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ABSTRACT

The physics of the glassy state is governed by two fundamental phenomena. The
first is the liquid-to-glass transition, characterized by a kinetic constraint that restricts
molecular rearrangement at a low enough temperature (or high enough viscosity), leading
to the formation of a glass (unstable). The second is the spontaneous structural relaxation
of glass back towards the metastable supercooled liquid state, wherein this constraint is
overcome. This thesis investigates the mechanisms and effects of the spontaneous
structural relaxation on the atomic configurations and macroscopic properties of single-
and mixed-modifier oxide glasses. The research is organized into chapters that focus on:
(1) the interplay between cooling rates and structural relaxation, studied using the flash-
DSC technique; (i) the kinetics of structural relaxation induced by physical aging,
analyzed through changes in refractive index and ionic conductivity at various
temperatures; (ii1) the response of enthalpy recovery and refractive index of glasses to up-
and down-jumps in fictive temperature, evaluated through the Kohlrausch—Williams—
Watts function and the Tool-Narayanaswamy—Moynihan model; (iv) the network
connectivity speciation and atomic rearrangements during structural relaxation in silicate
glasses, analyzed using Raman and Nuclear Magnetic Resonance spectroscopy; and
(v) the impact of slow structural changes due to the phenomenon of structural relaxation
on ionic diffusion, which significantly influences the faster process of ionic conductivity
in different glasses. The findings highlight the importance of understanding and
controlling structural relaxation to design new glasses with optimized properties and

ensure the long-term stability of these properties.

Keywords: Glass; Structural Relaxation; Aging; Fictive Temperature; Enthalpy

Recovery; Density; lonic Conductivity; Refractive Index; NMR; Raman.
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RESUMO
RELAXACAO ESTRUTURAL DE VIDROS E SUA INFLUENCIA EM
OUTROS PROCESSOS DINAMICOS

A fisica do estado vitreo € governada por dois fendmenos fundamentais. O
primeiro € a transicao de liquido para vidro, caracterizada por uma restricao cinética que
limita o rearranjo molecular a uma temperatura suficientemente baixa (ou viscosidade
suficientemente alta), levando a formacao de um vidro (instavel). O segundo € a relaxacao
estrutural espontanea do vidro de volta para o estado metastdvel de liquido super
resfriado, onde essa restricao € superada. Esta tese investiga os mecanismos e os efeitos
da relaxacdo estrutural espontdnea nas configuracdes atOmicas e nas propriedades
macroscopicas de vidros 6xidos com modificadores simples e mistos. A pesquisa esta
organizada em capitulos que abordam: (i) a relacdo entre taxas de resfriamento e
relaxacdo estrutural, estudada utilizando a técnica de flash-DSC; (ii) a cinética de
relaxacao estrutural induzida por envelhecimento fisico, analisada por meio de mudangas
no indice de refracdo e na condutividade idnica em diferentes temperaturas; (ii1) a resposta
da entalpia e do indice de refracdo de vidros ao aumento e diminui¢do da temperatura
ficticia, avaliada por meio da funcio de Kohlrausch—Williams—Watts e do modelo de
Tool-Narayanaswamy—Moynihan; (iv) a conectividade da rede estrutural e os rearranjos
atdmicos durante a relaxacao estrutural em vidros silicatos, analisados por espectroscopia
Raman e de Ressonancia Magnética Nuclear; e (v) o impacto das mudangas lentas na
estrutura devido ao fendmeno de relaxagdo estrutural na difusdo idnica, que influencia
significativamente o processo rapido de condutividade idnica em diferentes vidros. Os
resultados destacam a importincia de entender e controlar a relaxacio estrutural para
projetar novos vidros com propriedades otimizadas e garantir a estabilidade dessas

propriedades a longo prazo.

Palavras-chave: Vidro; Relaxacdo Estrutural; Envelhecimento; Temperatura Ficticia;

Entalpia; Densidade; Condutividade I6nica; Indice de Refracao; RMN; Raman.
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CHAPTER 1 - INTRODUCTION

The glass transition is one of the most interesting and still unsolved problems in
condensed matter physics [1]. When a liquid is cooled below its melting point and
crystallization is kinetically prevented, it remains as a metastable supercooled
liquid (SCL). As this SCL is further cooled towards its glass transition region, its atomic
structure freezes on laboratory timescales at the so-called fictive temperature (7y) and
vitrifies [2]. At temperatures T < Ty, the resultant glassy state is not in thermodynamic
equilibrium [3]. Consequently, glasses spontaneously undergo structural relaxation, a
gradual adjustment of their atomic arrangement, in response to changes in the external
thermodynamic variables like temperature or pressure [4]. This relaxation, typically
referred to as primary a-relaxation, involves cooperative atomic or molecular motion that
enables the unstable system to reduce its free energy and reach a metastable equilibrium
with the newly imposed conditions [5].

Understanding structural relaxation and its dependence on thermal history is key
to designing new glass products or optimizing the long-term performance of functional
glasses. This is because temporal changes in the atomic structure impact all their physical
properties [6—8]. Various experimental techniques have been employed to measure the
kinetics of the relaxation process during physical aging experiments by measuring the
time-dependent response of property variations [9—-13].

In this thesis, Chapter 2 introduces the fundamental concepts of the glassy state
and structural relaxation. Subsequent chapters address specific issues related to the
relaxation of glasses:

e Chapter 3 aims to study the thermal behaviors of Li2S120s and PbSiO3 glasses
using varied cooling and heating rates to demonstrate the applicability of flash-
DSC in underscoring the relaxation phenomenon. By combining conventional
and flash DSC methods, interesting dynamics related to the glass transition were
observed, revealing significant differences in the glass transition temperature
values and their correlation with experimental time and the Angell definition of
the glass transition.

e Chapter 4 investigates the dependence of the relaxation kinetics on refractive
index and ionic conductivity in Li2S120s glass. Isothermal treatments involving

temperature down-jumps were performed and the Kohlrausch—Williams—Watts
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(KWW) function accurately described the experimental data. The non-
exponentiality parameter was found to be a function of measurement
temperature, fictive temperature, and the analyzed property. The relaxation
kinetics measured for the same glass under identical conditions indeed depend
on the analyzed property.

e Chapter 5 applies and tests the validity of the KWW function and the Tool—
Narayanaswamy—Moynihan (TNM) model by monitoring changes in enthalpy
and refractive index following up- and down-jumps for Li»Si,05 glass. The
KWW described the data for temperature up- and down-jumps separately,
revealing distinct exponential behaviors, while the TNM was able to describe
both up- and down-jump datasets simultaneously, although its ability to
accurately describe the data decreased with larger temperature jumps.

e Chapter 6 investigates structural rearrangements during relaxation in Li2Si1205
and PbSiO3 glasses using Raman and Nuclear Magnetic Resonance
(NMR) spectroscopy. Following significant increase in density, enthalpy, and
refractive index after temperature down-jump, the analysis of Raman and NMR
spectra revealed that aging-induced structural relaxation involves
disproportionation of Q-species and their spatial clustering.

e Chapter 7 elucidates the impact of structural relaxation on the migration
enthalpy and entropy of ionic conduction in Li>S120s, Nao.7sMgo.125PO3, and
LiPOs glasses. Physical aging experiments using temperature down-jump
protocols revealed distinct behaviors in the migration enthalpy and entropy of
ionic conduction between single-alkali and mixed-modifier glasses. The results
provide valuable insights into how the ionic conductivity of glass can be
effectively controlled by simply adjusting its fictive temperature.

Overall, this thesis aims to achieve a deep understanding of structural relaxation
and its effects on physical properties of oxide glasses. This has been done by
experimentally studying the impact of a-relaxation during aging through changes in
different properties such as glass transition temperature, density, refractive index,
enthalpy, and ionic conductivity, as well as structural changes using Raman and nuclear

magnetic resonance spectroscopy.



CHAPTER 2 - BACKGROUND
2.1 Glass

Throughout history, glass has been a material of immense significance,
influencing the course of human civilization from ancient artifacts to modern
technological innovations. Despite significant progress in recent years, the fundamental
question of what exactly defines glass can still generate confusion. So, what is glass?

Traditionally, the word glass has been associated with inorganic products of
fusion that have been cooled to a rigid condition without crystallizing [14]. There are
numerous definitions of glass in the literature, with most agreeing that glasses are non-
crystalline materials that exhibit a glass transition. For instance, Zarzycki defines glass as
“a noncrystalline solid that presents the phenomenon of glass transition” [15]. Shelby
describes glass as “an amorphous solid completely lacking in long range, periodic atomic
structure, and exhibiting a region of glass transformation behavior” [16]. Gutzow and
Schmelzer use the plural form, stating that “glasses are thermodynamically non-
equilibrium kinetically stabilized amorphous solids, in which the molecular disorder and
the thermodynamic properties corresponding to the state of the respective under-cooled
melt at a temperature 7T* are frozen-in. Hereby T7T%* differs from the actual
temperature 77’ [17]. Varshneya and Mauro define glass as “a solid having a non-
crystalline structure, which continuously converts to a liquid upon heating” [18].

These definitions diverge in some aspects, and more recently, Zanotto and Mauro
emphasized that the structure of glass is similar to that of its parent SCL, and that glasses
appear solid on a typical human time scale but will flow at any temperature under the
action of gravity. Thus, their definition is “Glass is a nonequilibrium, noncrystalline
condensed state of matter that exhibits a glass transition. The structure of glasses is similar
to that of their parent supercooled liquids (SCL), and they spontaneously relax toward the
SCL state. Their ultimate fate is to solidify, i.e., crystallize” [14].

It is important to note that glasses are not limited to inorganic oxide materials.
There are also organic, polymeric, and metallic glasses as well as different soft materials
systems, such as colloidal, foams, molecular, and elementary glasses [19—22], among
others [23-25]. Therefore, glass is not a specific material but rather any material that

exists in a particular physical state of matter, the vitreous or glassy state [14,17,18,26].
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Several structural models have been developed to describe the arrangement of
atoms within a glassy network and their spatial relationships. Most inorganic glasses are
composed of a mixture of different oxides, including network formers, intermediates, and
modifiers, resulting in a highly diverse structures within these materials.

In 1932, Zachariasen [27] published a landmark paper attempting to explain glass
formation, with a focus on oxide glasses. He began by acknowledging that, at that time,
there was practically no understanding of the atomic arrangement in glass. Based on
X-ray diffraction (XRD) experiments, he provided the first evidence that the glass
network is neither periodic nor symmetrical like that of crystals but is instead
characterized by an infinitely large unit cell. This led to the concept of glass as a three-
dimensional random network, forming the basis for the Continuous Random Network
(CRN) model, illustrated in Figure 2.1(a) in two dimensions for a hypothetical oxide
compound A203, where A represents network-forming atoms, which is compared to the
crystalline structure of the same chemical composition in Figure 2.1(b). These triangular
polyhedra, as in B2O3 glass, or tetrahedral polyhedra, as in SiO; glass, are usually corner-
linked through bridging oxygens (BO) and form a three-dimensional extended connected
network. Therefore, glasses display short-range atomic order but lack long-range order.
The short-range structure is well-defined within the first coordination sphere and nearest
neighbor. In contrast, the structural disorder in a glass network at long-range order is
partly due to the statistical distribution of angles between the coordination polyhedra
compared to those in crystals [28].

The structure of glass network is altered by the introduction of network modifier
cations, such as alkali, alkaline earth, and transition metals. These additions lead to the
formation of a new structure, resulting in distinct chemical and physical properties. The
presence of modifier ions disrupts the connectivity of the oxide network, leading to the
formation of non-bridging oxygens (NBO) that are linked to a network-forming atom and
a network-modifying cation. The Modified Random Network (MRN) model describes
how the interaction between network-forming and network-modifying components
results in modifier ions forming channels within a depolymerized network structure [29],
as shown in Figure 2.1(c), also in two-dimensions for the case of triangular polyhedra,
in a glass of approximate composition M203(A203)2, where M are network-modifying

cations and A are network-forming atoms.
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Figure 2.1: Two-dimensional schematic representations of structural models for a
hypothetical oxide compound A0z, where A represents network-forming atoms.
(a) Continuous random network model, with filled circles representing network-forming
atoms and open circles representing BOs. (b) Comparison with the ordered crystalline
structure of the same composition. (¢) Modified random network model for a composition
M203(A203)2, where small open circles represent network-forming atoms A, large open
circles represent oxygen atoms O, and filled circles represent network-modifying
cations M, illustrating the formation of NBOs and channels within the depolymerized
structure. Figure (a) is reprinted from Zachariasen, 1932 [27], (b) from Kingery,
1976 [30], and (c) from Greaves, 1985 [29].

Engelhardt et al. [31] introduced a notation that is used in this thesis to describe
network connectivity in silicate glasses, based on different types of tetrahedra denoted as
Q" species. In this notation, Q represents a quaternary group with four bonds, and
0 <n <4 indicates the number of BO bonds per tetrahedron. In the CRN model, the
structure of a pure silica glass ideally consists of tetrahedra that are fully corner-connected
to another tetrahedra, referred to as Q* species. However, in the MRN model, the structure
of multicomponent silicate glass leads to network depolymerization, resulting in a
distribution of Q" species. Some glasses, such as lead metasilicate, can exhibit all five Q"

species [32].
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2.2 Glass transition and fictive temperatures

The liquid state is thermodynamically stable at temperatures above the liquidus
temperature (77), whereas the crystalline phase is a stable state at lower temperatures. If
crystallization can be kinetically avoided during cooling, the melt becomes a metastable
SCL, with no discontinuity in the enthalpy—temperature (H-T) diagram, Figure 2.2. As
the SCL is cooled further, at a certain region, its viscosity becomes so high that its atomic
structure freezes at laboratory timescales, and a glass is obtained. Hence, the glassy state
is thermodynamically unstable, with the atoms considered temporarily frozen in a
disordered arrangement. The transformation region between the SCL and the glass is not
a transition in the thermodynamic sense, but a kinetic process [33] that cannot be
characterized by a single temperature. However, only a single temperature is normally
used as an indication of the onset of the transformation region where the glass begins to
behave as a viscoelastic material upon heating [16]. This single temperature is called the
laboratory glass transition temperature (7g), which is experimentally determined by
changes observed in calorimetry or thermal expansion measurements during the heating
of a glass sample.

The glass transition refers to a temperature range where the average structural
relaxation time of the material, (7), is of the same order of magnitude as the observation
time or time of the experiment, t,,¢ [14,34]. In this region, on the heating path, a glass
undergoes a transition from an unstable glassy state to a metastable fluid state
(i.e., SCL) [35]. T, depends on the composition, thermal history, pressure, and heating
rate of the glass. In the glass transition range, the Deborah number (De) [36] Eq. (2.1) is
approximately unity. Considering a fixed observation time, the physical properties reach

equilibrium very fast for De < 1, whereas they change slowly for De > 1 [37].

pe =2 @.1)

tobs

For practical purposes, Angell [38] proposed that 7 is the temperature at which
the shear viscosity () of the SCL is equal to 10! Pa s. This definition holds for T, onset
measured via differential scanning calorimetry (DSC) at matching cooling/heating
rates (qp) of 10 K/min, that is, the intersection of the extrapolated glass line and the

tangent of the inflection point during the glass transition. At this rate, the t,,¢ required
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for a 1 K change is 6 s, and the average shear relaxation time at 7 is within the range of
30-200 s, as calculated by the Maxwell relation (Eq. (2.2)) using the shear viscosity
of 10'2 Pa s and the infinite frequency shear modulus (G, ), which typically varies from 5

to 35 GPa for oxide glass compositions [39],

(o(T) = %:) (2.2)

Although vitrification occurs over a finite temperature range, the fictive
temperature, Ty, proposed by Tool [2,10,40], is a parameter that allows the expression of
the difference in thermal history between glasses obtained at different cooling rates.
Frequently, 77 is referred to as the limiting fictive temperature to indicate the limit
temperature at which the structure of a SCL is frozen-in during the cooling path [41].
Thus, if the glass and SCL lines are extrapolated in Figure 2.2, they will intersect at 77,
where both the glass and SCL would have the same structure.

A glass produced at a relatively fast cooling rate will have a higher fictive
temperature (7F1), which allows less time for the atoms to rearrange and usually results

in a less compact atomic structure than its isochemical relative obtained using a lower

cooling rate (772) [42].

