + [CaO]). Data is mea-
sured by fiber elongation. The dashed lines represent linear relations between the isokom
temperatures and the magnesium to total alkaline earth content. The solid lines are poly-
nomial fits [64,65]. The uncertainty in the determinations of the straining and annealing
points are 42 Kand -+ 3 K for the determination of softening points, i.e., errors are smaller
than the size of the symbols.

matches the data well, and the largest deviation from linearity is found
at a substitution degree of 0.50.

According to the Yamane and Mackenzie model [70] the elastic
moduli control the deformation of glasses during microindentation.
Therefore, shear modulus (G) and Young's modulus (E) have been de-
termined and the results are shown in Fig. 5. It is seen that elastic mod-
uli are compositionally invariant within the measured set of glasses,
since both shear modulus and Young's modulus are constant within
the error range for all measured compositions. Since the glass is isotro-
pic, this means that the bulk modulus and Poisson's ratio must also be
constant. In Fig. 6, density and molar volume at room temperature are
plotted as a function of the molar ratio of [MgO] to [CaO] + [MgO]. The
molar volume is calculated as the molar mass is divided by the glass
density. Both density and molar volume exhibit a linear decrease as
magnesium is substituted for calcium. The measured refractive indi-
ces (n) at 589.3 nm reveal the same linear tendency, i.e., n decreases as
magnesium is exchanged with calcium (Fig. 7).

3.3. Thermodynamic fragility

The measured differential scanning calorimetry (DSC) curves are
shown in Fig. 8. The composition dependence of the measured differ-
ence in heat capacity between supercooled liquid and glass (ACp, an
indirect measure of thermodynamic fragility) and glass transition
temperatures (Ty) are shown in Figs. 9 and 10, respectively. These
values were determined from the C,-T curves obtained during the
second DSC upscan as shown in the inset of Fig. 10 [52]. The depen-
dence of Ty on [MgO] / ([MgO] + [Ca0]) deviates negatively from
linearity (dashed line), with the largest deviation at a substitution
degree of 0.54 (Fig. 10). T increases with increasing substitution of
calcium for magnesium. The thermodynamic fragility exhibits two re-
gions of composition dependence. At low magnesium concentration,
AC, decreases as calcium is substituted for magnesium, whereas at
low calcium concentrations, AC;, increases. The slope changes from
negative to positive at [MgO] / ([MgO] + [CaO]) = 0.70 and the largest
deviation from linearity is at [MgO] / ([MgO] + [CaO]) = 0.49.

3.4. Structural aspects

Raman spectra of representative sodium aluminosilicate glasses are
shown in Fig. 11, where the Raman intensity is plotted as a function of
wavenumber (v). The two low-wavenumber peaks are both unaffected
by composition variations, i.e., all samples have peaks positioned at
~498 cm~ ! and ~570 cm ™!, respectively. According to Galeener [71]

7.54
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0.0 0.‘2 0,‘4 0.‘6 0.‘8 1]0
[MgOJ/([MgOJ+{Ca0)) (mol/mol)

Fig. 4. Vickers microhardness (Hy) as a function of the molar ratio [MgO]/
([MgO] + [Ca0]). The solid line represents the apparent relation between Hy and the
molar ratio of [MgO] / ([MgO] + [CaO]) whereas the dashed line is a linear extrapola-
tion between the end-member compositions; both are guides for the eye. (AHy)max is
marked on the figure as where the largest discrepancy is between linear relation and
apparent relation, i.e., the largest mixed alkaline earth effect.
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Fig. 5. Elastic moduli as a function of the molar ratio [MgO] / ([MgO] + [CaO]). The
solid lines are linear fits. Both Young's modulus and shear modulus are determined
by resonant ultrasound spectroscopy experiments. The uncertainty of this method is
approximately +0.2 GPa.

these peaks are caused by silicon-oxygen-silicon bending vibrations of
threefold and fourfold silica ring structures embedded in the glass net-
work. The position of the high-wavenumber band, ~1000 cm ', varies as
magnesium is exchanged with calcium (Fig. 12). According to McMillan
[72], this peak is associated with silicon-oxygen stretching vibrations of
tetrahedral silicate units. The dashed line in Fig. 12 represents a linear
relation between the end-member compositions. We find that the peak
position diverges positively from a linear tendency, with the largest devi-
ation found at [MgO] / ([MgO] + [Ca0]) = 0.63.

MAS NMR spectra of 2/Al in representative sodium aluminosilicate
glasses under study are shown in Fig. 13. The spectra all exhibit a narrow
asymmetric peak centered around + 50 ppm, consistent with tetrahedral
aluminum groups (AI'Y) [73]. The aluminum speciation of these glasses is
thus very similar to each other, since both position and shape of the 2’Al
resonance exhibit only minor composition dependence. Only the spec-
trum of the magnesium end-member composition is slightly broader
and more asymmetric on the more shielded side (lower shift). This is
due to the presence of higher Al coordination in this sample, such as
five-fold coordinated aluminum (AIY).

4. Discussion
4.1. Effect of alkaline earth field strength

In this section, we discuss the effects of completely substituting
magnesium for calcium on selected physical properties, i.e., we focus
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Fig. 6. Density and molar volume as a function of the molar ratio [MgO] / ([MgO] + [CaO]).
The solid lines are linear fits to data with R? equal to 0.996 and 0.912 for density and molar
volume, respectively. Uncertainties in both values are smaller than the symbol sizes.
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Fig. 7. Refractive index (n) measured at 589.3 nm as a function of the molar ratio
[MgO] / ([MgO] + [Ca0]). The solid line is a linear fit to data with R* = 0.998. The
standard deviation of n is around =+0.0003.

on the difference between the two single alkaline earth-containing end-
member compositions.

The high wavenumber vibrational modes of Raman spectroscopy
could be associated with higher network connectivity because more
energy is required to induce atomic vibrations (shifts in the Q"-value
of the tetrahedral SiO,4 units). Since the oxygen coordination number
of Mg2™* is probably lower than that of Ca?* [74-76], the number of
affected oxygen ions in the SiO4 network decreases when substituting
Mg?* for Ca>™*. This explains why the concentration of T—- 0T bonds
(T = tetrahedral unit) increases as magnesium is substituted for cal-
cium (Fig. 12). It is also well established that tetrahedrally coordinat-
ed Mg?* can act as a network former, contributing to an increased
population of T-0-T bonding at higher magnesium contents [77].

The magnesium-containing glass has lower density and smaller
molar volume compared to the calcium-containing glass (Fig. 6). This
difference in molar volume reflects a modification of the glass network
structure. The smaller molar volume is caused by tighter binding of ox-
ygen to magnesium, as expected from the larger field strength and
smaller size of magnesium compared to calcium [12,78]. It should be
noted that a smaller molar volume does not correspond to a denser
structure. In contrast, the structure becomes less dense indicated by a
decrease in the refractive index when substituting calcium for magne-
sium (Fig. 7). Hence, although Mg?* has shorter and stronger cation—
oxygen bonds, the overall atomic densities of these glasses are lower
than that of the ones containing Ca?*.

Vickers hardness is a measure of the resistance towards mechani-
cal deformation of the glass and is phenomenologically related to

110

Numbers refers to the content of CaO in mol %
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Fig. 8. Heat capacity as a function of temperature for the six samples with different CaO
contents (in mol%) as indicated in the figure. The composition of each sample is given
in Table 1. The heat capacities are determined by differential scanning calorimetry at a
heating rate of 10 K/min subsequent to a cooling of 10 K/min.
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Fig. 9. AG;, as a function of the molar ratio of [Mg0] / ([MgO] + [Ca0]). A, is the jump in
heat capacity occurring at the glass transition and it is calculated as the heat capacity at the
glass transition offset (C,;) minus the heat capacity at the glass transition (Cyg). An illustration
of how to determine these characteristic heat capacities is shown in the inset of Fig. 10. The
uncertainty of this method is around +0.3 | mol ' K™ . The solid line represents the appar-
ent relation between AC, and the molar ratio of [MgO] / ([MgO] + [CaO]), whereas the
dashed line represents a linear extrapolation between the end-member compositions.
Both lines are guides for the eye. A(AC,)max is equal to the maximum discrepancy in A, be-
tween the linear relation and the apparent relation, ie., the largest mixed alkaline earth
effect.

three different deformation mechanisms: densification, elastic defor-
mation, and plastic flow [79]. The elastic moduli of the measured glasses
show no compositional dependence (Fig. 5), so according to Yamane and
Mackenzie [70] the elastic resistance in these systems should be compo-
sitionally invariant. This is in good agreement with the fact that the two
end-member compositions exhibit identical hardness. Furthermore, it is
expected that the magnesium composition is less susceptible to densifica-
tion based on its lower molar volume [70,80]. However, the magnesium
composition has a lower refractive index compared to the calcium com-
position, indicating that the former composition is more susceptible to
densification [81]. Both density and refractive index only show minor
composition variation (4 1-2%). Thus, it is likely that densification is
also compositionally independent within the studied composition
range. Plastic flow has earlier been argued to take place above a certain
concentration of network modifiers [82]. As both end-member composi-
tions contain the same amount of alkali and alkaline earth oxides, the
plastic flow should be identical, and hence, both have similar Vickers
hardness (Fig. 4).
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Fig. 10. The glass transition temperature from differential scanning calorimetry as a
function of the molar ratio of [MgO] / ([MgO] + [CaO0]). The solid line represents the
apparent relation between T, and the molar ratio of [MgO] / ([MgO] + [Ca0]), where-
as the dashed line is a linear relation; both are guides for the eye. (ATg)max is marked
on the figure where the largest discrepancy exists between linear relation and appar-
ent relation, i.e., the largest mixed alkaline earth effect. Inset: Method for determining
T, and characteristic heat capacities from the heat capacity curves measured by differ-
ential scanning calorimetry [53]. The uncertainty of this method is +2-3 K [88].
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Fig. 11. Raman spectra for the sodium aluminosilicate glasses. The spectra are shifted
vertically for clarity. The composition of each sample is tabulated in Table 1, with the
designation written on the right corresponding to a specific composition. The arrows
indicate the approximate peak positions.

The liquid fragility is closely related to the microstructure of glasses
and liquids. Usually for oxide compositions, at temperatures above T,
strong liquids contain a high degree of connectivity and fragile ones a
comparably low degree of connectivity [63]. More precisely, strong
liquids have a medium-range structure which is more stable towards
temperature fluctuation around T,. As shown in Figs. 1 and 9, kinetic
and thermodynamic fragilities both exhibit the same composition depen-
dence, viz., a decrease in fragility as magnesium is substituted for calcium.
As discussed above, the higher field strength of magnesium increases the
amount of rigid constraints at T, and hence, results in lower fragility indi-
ces. This is supported by the Raman spectroscopic data, which imply
stronger bonding in the magnesium end-member composition.

The higher field strength of magnesium is correlated with a deeper
potential energy well, resulting in a decrease of the magnitude of the
anharmonic vibrations at a given temperature, and thus, also a decrease
of the coefficient of thermal expansion [48]. This agrees with the find-
ings reported in Fig. 2, where a is found to decrease when substituting
magnesium for calcium. It is generally accepted that T, is mainly deter-
mined by both the connectivity of the network and its average bond
strength. This is supported by accurate quantitative T, predictions
using temperature-dependent constraint theory [83,84]. In our case,
the fragility, o, and Raman spectroscopic data suggest a stronger net-
work, i.e., more rigid constraints, in the Mg?* containing compositions.
Hence, the higher bond strength between magnesium and oxygen is
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Fig. 12. Peak position wavenumber (v) of the Raman peak near 1050 cm ™~ as a func-
tion of the molar ratio [MgO] / ([MgO] + [CaO]). The solid line represents the apparent
relation between v and the molar ratio of [MgO] / ([MgO] + [Ca0]), whereas the
dashed line represents a linear relation between the end-member compositions. Both
lines are guides for the eye. (AV)max is equal to the maximum discrepancy in v between
the linear relation and the apparent relation, i.e., the largest mixed alkaline earth effect.
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Fig. 13. 27Al MAS NMR spectra for the six selected glasses. The spectra show unchanging
lineshape for all glasses expect the i d-member ¢ ition, which is slight-
ly broader on the more shielded side. The inset shows an example of deconvoluting these
data into A" (dashed lines) and Al" peaks (filled area), allowing for an estimation of
changes in Al coordination [85]. Multiple Al resonances were required to account for
the complex lineshape and are consistent with literature values for isotropic chemical
shift and quadrupolar coupling product in sodium aluminosilicate and alkaline earth alu-
minosilicate glasses. The fitting parameters for the Al¥ resonance match those used in Ref.
[85].

overcompensating the smaller coordination number [12], resulting in a
higher T (Fig. 10). In other words, compared to calcium, magnesium has
more rigid constraints at the temperatures of measurement (sub-Tg). The
explanation is that some magnesium constraints have a higher onset
temperature than those of calcium, which results in more rigid con-
straints at sub-T, temperatures, even though the coordination number
of magnesium is lower than that of calcium. The same phenomenon is
responsible for the increase in isokom temperatures (Fig. 3), because an
increase in isokom temperature corresponds to an increase in viscosity
(for a constant temperature below T). This observation is in agreement
with the overall trends of the Raman spectroscopic data, fragility
and glass transition temperature data, all suggesting stronger oxygen
bonding, more rigid constraints, and more tetrahedral bonding in the
magnesium-containing compositions. From the NMR data (Fig. 13), we
conclude that AlO,4 tetrahedra in the Ca-containing glasses are essentially
all charge-balanced by a combination of Na* and Ca®*. These spectra can
be satisfactorily simulated without the need for an Al¥ resonance. Howev-
er, in the one instance where Ca is only present at trace levels, the need
for alkaline earth cations (Mg?*) to complement the role of Na™ is par-
tially ineffective, leading to a small population of Al species. In detail
we find approximately 5% Al" in the Mg-Ca0 composition compared
to 0% in the remaining compositions (see inset of Fig. 13). Such quan-
tities of AlY species are consistent with high quality fitting of 27Al
MAS NMR spectra in similar systems [58,85]. Changes in aluminum
speciation in the mixed alkaline earth compositions are thus negligible,
even though we measure a slight increase of the connectivity in the
magnesium-containing end-member composition. This slight increase
in AlY of the magnesium-containing composition contributes to the
general trend, being that the magnesium-containing composition com-
pared to the calcium-containing one has higher T,, isokom tempera-
tures and fragility, i.e., properties related to the connectivity.

4.2. Mixed alkaline earth effect

The mixed alkaline earth effect is observed as a deviation from
linear composition dependence. For the current glasses under investi-
gation, we find the effect manifested in the Raman spectroscopic data
(Fig. 12) as a maximum and in the Vickers hardness (Fig. 4), fragility
(Figs. 1 and 9), glass transition temperature (Fig. 10) and viscosity
data (Fig. 3) as a minimum. According to Fluegel [78], the mixed

alkaline earth effect is normally observed as a minimum in viscosity.
He observed a gradient in the slope of the viscosity-composition
plot, going from a large negative departure at low concentration of
modifier to a relatively small slope at high concentration of modifier.
Neuville and Richet [49] explain the minima in viscosity by an excess
of entropy caused by mixing, however, this behavior is in complete
contrast to the theory given by Dietzel [3]. The theory by Dietzel [3]
is that oxygen stabilized by two different alkaline earth ions is energet-
ically much more favored than oxygen stabilized by similar alkaline
earth ions [50], which should result in maxima in Vickers hardness,
isokom temperatures and Tg. The observed minima in Vickers hardness
(Fig. 4), isokom temperatures (Fig. 3), and T, (Fig. 10) indicate the exact
opposite, namely that the mixed magnesium-calcium compositions ex-
perience weaker bonding than the end-member compositions.