Fast-cooling glass

Enthalpy

Slow-cooling glass

M/

Tr2  Tia T
Temperature

Figure 2.2: Schematic diagram of the effect of temperature on the enthalpy of a glass-
forming substance showing the liquid, SCL, glassy and crystalline states.
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It is worth noting that interesting phenomena can occur when attempting to
measure the T of glasses cooled at different rates (q.). To illustrate this, Figure 2.3 shows
a schematic H-T diagram of a glass-forming substance along with the corresponding
isobaric heat capacity, C,, = (dH /dT),, similar to literature results for liquids cooled at
different rates [43—47]. Despite the glasses having different 7%, the measured 7, can be
very similar. When a liquid is fast cooled at —g; with a high T}, and then heated at q,
(121 < |q41), the material in the glassy state begins to relax before reaching the SCL
state, resulting in a 7,1 that could be very close to T, from an isochemical liquid cooled

and heated at |g,| with a lower T¥».

Endo —»

Temperature

Figure 2.3: Schematic diagram of enthalpy and isobaric heat capacity as functions of
temperature for a glass-forming substance cooled at rates —q; and —q,, and heated a rate
q»- Note that 771 > Trp, in contrast to Te,1 ~ T 2.
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The observed peak in the C,, curves on heating represents an overshoot, related to
the enthalpy recovery towards the SCL state at the glass transition region, which becomes
more pronounced as the cooling rate is lowered [47]. Because of the (temporarily) frozen
nature of the glass structure, the atomic mobility is reduced below the glass transition.
When a glass is subjected to a slower cooling rate, structural mobility causes an increase
in density. Consequently, when the sample is heated, a higher amount of energy is
required for the glass transition, resulting in a higher endothermic peak.

The concept of a single 7r has been shown to be inadequate [5,48,49]. An
alternative approach is to consider a distribution of fictive temperatures. However, the
physical significance of this distribution and its practical applicability remain
unclear [49]. On the other hand, the concept of the limiting fictive temperature is helpful
to characterize the structural state of the glass. The fictive temperature can be defined not
only in the final glassy state but also throughout different states. At temperatures above
the glass transition range, the fictive temperature matches the physical temperature,
indicating that the system is in metastable equilibrium. As the system is cooled through
the glass transition range, the fictive temperature becomes frozen at a certain value, which
is higher than the physical temperature, signifying that the system is out of equilibrium.

Moynihan et al. [41] developed a method for measuring the limiting fictive
temperature, 7. However, their calorimetric single-heating method cannot be applied to
rapidly quenched glasses at standard DSC heating rates, as these glasses undergo
structural relaxation during heating, resulting in a broad exothermic enthalpy relaxation
before the glass transition interval, as observed in the case of fibers [50]. To address this
limitation, Yue et al. [44] introduced a method based on two calorimetric upscans.
Although their method is effective, they did not provide a graphical representation
for its application when Ty < Tscr, where Tscr is the onset temperature of the SCL.
Consequently, several authors have incorrectly applied this method under this
condition [45,51]. Guo et al. [51] then proposed a unified area-matching approach, which
can be applied by obtaining two consecutive heat capacity curves (C,; and Cp;) at the
same upscan rate. The fictive temperature of the first upscan, Tr ;, can be determined as

follows:
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Tfa Tp
(Cp,l - Cp,g)dT = f (sz - Cpl)dT' (2.3)
Tq

Tf’2

where C,; is the heat capacity of the SCL, Cp, 4 is the heat capacity of the glass, T is
approximately the 7, onset during the second scan (matching the cooling and reheating

rates) [52], and T, and T}, are temperatures well below and above T, respectively.

2.3 Structural relaxation

Structural relaxation occurs in glasses because they are thermodynamically out of
equilibrium and involves a spontaneous rearrangement of the atomic structure over time
that allows the system to lower its free energy [7,53]. The structural relaxation
phenomenon can be studied through physical aging experiments, which typically involve
monitoring subtle changes in macroscopic properties such as volume [22,54,55],
density [56-58], enthalpy [59-61], refractive index [62—64], viscosity [65—67], resistivity
or conductivity [54,68,69], and hardness [70-72], over time, during or after changes in
temperature below the fictive temperature (at 7 < 7Ty).

As the glass evolves during physical aging experiments from its initial to its final
equilibrium state, the rate at which the properties evolve depends on the actual
temperature, pressure, chemical composition, and thermobaric history of the glass [73].
These experiments are challenging when performed well below Tr because of the long
times involved, which can exceed the typical laboratory timescales [74]. Far below Ty (a
range that depends on the glass composition), experiments may be continued for months
and even years [7]. Therefore, most experimental studies focus on temperature intervals
that are not far below the glass transition region.

Relaxation times vary from seconds in the glass transition region to geological
times at room temperature [75,76], and are crucial for comprehending the properties of
glasses and improving manufacturing processes that impact products of glass industry
such as optical fibers, flat panel display substrates, and thermally and chemically
strengthened glass articles [77-80].

Physical aging of glass is mainly studied by observing changes in properties
related to the primary (o) structural relaxation during a temperature jump at ambient

pressure. The a-relaxation involves the cooperative atomic/molecular motion [81]. A
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secondary (f) structural relaxation, which is much faster, occurs on the order of
107° seconds and is observed at lower temperatures, involving the non-collective motion
of small groups of atoms [82,83]. B-relaxation is sometimes divided into two types,
slow and fast, since there are different sizes of local motion, as shown for metallic
glasses [84,85], in which very fast relaxation is initiated and centered in some local sites.
In contrast, slow relaxation spreads out to the surroundings, including to less-mobile
atoms. All these relaxation types become indistinguishable at high temperatures since all
structural rearrangements are accessible in a short period.

Besides the possibility of changing 77 during glass preparation by employing
different cooling rates, as shown in the previous section (Figure 2.2), it is also possible to
change Ty within the glassy state during heat treatments at temperatures below or above
the initial 7, as indicated by the red arrow in Figure 2.4, where the initial property p,

changes to its metastable equilibrium value, p,.

> i
0 |
o |
8“ Glass :
S 1
A e :
Po i
P —

Tt2 Tra T

Temperature

Figure 2.4: Schematic Property—Temperature diagram, where the red arrow indicates
isothermal physical aging, illustrating the gradual transition from 7f1 to Ty, with
properties changing from p, to p,. The property axis is representative, with properties
such as volume, ionic conductivity, and enthalpy typically decreasing as temperature
decreases. On the other hand, properties such as refractive index, density, viscosity, and

electrical resistivity generally increase as temperature decreases.
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A down-jump in T is the predominant method used to investigate a-relaxation,
where the glass can be readily aged below T,. An up-jump experiment involves the initial
step of lowering the initial 77 long enough at the interest temperature before initiating the
actual up-jump procedure [6,12].

When a glass undergoes isothermal aging following a temperature jump, any
physical property (p) evolves with aging time (f) from its initial value (p,) to its final

value (po ), defining a normalized relaxation function as:

p(t) ~ P

d)(t) B Po — Poo

2.4)

According to this definition, the relaxation parameter, ¢(t), is unity for t = 0, i.e., at the
onset of the temperature jump, and zero for a fully relaxed system when equilibrium is
reached at the new temperature at sufficiently long times. Several models have been
proposed to describe the primary or a-relaxation process in glass-forming systems. For
instance, the empirical Kohlrausch equation [86,87], which is also known as the

Kohlrausch—Williams—Watts (KWW) function [88], describes the temporal decay of
¢ (t) as:
t\B
¢(t) =exp [— (T—) l (2.5)

K

where 7y is the characteristic relaxation time of the system and £3 is the non-exponentiality
parameter. This function describes a stretched exponential relaxation kinetics for
0 < <1 and a purely exponential relaxation for f = 1 [89,90]. These parameters are

related to (t) via the expression:

(1) = jo " d(0)de—1, T ([1; + 1), 2.6)

where I' is the gamma function.
A combination of Egs. (2.4) and (2.5) yields a KWW-type function that describes

the temporal evolution of any property p(t) as:

B
P(t) = Poot(Po — Do JEXP [— (i) l 2.7
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Phillips [21,91] proposed a relaxation model based on diffusion to traps to obtain
limiting values of § of either 3/5 or 3/7 near Ty. However, studies indicate that f decreases
with decreasing the temperature rather than remaining constant [8,64,92]. Lower [ values
imply a wider distribution of relaxation times, i.e., structural units with different
relaxation times. Figure 2.5 illustrates the behavior of ¢ as a function of time for § < 1.
The curves intersect at the same point when t=71;, (1s in this example). Thus,
¢ =exp(—1) = 0.368, i.e., the characteristic relaxation time is defined for a 63.2% relaxed

material.

1.0
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0.6
©

04r

0.2

0.0
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Figure 2.5: Relaxation parameter as a function of time, calculated via Eq. (2.5) for
T, = 1 s and different § values. It is important to note the extremely wide time scale
spanning several orders of magnitude.

Concerning the origin of the stretched exponential relaxation, two potential
explanations can be presented [82]. The relaxation process can be stretched as a result of
the spatial dynamical heterogeneities arising from fluctuations in density and composition
within glass forming systems. This heterogeneous dynamics is characterized by locally
exponential relaxation with a spatiotemporally varying time constant, 7. Consequently,
the relaxation of the ensemble can be expressed as a sum of exponentials, each with a
different 7, giving rise to a global non-exponential decay [28,82]. This scenario is
formally equivalent to a distribution of relaxation times, f(t), which relates to the

relaxation function as:



Chapter 2. Background 14

B(t) = f f(e rdr. 2.8)
0

The distribution function f () is subject to the constraint: |, Ooo f(r)dtr = 1. This equation

can be closely approximated by a Prony series,

B(t) = iwiexp (- Ti) (2.9)
i=1

where the weighting factors w; satisfy ¥, w; = 1. In this case, the non-exponentiality
parameter [ is a measure of the width of this distribution f(t), with lower values of
corresponding to a wider distribution and vice versa.

In contrast, in a homogeneous dynamical scenario, the stretching of the relaxation
originates from cooperativity in a hierarchical sequence of events. Here, the
relaxation is intrinsically non-exponential, with a lower value of [ signifying stronger
cooperativity [1].

The relaxation rate in the glassy state depends not only on the actual temperature
but also on the T of the glass. It results in the non-linear effect of the intrinsic structural
changes during physical aging that has been described traditionally in the glass literature
by the Tool-Narayanaswamy—Moynihan (TNM) model [5,10,93]. In this model, t/l- is
replaced by the reduced time (§), resulting in the restoration of linearity [5,94],

tdt’

&) = @y (2.10)
0

To distinguish an up-jump experiment from a down-jump experiment, one can
employ a relaxation function é instead of using the normalized relaxation function of
Eq. (2.4). This function represents a fractional departure of an instantaneous property

value p(t) from the equilibrium value py:

p(t) ~ Poo

e}

()= (2.11)
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: 5(t ) L . .
It is easy to see that ¢(t) = %, where 0, is the initial value of the relaxation function
0

0y = p(’p_ﬂ). Thus, a glass equilibrated at T, and then exposed to a temperature T will

=)

change its T over time according to [22]:

5(t) _Ty(®) =T

2.12
So To—T @.12)

Moreover, the relaxation function introducing the reduced time is given by:

8(t) TR
B O [‘ () ] e

Combining Egs. (2.12) and (2.13), in the TNM model, 7r can be expressed as:

tde \P
(ay) e
0

where the relaxation time, T, incorporates a non-linearity parameter 0 < x < 1 to consider

Te(t) =T + (Ty — T)exp

the contributions of both T and Ty [93]:

xAh* (1 —x)Ah >' 2.15)

=A
T exp( RT + RTf

where A is the pre-exponential constant, R is the universal gas constant, and Ah™ is the

activation energy for the relaxation process.

2.4  Strong and fragile liquids

When selecting the aging temperature to study a-relaxation, it is important to
consider the fragility index (m) of the composition, as the kinetics of relaxation of glasses
with different m would be different in response to the same magnitude of jump in
temperature below 77 [95]. This difference arises because the shear viscosity, 71, or
equivalently, the shear relaxation time ((t), Eq. (2.2)), of SCLs exhibit a temperature-
dependent activation energy that deviates from the Arrhenius [96]. This deviation was
classified by Angell [97] into strong and fragile types, which are highly dependent on the
composition. The fragility can be quantified by the fragility index m, measuring the slope

of log (n) vs. Ty /T at Tg:



Chapter 2. Background 16

d(log (1))
|,

m (2.16)

which reflects the apparent activation energy at 7. Strong liquids, characterized by small
values of m (e.g. ~ 20—40), closely follow Arrhenius behavior with a weakly temperature-
dependent activation energy for viscous flow. In contrast, fragile liquids exhibit more
pronounced super-Arrhenius behavior, with strongly temperature dependent activation
energy and relatively high values of m (> 40). Therefore, at 7' < Tg, the timescale of
a-relaxation increases more rapidly for fragile compositions compared to strong ones.
Consequently, the experimental time required for a fragile composition to reach
metastable equilibrium 1is longer than that of a strong composition at the same 7T/T.
Furthermore, the change in heat capacity during the glass transition is significantly more
pronounced in fragile liquids compared to strong liquids [18].

Ideally, m is determined through viscosity or structural relaxation time
measurements in the SCL state near the glass transition. However, it has been found that
m can be calculated using T, and the activation energy for enthalpy relaxation (E) [98—

100] as follows:

E

™= RT,In (10)

(2.17)

The E value can be determined by analyzing the dependence of the calorimetric 7y on the
reheating rate, g, which is equal to the previous cooling rate. This relationship in given

by:

din(q) E

W TR (2.18)

Thus, it is easy to see that m may be directly obtained from the slope of log (1/q) vs. T¢/Ty.



17

CHAPTER 3 —- GLASS RELAXATION USING FLASH-DSC
3.1 Introduction

Conventional differential scanning calorimeters are widely used to study thermal
responses in glasses, such as crystallization, relaxation, and glass transition. However,
their cooling (q.) and heating (gj) rates are limited, typically ranging from 0.01 to 2 K/s.

Wang et al. [98] and Chen et al. [99] conducted DSC experiments by varying the
cooling rates followed by heating at a fixed rate of 20 K/min. They analyzed the heating
heat capacity curves by comparing the overshoot peaks obtained with different cooling
rates. These authors found that lower cooling rates resulted in greater overshoots, which
they subsequently analyzed in terms of the heat capacity difference between the standard
curve (where heating and cooling rates were the same) and the others. This phenomenon
is related to the enthalpy release from the nonstandard sample that was further used to
determine the fragility index.

These types of experiments have recently become possible using very high quench
and heating rates, extending the conventional range by approximately four orders of
magnitude, through the development of a chip-based fast scanning calorimeter, Flash-
DSC (FDSC) [101]. The FDSC can perform measurements using ultra-fast standard
(UFS 1) or ultra-fast heating (UFH 1) chip sensors. These sensors consist of a ceramic
substrate with electrical connections and a membrane with two active zones: one for the
sample and the other for the reference. The development of high-temperature chip sensors
enables measurements of micrometric samples over a wide temperature range (178—
1,273 K), employing high heating (up to 5x10* K/s) and cooling (4x10* K/s)
rates [46,102]. This capability allows for the exploration of a wider range of experimental
times. Therefore, the FDSC instrument complements conventional DSC by allowing the
study of thermal transitions such as crystallization and glass transition under high heating
and cooling rates.

In this chapter, the objective is to study the interplay between heating and cooling
rates, structural relaxation, and the glass transition temperature by employing the flash-
DSC technique with lithium disilicate (Li2Si2Os) and lead metasilicate (PbSiO3) glasses,

which have distinct fragility indices and glass-forming ability.
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3.2 Materials and Methods

The melt-quenching method was employed to produce approximately 50 g of
33.3Li20-66.7S102 (Li2Si205) and 50.0PbO-50.0Si02 (PbSiOs3) glasses (in mol%). They
were synthesized from stoichiometric mixtures of reagent-grade Li2COs3; (99.0%, Alfa
Aesar), Pb304 (99.0%, Sigma-Aldrich), and SiO2 (99.9%, Vitrovita). The chemicals were
thoroughly mixed at 1,400 rpm for 5 min in a high-speed mixer (Flacktek speed mixer
DAC 1,200-500) and the resulting mixture/batch was placed in platinum crucible. For
Li»Si,0s5 glass synthesis, the batch was decarbonated at 1,073 K for 2 h in an electric
furnace and then melted at 1,673 K for 1 h before being poured onto a steel plate and
splat-quenched by pressing with a steel block. For PbSi0; glass synthesis, the batch was
melted at 1,323 K for 10 min in an electric furnace to minimize PbO volatilization, poured
onto a steel plate, and pressed with a steel block.

A conventional DSC (Mettler Toledo DSC1) was employed to determine the
T4 onset Of the Li2S1205 sample using ~10 mg in a hermetically sealed Al pan, heated at a
rate of 10 K/min under a N2 atmosphere.

A Flash-DSC (Mettler-Toledo Flash-DSC 2+) equipped with a high-temperature,
ultra-fast heating UFH 1 chip sensor (Figure 3.1) and purged with Ar was employed to
determine T onset and 7y of microscopic Li2S120s and PbSiO3 glass samples at various
rates. The FDSC temperature was calibrated using the melting point of aluminum. The
ultra-fast UFH 1 sensor, with an active zone diameter of approximately 100 um, was
utilized to create different fictive temperatures.

For this purpose, larger samples of each glass composition were broken into
smaller pieces. Using the microscope integrated with the FDSC, a microscopic piece of
each glass was selected using a hair in a pen and placed on the sensor, which was wetted
with a thin film of silicone oil that evaporates and decomposes during the first heating.
Thus, the glass samples obtained with unknown cooling rates and 7y were rejuvenated
above the glass transition (i.e., until the SCL state was reached) to erase their thermal
histories and were subsequently cooled at different rates (q.) of 10,000, 5,000, and
1,000 K/s, followed by reheating at the same rate (q. ). Additionally, the Tgonset Was
determined during reheating at a rate of 5,000 K/s after being cooled at rates of 10,000,
5,000, 1,000, 500, 100, and 50 KI/s.
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100 pm

Figure 3.1: UFH 1 chip sensor of the Mettler-Toledo Flash-DSC 2+, consisting of a
ceramic substrate with electrical connections and two membranes: one for the sample and
one as the reference site. A microscopic glass sample of Li2Si,0s is positioned on the
dark circle of the upper membrane.

3.3 Results and Discussion

Figure 3.2 shows the Ty onset Of the Li2Si2Os glass using significantly different
heating rates. In Figure 3.2(a), a value of (727 £ 2) K was determined using a
conventional DSC at a heating rate of 10 K/min, which agrees with literature values [103—
105]. The dashed line represents the temperature at which () is 6 s, which is the t,¢
required for a 1 K change at 10 K/min. This was calculated by the Maxwell relation
(Eq. (2.2)) with the average of G, interval (20 GPa) and the Mauro—Yue—Ellison—Gupta—
Allan (MYEGA) model [106] for n(T), which is given by the following equation:

log (n(T)) = log (Ne)

+[12 — log (11,0)] Tgflz exp [(12 — lrong R 1) (Tg;z —~ 1)] G-D

where 1), is the extrapolated infinite temperature viscosity, T 1, 18 the temperature where
the shear viscosity is 10'? Pas, and m is the fragility index. The fitting parameters
employed are presented in Table 3.1. A much higher T onset Of (849 + 2) K for the same

Li2Si20s glass is shown in Figure 3.2(b), measured using a flash-DSC technique at a
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heating rate of 10,000 K/s, which requires only 10~ s to change 1 K. In this scenario, the
average relaxation time of the material is 7.0x10 * s. This demonstrates that for both the
conventional heating rate and the high heating rate used, the 7, obtained corresponds to
a temperature where the average structural relaxation time of the material is of the same
order of magnitude as the experimental time, confirming the definition of T [34], even
for high heating rates. Additionally, because of the significantly higher heating rate of
10,000 K/s, the viscosity at T, in this case is not 10'? Pa s as proposed by Angell [38], but
approximately 1.4x107 Pas.

It should be mentioned that Schawe and Hess observed a thermal lag in the glass
transition peak temperature (Tgpeak) in a silicate glass for heating rates higher than
5,000 K/s [46]. On the other hand, Al-Mukadam et al. [102] reported a lower thermal lag
in the Tg onset compared to T peak. Moreover, the extent of thermal lag varies depending on
the sample mass utilized. Here, a microscopic sample (Figure 3.1) was used in the FDSC
measurement, and therefore a thermal lag of ~10 K could be considered at a heating rate

of 10,000 K/s, which decreases the T onset to approximately 840 K.
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Figure 3.2: Determination of T onser Of a Li2Si205 glass using (a) conventional DSC

measurement at a heating rate of 10 K/min (0.17 K/s) and (b) FDSC measurement at a

heating rate of 10,000 K/s. Vertical dashed lines show the temperature at which (z) is 6 s

and 10™* s, respectively.

Figure 3.3 shows the fictive temperatures determined from the flash-DSC curves
by matching the heating rates to the cooling rates at which the glasses were produced.
Employing this strategy, the onset glass transition temperatures are very close to the
fictive temperatures [46,52]. Specifically, a downscan at g, was utilized to establish a T},

which was then followed by an upscan at the same rate qj,. In this case, |q.| = |qx| =
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qcn; consequently, Tgonset coincides with Ty in the unified area-matching approach. The
overlapping of curves observed during multiple heating and cooling cycles at the same
rate provides evidence that Ty is indeed equal to Ty onset When applying the unified area-

matching method.
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Figure 3.3: Determination of 7y using FDSC scans obtained at q., = 1,000 KI/s,
5,000 K/s, and 10,000 K/s for (a) Li2Si205 and (b) PbSiO3 glasses.

The shift factor is an important parameter because it enables the retrieval of
viscosity, #(T), without the need for conventional viscosity measurements. This approach

is quite useful in gathering data in a region where the SCL rapidly crystallizes or
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undergoes liquid phase separation. Figure 3.4 shows that the curve of log () vs. 1/T is
shifted from the curve of log (1/q.p) vs. 1/Ty by a parallel shift factor (Kypset),
Eq. (3.2) [62,107]. The MYEGA equation was adjusted to literature data of shear
viscosity [64,102,108—112], and the resulting fitting parameters for both glasses are
displayed in Table 3.1.

Konset = log (qc,h) + log (n(Tf))' (3.2)

Note that the shift factor varies for differently defined glass transition
temperatures, such as Tgonset and T peak [62,107]. The individual shift factors for T onset
(Konset) obtained at 1,000 K/s, where the thermal lag does not influence the derived
data [46] were 11.1 £ 0.1 for Li2Si20s5 and 10.1 £ 0.2 for PbSiO3, clearly indicating that
the (logarithmic) shift factor is dependent on the chemical composition of the glass, which
1s in agreement with the observation reported by Gottsmann et al. [107] and contrasts with

assumptions made elsewhere [102,113,114].

Table 3.1: Fitting parameters for the MYEGA equation, Eq. (3.1).
MYEGA equation log (N [Pas]) Tg12 [K] m

Li>S1,05 -1.41£0.07 731.0+0.3 422404
PbSiO3 -1.26 £ 0.04 682.8+0.2 59.8+04
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Figure 3.4: Arrhenian diagram of equilibrium shear viscosity from
literature [64,102,108—112] is shown on the left axis (blue). On the right axis (dark cyan),
the reciprocal cooling/heating rates vs. reciprocal Trare displayed for the (a) Li2Si,0s and
(b) PbSi0O3 glasses. Solid blue curves represent the MYEGA regressions (Eq. (3.1))
obtained using viscosity data. Solid dark cyan curves and open dark cyan symbols are the
shifted data used to obtain the shift factors of Kqnset Li,si,0, = 11.1 £0.1 and Kqpset posios,
= 10.1 +£0.2. Dashed black curve for the PbSiO3z glass is plotted considering a
composition-independent shift factor of 11.1 [102], which proved to be inadequate for
describing the measured data.
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Figure 3.5 shows the heat flow curves obtained at a reheating rate of 5,000 K/s
after cooling at rates of 10,000, 5,000, 1,000, 500, 100, and 50 K/s. In the glass transition
region, the glasses cooled at different rates recover back to the metastable SCL
equilibrium state, exhibiting overshoots in the FDSC curves. The area of these overshoot
peaks decreases with increasing cooling rates, correlating with the enthalpy released, as
previously discussed for the similar findings using conventional DSC [98,99].

Each Ty onset value, derived from Figure 3.5, is an average of 6-8 measurements
to ensure that the material has not crystallized during cooling, which resulted in an error
bar of + 2 K for most cases. The T onset Values for glass samples with different 77 values
are presented in Figure 3.6. When the material is slowly cooled and then quickly heated
(qn > q.), there is not enough time for relaxation within the experimental time-scale until
reaching the glass transition region, where the relaxation time is of the same order of
magnitude as the experimental time. Therefore, the glass transition temperature,
measured here as Ty onset, Shifts to lower temperatures as the cooling rate increases. In
contrast, when the material is quickly cooled and slowly heated (g, < q.), there is
sufficient time for structural relaxation during the heating stage, resulting in negligible
variation in the measured T onset. This latter behavior is evident on the right side of the
dash-dotted line for both glasses. It is well-known that Tgonset increases as the
experimental time decreases because of the use of higher heating rates [34]. However,
Figure 3.6 shows Tgonsec Values obtained using the same heating rate of 5,000 K/s,
demonstrating different behaviors related to the structural relaxation phenomenon,
resulting from diverse cooling rates for glass samples with varying compositions and

atomic structures.
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Figure 3.5: FDSC scans obtained at a constant g, of 5,000 K/s in the glass transition
region for (a) Li2Si205 and (b) PbSi03 glass samples cooled at different q.. For Li2Si,0s,
only the first and eighth heating curves are presented after cooling at 50 K/s. Inset shows
the remaining curves that did not overlap using the lowest cooling rate, g, = 50 K/s, as
they probably crystallized during the slower cooling path.
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It should be noted that Figure 3.5 reveals distinct behaviors for the Li>Si,05 and
PbSi0s3 glasses. All curves of the PbS103 glass overlapped for all cooling rates. However,
when the Li2S120s glass was cooled at a rate of 50 K/s (the slowest applied rate), partial
stoichiometric crystallization probably occurred. The curves obtained from these runs at
50 K/s are shown in the figure inset. This result indicates that PbSiO3, even with only
50 mol% of Si0z, is a better glass former than Li>S120s. This finding is corroborated by
the Jezica parameter [115], which evaluates glass-forming ability (GFA) based on
viscosity and liquidus temperature (T} ), GFA « n(T,)/TZ. The GFA reflects the easiness
to vitrify a liquid on the cooling path, while glass stability denotes the resistance against
devitrification during heating. Using T} values of 1,311 K for Li»Si,0s and 1,037 K for
PbSiO3 [116,117], along with n(T;) values obtained from the MYEGA equation
(Eq. (3.1)), the calculated Jezica parameters were 1.8x107> Pa s/K? for Li»Si>Os and
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2.2x107° Pa s/K? for PbSiOs. Therefore, these results indicate that PbSiO3 has a higher
GFA than Li2Si20s, in agreement with the current results.

To explain the structural details underscoring the unusual GFA of this
metasilicate, it has been proposed that PbSiO3 glass consists of two subnetworks: one
formed by SiO4 tetrahedra and the other by PbOx polyhedra (x = 3-5) [118]. In this
context, Pb could be considered a cation that partially contributes to the network structure,
exhibiting network-forming-like behavior, in contrast to Li in Li»Si,05 glass, which, as
an alkali cation, is more randomly distributed throughout the structure, providing local
charge neutrality and serving only as a network modifier [30]. Conversely, Sen et al. [119]
in a recent study of the isotropic and anisotropic 2*’Pb nuclear magnetic resonance spectra
of glasses within the PbO-SiO; system reported that a significant fraction of Pb-O-Pb
linkages appears only in glasses with PbO > 60 mol%. They propose that the exceptional
GFA conferred by PbO as an additive to Si0Oz is possibly due to the formation of an open
and highly interconnected network of PbO, pyramids and SiO4 tetrahedra. Furthermore,
they suggest that the presence of a small concentration of silicate anions is crucial to the
stability of the network.

It is important to note that all the FDSC experiments were conducted using only
one specimen of each glass (see Figure 3.1 for Li»Si2Os). The inability to reproduce the
Li»Si20s heat flow curves after cooling at 50 K/s could be attributed to the slight
crystallization of the sample during each cooling run at this comparatively slow rate. The
sample was not analyzed after the FDSC experiments because of the practical limitations
associated with the equipment, as micrometric samples tend to flow and adhere to the
sensor, making further use of both the sensor and the sample challenging. Although it is
technically possible, as demonstrated in a very recent study that successfully analyzed the
sample after FDSC measurements by removing it from the sensor and subsequently
preparing it using Focused lon Beam technology for Transmission Electron Microscopy
analysis [120].

Regarding the crystallization behavior of Li»Si20s, Ota et al. [121] directly
measured the critical cooling rate (q.,-) using optical microscopy to examine the surface
and interior of samples quenched at different rates, and reported a value of 1 K/s.

Similarly, Asayama et al. [122] applying microscopy, determined a q.,- of approximately
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5 K/s. However, LixSi2Os exhibited significant changes in its heat flow curves for a
cooling rate of 50 K/s, which is at least 10 times higher than these reported q.,- values.
The experimental, microscopy-based methods employed to obtain these critical
cooling rates may underestimate the correct values, as they depend on the nucleation and
growth of crystals to a size that is detectable under a microscope. In contrast, the flash-
DSC technique eliminates the need for such observations, proving to be a powerful tool
for investigating these critical cooling rates through multiple cooling and heating cycles.
Additionally, it is known that GFA heavily depends on the chosen measurement
technique and on the fact that, when surface crystallization prevails over internal

nucleation, the critical cooling rate is increased.

3.4 Conclusions

The application of the flash-DSC technique enabled the determination of fictive
temperatures, which were subsequently used to obtain the composition-dependent shift
factors, KonsetLi,si,o, = 11.1 £ 0.1 and Koypserpbsio, = 10.1 = 0.2, contradicting
assumptions from previous studies. Additionally, by employing glass samples obtained
with widely different cooling rates followed by a constant heating rate of 5,000 K/s, the
impact of the cooling rate on the glass transition temperature was demonstrated, thus
shedding light on the relationship between structural relaxation and experimental timing.
The results also demonstrated the superior glass-forming ability of PbSiO3 compared to

Li2S120s, as the latter partially crystallized during cooling at a slow rate of 50 K/s.
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CHAPTER 4 — RELAXATION KINETICS VIA REFRACTIVE INDEX AND
IONIC CONDUCTIVITY
4.1 Introduction

The dependence of the relaxation kinetics on the specific property being measured
has been studied by many authors; however, the current situation is still controversial.
While some researchers argue that the relaxation kinetics is the same for different
properties, others sustain that it is different.

DeBolt et al. [123] compared their enthalpy (H) relaxation data of B>O3 glass at
536 K with the Boesch et al. [124] refractive index () relaxation data for the same glass
composition and temperature, and found that enthalpy relaxes faster than refractive index.
In a classic paper, Moynihan et al. [93] summarized the kinetic parameters of the
structural relaxation process of several authors and materials, and concluded that the
average relaxation time and the non-exponentiality parameter are different for different
properties of the same glass. Although those authors compared some properties for the
same temperature and nominal glass composition, the measurements were performed by
different research groups using glass samples of different batches, which were produced
and measured in different environments. Hence, because of the likely difference in
impurity contents, especially water, which strongly affects relaxation dynamics, this
comparison is subject to significant uncertainty.

An aging study conducted by Sasabe and Moynihan [125] compared the enthalpy
and dielectric relaxation results of samples from the same batch of poly(vinyl acetate)
(PVAc) above the glass transition region. They also found that enthalpy and dielectric
relaxation measured at the same temperature seemed to be characterized by somewhat
different relaxation times. Also, Dingwell and Webb [33] compiled relaxation times in
NazSi307 melt from shear viscosity and electrical relaxation data. As expected, they
showed that the relaxation times estimated from electrical modulus are much faster than
those from shear viscosity. Therefore, all these studies indicated significant differences
in relaxation dynamics probed by distinct properties.

On the other hand, Rekhson et al. [126] analyzed a window glass and reported that
volume and viscosity relax with similar kinetics within the experimental uncertainty.

Webb et al. [127] concluded that relaxation times for shear viscosity, volume, and
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enthalpy are equivalent in Na»Si2Os. Also, Echeverria et al. [128] investigated the
relaxation behavior of amorphous selenium through enthalpy recovery and the creep-
recovery response. They found that the times to reach equilibrium seem to be the same in
the glass transition region, but to diverge at lower temperatures, with enthalpy coming to
equilibrium before volume and creep. Malek et al. [22] also used amorphous selenium to
study the specific volume and enthalpy relaxation in the glass transition region. Their
relaxation parameters were only slightly different, and they concluded that these two
properties relax with the same kinetics.

In this chapter, the objective is to verify this controversy by systematically
comparing the structural relaxation dynamics throughout the physical aging of a lithium
disilicate (Li2S120s) glass through changes in refractive index, n, and DC conductivity,
Opc, at several temperatures below the initial 77. In this case, these two properties were

measured in glass samples from the same batch, treated at identical conditions.