Above we argued that both densification and elastic deformation are
compositionally independent. This suggests that plastic flow accounts
for the nonlinear composition dependence of Vickers hardness [6,86].
Faivre et al. [6] reported that the plastic flow of glass is caused by the
hopping of network modifiers, promoting slippage of the rigid parts of
the network [82,86]. This is, however, not the entire explanation, as
we may assume that the plastic flow is generated by a more cooperative
rearrangement of atoms. lonic conductivity measurements reveal a
minimum in conductivity as one alkaline earth ion is substituted for an-
other one [1]. Hence, the lowest concentration of mobile ions is at a sub-
stitution degree of 0.50 and the plastic flow according to Faivre et al. [6]
should therefore have a minimum at this composition. The minimum in
ionic conductivity at equal concentrations of alkaline earth ions is also
predicted by the dynamic structure model [30,33]. This is, however,
not what we observe in Fig. 4, since a minimum in ionic conductivity
should correspond to a maximum in hardness. If we instead consider
viscosity to be an estimate of the plastic flow, we suggest that the occur-
rence of the minimum in hardness is associated with the corresponding
minimum in isokom temperatures. Although the deformation under in-
dentation and the viscous flow under shear occur at various temperature
regions, their mechanisms are similar to large extents, i.e., both are relat-
ed to the translational motion of structural units. It can be argued that the
responsible underlying topological constraints of the mechanisms may
differ, due to the temperature dependence of these constraints. If
this is the case, an offset might occur between the minima in Vickers
microhardness and isokom temperatures at room-temperature [87].

Based on the Raman spectroscopic data, we find a relatively high con-
centration of T-O-T bonds in the mixed alkaline earth region (Fig. 12).
This might be associated with the observed negative deviation from line-
arity for the liquid fragility index, since higher network connectivity gen-
erally corresponds to a stronger liquid. However, the low-temperature
viscosity of the mixed alkaline earth compositions is lower than that of
the end-member compositions (Fig. 3). The Raman spectroscopic data
suggest that the network connectivity of the mixed Ca-Mg compositions
is higher than that of the two end-members, which normally increases
viscosity. Therefore we can infer that the decrease of viscosity observed
in this work is not related to the network connectivity, but instead is
mainly related to the local structural environment around the network
modifiers causing overall bond weakening.

5. Conclusion

We have studied the mixed alkaline earth effect in a series of
MgO/Ca0 sodium aluminosilicate glasses by substituting MgO for CaO.
We find that the mixed alkaline earth effect manifests itself as a maxi-
mum in T-0-T bonds, but a minimum in Vickers microhardness,
glass transition temperature, and isokom temperatures. We explain
the minimum in viscosity by a bond weakening in the local structural
environment around the network modifiers, viz., the minimum origi-
nates from the structural character of the modifying ions.

The viscous flow under shear and deformation under indentation
are both related to the translational motion of structural units, and
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since the elastic moduli in the investigated system are compositionally
independent, we suggest that the observed minimum in microhardness
is associated with the corresponding minimum in shear viscosity.
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Glasses deform permanently as a result of indentation and the total resistance to deformation
consists of three individual resistances, i.e., those to elastic deformation, densification, and plastic
flow. The link between Vickers hardness and the resistances to densification and plastic flow has
been investigated previously, but the link between the resistance to elastic deformation and
hardness has not yet been studied. In this work, we investigate the link between elastic deformation
during indentation and Vickers hardness in a series of mixed magnesium-barium boroaluminosili-
cate glasses. We show that the mixed alkaline earth effect manifests itself as deviations from linear-
ity in shear modulus, Poisson’s ratio, glass transition temperature, liquid fragility index, hardness,
volume of densification, and volume of plastic flow. We find no correlation between the elastic part
of the indentation and hardness, and we thus infer that elastic deformation does not play a dominant
role in determining the mixed alkaline earth effect of hardness. However, interestingly, we find a
strong correlation between Poisson’s ratio, volume of plastic flow, and hardness, by which the min-
imum in hardness could be explained in terms of a minimum in shear viscosity. © 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4906099]

@CmssMark
Pt

Role of elastic deformation in determining the mixed alkaline earth effect

INTRODUCTION

The study of indentation deformation processes in glass
was initiated in 1962, at which time it was proposed that these
processes obey the classical law of plasticity, i.e., indentation
was perceived as a purely plastic process. ™ Later, via com-
parison between the indent volume and the volume of pile-up,
it was shown that indentation deformation originates from both
plastic flow and densification.”™” It is now widely accepted that
intrinsically glass is a brittle material that deforms both by
plastic flow and by densification when pressure is applied. As
hardness is a measure of the ability for a material to resist elas-
toplastic deformation, it is one of the most important mechani-
cal properties of glass for applications such as scratch-resistant
covers for personal electronic devices.®

According to Yamane and Mackenzie,” the resistance of
a glass to deformation is a result of the resistance to three
distinct deformation processes: plastic flow, densification,
and elastic deformation. Plastic flow is a volume conserva-
tive displacement of matter, where material is forced
upwards creating a positive flux, which in turn results in
pile-ups around the indent. Densification is a non-volume
conservative irreversible compression that creates a hemi-
spherical area of increased density beneath the indent.
Elastic deformation is a reversible compression that recovers
after unloading. Recently, Yoshida er al.'” have developed a
method that is capable of quantifying the amount of non-
plasticity in glass. One of the key steps for the method is to
perform sub-T, annealing to enable quantification of densifi-
cation and plastic flow. The resistance to the elastic part of
the deformation process is, however, not accessed in their

“Author to whom correspondence should be addressed. Electronic mail:
yy@bio.aau.dk. Tel.: +45 9940 8522.
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approach.'®"'? Under an applied pressure, the atomic bonds
in the glass stretch and bend away from their favorable posi-
tion, allowing for some elastic deformation. Upon unloading,
the bonds return to the state of lowest energy and the mate-
rial recovers to its original shape. In other words, part of
external mechanical energy (given by indentation) causes
elastic work in the glass, which in turn leads to an increase
of the potential energy of the atoms. When unloading, this
increased potential energy is released, resulting in an expan-
sion work. The rest of the mechanical energy causes plastic
flow (i.e., a sort of deformation work), permanent densifica-
tion (a permanent high potential state) and a small amount of
dissipation heat. Thus, the energy conservation law is
obeyed. As hardness is calculated as the applied force di-
vided by the indent size, part of which is used for the elastic
deformation, the latter contributes to the glass hardness.”'”
Kjeldsen et al.*'® have proposed a new approach to predict
the compositional scaling behavior of hardness in mixed
modifier silicate glasses. In this approach, the compositional
dependence of hardness is assumed to be a consequence of
the resistance of the glass network to plastic flow. The inves-
tigated mixed modifier glass systems were designed to
achieve constant elastic moduli with respect to composition,
i.e., the influence of the elastic deformation on hardness was
kept constant.

The resistance of a glass to permanent deformation (i.e.,
hardness) is typically dominated by one of the three deforma-
tion process. Kjeldsen er al*'> have found that in mixed
modifier glasses, the resistance to plastic flow is the dominant
resistance to deformation.* However, in glass systems of high
silica content (>85mol. % SiO,), densification has been
reported to be the dominant deformation process.* '
In certain glass systems indented under low loads, elastic

© 2015 AIP Publishing LLC
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deformation could be the dominant deformation process. In
order to enable prediction of the compositional dependence of
hardness, it is important to account for all three deformation
mechanisms. Makishima and Mackenzie considered the glass
hardness to be closely related to the Young’s modulus (E)."
E is a measure of a material’s resistance to axial stress under
circumstances where plastic flow is prohibited. Thus, the
atomic movement in glass during axial deformation should be
similar to that during elastic deformation during indentation,
i.e., E correlates well with the elastic part of indentation, and
hence, with hardness under certain circumstances. Recently,
Hand and Tadjiev'® proposed a direct one-to-one relation
between E and H, and found that increasing hardness is usu-
ally correlated with increasing modulus. While this correlation
applies to many compositions,'6 it does not apply to all 13
Therefore, the intrinsic link between E and H, still needs to be
explored. To the best of our knowledge, the relation between
the elastic part of indentation and hardness has not yet been
studied.

In this paper, we investigate the correlation between
Vickers hardness (H,) and the deformation processes under
indentation in a series of mixed magnesium-barium boroalu-
minosilicate glasses. In our recent investigations on the rela-
tion between deformation processes under indentation and
H,, we kept E constant and thus neglected its influence on
H,*'> Here, we choose a series of boroaluminosilicate
glasses with varying MgO/BaO molar ratios as the objects of
this study since they are expected to exhibit a relatively large
change in E upon Mg-for-Ba substitution.'” The contribu-
tions of densification and plastic flow to indentation are
determined using atomic force microscopy (AFM), applying
the method developed by Yoshida et al.'® The composition
dependences of density (p), shear modulus (G), glass transi-
tion temperature (T), and liquid fragility index (m) are also
determined, which are useful for interpreting the AFM
results. Finally, we discuss the correlations among the defor-
mation processes under indentation, Young’s modulus, and
hardness.

EXPERIMENTAL
Sample preparation

The nominal compositions of the studied mixed
magnesium-barium boroaluminosilicate glasses are 64Si0,-
12A1,03-6B,05-12Na,0-(6-x)MgO-xBaO, where x=0, 1.5,
3, 45, and 6. The end-member glasses, i.e., x=0 and 6,
were previously studied in Refs. 18-20 with respect to their
mechanical, thermophysical, and optical properties. All
glasses included ~0.16mol. % SnO, as a fining agent. To
prepare the glasses, the raw materials were first melted in a
covered platinum crucible for 5h in air at a temperature
between 1450 and 1600 °C, depending on composition. The
melts were first quenched in water, and the resulting glass
pieces were crushed and remelted for 6h at 1650°C and
finally cast onto a stainless steel plate in air. The remelting
was performed to ensure quality and homogeneity of the
final glass product. The glasses were annealed for 2h at
their respective annealing points (7=10'>*Pa s). The
chemical compositions of the final glasses were
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determined using X-ray fluorescence, and the analyzed
compositions were all within 0.5mol. % of the nominal
targets (see Table I). Room-temperature densities of the
glasses were determined by Archimedes’ principle using
water as immersion liquid.

Viscosity

The temperature dependence of equilibrium viscosity
was measured by performing beam bending, parallel plate,
and concentric cylinder experiments. The viscosity curve of
each composition is represented by data points at 10%°Pa s
(obtained via parallel plate viscometry), 10" Pa s (obtained
via beam bending viscometry), and 12-20 data points in the
range of 10" to 10°Pa s (obtained via the concentric cylinder
method). For beam bending experiments, bars of 55mm
length and 2.5 x 2.5mm? cross section were cut from the
bulk glasses. For parallel plate experiments, cylinders of
6.0mm diameter and 5.0mm thickness were core drilled,
and afterwards, the flats were polished to an optical finish.
For concentric cylinder experiments, ~600g of crushed
glass was remelted. The temperature 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 *1
and *£2°C, respectively. The estimated error in viscosity for
the high-temperature measurements (by the concentric cylin-
der method) is log(y7) = =0.02 ( in Pa s).

Indentation and AFM

All of the prepared glass samples were polished to mir-
ror image finish and H, was measured using a Duramin 5 in-
denter (Struers A/S). A total of 30 indents were conducted
on each sample using an indentation time of 10s and an
indentation load of 0.49N. The measurements were per-
formed in air at room temperature. The indentation impres-
sions were observed using a Ntegra (NT-MDT) AFM.
Measurements of deformation volumes were performed in
tapping mode at 50% relative humidity and room tempera-
ture. The AFM cantilever had a silicon tip, the scanning fre-
quency was 0.47Hz, and the scan size was 20 x 20 um?.
Following the procedure of Yoshida et al.,'" at least ten
indentations were examined before and after annealing for
2h at 0.9 times the glass transition temperature (in K) of the
respective composition.

TABLE 1. Chemical compositions of the 5 magnesium-barium boroalumi-
nosilicate glasses under study, which were analyzed using X-ray fluores-
cence (0.1 mol. %).

Composition (mol. %)

Glass ID Si0, ALO;  B,O; Na,0O MgO BaO  SnO,
Mg-Ba0 64.03 11.80 5.99 11.92 5.89 0.15
Mg-Bal.5  64.03 11.91 6.04 11.77 4.53 1.50 0.15
Mg-Ba3 64.02 11.93 6.01 11.87 2.98 2.98 0.15
Mg-Bad.5  64.06 11.96 5.96 11.83 1.52 4.46 0.15
Mg-Ba6 63.87 11.94 5.92 11.96  0.03 6.09 0.16
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Elastic moduli

The elastic properties (£ and G) were measured at room
temperature using resonant ultrasound spectroscopy. Prisms
of dimensions 10mm 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.

Calorimetry

Calorimetric measurements were performed on a differ-
ential scanning calorimeter (DSC 449C, Netzsch) to deter-
mine the calorimetric T,. Each sample was subjected to two
up and downscans at 10 K/min to a maximum temperature of
~100K above the glass transition temperature. The first scan
reflects an unknown thermal history, whereas the second
scan reflects the standard thermal history of a cooling of
10 K/min.Z' A flow of 40 ml/min argon was used as protec-
tive gas, and platinum crucibles were used for both sample
and reference. In order to calculate the isobaric heat capacity
(Cp) of the aluminosilicate glasses, a sapphire standard of
approximately the same weight was measured before the
measurement of each sample.

RESULTS

The composition dependence of the elastic moduli (£
and G) is plotted in Fig. 1 for the mixed Mg-Ba boroalumi-
nosilicate glass series with various molar ratios of [MgO]/
([MgO] + [BaO]) (hereafter, this molar ratio is denominated
by the symbol f). It is seen that E decreases linearly with f,
whereas G decreases in a nonlinear fashion with the largest
deviation from linearity at f=0.5. That is, the mixed alkaline
earth effect is observed in G, but not in E (Fig. 1). The non-
linear trend for G and the negative linear trend for E have
not been reported in earlier studies.*'> Using these trends,
we can qualitatively explain the changing trend of the elastic
part of deformation under indentation with varying f. From

Moduli (GPa)
«Q
R

FIG. 1. Shear modulus (G) and Young’s modulus (E) as a function of the
molar ratio (f) of magnesium to total alkaline earth content, i.e., [MgO]/
([MgO] + [BaO]). The solid lines represent the compositional scaling of E
and G, whereas the dashed lines depict a linear relation between the two
end-member compositions. Both lines are guides for the eye.
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FIG. 2. Poisson’s ratio () as a function of the molar ratio of f=[MgO]/
([MgO] + [BaO]). v is calculated as 2E/G — 1.7 The solid line represents the
compositional scaling of v, whereas the dashed line depicts a linear relation
between the two end-member compositions. Both lines are guides for the
eye.

the values of E and G, the Poisson’s ratio () can be calcu-
lated as v = 2E/G — 1.” In Fig. 2, v is plotted as a function of
[ Itis seen that v initially increases with f and then decreases
when f>0.5, ie., the largest deviation from linearity is
found at f=0.5.

Fig. 3 shows the composition dependence of H,, which
manifests an initial increase followed by a decrease with f,
i.e., the mixed alkaline earth effect of hardness occurs. The
largest negative deviation from linearity and the minimum
value of H, are observed at around f=0.5. Examples of the
indents are shown in Fig. 4. As mentioned in the introduc-
tion, the resistance of a glass to deformation during Vickers
indentation is a result of three distinct processes, namely,
plastic flow, densification, and elastic deformation.” AFM
measurements are therefore performed to determine the size
of the indents and the amount of pile-up both before and af-
ter sub-T, annealing. From these results, the volume of den-
sification (V) and volume of plastic flow (V) are calculated
as per Egs. (1) and 2):1°

T T T T T T

0.0 0.2 0.4 0.6 0.8 1.0

FIG. 3. Vickers hardness (H,) as a function of the molar ratio of f=[MgO]/
([MgO] + [BaO]). The solid line represents the compositional scaling of H,,
whereas the dashed line depicts a linear relation between the two end-
member compositions. Both lines are guides for the eye.
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FIG. 4. AFM images of indents and their respective cross-sections. Images (a) and (b) are obtained for the glass with f=0 before and after annealing at
0.9 x T, (in K), respectively. Images (c) and (d) are for the glass with f=0.5 before and after annealing at 0.9 x T, respectively. Images (e) and (f) are
obtained for the glass with f=1 before and after annealing at 0.9 x T, respectively. All images have the same scanning area (20 um x 20 um), but the height
of the images (z) is different and indicated on each cross-sectional image. The dashed lines represent the al volume (V; ), while the solid lines indicate the

indent volume after annealing (Vi"). The volume in between is the volume of densification (V).