4.2 Materials and Methods

The Li2S1,05 glass used in this chapter is from the same batch described in Chapter
3, with a T, of (727 +£2) K. A portion of this glass was annealed at 663 K for 2 h, followed
by slow cooling to room temperature at 3 K/min to alleviate the residual stresses and
allow sample preparation.

The samples were divided into two sets so that glasses with two different initial
fictive temperatures could be obtained. The first set was treated at 720 K (771) and the
second set at 727 K (T¥2), both for 4 h, which is sufficient to reach their metastable SCL
equilibrium state (> 99% relaxed). Subsequently, physical aging experiments were
conducted by alternating isothermal treatments at 7' < T, with determinations of refractive
index at room temperature and ionic conductivity at 308 K. To this end, the samples from
the first set were subjected to isothermal treatments at different temperatures
(705, 695, and 685 K), which are 15, 25, and 35 K below 771, and those from the second
set at 703 K, which is 24 K below Tf», for cuamulative times, that is, the samples were heat
treated at the indicated temperature, taken out of the furnace, had their proprieties
measured, and were inserted back into the furnace at the study temperature until a constant
value within the experimental error was reached. The experimental data were fitted with

a KWW-type function (Eq. (2.7)).
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The refractive index was measured at a wavelength A of 546.1 nm (e-line) using a
high-precision V-block refractometer (Pulfrich PR2, Carl Zeiss), equipped with a VoF5
glass prism having a refractive index ny, = 1.74800(1) at the e-line. The reported
refractive index values were obtained at room temperature from an average of 10
consecutive measurements in samples of 10 x 10 x 3 mm?® with perpendicular polished
faces. The refractometer measures the angle of the refracted beam y from a sample placed
on the V-prism with a thin layer of immersion oil. The wavelength-dependent refractive

index n, is then correlated with that of V-prism through the following equation:

n = \/n)zhp — cos (y)\/nip — cos2(y). 4.1)

The ionic conductivity of the samples was obtained through electrochemical
impedance spectroscopy (EIS) using an impedance analyzer (Alpha-A, Novocontrol),
measuring the magnitude of the impedance |Z| and phase angle ¢. The experiments were
performed at 308 K in a frequency f range of 107'-107 Hz and voltage amplitude of
300 mV. The two samples used had two parallel surfaces with thickness and area values
of 11 = 0.2875(5) cm and S; = 0.696(2) cm?, and I» = 0.3185(5) cm and S> = 0.902(1) cm?,
respectively. Before the measurements, gold electrodes were sputtered on the two parallel
surfaces using a sputter (Q150R ES, Quorum) with current of 20 mA and time deposition

of 300 s. The Fourier domain impedance is a complex function [129]:
Z(w) = |Z|cos(¢p) — |Z]isin(¢p) = Z'(w) — iZ" (w), 4.2)

where w (27f) is the angular frequency and i is vV—1. Impedance data can be represented
in several correlated formalisms, including the impedance complex plane plot with the
imaginary part of impedance —Z” at the y-axis and the real part Z” at the x-axis. Sample
resistance (R) can be directly read at the low-frequency intersection of the semicircle with

the real x-axis. Thus, op is calculated by the following equation:

11
Oopc = EE (43)
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4.3 Results and Discussion

Figure 4.1 shows the temporal variation of the refractive index and DC
conductivity during the isothermal heat treatments at 705, 703, 695, and 685 K of
Li»Si2Os samples pre-annealed at 720 and 727 K.

The magnitude of property changes associated with completing relaxation
increased as the study temperature moved away from the initial 77 toward lower
temperatures, corroborating previous results for other glasses via refractive
index [13,64,130] and DC conductivity [69]. Figure 4.2 shows the results from EIS
experiments conducted at 308 K for a sample pre-annealed at 720 K and aged at 695 K
for different times. It is important to emphasize that, unlike other studies [33,68,131], this
investigation did not measure electrical relaxation, which leads to a very fast relaxation
behavior. Instead, the ionic resistivity (p, the inverse of DC conductivity) was directly
obtained from the low-frequency intersection of the semicircle with the x-axis, since the
impedance results were normalized by the geometrical factor of the sample (I/S,

respectively, sample thickness and area).
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Figure 4.1: Variation of (a) refractive index and (b) DC conductivity of a Li>Si2Os glass
as a function of aging time for four experiments below a pre-established initial 77. Solid

lines are the KWW function regressions (Eq. (2.7)).
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Property variations are strongly linked to the difference between the initial 7y and
the measurement temperature. For example, a similar variation is observed when the
property is measured at Ty; —25 K = 695 K and 77> — 24 K = 703 K (see Figure 4.1),
even though the initial fictive temperatures and also the studied temperatures were
different. Figure 4.3 illustrates this behavior for DC conductivity data, showing results
for two different initial fictive temperatures (720 and 727 K). The samples were heat
treated at different temperatures (685, 695, 703, and 705 K) for cumulative times and
measured at 308 K.

These temporal changes, as measured by refractive index and DC conductivity,
were fitted by the KWW function, which described quite well all the experimental data.
Figure 4.4 shows the adjustable parameters (P, — Py, Tk, and [) obtained from
regressions, as well as the average relaxation time, (7). Linear regression analyses were

performed considering one standard deviation.
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Figure 4.3: Temporal evolution of DC conductivity measured at 308 K of a Li2Si2Os
glass during aging at different temperatures. Open symbols refer to the values of DC
conductivity measured at ¢t = 0 s, i.e., the values for the initial 7}

The results shown in Figure 4.4 indicate a relationship between each parameter
and the temperature. The difference ps, — pg 1s zero for T =T When the difference
between the 7y and the study temperature increases in the 7' < Ty range, N, — ng also
increases, whereas ., — gy and 8 decrease, and 7 and (7) increase exponentially. These
results agree with those previously reported for a lead metasilicate glass via changes in
refractive index [64].

Figure 4.5 shows the relaxation parameter, ¢, as a function of time. The
DC conductivity undergoes a faster start of relaxation, which yields a lower characteristic
relaxation time, as shown in Figure 4.4(c). The DC conductivity also has the lower f,
Figure 4.4(b). Eq. (2.6) demonstrates that these two parameters have distinct effects
on (7), resulting in a very similar average relaxation time for both properties. The aging
results at 771 —35 K, shown in Figure 4.5(c) have the larger change in 7y and,

consequently, larger property variations and lower uncertainty.
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Figure 4.4: Parameters related to the relaxation of refractive index (blue triangles) and
DC conductivity (dark cyan diamonds): (a) variation of properties, (b) non-exponentiality
parameter, (c) characteristic relaxation time, and (d) average relaxation time. Solid lines
represent linear regressions and the shaded areas show the confidence bands.

The DC conductivity changes faster at the beginning of the process and has a
lower [ than refractive index, but they show similar average relaxation times. The non-
exponentiality parameter [ is a measure of the width of the relaxation dynamics,
encompassing the slowest to the fastest structural groups in the a-relaxation and the so-
called slow f-relaxation (as opposed to fast [-relaxation). In other words, the
characteristic relaxation time and the non-exponentiality parameter resulting from
conductivity measurements are shorter than those obtained from refractive index;

however, the average relaxation times are similar.
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Figure 4.5: Relaxation parameter as a function of heat treatment time calculated by the
variation of the refractive index and DC conductivity at (a) Tr1 — 15 K, (b) Tr,1 —25 K,
(¢) Tr1 —35 K, and (d) T2 — 24 K.

It has been demonstrated that classifying the relaxation type as a- or slow
p-relaxation based on different properties in not straightforward. Indeed, ionic
conductivity was measured by the migration of lithium ions in the Li2S120s glass, but this
process becomes easier or more difficult by the cooperative relaxation of the lattice
depending on whether the conductivity is measured above or below the fictive
temperature [69]. Moreover, as shown in Figure 4.4, the non-exponentiality parameter is
a function of both temperature and thermal history and decreases as the temperature
moves away from the initial 7 towards lower temperatures. This result agrees with other
experimental findings [64,92].

Lower [ result from relaxation at lower temperatures as well as from some
properties such as conductivity, whereas the refractive index yields larger p.
Consequently, it is possible to distinguish different kinetics in the same sample by
measuring different properties at a given temperature. Recently, the temperature

dependence of  has been discussed [8,132]. It is sometimes assumed that £ is a constant
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of 3/5 or 3/7, as derived by Phillips [21,91] and experimentally indicated by other
authors [89,133], or that it is only temperature dependent [92]. The current results showed
herein evidence that  indeed depends on the measurement temperature, the fictive
temperature, and also on the analyzed property, i.e., 8 (T, Ty, p).

Therefore, the measured structural relaxation kinetics depends on the analyzed
property, which corroborates the findings of some previous studies [93,123—125]. The
dependence of relaxation dynamics on the measured property may be explained by the
different effects that structural rearrangements of the glass have on each property. These
rearrangements increase the glass density when the study temperature is lower than the
initial fictive temperature [12,134], and change the local environment of the lithium
ions [135]. Thus, changes in density may have a greater influence on the refractive index,
whereas the ionic conductivity may be more influenced in the early stages by changes in
the distance of lithium ions, although it is also affected by changes in density. The
structural changes are always the same, but small structural rearrangements at the
beginning of the process imply more marked changes in ionic conductivity than in

refractive index.

4.4 Conclusions

At all temperatures, the property variations were precise enough to capture the
structural changes during the relaxation process. The KWW function has described quite
well all the isothermal experimental relaxation data. The results confirmed that the non-
exponentiality parameter is indeed complex, since it is a strong function of the
measurement temperature, fictive temperature, and analyzed property. The relaxation
process starts faster when measured by ionic conductivity than by refractive index. Ionic
conductivity also shows a lower non-exponentiality parameter than refractive index;
however, both properties present similar average relaxation times. This means that the
very small structural rearrangements that occur at the beginning of glass relaxation have
a greater influence on ionic conductivity, whereas refractive index is more influenced by
the more cooperative a-relaxation. As a result, the relaxation kinetics depends on the

analyzed property.
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CHAPTER 5 - STRUCTURAL RELAXATION FOLLOWING TEMPERATURE
UP- AND DOWN-JUMPS
5.1 Introduction

Several studies have reported that, in some cases, the structural relaxation
dynamics can be faster than exponential, i.e., a compressed exponential with the non-
exponentiality parameter f > 1 [136-145]. It should be noted that a compressed
exponential function cannot be expressed as a sum of exponentials (as shown in Chapter

2, Eq. (2.9)), but may originate from a sum of Gaussian decay functions [138],

P(t) = ZN:wiexp I— (%)Zl (5.1)

For instance, Vela and Simmons [142] performed simulations of model polymeric
and small-molecule glass-formers in the iso-configurational ensemble and observed that
non-exponential relaxation is not solely a consequence of spatial averaging over a
distribution of locally exponential processes, and it cannot be interpreted as a direct
measure of dynamic heterogeneity through spatial averaging. A range of non-exponential
relaxation behavior is displayed even at the level of a single particle without time
averaging. Their findings indicate that faster-relaxing particles in low-density regions of
a liquid tend to exhibit locally stretched relaxation, while slower-relaxing particles in
high-density regions show compressed relaxation.

Jaeger and Simmons [145], in their physical aging experiments involving up- and
down-jumps in temperature, identified compressed exponential relaxation in up-jump
experiments with large temperature jumps. It should be noted that up-jump aging
experiments are characterized by a reduction in glass density as the Ty increases over
time [12,134]. In separate experiments conducted by Guerette et al. [140], a silica glass
was densified under hot compression at 4 GPa and 1,373 K (7, of approximately
1,473 K). This led to a significant increase in the refractive index, from 1.461 to 1.525,
and in density, from 2.20 to 2.53 g/cm?>. Then the glass structure was isothermally relaxed
at 1,123 K. During this process, the refractive index returned to its initial value of

approximately 1.461 and the density to 2.20 g/cm?, a behavior similar to that observed in
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temperature up-jump experiments. In this case, relaxation followed a compressed
exponential decay of index and density with § = 1.28.

The shape of the relaxation function in up- and down-jump experiments are
expected to be distinctly different. The down-jump data typically display a stretched
exponential relaxation, while many of the up-jump data exhibit a compressed exponential
recovery [12,22,134,146]. This difference in kinetics between the up- and down-jump
experiments is a manifestation of the fact that the relaxation rate in the glassy state
depends not only on the actual temperature but also on the 77 of the glass, where the latter
evolves over time differently for the two experiments. In other words, this difference in
kinetics results from the non-linear effect of the intrinsic structural changes, as described
by the TNM model presented in Chapter 2. While this model is widely utilized in the
literature, its phenomenological nature does not provide a clear insight into the physical
origin of the non-linearity parameter x, its temperature dependence, or whether it should
be related to the non-exponentiality parameter 5. Moreover, the inadequacy of the TNM
model for large temperature jumps (larger than 30 K in a silicate glass, which corresponds
to a magnitude of ~4.2% in terms of AT/T,) was noted by Moynihan [147] himself, as
well as by other authors under similar circumstances [67,148—150].

In this chapter, the objective is to apply and test the validity of the KWW function
and the TNM model by monitoring enthalpy recovery and refractive index changes
following temperature up- and down-jumps (up to 40 K, AT/T; = 5.5%), using lithium
disilicate glass (Li2S120s), which exhibits good thermal stability against moisture and

crystallization for long physical aging experiments below 7.

5.2 Materials and Methods

The Li2S1205 glass used in this chapter is from the same batch used and described
in the previous chapters, with a T, of (727 + 2) K.

For the refractive index measurements, two samples (referred to here as sample I
and sample II) of ~10 x 10 x 3 mm?> were cut using a diamond saw, and their two
perpendicular faces were polished to optical quality. Initially, the starting fictive
temperature T, of samples I and II was set by annealing the samples at 720 K for 4 h.

For the enthalpy measurements, the process started by annealing a sample of

similar dimensions (10 x 10 x 3 mm?) at a temperature 40 K below its T, for 15 days
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(687 K, starting temperature T,), aiming to lower the 77 The sample was annealed at
687 K (40 K below Ty) for 15 days based on the results of a previous study on refractive
index relaxation which indicated that, at 685 K, the same Li,Si2Os glass required 7 days
to relax by 99% and 14 days to achieve practical equilibrium (99.9% relaxed) [151]. This
sample was then fragmented into multiple small pieces for the subsequent aging
experiments and enthalpy measurements. Some of these pieces were heat-treated at
another starting temperature, 727 K for 6.5 h.

Structural relaxation during physical aging experiments was followed by
monitoring changes in refractive index and enthalpy. Up- and down-jump experiments
were performed, where samples were first equilibrated at T, for a specified initial time ¢,
as shown in Table 5.1. Next, the samples were aged at temperature 7 until a constant
value within the experimental error was reached. Some refractive index relaxation data

were collected and reported in a previous study [151].

Table 5.1: Parameters used in each physical aging experiment.

Experiment tin Ty Ty [K] T [K] Ref.
Ref. index, sample I 4 h 720 705 [151]
32 days 685 705 -
Ref. index, sample 11 4h 720 695 [151]
20 days 695 720 -
Enthalpy 15 days 687 717 -
15 days 687 727 -
6.5h 727 717 -

The refractive index relaxation experiments using sample I were performed for
jumps ending at the same temperature of 705 K. A temperature down-jump was executed
from 720 to 705 K, and the refractive index was monitored over time, as reported in a
previous study [151]. Subsequently, the same sample was rejuvenated by being annealed
again at 720 K for 4 h, followed by equilibrating at 685 K for approximately 32 days.
This sample equilibrated at 685 K was used to conduct an up-jump experiment at 705 K.
For sample II, the down-jump from 720 to 695 K was conducted over approximately
20 days, followed by an up-jump to 720 K.

All refractive index measurements were carried using a similar procedure and

equipment described in Chapter 4 after quenching the samples following each annealing
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treatment. The evolution of the refractive index during aging was followed by periodically
taking the sample out of the furnace at the end of each timestep, quenching it in air and
stabilizing it for 20 min, performing an index measurement, and inserting it back into the
furnace for the next timestep (i.e., the heat treatment was accumulative) until a constant
index value was reached.