Va=(V; =V)+ WV =V]),

(Vi =V + (Ve = V),

M
@

Vp=Vi =
where subscripts i and a indicate initial volumes and vol-
umes after annealing, respectively, and superscripts — and +
indicate indentation volumes and pile-up volumes, respec-
tively. The derived volumes of densification and plastic flow
(V4 and V) are plotted in Fig. 5 as a function of f, and their
determination is illustrated in Fig. 4. Both V4 and V,, exhibit
nonlinear compositional scaling with the largest deviation
from linearity at around f=0.5. V, is experiencing a positive
deviation, while V4 is experiencing a negative deviation
from linearity, but both exhibit the mixed alkaline earth
effect. It is notable that V4 is ~4 times larger than V/,.

The Poisson’s ratio is a measure of the materials ability
to expand in the transverse axes of applied compression, and
is consequently closely related to V4 and V. A negative cor-
relation has previously been proposed between v and the ra-
tio of densification to initial indentation volume (this ratio is

- N W
L N 1

[
N o
N\ L

Deformation volume (pms)
w
©
N

g
o
L

FIG. 5. Volumes of plastic flow (V) and densification (Vy) as a function of
the molar ratio of f=[MgO]/([MgO] -+ [BaO]). The solid lines represent the
compositional scaling of V, and V4, whereas the dashed lines depict a linear
relation between the two end-member compositions. Both lines are guides
for the eye.

also referred to as the volume of recovery (Ve).'%?% To test
this, the volume of recovery is plotted as a function of mag-
nesium to total alkaline earth content in Fig. 6. V initially
decreases with f, but at around f= 0.5, the slope changes and
Vg increases with further increase in f. The compositional
scaling of V (Fig. 6) resembles that of 1/v (Fig. 2).

The composition dependence of liquid fragility index
(m) and glass transition temperatures (T,) both relates to
shear motion and thus to plastic flow. To determine the lig-
uid fragility index, m, we use the measured viscosity data in
the range of 10' to 10''Pa s. Those data are fitted to the
equation:>?

log n(T) = logn.. + (12 — logn.,)

T, m T,
X e <12—Iogt1oc_l><F_l> » 3

where 1. is the high-temperature limit of liquid viscosity.
The derived m values are plotted against composition in

T T T T T T

0.0 0.2

FIG. 6. Volume of recovery (Vi) as a function of the molar ratio of
f=[MgO]/([MgO] + [BaO]). The solid line represents the compositional
scaling of Vg, whereas the dashed line depicts a linear relation between the
two end-member compositions. Both lines are guides for the eye.
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FIG. 7. Liquid fragility indices (m) as a function of the molar ratio of
f=[MgO]/([MgO] + [BaO]). m values are determined by fitting Eq. (3) to
viscosity data. An example of this determination is shown in the inset,’
where f=0.75 is used as an example. The solid lines represents the composi-
tional scaling of m, whereas the dashed line depicts a linear relation between
the two end-member compositions. Both lines are guides for the eye.

Fig. 7. The T, values determined by DSC are shown in Fig.
8, and experience similar compositional scaling as those
obtained from Eq. (3). It is seen in Fig. 7 that m experiences
a nonlinear decrease with increasing f, and on Fig. 8 that T,
experiences a nonlinear increase with increasing f. Both T,
and m have the largest deviation from linearity at f~ 0.5.

Fig. 9 shows the compositional scaling of p and molar
volume (V). Vj is calculated as the molar mass divided by
the glass density. p is found to linearly decrease with f,
whereas V), decreases in a nonlinear fashion with the largest
deviation from linearity at f~0.5.

DISCUSSION

Elastic deformation

Based on the information of the short-range glass structure,
such as interatomic bonding energies and network connectivity,
it is possible to estimate the composition dependence of

95
890 8
%
€
&
< 880+
o
870

FIG. 8. Glass transition temperatures () as a function of the molar ratio of
f=[MgOJ/([MgO] + [BaO]). The solid line represents the compositional
scaling of T, whereas the dashed line depicts a linear relation between the
two end-member compositions. Both lines are guides for the eye. Inset:
Determination of Ty, using the glass with f=0.25 as an example.?!
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FIG. 9. Density (p) and molar volume (V;) as a function of the molar ratio
of f=[MgO]/(IMgO] + [BaO]). p is plotted on the primary ordinate and V,,
on the secondary. The solid lines represent the compositional scaling of p
and V,, whereas the dashed line depicts a linear relation between the two
end-member compositions. Both lines are guides for the eye.

properties such as E and H,."'""'>?*?> Therefore, it could be
expected that the two properties are linked since they rely on
the same set of underlying constraints.”'>!® Hand and
Tadjiev'® found a relatively good positive correlation between
E and H, for a wide range of glasses (R2 =10.74). In this work,
E exhibits a linear decrease with increasing f (Fig. 1), whereas
H, exhibits a minimum value at f=0.5 and a general increase
from the Mg to Ba end-member compositions (Fig. 3). Thus,
for the mixed alkaline earth glasses investigated in this study,
there is not a positive correlation between E and H,.
Consequently, if E is considered to represent the resistance to
elastic deformation under indentation, elastic deformation is
not the dominant deformation process when predicting the
mixed alkaline earth effect of hardness. If the composition de-
pendence H, is primarily controlled by the resistance to elastic
deformation, it would be expected that the observed linear
decrease in £ would be superimposed on H,. However, this is
not the case as H, generally increases with increasing f (i.e., not
decreases as observed for E).

Densification

p (Fig. 9) exhibits the same compositional trend as E
(Fig. 1), i.e., a linear decrease with increasing f, in consis-
tence with the trend reported in Ref. 26. As MgO has a
smaller molar mass than BaO, the decrease in p can be attrib-
uted to the substitution of Mg>" ions for Ba>" in former bar-
ium sites within the glassy network. This coincides with the
general decrease in Vj (Fig. 9) and E (Fig. 1), assuming that
the Mg sites are essentially similar to the Ba sites.”® Both
density and refractive index have been used as indicators for
the amount of densification (V) that occurs during indenta-
tion."?” Within a family of glasses, as the density increases,
the resistance towards densification intuitively becomes
larger and the relative amount of densification therefore
decreases. However, this is not the case for the glasses in this
study. As f increases, p decreases, and thus, V4 would be
expected to increase. However, on the contrary, an inverse
relation is observed as shown in Fig. 5. The same inverse
relation is observed for the bulk modulus (calculated from E
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and G), as it decreases with increasing f. This means that V4
does not positively correlate with either bulk modulus (Fig.
1) or p (Fig. 9). Both V, (Fig. 5) and Vg (Fig. 6) exhibit neg-
ative deviations from linearity, corresponding to a positive
deviation in the resistance to densification. Assuming that
densification is the dominant deformation process, H, would
be expected to positively deviate from linearity. In Fig. 3, it
is seen that this is not the case.

It is worth mentioning that the investigated glasses,
compared to, e.g., aluminosilicates, might undergo a larger
degree of densification because boron could be converted
from trigonal to tetrahedral configuration during indenta-
tion.?®?° This conversion results in an increased density of the
network, enhancing the effect of densification on hardness.
However, the larger degree of densification in the boron-
containing glasses compared to that of boron-free glasses is
not observed, since Vy of the studied glasses (Fig. 6) is gener-
ally lower than that of a mixed Na/K aluminosilicate system
without boron.*® As no correlation is observed between V4
and H,, we infer that densification is not the dominant defor-
mation process during indentation of the studied glasses.

Plastic flow

G (Fig. 1), H, (Fig. 3), and V,, (Fig. 5) are related to
structural shear motion, and show a mixed alkaline earth
effect.'®3! m (Fig. 7) and T, (Fig. 8) are dynamic quantities
that relate to the viscosity of the glass, and they also exhibit
a mixed alkaline earth effect. It has recently been proposed
that in mixed modifier aluminosilicate glasses, plastic defor-
mation is the dominant part of the total deformation,*'* and
thus, the dominant factor in determining the compositional
dependence of H,. As known, G, m, and T, all exhibit a neg-
ative mixed alkaline earth effect with largest deviation from
linearity around f=0.5. Hence, when both types of the alka-
line earth ions co-exist in the glass, the resistance of the glass
to deformation will be lowest because of the largest negative
deviation from the linear trend of plastic flow. V;, undergoes
a positive mixed alkaline earth effect, implying that the posi-
tive deviation of both shear and plastic flow from a linear
trend reaches the highest degree near f=0.5. This is in good
agreement with the measured compositional scaling of hard-
ness, and the findings presented in Ref. 4. The dominant role
of plastic flow in determining the mixed alkaline earth effect
on the glass hardness is verified by the measured composi-
tion dependence of indentation volumes (Fig. 5). Assuming a
linear positive relation between deformation resistances and
indentation volumes, the resistance of the glass to plastic
flow should be four times larger than that to densification,
since the value of V/, is four times smaller than that of V4. In
addition, it is interesting to note that the mixed alkaline earth
effect is found for G, but not for E (Fig. 1). This confirms
that plastic shear flow is the controlling deformation process
for the compositional scaling of hardness, because G is
inversely proportional to the degree of shear motion, whereas
E negatively relates to the compactness of the glass.*> The
compositional trends of G and E are reflected in the composi-
tional behavior of v (Fig. 2).

J. Appl. Phys. 117, 034903 (2015)

As the compositional changes in £ do not affect H,, the
resistance of the glass to elastic deformation is believed to
be rather small compared to the resistance to plastic flow. As
the indenter penetrates the glassy material, all three deforma-
tion modes co-act, but the one with the highest resistance to
the external load is the dominant one in determining the
glass hardness.” Hence, lowering the highest resistance of
the deformation mode to the external load should affect the
glass hardness the most, in agreement with the theory pro-
posed by Yamane and Mackenzie,” according to which H, is
proportional to the geometrical average of the three resistan-
ces. Although plastic flow is the dominant deformation pro-
cess, a quantitative link between plastic flow and Vickers
hardness has not yet been established. This means that the
degree of plastic flow exerts a much larger influence on
Vickers hardness compared to that of both densification and
elastic deformation. However, it is still not possible at this
stage to predict the absolute hardness values solely from the
plastic flow volumes.

Poisson’s ratio

An alternative way to explain the compositional scaling
of H, is to explore the change of v with composition. A
general rule has been proposed to account for the relation
between v and Vy in glassy materials,""'" viz., an increase
in v results in a decrease in Vg. For small changes in v,
which is the case in this study (Fig. 2), the relation can be
approximated by a linear scaling. That is, the tendency of
the change of v with composition corresponds to the
inverse trend of Vg. This agrees with the results displayed
in Figs. 2 and 6, where the observed compositional mini-
mum in v corresponds to the observed maximum in Vg. As
mentioned earlier, the ratio between the deformation proc-
esses during indentation differs between different families
of glasses, and any correlation between v and H, is thus
not universal, as H, does not correlate with the elastic part
of indentation. Since v relates to the ratio between trans-
verse and axial strain, it is a viable index to discriminate
between densification and plastic flow.' Higher values of v
correspond to a larger ratio of transverse to axial strain, and
therefore, plastic flow is favored. Within the same glass se-
ries, e.g., mixed modifier silicate glasses, a correlation
between the dominant deformation mechanism and H, has
been found to exist.*'? As observed in this work, within
a given family of glasses, a correlation exists between v
and H,.

CONCLUSIONS

In the investigated series of magnesium-barium boroalu-
minosilicate glasses, we have found that the mixed alkaline
earth effects manifest themselves as deviations from linearity
in shear modulus (G), Poisson’s ratio (v), Vicker’s hardness
(H,), volume of densification (Vy), volume of plastic flow
(Vp), volume recovery of indentation (Vg), glass transition
temperatures (T}), liquid fragility indices (m), and molar vol-
ume (V). We found that £ and p do not exhibit a mixed alka-
line earth effect, but exhibit linear composition dependence.
We found no correlation between the observed compositional
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trends of £ and H,. Since E represents the elastic part of in-
dentation resistance, we infer that the elastic deformation does
not play the dominant role in determining the mixed alkaline
earth effect of hardness in mixed magnesium-barium boroalu-
minosilicate glasses. Instead, we confirm that plastic flow is
the dominant deformation process during indentation of mixed
modifier glasses.

Interestingly, we have also found that Poisson’s ratio
exhibits a positive deviation from compositional linear de-
pendence, which is in agreement with the negative deviation
from linearity observed in hardness. Higher values of
Poisson’s ratio correspond to a higher degree of shear and a
higher volume of plastic flow, and thus, Poisson’s ratio is neg-
atively correlated to hardness in cases where either densifica-
tion or plastic flow have the largest impact on glass hardness.
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quenching technique, and the crystal is prepared by subsequent heat treatment thereof. Glass-ceramics are pre-
pared by mixing glass and crystal powder, followed by a sintering procedure. Activation energies for electronic
conduction in the glass and in the crystal are determined by fitting the Mott-Austin equation to the electronic
conductivity data obtained by impedance spectroscopy. We find similar activation energies for both glass and
crystal, implying that they have similar conduction mechanisms, i.e., thermally activated hopping. The electronic
conductivity of 2Te0,-V-,0s glass is about one order of magnitude higher than that of the corresponding crystal,
and a percolation phenomenon occurs at a glass fraction of 61 wt.%, increasing from a lower conductivity in the
crystal to a higher conductivity in the glass. We explain the behavior of electronic conduction in the 2Te0,-V,05
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1. Introduction

Batteries are essential in modern society to sustain our high-tech
lifestyles. Since a large segment of the world's population utilizes
electronics powered by batteries every day, both available technolo-
gies for batteries and prospects for future technology are objects of
extensive research. As an excellent source of mobile energy, batteries
are receiving a large amount of attention compared to other available
technologies.

Lithium is both the most electro-positive (—3.04 V vs. a standard
hydrogen electrode) as well as the lightest metal and therefore has
the strongest potential for designing batteries with a high energy
density [1]. For high power electrochemical cells, it is important
that the electronic conductivity in the electrodes is high and that
there is a rapid change in charge carriers at the electrolyte/electrode
interface (transfer from lithium ions in the electrolyte to electrons
in the electrodes) [2]. Considering these requirements, the use of an
amorphous mixed conductive electrode material has been proposed
[2], i.e., an amorphous material that is able to conduct a current by
both electrons and ions. Since V,05-TeO, glass may intercalate lithi-
um ions [3], the use of lithium-intercalated V,0s-TeO, may present
several advantages: First, the change in charge carriers is not confined
to the surface of the electrode but can extend through the material,
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E-mail addresses: yy@bio.aau.dk (Y.Z. Yue), acmr@ufscar.br (A.C.M. Rodrigues).
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which increases the number of sites available for transfer. Second,
in an amorphous electrode, the electro-active species is separated
from the electron and occupies well-defined cationic sites. When
dissolved in this manner, the electro-active species is considered to
be intercalated, and its chemical potential is far less than that of the
pure species [2]. This difference in chemical potential is the driving
force for current flow in a battery and is therefore highly important
for the design of highly energy dense electrochemical cells. Third,
when comparing amorphous and crystalline structures, degradation
during consecutive lithiation cycles (repetitions of charging and
discharging) is lowest in an amorphous material [2]. Compared to a
crystalline material, the structural units in a glass are easier to
rearrange, and thus, the glass is more resistant to the degradation
caused by expansion during lithiation cycles.