The enthalpy relaxation measurements were performed by annealing each small
piece for a certain time period at a specific temperature 7" in a Mettler Toledo DSC1 under
nitrogen atmosphere. For each experimental run, (10 + 1) mg of the sample pre-
equilibrated at 687 or 727 K was inserted into hermetically sealed aluminum pans. The
isothermal temperature jump experiments comprised a series of steps. The initial step was
aging the sample at a temperature 7 for a certain time, as schematized in Figure 5.1,
exemplifying an aging experiment at 717 K for 60 min. Once the target aging temperature
was reached on the DSC equipment, the sample was inserted to initiate the experiment.
After the aging period, which ranged from 5 min up to 4 h, the sample was cooled from
the aging temperature to 573 K (T,) at a rate of 100 K/min. This cooling step was followed
by a 5 min holding period at 573 K to ensure thermal stabilization. Subsequently, the
sample was heated to about 50 K above the glass transition region (T} ) at a heating rate
qp, of 10 K/min, producing a DSC heat flow scan Q in W/g. Following this scan, the
sample was cooled to 573 K at a rate of 10 K/min, held for 5 min, and then reheated at

the same rate to T}, to obtain the rejuvenated DSC heat flow curve Q,, juv In W/g.

The enthalpy recovery AHy given in J/g was determined from the difference in

the area under the sample and rejuvenated heat flow curves as follows:

1 (™ .
AHp = — (Q - Qrejuv)dT: (5.2)
4n Ta
where g, is the heating rate and T,-T, is the integration temperature range, with

Ty <Ty <Tp.
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Figure 5.1: Schematic diagram of the physical aging protocol for enthalpy recovery

experiments, illustrating an aging experiment at 717 K for 60 min.

Each temperature jump dataset was individually fitted with a KW W-type function
(Eq. (2.7)) on the experimental refractive index and enthalpy data to obtain the
parameter 3. On the other hand, combined regressions were carried out for up- and down-
jump experiments using the TNM model to simultaneously capture the non-exponential
and non-linear nature of the aging kinetics [5,10,93,152]. To achieve this, the data were
plotted using Eq. (2.11) and subsequently performed regressions using a numerical
method to conduct the TNM fitting.

Initially, Eq. (2.12) was applied using the known parameters dqy, Ty, and T. The
evolution of T¢(t) from Ty to T was described by numerically integrating the reduced
time using Eq. (5.3). For this numerical integration, the procedure detailed by
Milek et al. [22] was adopted, where the total aging time was divided into
J logarithmically spaced subintervals, with the relaxation response calculated at the end

of each subinterval:

B
At;
j=1
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The subintervals, At; = t; — t;_;, were divided into 500 logarithmic increments, and T;

was calculated using Eq. (5.4):

xAh* (1 —x)Ah > 5.4

T, =Aexp ( +
RT RTf ;4

Hence, the TNM model was fitted to the experimental data with 8, A, and x as
fitting parameters, while Ah* /R was fixed at 80.06 kK, obtained from the shear viscosity
activation energy in the 7, region for the same Li>Si2Os batch used in this chapter.
Therefore, this fitting procedure assumes that the structural relaxation process has the
same activation energy as that of viscous flow, as demonstrated by Moynihan et al. [153]
through comparisons of various glass-forming systems and supported by a recent study

on the relaxation of Li»Si2Os glass [151].

5.3 Results and Discussion

The room temperature refractive index of the Li»Si20s glass is shown in Figure
5.2 as a function of aging time at 705 K for samples pre-aged at 720 K for 4 h and at
685 K for 32 days. In Figure 5.2(a), the refractive index variations were described by the
KWW function, resulting in a stretching exponent of Bryw = 0.93 for the temperature
down-jump (720 to 705 K). In contrast, the up-jump (685 to 705 K) yielded a compressing
exponent of fSxyw = 1.31. Although the down-jump data can be fitted reasonably well
using Sxww = 1.00, this value of the non-exponentiality parameter is unable to describe
the up-jump data with significant accuracy. On the other hand, in Figure 5.2(b), the
relaxation parameters § were fitted using the TNM model. Both the up-jump and down-
jump datasets could be fitted to the TNM model using Sryy = 1.00 and x = 0.65. All
parameters obtained from these fits are provided in Tables 5.2 and 5.3, corresponding to

the KWW function and the TNM model, respectively.
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Figure 5.2: Room temperature refractive index relaxation data of sample I corresponding
to temperature up- and down-jumps. Filled symbols refer to the refractive index values

measured over time, while open symbols indicate the values at t = 0 s. (a) Solid lines
represent fitting curves obtained using KWW function (Eq. (2.7)) and dash-dotted lines
correspond to fits with a fixed 8 value of 1.00. (b) Solid lines represent TNM model fits
via Egs. (2.12), (5.3), and (5.4), which describe both datasets with a single set of § and x

values.
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Table 5.2: Summary of the KWW parameters.

Experiment T, [Kl T IK] Po P Beww Tk [s]
Ref. index, sample I 720 705 1.53802 1.53838 0.93 3711
685 705 1.53896 1.53837 1.31 15592
Ref. index, sample II 720 695 1.53750 1.53815 0.56 17822
695 720 1.53814 1.53752 1.94 3693
Enthalpy 687 717 25.2 3.1 1.22 4539
687 727 24.9 0.6 1.43 1648
727 717 0.8 33 0.87 983

Table 5.3: Summary of the TNM parameters.

, T, T AR*/R
Experiment 0 In (A [s]) x
p (K] (K] 0 (kK] Brvm
Ref. i le 1 2
ef. index, Sample 720705 3%1075 — 1.8 x 10-5(T, — T) 80.06  -104.8 100 0.65
685 705
Ref.index, Sample IL 720 695 _ 1 o 406 _ 171 x10-5(T, = T) 8006  -1042 085  0.50
695 720
Enthalpy 087 717 0.955 — 0.1705(T, — T) 80.06  -1043 090  0.66
727 717
Enthal 687 727
APy oy 12 5.988 — 0.6738(T, — T) 80.06  -1043 084 0.6l

The DSC excess heat flow data obtained by subtracting the DSC curve of the
rejuvenated glass from the aged glass are compiled in Figure 5.3. The structural recovery
is observed through an endothermic enthalpy overshoot at the glass transition region. In
the temperature up-jump experiment, the area of the endothermic peak decreases with
increasing aging times, while for the down-jump experiment, it increases with increasing
aging times. Since the glass structure is frozen, its atomic mobility below glass transition
is markedly reduced. During the initial aging of the material at T,, for example at 687 K
for 15 days, volume relaxation results in an increase in density [12]. As a result, when
this sample is heated, a greater amount of energy is required for the glass transition,
resulting in a larger area under the endothermic peak [154]. However, when this sample
is subjected to a temperature up-jump at T, the density decreases with aging time.
Therefore, as the aging time increases, the sample requires less energy for glass transition,

leading to a reduction in the area under the endothermic peak.
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Figure 5.3: Excess heat flow scans after aging from T to T'. (a) 687 to 717 K, (b) 687 to
727 K, and (c) 727 to 717 K, at indicated aging times.
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The enthalpy recovery AHp was estimated from the endothermic peaks, and is
presented in Figure 5.4 as a function of aging time at 717 K and 727 K for samples pre-
aged at 727 K for 6.5 h and at 687 K for 15 d. In Figure 5.4(a), the KWW fit yielded a
stretched exponent of Sk = 0.87 for the temperature down-jump from 727 to 717 K.
However, once again, for temperature up-jumps, it resulted in compressed exponents of
Brxww = 1.22 from 687 to 717 K, and Sgyw = 1.43 from 687 to 727 K. Even considering
the measurement uncertainties, a fixed value of Sxyw = 1.00 was unable to describe the
up-jump data at 727 K. Moreover, gy increases markedly for larger temperature
jumps. Figure 5.4(b) shows that the TNM model provides a good description of the data
with somewhat similar Sk, values of 0.87 and 1.22, when employing Sy = 0.90 and
x = 0.66. However, as the difference between the Sy, values increased for larger up-
and down-jumps, the TNM model starts to exhibit a reduced capacity to describe the data.
This is evident in Figure 5.4(c) considering the data with Sy, values of 0.87 and 1.43
for an up-jump of 40 K, for which the TNM model was unable to describe the data using
the same Sryy = 0.90 and x = 0.66 (solid lines). In this particular case, the data were
fitted with Bryy = 0.84 and x = 0.61 (dashed lines). This is also shown in Figure 5.5,
where the refractive index dataat Ty — T =25 K and Ty — T =— 25 K exhibit significantly
different Sy values, both far from 1.0, as indicated by the dash-dotted green curves in
Figure 5.5(a). In this case, the temperature down-jump data exhibit a behavior much
slower than exponential with a Sgy = 0.56, while the temperature up-jump data show a
behavior much faster than exponential with a Sgyy = 1.94.

Figure 5.5(b) shows a reasonably good fit of the TNM model to the temperature
up-jump data with Sryy = 1.00 and x = 0.50, but a poor fit to the down-jump data. In
contrast, Figure 5.5(c) shows a good fit to the down-jump data with a § lower than unit,
Brnm = 0.70, while keeping the same x = 0.50. However, these fitting parameters lead to
a poor description of the up-jump data. Moreover, Figure 5.5(d) shows that an average
value of the non-exponentiality parameter By = 0.85 does not provide the best fit for
either dataset, but still approximately describes the data considering the measurement

uncertainties.
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Figure 5.4: Enthalpy recovery relaxation data as a function of aging time for temperature
up- and down-jumps. (a) Fits obtained using the KWW function, Eq. (2.7). Fits obtained
using the TNM model via Egs. (2.12), (5.3), and (5.4) for temperature jumps from
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(b) 687 to 717 K and 727 to 717 K, and (c) 687 to 727 K and 727 to 717 K. Inset in
Figure (c) shows a zoomed-in view of the down-jump data.
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Figure 5.5: Refractive index relaxation data of sample II as a function of aging time for
down-jump from 720 K to 695 K and up-jump from 695 K to 720 K. (a) Best fit curves
obtained using the KWW function, Eq. (2.7). Fitting curves using the TNM model
(Egs. (2.12), (5.3), and (5.4)) with x = 0.50 and (b) Srny = 1.00 describing the up-jump
data; (c) Brym = 0.70 describing the down-jump data; (d) Bryy = 0.85, which describe
both datasets approximately, within the measurement uncertainties.

Since the goal of this chapter was to test the validity of the TNM model for the
relaxation kinetics of two different properties, efforts were made to optimize the changes
in these properties to achieve the best possible experimental precision in enthalpy and
refractive index measurements. As a result, different temperature jumps T, and T were
used (Tables 5.2 and 5.3), which makes direct comparison of the relaxation kinetics for
both properties difficult. However, the fitting parameters of the TNM model fryy and x
are similar for the relaxation of these two properties over a similar temperature range, and
good fits to the data could be obtained by keeping A fixed and a similar Ah™ for all cases

(Table 5.3). Since the refractive index can be considered a reliable proxy for the sample
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density or volume, the observed similarity between the TNM parameters (Table 5.3)
corresponding to the relaxation of the index and enthalpy of the Li2Si;Os glass does
suggest that the physical processes responsible for enthalpy and volume relaxation are
likely the same. The TNM model has proved capable of fitting both up- and down-jump
datasets with £ < 1 via introduction of the non-linearity parameter x, although it becomes
progressively challenging, especially for large temperature jumps. Previous studies have
also reported a similar failure of this model under these circumstances [67,147—150]. This
result may be indicative of the fact that the TNM model, in its current form, does not
include any temperature dependence of  and x, which needs to be accounted for in case
of substantial changes in Ty associated with large temperature jumps.

Physically, the compressed relaxation observed in the temperature up-jump data
can be explained by considering the spatiotemporal evolution of the free volume in the
structure at a given aging temperature. The structural relaxation induced rearrangement,
which controls the physical aging, is a function of the thermodynamic state of the glass.
When a glass is subjected to a temperature up-jump, its structure evolves from a smaller
to a larger specific volume with aging time. In this case, a possible hypothesis is that the
initial denser packing of atoms on average starts the relaxation process via nucleation
events of mobile centers where the packing is less dense, 1.e., the free volume is larger
than average. This process results in an initially long relaxation time and slow evolution
of the properties, including 7r. Eventually, these mobile centers grow in size and coalesce
or percolate, leading to a rapid drop in relaxation time associated with a self-accelerated
behavior characterized by an avalanche-like dynamics and compressed exponential
relaxation kinetics [144]. This nucleation and growth process was recently observed in
molecular dynamics simulations of temperature up-jump experiments for the
transformation of an ultrastable glass into a liquid [155]. Additionally, experimental
evidence of nucleation and growth of supercooled liquid-like regions during temperature
up-jump of other glasses to 7' > T, has been reported in the literature [156—-158]. It is
worth noting here that the compressed exponential behavior is a characteristic of the
Johnson-Mehl-Avrami model of transformation kinetics based on nucleation, growth, and
coalescence [159,160]. In contrast, in the case of a temperature down-jump, the glass
structure evolves from a larger to a smaller specific volume. This reverse process does

not require any nucleation event of mobile regions, as the larger initial free volume favors
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atom mobility, causing a rapid evolution of the properties at the beginning of the aging
process. Then, as the denser regions percolate over time, it produces a self-retardation of
the aging process with a stretched exponential behavior [146]. This difference in the
relaxation kinetics during temperature up- and down-jumps and in the associated
evolution of the Ty of a glass is captured phenomenologically by the non-linearity
parameter x and the non-exponentiality parameter 5 of the primary or a-relaxation in the
TNM model. However, it may be noted that as an alternative explanation for the
compressed relaxation observed in the temperature up-jumps, as well as to account for
the failure of the TNM model, the possible involvement of mechanisms distinct
from those corresponding to the a-relaxation has also been discussed in the

literature [149,150,161].

5.4 Conclusions

An analysis of the structural relaxation process using the KWW function revealed
distinct kinetic behaviors for temperature up- and down-jumps, associated with the non-
linearity of glassy relaxation. The down-jump data exhibit a stretched exponential
behavior (f < 1), whereas the up-jump data display a compressed exponential behavior
(B8 > 1). The non-exponentiality of the kinetics increases with increasing the magnitude
of the temperature jump. However, both up- and down-jump datasets could be fitted
simultaneously using the TNM model with a single set of 4, Ah*, f <1, and x < 1,
especially when the temperature jump is relatively small, resulting in a comprehensive
mathematical description of the relaxation process. However, as the magnitude of the
temperature jump increases, the TNM model fails to accurately fit both datasets exhibiting
compressed and stretched behaviors. This failure likely arises from the TNM model’s
treatment of [ and x as temperature-independent variables in a phenomenological
manner. This approximation is probably inadequate for large temperature jumps, when

the 7y of the glass varies significantly during the relaxation process.
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6.1 Introduction

The structural mechanism of the aging-induced relaxation process has been a
subject of great interest. One of the pioneering studies in understanding the atomic-scale
structural rearrangements involved in the relaxation of glass was carried out on silicate
glasses by Brandriss and Stebbins [162] using 2°Si nuclear magnetic resonance
(NMR) spectroscopy. These authors investigated the Q" speciation as a function of 7rin
alkali and alkaline earth silicate glasses quenched at different cooling rates. Their findings
suggested that the Si-O network relaxed through Q-species disproportionation reaction of

the type:
QU+ QM= 2T, (6.1)

which shifted to the right with decreasing 77 as the cooling rate decreased. This behavior
was supported by molecular dynamics (MD) simulations performed by Li et al. [163] on
a series of sodium silicate glasses with different 7y obtained by quenching them at
different cooling rates. The results of that study indicate that while the short-range order
structure, such as bond length, coordination number, and angles, remains unaffected by
the cooling rate, intermediate-range structural features like the Q" distribution exhibit a
greater dependency. Song et al. [164] also studied the effect of the cooling rate on the
silicate ring structure of a sodium silicate glass through MD simulations. These authors
found that smaller silicate rings, those with fewer than six members, were unstable and
decreased with decreasing the cooling rate. They concluded that the structural relaxation
in these glasses occurred through the transformation of small rings into larger ones.

It is noteworthy that 7y can be modified not only by changing the cooling rate of
the SCL but also within the glassy state through isothermal aging, although the associated
relaxation processes may not be necessarily identical. This issue has been investigated in
previous studies, particularly in borosilicate glasses and liquids using high-resolution
"B NMR spectroscopy [165-169]. These studies showed that the changes in 7y whether
due to variations in cooling rate or physical aging, led to similar changes in boron
speciation, specifically in the conversion between BOs4 and BOs units. Raman
spectroscopic studies have similarly demonstrated that structural relaxation, whether in

response to 7y changes due to physical aging in germanium selenide glasses or



56

Chapter 6. Atomistic origin of structural relaxation

temperature changes in the corresponding supercooled liquids, is closely associated with
the conversion between corner- and edge-shared GeSes tetrahedra [58,95,170]. Recent
studies by Jurca et al. [171] and Hamada et al. [54], using Raman spectroscopy, suggested
that physical aging in soda-lime-silica glasses, similar to quench rate variation, also
resulted in a shift of the disproportionation reaction (Eq. (6.1)) to the right with decreasing
Ty. Finally, Bradtmiiller et al. [135], employing 'Li NMR spectroscopy observed
significant changes in the spatial distribution of lithium ions in lithium disilicate glass due
to physical aging. However, these authors noted no change in the Q" distribution after
aging over a narrow temperature range within 20 K of 7.