The most common cathode material in secondary lithium batteries
is LiCoO,. However, LiCoO, only has a moderate energy density
(measured in kWh/kg), and the CoO, layers created during delithiation
(charging) are sheared from the electrode surface, which reduces the
energy density because fewer lithium sites are available for lithiation
[4]. Cobalt, which is both expensive and toxic, is also dissolved in the
electrolyte during delithiation [5]. Due to the listed limitations of the
current cathode material, it is of interest to find another material with
superior properties. Lithium vanadiotellurite is a mixed conductor
that previously has been suggested for use as a cathode material
[2,3,6,7]. Vanadium tellurite is able to intercalate lithium ions and
experiences high electronic conductivity compared to other binary or
ternary vanadium compounds [2,8-21]. Because electronic conduction
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occurs by electron hopping from one vanadium ion to another, theoret-
ically, the highest electronic conductivity is achieved in pure vanadium
oxide, simply because the distance between adjacent vanadium ions is
minimized. Hirashima et al. [22] postulate that the conductivity of a va-
nadium tellurite crystal might be as high as that of a divanadium pent-
oxide crystal and that both are 2 orders of magnitude larger than that of
the corresponding glass. The synthesis of congruent 2Te0,-V,0s crys-
tals has been reported [6,23-31], but to the best of our knowledge,
the electronic conductivity of either the crystal or the mixtures between
glassy and crystalline 2Te0,-V,0s has not been measured. Therefore, in
this paper, we investigate the dependence of the electronic conductivity
on the weight % of glass in different mixtures of congruent 2TeO,-V,05
crystal and glass.

2. Experimental

Glass samples were prepared via the normal melt quenching tech-
nique using reagent grade >99.6% V,05 and >99.5% TeO,. Appropri-
ate amounts for obtaining 2Te0,-V,05 were mortared, and 12 g was
melted in a gold crucible at 700 °C for 1 h. The melt was quenched on
a brass block and annealed for 2 h at 250 °C. Differential scanning cal-
orimetry (DSC) (Netsch, DSC404) at 1 K/min was performed up to
400 °C on a solid sample using gold crucibles. Heat treatment was
conducted at 400 °C for 2 h in order to crystallize the glass, and
both crystalline and glassy samples were examined with a scanning
electron microscope (SEM) (Phenom). Images were taken on the sur-
face of the samples and in fractures (the interior of the samples). Dif-
ferent ratios of glass and crystal were mixed to obtain nine samples
with a glass fraction ranging from 0 to 100 wt.%. Each sample was
pressed under 20.6 MPa and sintered for 2 h at 270 °C. All samples
were disc shaped with a diameter of 1.8 mm and a height of 1 mm.
The temperature of sintering (T) was obtained with an optical dila-
tometer (Misura, HSM-ODHT) measuring 2-dimensional shrinkage
during scans from 298 to 673 K with scanning rates of 2, 5 and
10 K/min. T; is then defined as the temperature where the largest vol-
ume shrinkage occurs. SEM images were taken of these glass-ceramic
samples. The samples were polished, and gold was sputtered on the
parallel surfaces before the electronic conductivity was measured by
impedance spectroscopy (IS) (Solartron, SI1260). The electrical mea-
surements were performed in air with a two-point sample holder
from 303 to 523 K and with an applied voltage of 100 mV in the
frequency range from 10° to 1 Hz. X-ray diffraction (XRD) (Rigaku,
Ultima IV) using Cu K,-radiation was applied at room temperature
on all samples in order to confirm their amorphous or crystalline
states. Scans were conducted at 0.02°/s from 10 to 90°.

3. Results & discussion

Fig. 1 shows the DSC curve of the 2Te0,-V,0s glass, from which
the glass transition temperature (T;) and the crystallization tempera-
ture (Tc) are determined to be 251 and 400 °C, respectively. T. is
determined from the crystallization peak position, whereas Ty is deter-
mined from the onset temperature of the glass transition [32,33]. The
2Te0,-V,0s glass crystallizes around a single distinctive temperature,
indicating the formation of one single crystalline phase. The T, and T.
values agree well with those reported in the literature [13,25,30].
Figs. 2 and 3 show the XRD patterns and scanning electron microscopy
images of both glassy and crystalline 2Te0,-V,0s (the crystalline phase
was obtained by heat treatment at 400 °C for 2 h). The XRD pattern
confirms the amorphous nature of the sample before heat treatment
due to the lack of Bragg peaks [34]. Fig. 2(b) and (c) shows that the
XRD pattern of the analyzed sample coincides with the pattern of
2Te0,-V,0s from the Joint Committee on Powder Diffraction Stan-
dards (card no. 71-0719) [25,29], indicating that the crystal obtained
in this work is 2Te0,-V,0s. SEM images were taken of both glass and
crystal (Fig. 3). As shown in Fig. 3, the glassy sample contains no
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Fig. 1. A DSC scan of 2Te0,-V,0s glass at a scanning rate of 1 K/min. Glass transition
temperature (T,) and crystallization temperature (T.) are marked on the figure.

detectable crystals (Fig. 3(a)), and the crystalline sample contains no
detectable vitreous phase either on the surface (Fig. 3(b)) or in the
bulk (Fig. 3(c)); thus, the vitreous sample is fully amorphous, and the
crystalline sample is completely crystallized.

The mixed glassy and crystalline samples are sintered at Ty =
543 K. As shown in Fig. 4, this temperature corresponds to that
of the largest volume shrinkage and, hence, the highest sintering
rate. Moreover, T; is independent of the heating rate, and sintering
starts almost immediately after the temperature is raised above Tg.
Sintering, which is driven by a diffusion of atoms, occurs immediately
after the temperature exceeds T, due to a fast drop in viscosity upon
heating, which indicates a fragile liquid. Fig. 4 shows that an expan-
sion occurs at temperatures higher than T, which is attributed to
the release of trapped air. At high heating rates, the time for the
trapped air to be released is so short that the expansion becomes
more pronounced (Fig. 4).

We analyzed a vitreous bulk sample and a vitreous sintered sam-
ple, ie, a sample made by sintering glass powder following the
sintering conditions described above, and found identical electronic
conductivity for the two samples. XRD data confirm that both the
bulk and the sintered powder samples are amorphous. Both samples
present the same electrical conductivity, so the applied sintering pro-
cess does not induce crystallization (which was expected based on
Fig. 1.) and does not change the electronic conductivity. In Fig. 5,
the electronic conductivity of a vitreous and a crystalline bulk sample
is plotted against the inverse temperature. Earlier measurements
combined with those presented in this paper show that by increasing
the melting temperature, the electronic conductivity can be increased
by 2 orders of magnitude [13-15]. Since an increase in melting tem-
perature reduces the valence state of the vanadium in the melt, the
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Fig. 2. X-ray diffraction patterns of (a) 2Te0,-V,0s glass produced in this work,
(b) 2Te0,-V,05 crystal produced in this work, and (c) 2TeO,-V,0s crystal from [29].
For better comparison between the crystal produced in this work and the crystal
presented in [29], their pattern has been inversed (Fig. 2(c)).
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Fig. 3. Scanning electron microscopy images of (a) the surface of 2Te0,-V,0s glass, (b) the surface of 2Te0,-V,0s crystal, and (c) the fracture of 2Te0,-V,0s crystal. The three
images are taken with similar settings but (c) is taken at a lower magnitude compared to (a) and (b).

melting and annealing conditions are crucial parameters for varying
the electronic conductivity. Therefore, a comparison of the electronic
conductivity between two samples is only meaningful when they
have identical thermal histories, as is the case for the samples
presented in Fig. 5.

Electronic conductivity data were fitted using an equivalent circuit
consisting of one resistor in parallel with one capacitor. By using a
Levenberg-Marquardt algorithm, the variables from the equivalent
circuit are fitted to the impedance data presented in a Nyquist plot,
and the resistance of the sample is determined [35,36]. An example
of the obtained IS data is shown in the inset of Fig. 5. The electronic
conductivity (o) is calculated using Eq. (1).

1
0=
s

(1)

|~

where [ is the thickness of the sample, A is the area of the electrode in
contact with the sample, and Ry is the resistance of the sample
[13,37]. As shown in Fig. 5, the temperature dependence of log(oT)
follows a linear tendency and can therefore be approximated by the
Mott-Austin equation [38,39].

ve? —2aR —
o= (W c(1—c)e e kT 2)

where v is the optical phonon frequency, R is the mean distance be-
tween the ions where the electron transfer occurs (vanadium ions
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Fig. 4. Volume changes (6V) as a function of temperature measured with a heating mi-
croscope. The samples are vitreous 2Te0,-V,05 with a starting volume of 2.5 mm?®.
Isotropic shrinkage is assumed, and the heating rates are marked on the figure along
with the sintering temperature (T;) and the glass transition temperature (Tg).

in this case), c is the concentration of these ions, c is the tunneling
factor and W is the activation energy, which is split into two terms
depending on temperature.