Although these previous studies have made significant progress in developing a
fundamental atomistic understanding of structural relaxation in glasses with highly
connected networks, results on networks with a lower degree of connectivity (e.g., two or
more non-bridging oxygens (NBO) per Si atom in silicates) remain missing in the
literature. Moreover, a robust experimental description of the structural mechanism for
relaxation should ideally be consistent across different structural characterization
techniques.

In this chapter, the objective is to investigate the Q" speciation and rearrangements
during structural relaxation in lithium disilicate (Li2Si2Os, NBO/Si = 1.0) and lead
metasilicate (PbS103, NBO/S1 = 2.0) glasses, which have significantly different Q"

distributions [32,135], using a combination of Raman and NMR spectroscopy.

6.2 Materials and Methods

The Li2Si120s and PbSiO3 glasses used in this chapter are from the same batches
used in the previous chapters and described in Chapter 3. The resulting glasses from the
melt-quenching method are termed ‘“as-quenched” in the subsequent discussions to
indicate their thermal history. The T, of these glasses was determined during the reheating
process using a Mettler Toledo DSC1. Samples of ~10 mg were placed in hermetically
sealed Al pans and heated at a rate of 10 K/min under a nitrogen atmosphere to 50 K
above the glass transition region to erase any thermal history. The samples were then
cooled in the calorimeter at a 10 K/min rate to 473 K and subsequently reheated at the
same rate. The T, onset values obtained during the reheating process were (730 + 2) K

for Li2Si,05 and (684 + 2) K for PbSiOs.
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A portion of the as-quenched glasses was aged in a vertical furnace at 673 K
(T, — T =57K; TJ/T = 1.085) for 30 days for LixSi2Os, and at 643 K (7, — T = 41 K;
T,/T =1.064) for 37 days for PbSiO3. After the heat treatments, the samples were removed
from the furnace and allowed to cool to room temperature before their properties were
measured. These samples are referred to as “aged” in the subsequent discussions. The
temperatures and periods were chosen to maximize changes in the 7y of these glasses
compared with that of their as-quenched counterparts within a reasonable time period,
considering the physical aging curves previously obtained for the same
compositions [64,151].

The degree of relaxation following the physical aging of LixSi,Os and PbSiO3
glasses was determined through measurements of density, enthalpy recovery, and
refractive index. The density and enthalpy recovery of the as-quenched glass upon aging
were measured using gas pycnometry and DSC, respectively; while the accompanying
structural changes were probed using Raman and *Si MAS NMR spectroscopy. The
refractive index measurements require cutting and polishing the samples to specific
geometries, and the as-quenched glass was not amenable to such sample preparation
procedure because of the presence of a significant amount of residual stress from
quenching. Therefore, a portion of the as-quenched Li»Si2Os glass was annealed at 673 K
for 3 h (below T since the highest crystal nucleation rates in the Li>S120s glass occur at
temperatures close to Tg [172]), and a portion of the as-quenched PbSiO3 glass was
annealed near Ty, at 683 K, for 4 h to relieve the thermal stress, followed by slow cooling
to room temperature at 3 K/min. This annealing step enabled the cutting of samples for
refractive index measurements, and these samples are termed “annealed” in the
subsequent discussion.

Density measurements were carried out at room temperature on the as-quenched
and aged samples using a gas displacement pycnometer (Micromeritics AccuPyc II 1340)
under a helium environment of 6N purity. Approximately 1.0 g (my) of each sample was
placed into a 1 cm?® cup, and then 10 density readings were taken over 10 cycles of gas
pumping and evacuation. The gas pycnometer comprises a sample chamber and an
expansion chamber with calibrated volumes V.., and V., respectively. The AccuPyc
determines the sample volume V; using Eq. (6.2). The expansion chamber is filled to an

elevated pressure P;, while the sample chamber remains at ambient pressure. After P;
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stabilizes, a valve is opened, and the pressure falls to an intermediate value P,. The sample

density p is then be calculated according to Eq. (6.3),

P
Vs = Veer — Vexp (P_: - 1), (6.2)
_Ms
P= (6.3)

Enthalpy measurements were performed on the as-quenched, annealed, and aged
samples using a similar procedure and equipment described in Chapter 5, in which the
enthalpy recovery AHyp was determined from the difference in the area under the sample
and rejuvenated heat flow curves, as given by Eq. (5.2).

Refractive index measurements were conducted on the annealed and aged samples
using a similar procedure and equipment described in Chapter 4. The samples,
approximately 10 x 10 x 2 mm? in size with two perpendicularly polished faces, were
measured using a VoF>5 prism (n, , = 1.74800(1) at the e-line) for the Li>Si20s glass and
a VeF4 prism (ny , = 1.93493(1) at the e-line) for the PbSiO3 glass. Only one sample was
used for each glass composition, as maintaining the same sample geometry is important
to achieve the highest accuracy in index measurements. Following the splat-quenching
and annealing processes, the refractive indices of the glasses were initially measured.
Subsequently, the samples underwent aging before the final refractive index
measurements were conducted.

Unpolarized Raman spectra of both as-quenched and aged Li>Si,0s5 and PbSiO3
glasses were acquired at room temperature using a Fourier-transform Raman
spectrometer (Bruker RFS 100/S) equipped with a Nd:YAG laser operating at a
wavelength of 1,064 nm, and a liquid nitrogen cooled solid-state Ge detector. Spectra
were collected in the high-frequency region of 700-1,300 cm™!, employing a resolution

of 2cm™!

and a laser power level of 400 mW. Each spectrum was an average of
4,000 scans, with an acquisition time of approximately 2 h. The Raman spectral line
shapes were fitted with Gaussian peaks using the Fityk software [173].

The *°Si magic angle spinning (MAS) NMR spectra were acquired at room
temperature for the as-quenched and aged Li»Si2Os and PbSiOs3 glasses using a Bruker

Avance 500 MHz spectrometer operating at a Larmor frequency of 99.3 MHz (11.74 T)
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for °Si and utilizes a 7 mm Bruker CPMAS probe. The crushed glass samples were
placed in ZrO> rotors and spun at 7 kHz for Li»Si205 and 5 kHz for PbSiOs. All spectra
were acquired with a 7/3 pulse (pulse length of 2.3 to 2.7 us) and a recycle delay of 60 s.
To obtain each spectrum, approximately 500—1,500 transients were averaged and Fourier

transformed. The Q" distributions were determined by simulating the spectral line shapes
using the DMFit software [174].

6.3 Results and Discussion

The density p of Li»Si2Os and PbSiO3 glasses increased after aging, changing
from an initial value of (2.337 £ 0.002) g/cm? to (2.352 + 0.001) g/cm? for Li»Si>Os and
from (5.931 + 0.003) g/cm? to (5.983 + 0.007) g/cm? for PbSiO; (Figure 6.1).

2.40 6.1
(a) LizSi20s (b) PbSiO3

h 235 a0
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as-quenched aged as-quenched aged

Figure 6.1: Experimental density relaxation data of (a) Li»Si12Os and (b) PbSiO3 glasses
for as-quenched and aged samples.

The evolution of the enthalpy recovery is shown in Figure 6.2. As expected, aging
led to a larger endothermic overshoot peak near T,. The endothermic peak was very small
for the as-quenched samples and became sharper and more resolved for the aged samples.
The annealed samples showed behavior similar to the rejuvenated samples obtained from
a second heating after cooling at 10 K/min. Therefore, the enthalpy recovery for the as-
quenched samples was negative, indicating overshoots lower than those in the rejuvenated
samples. This finding agrees with the data of Claudy et al. [175], who utilized an initial

glass sample quenched in liquid nitrogen. The annealed samples showed practically zero
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recovery, indicating a small change in 7y upon annealing compared to the rejuvenated
samples. The aged samples exhibited pronounced recovery, which is in good agreement

with literature data [60,176], indicating effective relaxation at the utilized aging

temperatures and times.
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Figure 6.2: Experimental enthalpy recovery data of (a) Li»Si2Os and (b) PbSiO3 glasses
for aged, annealed, as-quenched, and rejuvenated (second heating after cooling at

10 K/min) samples.

Figure 6.2 also shows that the onset T, increases in the first heating after

temperature down-jumps, with a 23 K increase for Li»Si2Os and 19 K for PbSiOs. This
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reinforces the need for the protocol to report the T, on the second heating, after erasing
the thermal history using a standardized cooling and heating rate (10 K/min), when
comparing T, values between different batches or glasses.

The magnitude of increase in the refractive index of the aged samples compared
with that of their annealed counterparts is shown in Figure 6.3. This figure also shows
the refractive index relaxation data from previous studies on the physical aging of
Li;Si,05 [151] and PbSiO3 [64] glasses. It is clear that the most significant change in
refractive index occurred in the samples prepared in this chapter, aged at the lowest
temperatures. It may be noted that the annealed samples exhibited a recovery of 2.0 J/g
for Li2Si,0s5 and 1.1 J/g for PbSiO3 in enthalpy when compared to their as-quenched
counterparts. These values correspond to 7% for Li2S1205 and 15% for PbSi0O3 of the
enthalpy recovery for the aged samples. Therefore, it is clear that the variation in
refractive index would have been greater if it had been possible to use the as-quenched
samples instead of the previously annealed ones for index measurements. However, the
measurements of density, enthalpy recovery, and refractive index were conducted to
confirm significant property variations following the physical aging treatments, thereby

qualifying the aged samples for structural analyses using Raman and NMR spectroscopy.
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Figure 6.3: Change in refractive index (indicated by a star) of aged (a) Li»Si20s and
(b) PbSi03 glasses, compared with that of their annealed counterparts. Other symbols
correspond to previously reported refractive index relaxation data for these glass
compositions at higher aging temperatures [64,151].

The Raman spectra of the as-quenched and aged Li2Si2Os glass samples in the
high-frequency region are presented in Figure 6.4. These spectra display two well-
resolved peaks near 950 and 1,080 cm ™! and clearly indicate a significant increase in the
relative intensity of the latter band in the aged sample. The high-frequency bands in these

spectra correspond to symmetric Si-O stretching vibrations of the various Q" units in these
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glasses [177,178]. Following the approach of previous studies, these two spectral line
shapes were fitted with four Gaussian bands at approximately 950, 1,020, 1,080 and
1,130 cm™ to qualitatively assess the variation of the relative fractions of these units
induced by physical aging [177,179—-183]. The position and width of these Gaussian
bands were allowed to vary within a rather narrow-range between the two sample fits,
and the resulting parameters for each band are listed in Table 6.1.

The Raman bands at ~950, 1,080, and 1,130 cm ™! in silicate glasses can be readily
assigned to Q% Q° and Q" units, respectively, based on systematic studies in the
literature [177,182,183]. In contrast, the assignment of the 1,020 cm ' band remains
somewhat controversial [180]. This band occurs in the same region as in fully
polymerized silica glass with Q* units, leading some authors to attribute it to these
units [54,181,184]. However, a band in this region was observed by Mysen et al. [179] in
the Raman spectra of glasses with low SiO content, where Q* units are unlikely to be
present. Other studies, in line with the observation made by Mysen et al., attributed this
band to Q* species [183,185,186], which are Q® species bonded to Q? tetrahedra. This
Q* species is considered structurally and vibrationally distinct from the Q species that
are solely connected to Q? in Q*-rich clusters, characterized by the 1,080 cm ™! band.

The aging-induced variation in the relative areas under these Raman bands (Table
6.1), based on the aforementioned Q-species assignments, is consistent with the
disproportionation reaction of Eq. (6.1). After aging, there is an increase in the (Q* + Q%)
area from 68.1 to 70.5% and a corresponding decrease in the (Q* + Q*) area from 31.9 to
29.5%. Notably, the Q*:Q* band area ratio also increases upon aging from 1.87 to 1.90,

suggesting an enlargement in the size of Q? clusters in the glass structure.
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Figure 6.4: (a) High-frequency Raman spectra of as-quenched (solid line) and aged
(dashed line) Li»Si>Os glass samples normalized to the intensity of the band at ~950 cm ™.
(b) Simulation (solid black lines) of experimental (circles) spectra with Gaussian bands
attributed from left to right to Q?%, Q*’, Q%, and Q* units, respectively.

Table 6.1: Fitting parameters including peak position, full-width at half-maximum
(FWHM), and relative area fraction of Gaussian peaks, used for simulating the Raman
spectra of as-quenched and aged Li2S120s glass samples.

Sample Frequency (cm™)  FWHM (cm™) Area (%) Q"
Li,S1,05 946.2 57.5 16.6 Q?
as-quenched 1,021.7 72.3 23.7 Qr
1,083.0 69.0 444 Q’
1,133.3 95.2 15.3 Q*
Li,S1,05 945.1 56.1 15.3 Q?
aged 1,019.1 70.0 24.3 Q¥
1,083.7 68.2 46.2 Q°

1,137.5 94.5 14.2 Q*
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The evolution of the Si MAS NMR spectra for the as-quenched and aged
samples of Li2Si205 glass is shown in Figure 6.5. These spectra display a broad resonance
centered at ~—90 ppm with two shoulders near —80 and —100 ppm. A detailed inspection
of these spectra, normalized to the shoulder near —80 ppm, reveals a significant increase
in the relative intensity of the resonance near —90 ppm in the aged sample. Consistent
with methodologies from previous studies, the line shapes of these spectra were simulated
using three Gaussian components. These components, centered at approximately —80,
=90, and —104 ppm, correspond to the resonance of the Q% Q° and Q" units,
respectively [187,188]. The simulation parameters are listed in Table 6.2. Consistent
with the qualitative trend observed in the normalized experimental spectra (Figure 6.5(a))
and the Raman spectroscopic results discussed earlier, the simulations (Figure 6.5(b))
indicate a relative increase in the fraction of Q? species by ~1% and a corresponding
decrease in Q% and Q* in Li»Si>Os glass upon aging.

These results represent a direct observation of aging-induced Q-species
disproportionation in Li»Si»Os glass via Si NMR, following the disproportionation
reaction in Eq. (6.1) after isothermal aging. Bradtmiiller et al. [135] also investigated
structural changes in Li>Si2Os glass after physical aging experiments but did not detect
significant changes in the 2Si NMR spectra associated with structural relaxation. It is
noteworthy that their study focused on glass relaxation only 20 K below T,. Although the
disproportionation of Q-species is expected to occur in a similar manner in their case, its
extent is likely to be significantly smaller than that observed in this chapter, and thus
potentially undetectable by *’Si NMR because of the relatively small temperature jump
employed by the authors. However, these authors and others observed changes in the
spatial distribution of lithium ions in Li»Si>Os glass upon aging using 'Li NMR
spectroscopy and X-ray scattering measurements [135,189]. The current observation of
aging-induced Q-species disproportionation agrees well with similar disproportionation
in alkali and alkaline earth silicate glasses reported by Brandriss and Stebbins, where
changes in Ty were induced by variations in the quench rate of the parent liquid [162].
Collectively, these results suggest that similar structural relaxation mechanisms operate

in silicate networks in both glassy and SCL states.
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Figure 6.5: (a) 2Si MAS NMR spectra of as-quenched (solid line) and aged (dashed line)
Li2Si20s glass samples normalized to the shoulder near —80 ppm. (b) Simulation (solid
black lines) of experimental (circles) spectra with Gaussian bands attributed from left to
right to Q2, Q°, and Q* units, respectively.

Table 6.2: Fitting parameters including isotropic chemical shift (§), FWHM, and relative
area fraction of the Gaussian peaks, used for simulating the *’Si MAS NMR spectra of
as-quenched and aged Li2S1205 glass samples.