_ [W=Wy W, for T2i6,
W= (w-w, for T<i6p (3)

where Wy, is the polaron hopping energy, W, is the energy of disorder
and 6p, is the Debye temperature. The solid lines in Fig. 5 are Mott-
Austin fits (Eq. (2)), from which the activation energies can be deter-
mined. The slopes of the straight lines are similar, which indicates that
the activation energies are similar. The activation energies of the glass
and the crystal are Wyjoss = 0.39 £ 0.03 eV and Wyga = 042 +
0.03 eV, respectively. The activation energies are determined using
electronic conductivities in a temperature range from 303 to 523 K,
which is much higher than 1/26y, [40], so the electronic conduction oc-
curs by thermally activated hopping (Eq. (3)) [38]. Since the difference
in activation energy between the two samples is within the error range,
the mechanisms of electron transfer for the two samples are likely
similar. The activation energy calculated for conduction in the glass
is in good agreement with what have been reported in the literature,
Welass = 0.42 £ 0.08 eV [13-15].
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Fig. 5. Log(oT) as a function of the inverse temperature for both bulk 2Te0,-V,0s crys-
tal and glass. Solid lines: Mott-Austin fits (Eq. (2)) [38,39] with a correlation factor of
% = 0.998 for both lines. Both samples were melted at 973 K for 1 h and annealed at
T, for 2 h. Inset: Example of a semicircle obtained for glassy 2Te0,-V,0s by impedance
spectroscopy at 343 K. Note the absence of any low frequency spike attributable to the
polarization of the electrode-electrolyte interface. Its absence is characteristic of pure
electronic conductivity (no ionic transport) [49].
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The electronic conductivity of samples with crystallinity ranging
from 0 to 1 is plotted against the inverse temperature in Fig. 6.
The base glass of these samples experienced different annealing condi-
tions from those whose electronic conductivity is presented in Fig. 5.
Therefore, the electronic conductivities presented in Figs. 5 and 6
are not comparable. Fig. 6 shows that the electronic conductivity of
the glass-ceramic samples increases with increasing temperature in a
non-Arrhenian way. It should be mentioned that the Mott-Austin
equation is applicable only for monophase structures and not for
multi-phase systems, such as glass-ceramics [39]. This limitation is
due to possible differences in the temperature dependence of activation
energies for different phases.

Fig. 6 shows that the electronic conductivity increases with an in-
creasing fraction of glass in the sample. This trend is better revealed
in Fig. 7, where the electronic conductivity measured at different tem-
peratures is plotted against the glass fraction in the samples. All four
curves show the same overall trend of two plateaus separated by a
transition zone. The crossover from low to high conductivity occurs
at a glass fraction of about 61 wt.%. Another trend is that the enhance-
ment of the electronic conductivity by increasing the glass fraction is
more pronounced at low temperatures than at high temperatures
(inset of Fig. 6). As the activation energy of the glassy phase is slightly
higher than that of the crystal, a more pronounced difference in elec-
trical conductivity at low temperatures is expected.

According to [38], the Mott-Austin equation (Eq. (2)) is only ap-
plicable for monophase systems. However, here, we show that the ac-
tivation energies for the two different phases are constant in the
entire temperature range of measurement, implying that the Mott-
Austin equation could be applicable. All samples have comparable o
and v values (Eq. (1)) because they have identical chemical composi-
tions. This leaves us with only two parameters, namely, ¢ and R,
which can be related to the dependence of the glass fraction on the
electronic conductivity. This dependence results from either: changes
in the redox state of vanadium in crystallized samples (reflected by
changes in c) or limitation of the electronic conduction in the grain
boundaries. A reduced conduction in grain boundaries has been
shown for ionic conductors [41,42] and is attributed to a constriction
effect caused by a small contact area between grains [43]. This may
also be applied in the present case of electronic conduction in
mixed crystalline and vitreous grains. The sigmoid shape of the curves
(Fig. 7) indicates a percolation threshold, which could be caused
by the lower intrinsic electronic conductivity in the crystal grains
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Fig. 6. Log(0T) as a function of the inverse temperature for different wt.% of glass in the
glass-ceramic samples (marked on the curves), where o is the electronic conductivity.
The solid lines are guides for the eyes. Inset: Alog(oT) as a function of temperature,
where Alog(oT) is the difference in log(oT) between the sample containing 90 wt.%
glass and that containing 10 wt.% glass.
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Fig. 7. Electronic conductivities measured at different temperatures (marked on the
curves) as a function of the glass fraction in the 2Te0,-V,05 glass-ceramic samples.
Solid lines: sigmoid fits; Vertical dashed line: crossover point of the sigmoid curves.

compared to that in the glassy grains. Since the electronic conductiv-
ity is higher in the glassy grains than in the crystal grains, the glassy
phase facilitates the electrons' preferred pathway. Fig. 7 suggests
that an interconnected pathway of glass grains does not occur until
the glass fraction reaches 61 wt.%, which agrees with the critical site
percolation concentration (pc) of 0.59 in a 2-dimensional square lat-
tice [44-46]. However, a 3-dimensional network of randomly packed
spheres has a p. of 0.27 (16 vol.%) [45], whereas a 3-dimensional
cubic lattice has a p. of 0.31 [46]. These p. values are inconsistent
with the findings depicted in Fig. 7. If the conductivity jump illustrat-
ed in Fig. 7 originates from a percolation threshold, the system
studied in this work would considerably differ from the ideal systems
described by the models proposed in [45-47]. The cause of the mea-
sured p. being relatively high could lie in either a small packing frac-
tion of the glass-ceramic or a low average coordination number of the
grains. Either cases alone or a combination hereof leads to an increase
of apparent p. [45,47,48]. From the SEM image in Fig. 8, it is difficult
to determine the apparent particle size distribution or particle mor-
phology and to make a link between the experimental system and
the models described elsewhere [44-46]. In Fig. 8, it is not possible
to distinguish between the glassy and crystalline grains, as the differ-
ence in electronic density between the two phases is too small. If pos-
sible, this would have provided important information about the
percolation threshold. Using the critical glass fraction of 61 wt.%, we
can infer that below this value, the electrons must travel through

Fig. 8. SEM image of a glass-ceramic sample with a glass fraction of 30 wt.%. The image
was taken in a fracture.
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crystal regions of lower conductivity, thus reducing the overall elec-
tronic conductivity, whereas above this value an interconnected
glass phase exists, and the electrons may therefore travel only in
the glassy grains, increasing the electronic conductivity. Fig. 6
shows that the electronic conductivity of vitreous 2Te0,-V,0s is up
to 1.5 orders of magnitude higher than that of the crystal. This result
is in contrast to results reported in [22], where the electronic conduc-
tivity of a 2Te0,-V,0s5 crystal was 2 orders of magnitude higher than
that of the corresponding glass. This discrepancy could be related to
differences in the redox state of the vanadium ions in the samples
in this work and in the samples investigated in [22]. It is also worth
noting that the crystallized 2Te0,-V,0s samples studied in [22]
contained V,0s-crystals that may have contributed to the increased
electronic conductivity of the 2Te0,-V,05 glass-ceramic,

4. Conclusions

Activation energies for electronic conduction determined in the
temperature range from 303 to 523 K in both vitreous and crystallized
2Te0,-V,0s are found to be similar within experimental error, where
Wetass = 0.39 £ 0.03 eV and Werystar = 042 + 0.03 eV. These results
indicate that the mechanisms of electronic conduction are similar,
i.e.,, thermally activated hopping. The electronic conductivity of vit-
reous 2Te0,-V,0s is up to 1.5 orders of magnitude higher than that
of the crystal, suggesting that 2Te0,-V,0s glass is more suitable for
use as a cathode material in secondary batteries than a 2Te0,-V,05
glass-ceramic. The lower electronic conductivity of the glass-ceramic
samples, compared to that of the amorphous one, is explained by con-
striction effects in the grain boundaries. A jump in electronic conductiv-
ity is observed at a glass fraction of 61 wt.%, and is attributed to a critical
percolation concentration, which is higher than the theoretical value
due to heterogeneities and flaws in the investigated system.
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