Sample S (ppm) FWHM (ppm) Area (%) Q"
Li,Si,0s -79.6 9.2 16.0 Q?
as-quenched -90.4 12.6 73.3 Q

—103.5 12.5 10.8 Q!
Li,Si,05 =79.5 9.1 15.2 Q?
aged -90.5 12.6 74.3 Q’

—104.5 12.5 10.5 Q*




67

Chapter 6. Atomistic origin of structural relaxation

In contrast to disilicate glasses such as Li>Si»Os, where the Q® species are
predominant, metasilicate glasses like PbSiO3 exhibit Q? as the main tetrahedral unit in
their silicate network [190]. A detailed inspection of the Raman spectra of as-quenched
and aged PbSiOs3 glasses (Figure 6.6(a)) reveals a clear increase in relative intensity in
the region between 950 and 1,000 cm™! after aging, indicating a corresponding change in
Q speciation. Unlike alkali silicates, Pb-silicate glasses are typically characterized by a
wider variety of Q-species, owing to an order-of-magnitude larger equilibrium constant
for Q-speciation in the latter system [186,191]. The compositional evolution of the Raman
spectra of glasses in the PbO-SiO; system has systematically been analyzed in previous
studies [192,193]. Following these methodologies, the high-frequency envelope of the
two Raman spectra in Figure 6.6(a) was simulated using six Gaussian bands located at
approximately 850, 900, 955, 1,000, 1,045, and 1,100 cm !, corresponding to the
stretching modes of Q°, Q', Q%, Q3, Q% and Q* species, respectively [32,194,195]. Again,
the position and width of these Gaussian bands were allowed to vary within a rather
narrow-range between the two sample fits, and the resulting parameters are presented
in Table 6.3.

The results, as illustrated in Figure 6.6(b), show an increase in the relative area
under the Q? band from 39.3% to 40.1% and a decrease in the Q' and (Q°® + Q*) band
areas from 26.0 to 25.3 and from 23.5 to 23.0, respectively (Table 6.3). This trend follows
the disproportionation reaction outlined in Eq. (6.1). Similar to Li»Si>Os, the Q*:Q* band
area ratio in PbSiOs; increases from 2.01 to 2.48 upon aging (Table 6.3). This finding
agrees with the reduction in Q*~Q? connectivity, possibly due to the increased spatial
clustering length scale of Q* and Q? species in the aged PbSiO3 glass, suggesting an
enlargement of Q? clusters within the glass structure. While such small changes in the
relative areas of the constituent bands needs to be interpreted with caution, it should be
emphasized that the normalized Raman spectra in Figure 6.6(a) display clear differences

between the as-quenched and the aged samples, as previously mentioned.
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Figure 6.6: (a) High-frequency Raman spectra of as-quenched (solid line) and aged
(dashed line) PbSi03 glass samples normalized to the maximum intensity. Inset shows a
magnified view of the peak region. (b) Simulation (solid black lines) of experimental
(circles) with Gaussian bands attributed from left to right to Q°, Q', Q?, Q°, Q*, and Q*
units, respectively.

<




69

Chapter 6. Atomistic origin of structural relaxation

Table 6.3: Fitting parameters including peak position, FWHM, and relative area fraction
of Gaussian peaks, used for simulating the Raman spectra of as-quenched and aged
PbSi0; glass samples.

Sample Frequency (cm™)  FWHM (cm™) Area (%) Q"
PbSi0; 849.4 51.4 6.7 Q°
as-quenched 897.8 71.5 26.0 Q!
954.8 78.0 39.3 Q?
1,001.6 534 15.7 Q?
1,044.0 73.6 7.8 Q*
1,098.7 90.1 4.6 Q*
PbSiO; 849.9 51.0 6.7 Q
aged 898.1 70.7 25.3 Q!
955.0 78.7 40.1 Q?
1,001.4 52.4 16.4 Q?
1,045.8 66.2 6.6 Q*
1,096.4 904 4.9 Q*

To corroborate the observations from the Raman spectra, 2°Si MAS NMR spectra
of the as-quenched and aged samples were analyzed. These two NMR spectra show rather
subtle differences in the line shape (Figure 6.7(a)). Following the approach of previous
systematic *’Si NMR spectroscopic studies of Pb-silicate glasses [191,196], these line
shapes were simulated with five Gaussians, centered at approximately —70, —80, —87,
—95, and —105 ppm, corresponding to Q°, Q!, Q?, Q°, and Q* units, respectively [196]
(Figure 6.7(b)). A reliable quantitative analysis of the subtle aging-induced changes in
the 2Si MAS NMR spectra of PbSiO3 proved to be challenging because of the presence
of all possible Q" units in this glass. Nevertheless, the spectral line shape simulations
detailed in Table 6.4 indicate a more complex Q-speciation than the qualitative trends
suggested by the Raman spectroscopic results. Aging of PbSiO3 glass seems to increase
the relative fraction of Q” and Q* units, while those of Q' and Q’ units decrease (Figure
6.7(a)). However, further ?Si NMR studies are needed, potentially at higher magnetic
fields and with isotopic enrichment, to achieve higher signal-to-noise to confirm these

unique speciation results.
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Figure 6.7: (a) 2°Si MAS NMR spectra of as-quenched (solid line) and aged (dashed line)
PbSiO3 glass samples normalized to the maximum intensity. Vertical arrows indicate
changes in Q-species after aging. (b) Simulation (solid black lines) of experimental
(circles) spectra with Gaussian bands attributed from left to right to Q°, Q!, Q% Q?, and
Q* units, respectively.
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Table 6.4: Fitting parameters including 6, FWHM, and relative area fraction of the
Gaussian peaks, used for simulating the 2°Si MAS NMR spectra of as-quenched and aged
PbSi0; glass samples.

Sample 6 (ppm) FWHM (ppm) Area (%) Q"
PbSiO3 =70.8 9.0 1.8 Q°
as-quenched —80.5 9.2 19.7 Q!
—87.5 10.2 427 Q?
—95.6 114 30.0 Q
-104.6 11.2 5.8 Q*
PbSiO3 -72.3 7.5 2.4 Q°
aged —80.7 9.5 18.6 Q!
—87.7 10.4 42.8 Q?
-95.7 10.8 27.1 Q’
—105.0 13.8 9.1 Q!

It may be noted that the total concentration of NBO is normally expected to remain
constant during the aging process, unless free oxide ions (FO), solely bonded to the
modifier cations, form via the transformation reaction: 2NBO — BO + FO. However, FO
formation is rather unlikely in Li>S1205 or PbSiO3 glasses, which have relatively low
modifier contents. Indeed, the NBO/Si ratio, calculated as 4Q°+3Q'+2Q?*+Q? from the
Q-speciation in as-quenched and aged Li2Si2Os and PbSiO; glasses (Tables 6.2 and 6.4),
remains conserved during the aging-induced relaxation process, with values of ~1.05 and
~1.8, respectively. These values are close to the expected NBO/Si ratios of 1.0 for
Li2Si120s and 2.0 for PbSiO3, based on nominal stoichiometry. The significantly lower
NBO/Si value for the PbSiOs glass is likely related to some PbO loss due to its
volatilization during glass melting. Additionally, Raman spectroscopic results suggest an
increased degree of spatial clustering of the dominant Q-species in both glasses upon
aging. It is tempting to hypothesize that these clusters may act as critical nuclei for the
crystallization of phases such as Li2Si20s in lithium disilicate glass, which contains only
Q’ species [197,198], and PbSiO3 alamosite in lead metasilicate glass, which contains

solely Q? species [199,200].

6.4 Conclusions

The aging-induced relaxation process in Li»Si2Os and PbSiO3 glasses following a

temperature down-jump leads to increases in density, enthalpy recovery, and refractive
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index. A comparative analysis between the Raman and the Si MAS NMR spectra of as-
quenched and aged Li>Si20s glass samples indicates that aging following a temperature
down-jump results in the disproportionation reaction Q* + Q* = 2Q? shifting to the right.
In contrast, PbSi03 glass exhibits a more complex Q-speciation, with the 2%Si MAS NMR
spectra suggesting a significant increase in the relative fractions of Q° and Q* units, while
those of Q! and Q? units decreased. Such Q-species disproportionation appears to result

in increased clustering of the major Q-species.
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CHAPTER 7 - EFFECT OF STRUCTURAL RELAXATION ON IONIC
CONDUCTIVITY
7.1 Introduction

The conventional wisdom is that structural relaxation in oxide glasses and deeply
supercooled liquids is controlled by bond switching or bond scission-renewal dynamics
involving the bonds between the network-forming cations and oxygen (e.g., Si-O, B-O
bonds) [166,168,171,201]. On the other hand, the dynamics of network-modifying
cations, such as alkalis, is believed to be strongly decoupled from this process, as the
hopping timescale of these ions, which is responsible for electrical conductivity, is
typically orders of magnitude faster than the timescale of a-relaxation [33,68,202].

Ionic conduction in glasses is ascribed to the hopping of ions from one local
energy minimum to another, leading to a long-range diffusive transport of modifier
ions [203]. The DC conductivity is a function of ionic charge (q), mobility (u) and
concentration (n), expressed as opc = nqu. The experimental ionic conductivity is

commonly described by a simplified Arrhenius equation:

Eq
Opc = 0p€Xp “®T) (7.1)

where g, is a pre-exponential factor and E, is the activation energy. This equation links
the two experimental parameters, opc and 7, without any theory that addresses the issue
of ionic conductivity [204]. However, the following equation is also frequently used:

E
opcT = Aexp (— R_;l")' (7.2)

where A is a pre-exponential term and E|, is the activation energy for ion conduction. This
equation is a simplified version of the expression given below, which has been derived
many times before [203—207], from the Nernst—Einstein relation, expressing a direct
relationship between diffusion and conductivity,

n(Ze)?1*w, ( AGm>
=—————¢x ,

_ _ Al 73
9pc 6kyT (7.3)

RT
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or, after separating the migrational enthalpic (AH,,) and entropic (AS,,) terms from the

free energy of migration (AG,,),

_n(Ze) Fwy ex <A5m) exp (— AHm)' (7.4)

obC = TGk, T R RT

where n is the charge carrier concentration, Ze the charge of the ions, A the hopping
distance, w, the attempt frequency, and kp the Boltzmann constant. Thus, comparing

Egs. (7.2) and (7.4), E, = AH,,, and the pre-exponential term A can be expressed as,

n(Ze)?2%w, AS,,
A= exp( >

75
6kp R (75)

Recent studies have demonstrated significant effects of aging on the DC
conductivity of glasses, which undergo a-relaxation in response to the evolution of the
network structure during the relaxation process [69,208]. This observation is consistent
with the findings in Chapter 4, which revealed that the timescale for conductivity
relaxation was slightly faster than that for the volume relaxation measured via refractive
index relaxation.

In this chapter, the objective is to elucidate the impact of a-relaxation on the fast
modifier motion of different glass-forming systems with varying fragility indices by
monitoring the migration enthalpy and entropy of ionic conduction after physical aging

experiments.

7.2 Materials and Methods

Three glasses with compositions of 33.3Li20-66.7S102  (Li2S1205),
50.0Li20-50.0P20s (LiPOs), and 37.5Nax0-12.5Mg0O-50.0P2Os (Nao.7sMgo.12sPO3) (in
mol%) were prepared by the conventional melt-quenching method. The Li2Si2Os glass
used in this chapter is from the same batch described in Chapter 3. For the phosphate
glasses, appropriate mixtures of reagent grade Li2COs (99.0%, Alfa Aesar), NaxCOs
(99.999%, Alfa Aesar), MgO (99.999%, Alfa Aesar), and orthophosphoric acid solution
85 wt% H3PO4 (Sigma Aldrich) were mixed. The mixtures were dried at 573 K for 2 days
and calcinated at 823 K for 1 day to remove H>O and COa. Then, the powders were
subsequently melted in a platinum crucible in air at 1,273 K for 1 hour before being

poured on a plate and splat-quenched by pressing with a steel block.
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The calorimetric fragility index, m, of these glasses was determined using
differential scanning calorimetry (DSC, Mettler Toledo DSC1) on samples of ~10 mg,
placed in hermetically sealed Al pans and analyzed under a nitrogen atmosphere. The
samples were heated at rates (qp) of 5, 10, 15, 20, 25, and 30 K/min to 50 K above the
glass transition region to erase any thermal history. Following this, the samples were
cooled at the same rate (g.) to 100 K below the glass transition, and finally reheated at
the same rate. The m value was determined using the Eqs. (2.17) and (2.18), where the
calorimetric 77 set during the cooling path was obtained upon reheating from the onset of
the glass transition by matching the reheating rates to the cooling rates for each
rejuvenation curve [46,52]. The estimated error in 77 is within + 2 K. The standard T
onset obtained through DSC corresponds to the 7y value measured during the reheating at
a rate of 10 K/min after a prior cooling scan at the same rate [100]. For these
measurements, the T, onset values obtained were (728 + 2) K for Li2S120s, (600 + 2) K
for LiPOs3, and (612 £ 2) K for Nag.75sMgo.125POs.

Physical aging experiments were carried out using the temperature down-jump
protocol. A portion of the as-quenched glasses was aged for 15 days in an electric furnace
at 687 K (T;, —T=41K; T,/T = 1.060) for Li2S120s, 582 K (T, — T =18 K; T,/T = 1.031)
for LiPOs, and 579 K (T, — T = 33 K; T,/T = 1.057) for Nao75Mgo.12sPO3. These
temperatures and periods were chosen based on the results of a previous study on
refractive index relaxation, which indicated that at 685 K the Li2Si2Os glass required
7 days to relax by 99% and 14 days to achieve practical equilibrium (99.9%
relaxed) [151]. Then, to age LiPOs and for Nao.7sMgo.125PO3 glasses for the same period
of 15 days, the temperatures were chosen where the average relaxation times are similar
based on their m values. The extent of the a-relaxation following the physical aging was
determined by measuring changes in density, fictive temperature, and ionic conductivity
between the as-quenched and aged samples.

The density measurements were carried out on the as-quenched and aged samples
using a similar procedure and equipment described in Chapter 6, with approximately 0.5 g
of each glass sample.

The Ty values of the as-quenched and aged samples were determined using the
unified area-matching approach, as described by Eq. (2.3). The isobaric specific heat (cp)

given in Jg 'K™! was measured under a nitrogen atmosphere using a DSC (Mettler Toledo



76

Chapter 7. Effect of structural relaxation on ionic conductivity

DSC1) and a sapphire standard (14.2 mg). Samples weighing ~10 mg were placed in
hermetically sealed aluminum pans and were heated from 150 K below the glass transition
region (T,) to about 50 K above it (T}) at a heating rate q, of 10 K/min, producing a
specific heat curve, ¢p. Following this scan, the samples were cooled to the same 150 K
below the glass transition at a rate of 10 K/min, held for 5 min, and then reheated at the
same rate to the same temperature 50 K above the glass transition to obtain the second
specific heat curve, cp;.

The angular frequency-dependent ionic conductivity o(w) of the samples was
measured by EIS using a similar procedure and equipment described in Chapter 4. The
measurements were conducted over a temperature range of 323 to 483 K for the
phosphates and of 423 to 583 K for the silicate samples. The impedance data can be
represented in several correlated formalisms from the real Z' and imaginary Z"
components of the impedance. The o (w) was computed using the values of the real Z' (w)
and imaginary Z"(w) parts of the impedance obtained from EIS measurements and

through the relation:

1L
VZ' ()2 +Z"(w)?S

g(w) = (7.6)

where [ and S denote the sample thickness and the electrode area, respectively. The /S
values were 0.607(1) cm™! for Li>Si2Os, 1.728(1) cm™! for LiPO3, and 0.326(1) cm ™" for
Nap.7sMgo.125POs. The frequency independent conductivity (DC conductivity), opc, was
directly read on the frequency plateau of the o(w) curve, which is essentially identical to
that calculated from the impedance complex plane plot of —Z'" vs. Z', as presented

in Chapter 4.

7.3 Results and Discussion

The activation energy for enthalpy relaxation, E, and the calorimetric fragility
index, m, for Li»Si2Os, Nao.7sMgo.12sPO3, and LiPOs glasses are presented in Figure 7.1.
The LiPO3 is the most fragile of the analyzed compositions, with E of (970 £ 30) kJ/mol
and m of 84 £ 2. The Naop7sMgo.12sPO3 exhibited intermediate fragility, with E of
(690 = 10) kJ/mol and m of 59 + 1. The relatively strong composition is Li»Si2Os, with E
of (600 = 10) kJ/mol and m of 43 + 1.
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The density of these glasses increased after aging, while the corresponding molar

volume decreased, as presented in Table 7.1. This result indicates that both silicate and

phosphate tetrahedral networks were significantly more open prior to the structural

reorganization induced by aging.
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Figure 7.1: Reciprocal reheating rate as a function of T /Ty for

Nap.7sMgo.125PO3, and LiPOs3 glasses.

Table 7.1: Density and molar volume of as-quenched and aged glasses.

Li»Si20s,

Sample

density [g/cm’]

molar volume [cm?/mol]

Li,Si,0s, as-quenched
Li»Si,0s, 15 days at 687
LiPOs, as-quenched
LiPOs, 15 days at 582 K

K

Nag 7sMgo.125PO3, as-quenched
Nay.7sMgo.125PO3, 15 days at 579 K

2.337 £0.002
2.349 +0.002
2.343 £ 0.002
2.351 £0.002
2.523 £ 0.002
2.541 £ 0.002

21.41+£0.02
21.30+£0.02
36.67 £0.03
36.54 £0.03
39.34 £ 0.03
39.06 +£0.03

The fictive temperatures of the as-quenched and aged glasses, determined using

the unified area-matching approach of Guo et al. [51], are shown in Figure 7.2. LiPO3

and Nao.7sMgo.125PO3 glasses, which were rapidly quenched, undergo structural relaxation

during heating. This leads to broad exothermic enthalpy relaxation before the glass

transition interval, as observed in Figures 7.2(c) and 7.2(e), respectively. These glasses

were splat-quenched into thin samples with thickness below 1 mm, while the Li>Si20s
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glass was splat-quenched into a thicker sample of 3 mm, and thus does not exhibit an

exothermic deviation before the glass transition interval, as seen in Figure 7.2(a).
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Figure 7.2: Isobaric specific heat curves used to determine experimental fictive
temperature of different glasses: (a) Li2S120s as-quenched, (b) Li2S120s aged for 15 days
at 687 K, (c) LiPOs; as-quenched, (d) LiPOs aged for 15 days at 582 K,
(e) Nap.7sMgo.125PO3 as-quenched, and (f) Nag.7sMgo.12sPO3 aged for 15 days at 579 K.

As expected, the initial fictive temperature for all glasses was higher than the glass

transition temperature. After the 15-day aging treatment, all samples exhibited a decrease

in Tytoward the aging temperature, with a pronounced overshoot peak in the first heating
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curve. The Li>S1,05 and LiPOs glasses reached the expected Ty, with the measured 7r
matching the aging temperatures of 687 and 582 K, respectively. However, 15 days
proved to be insufficient for the Nao.7sMgo.12sPO3 glass at 579 K, as the measured Ty
was 589 K. This difference does not pose a problem for this study, as the aim is to
investigate the effects of structural changes after aging, with sufficient variation in 7 for
this purpose.

The temperature and frequency dependence of ¢ for the single-alkali Li>Si,0s and
LiPOs3 glasses are shown in Figure 7.3. At each temperature, opc was obtained from the
frequency-independent region of g(w), as indicated by the arrows in Figure 7.3. It is
clear from the data in Figures 7.3 and 7.4 that at any given temperature the conductivity
of the aged glass is lower than that of its quenched counterpart. The most fragile LiPO3
glass exhibits a more significant decrease in conductivity, by a factor of 2.0, compared to
the relatively strong Li»Si2Os glass, which decreases by a factor of 1.4 (Figure 7.4),
despite the fact that the LiPO3 glass was aged at T, — 18 K, whereas Li,S1205 was aged at
T,—41 K.

As the charge carrier concentration of the mobile Li ions in Li2S120s5 and LiPO3
glasses has only a negligible increase due to a decrease in molar volume after aging, the
observed decrease in conductivity by a factor of 1.4 and 2.0 for LixSi,Os5 and LiPO3
glasses, respectively, in Figure 7.3 can only be attributed to a reduction in yu due to

structural reorganization.
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Figure 7.3: Frequency dependence of ionic conductivity for as-quenched and aged

(a) Li»S1205 and (b) LiPOs glasses at various temperatures.
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Figure 7.4: Reciprocal temperature dependence of DC conductivity for Li>Si,Os and
LiPOs glasses. Solid and dash-dotted lines represent Arrhenius temperature dependence
in the as-quenched and aged glasses, respectively.

It should be noted that the EIS experiments were conducted on both as-quenched
and aged samples at temperatures well below T, where the possibility of further structural
relaxation over the timescale of these measurements can be safely ignored. In contrast,
Figure 7.5(a) displays the results of physical aging measured in-situ at 582 K for the
LiPOs3 glass. Figure 7.5(b) shows the evolution of op¢ from its initial equilibrium state
to its final equilibrium state, demonstrating an agreement between the ex situ and in situ
results. The initial and final data points, shown in darker color and indicated by arrows as
“as-quenched” and “15 days at 582 K, ex situ”, were obtained by extrapolating a fit of the
data in Figure 7.4 to 582 K using Eq. (7.2). It is crucial to capture the initial stage of
structural relaxation, as significant changes occur immediately following the temperature
jump. Many experiments, particularly in situ ones, may miss this early stage due to the
time required for the sample temperature stabilization. Some authors [22,209-211]
account for this by using a normalized time axis (t — t;), where t; represents the thermal
equilibration of the sample. As shown in Figure 7.5(b), up to 50% of the property changes
can be missed within the first 15 min of aging, highlighting the importance of the initial

stage of the a-relaxation phenomenon.
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The time evolution of the DC ionic conductivity, ap¢(t), for LiPO3 glass aged at
582 K was fitted with a KWW-type function (Eq. (2.7)). By fixing g, to its initial

measured value of 0.00230 Q 'cm™!, the following fitting parameters were obtained:

0w = (0.00115 £ 0.00001) Q'em ™!, 7 = (0.078 £ 0.003) days, and B = 0.251 + 0.003.
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Figure 7.5: (a) Frequency dependence of ionic conductivity for LiPO3 glass measured
in situ during aging at 582 K for 13 days. (b) Temporal evolution of DC conductivity
from (a), as it changes between the as-quenched sample and a sample aged ex situ for
15 days at 582 K. Solid line represents a fit to the data obtained using the KWW function,
Eq. (2.7).
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The migration enthalpy AH,, (activation energy E,) for Li ion conduction was
obtained by fitting the data in Figure 7.4 using Eq. (7.2). While the activation energy of
ionic conduction remains unchanged after aging for both Li>Si2Os and LiPOs3 glasses, the
pre-exponential term A changes upon aging (Table 7.2), which is associated with the
change in the entropy of migration AS,,. This relates to the difference in entropy
contributions between the initial state and the saddle-point configuration during a local
hopping process, where the entropy is considered vibrational in the initial state and
translational at the saddle point [212].

The migration entropy AS,,, may be numerically assessed since n can be obtained

from the number of the modifier ion in the glass (using the chemical formula) divided by
the molar volume, 1 = 3/1/n, and wy = 1/A+/2AH,,/M, where M is the atomic mass of

the mobile ions [213]. The values of n, 4, w,y, and AS,, for the as-quenched and aged

glasses are listed in Table 7.2.

Table 7.2: Migration enthalpy for ionic conduction AH,,, conductivity pre-exponential
term A, charge carrier concentration n, hopping distance A, attempt frequency wg, and
migration entropy AS,, of as-quenched and aged glasses.

Sample [k?:::l)l] log (A [Q'em™'K]) n[:nig]zz [g] ‘Uo [T—Ii;) ’ [JmﬁlLS:TK"]
Li»Si,0s, as-quenched 68.5+0.3 5.69 £0.03 1.873£0.002 3.766 £0.001  1.180 +0.001 13.5+0.1
Li»Si,0s5, 15d 687 K 68.5+0.5 5.54+£0.05 1.883£0.002 3.759+£0.001 1.182+0.001 10.6 £0.1
LiPOs3, as-quenched 70.0+£0.2 6.41 £0.03 1.642£0.001 3.935+0.001 1.141 +0.001 279+0.2
LiPO3, 15d 582 K 69.5+0.5 6.05+£0.07 1.647£0.001 3.930+£0.001 1.143 +0.001 21.0+03
Nag7sMgo.125PO3, as-quenched  69.4 +0.2 498 £0.03 1.148 £0.001 4.433+£0.001 0.555+0.001 75+0.1
Nag.7sMgo.125PO3, 15 d 579 K 754 +0.5 5.09 £0.07 1.156 £0.001  4.423 £0.001 0.579 +0.001 92+0.1

An analysis of Eq. (7.5) indicates that the decrease in the pre-exponential term A
upon aging of LixSi,0s and LiPOs glasses can be attributed to variations in the charge
carrier concentration n, the hopping distance A, the attempt frequency w,, or the entropy
of migration AS,,,. However, in these aged glasses, the increase in n due to a decrease in
molar volume cannot explain the observed reduction in A. Similarly, the minor decrease
in A and negligible change in w, are also insufficient to account for this change.
Therefore, the primary factor responsible for the reduction in A is likely a decrease in

AS,, in aged samples.



84

Chapter 7. Effect of structural relaxation on ionic conductivity

It should be noted that the hopping frequency of mobile Li ions wy, is thermally

activated and is described by the relation [214]:
AS,, AH,,
— L 7.7
@n wOeXp(R )eXp< RT) 77

Given the negligible change in w, and AH,,, a decrease in AS,,, due to aging is expected
to lead to a corresponding decrease in wy. This expectation is indeed confirmed by the
o(w) data of the as-quenched and aged glasses (Figure 7.6(a)), which yield the hopping
frequency wy, when fitted to the Jonscher universal power-law relation [214,215]:

o(w) = opc [1 + (2)a]’ (7.8)

Wp

where a is a material dependent constant. It is easy to see from this relation that w equals
wp, in the frequency-dependent conductivity spectra when o(w) equals 20pc. These fits
yield wy, in rad/s since the data is based on o(w), but the wy, values shown in Figure
7.6(b) are in Hz and decrease after aging.

The role of migration entropy and hence, that of the hopping rate, in superionic
conduction in solid electrolytes has only recently been emphasized in the literature [214].
The analysis of the aging-induced changes in the ionic conduction in Li2Si2Os and LiPO3
glasses presented in this chapter clearly highlights the important role of migration entropy

on ionic conduction.
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Figure 7.6: (a) Frequency dependence of ionic conductivity for as-quenched and aged
LiPOs and Li>Si,0s5 glasses. Solid lines represent the fitting curves obtained using the
Jonscher universal power-law relation via Eq. (7.8). (b) Variation of the hopping
frequency with temperature for as-quenched and aged LiPO3 and Li2S120s glasses.

The o(w) for the mixed-modifier Nag75Mgo.12sPO3 glass is shown in Figure 7.7.
The results indicate a decrease in conductivity after aging at 7y — 33 K = 579 K, with a
significant reduction at 323 K, approaching almost one order of magnitude. This trend is
similar to what was observed during the aging of the single-alkali Li»Si>Os and LiPO3

glasses. The opc of the as-quenched and aged mixed-modifier Nao75sMgo.125sPO3 glass,
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obtained directly from the frequency plateau as indicated by the arrows in Figure 7.7, are

presented in Figure 7.8.
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Figure 7.7: Frequency dependence of ionic conductivity for as-quenched and aged
Nao.7sMgo.12sPOs glass samples.
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Figure 7.8: Reciprocal temperature dependence of DC conductivity for Nag.75Mgo.12sPO3
glass. Solid and dash-dotted lines represent Arrhenius temperature dependence in as-
quenched and aged samples, respectively.
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It may be noted that unlike the single-alkali glasses discussed above, this mixed-
modifier Nao.7sMgo.125POs glass exhibits an increase in both AH,,, and the pre-exponential
term A upon aging, leading to an increase in AS,,, as shown in Table 7.2. Variations in
the pre-exponential term and migration enthalpy have been discussed in the literature on
superionic argyrodites LicPSsX (X = Cl, Br, I) [213], and 40%Li2S—60%Ge(S,Se): sulfo-
selenide glasses [216], suggesting that softening of the structural network leads to a
decrease in AH,,, and AS,,,.

In this mixed-modifier glass, the ionic conductivity is expected to result from the
hopping of the weakly bound, and thus mobile Na ions, while the strongly bound Mg ions
would have significantly lower diffusivity. As a result, neighboring Mg ions would exert
a blocking effect on the diffusion of Na, with the strength of this effect depending on the
structural evolution of the network during aging. If Na and Mg become homogeneously
distributed in the aged sample, Na ions would be more uniformly surrounded by Mg,
leading to more efficient blocking of Na motion. This structural ordering of modifier
cations may explain the significant decrease in conductivity and the concomitant increase
in AH,, and AS,,, (Table 7.2) observed in the aged mixed-modifier glass. In contrast, in
the as-quenched glass with high fictive temperature (Figure 7.2), the Na-Mg distribution
is expected to be more random, potentially allowing for the formation of Na-rich

percolation pathways in the structure that facilitate Na motion.

7.4 Conclusions

The effect of a-relaxation on the ionic conductivity of single- and mixed-modifier
glasses with different fragility indices was systematically investigated using temperature
down-jump experiments. After physical aging, the density of the glass samples increased,
while ionic conductivity decreased. The single-alkali glasses exhibited unchanged
migration enthalpy and a reduction in the pre-exponential term A, primarily due to a
decrease in migration entropy, which is related to reduced hopping frequency after
structural densification. In contrast, the mixed-modifier glass showed increases in both
migration enthalpy and entropy after aging, likely due to the structural ordering of the

modifier Mg and Na ions, leading to more efficient blocking of Na motion.
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CHAPTER 8 — GENERAL CONCLUSIONS

The spontaneous structural relaxation of glass towards the supercooled liquid state
is an intrinsic characteristic of the glassy state. From the standpoint of technological
importance, understanding structural relaxation and its effects on physical properties is
key to designing new glass products or optimizing the performance of functional glasses.

Structural relaxation can be monitored isothermally through physical aging
experiments or non-isothermal by heating or cooling a glass with different rates. Recently
developed techniques such as Flash-DSC presented in Chapter 3 allow for very high
quench and heating rates, extending the conventional range by about four orders of
magnitude. This technique has proven effective in capturing changes in 7, of glasses with
different thermal histories due to the relaxation phenomenon.

Despite extensive studies on structural relaxation during physical aging
experiments, conflicting results have been reported on whether the kinetics of structural
relaxation depends on the analyzed property. In Chapter 4, the time evolution of the
refractive index and ionic conductivity following temperature down-jumps showed that
relaxation dynamics depend on the analyzed property, with the relaxation process starting
faster when probed by ionic conductivity than by refractive index.

A down-jump in fictive temperature is the predominant method employed to
investigate structural relaxation, where the melt-quenched glass can be readily aged at a
temperature below T, resulting in an increase in density. In contrast, conducting an up-
jump experiment to decrease the density involves the time-consuming initial step of
lowering Trfor several days or even weeks before initiating the actual up-jump procedure.
In Chapter 5, physical aging experiments was conducted by changes in refractive index
and enthalpy following up- and down-jumps in temperature. The KWW function
exhibited a typical stretched exponential kinetic behavior with the non-exponentiality
parameter § < 1 for temperature down-jumps, whereas up-jumps showed a compressed
exponential behavior (§ > 1). However, the non-exponential and non-linear TNM model
described both up- and down-jump datasets using a single value of 5§ < 1.

While the kinetics of relaxation can be obtained by measuring the temporal
variation in a variety of physical properties during physical aging, the experimental
determination of the atomic-scale structural rearrangements by which a glass relaxes has

remained elusive. In Chapter 6, Raman and NMR spectroscopy were employed to
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Chapter 8. General conclusions

characterize the evolution of the structure during physical aging. The collective analysis
of Raman and NMR spectra revealed that the aging-induced structural relaxation in the
studied silicate glasses involves a disproportionation reaction, Q"1 + Q"*1 = 2Q",
shifting to the right with decreasing 77.

Besides of the conventional single-alkali glasses used in all the other chapters, a
mixed-modifier glass was used in Chapter 7 to study the impact of structural relaxation
on the migration enthalpy AH,, and migration entropy AS,, of ionic conduction. In single-
alkali Li disilicate and Li metaphosphate glasses, AH,,, remains constant after aging, while
AS,, decreases, leading to a corresponding reduction in the hopping rate of mobile alkali
ions. In contrast, in the mixed-modifier Na-Mg metaphosphate glass, both AH,,, and AS,,
increase after aging. This behavior is potentially explained by a spatial redistribution of
Na and Mg cations likely occurring alongside a-relaxation during aging. The results
presented in that chapter demonstrate how the ionic conductivity of glasses can be tuned
via their 7. An increase in 7y of the mixed-modifier phosphate glass by approximately
36 K resulted in an increase in ionic conductivity by nearly an order of magnitude.

In conclusion, the implications of deeply understanding structural relaxation and
its effects on physical properties are far-reaching. For example, fiberization can result in
a cooling rate of nearly 10° K/s, which can easily increase the fictive temperature of the
resulting glass by a few hundred degrees, and may result in rather large increase in its
ionic conductivity. Thus, glass fibers or other fast-quenched products such as thin films
may find novel applications in the areas such as sensors and solid electrolytes. These
insights advance the understanding of the structural relaxation phenomena in glasses and

their effects on macroscopic properties.
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SUGGESTIONS FOR FUTURE WORKS

To study the structural relaxation process by enthalpy changes during temperature
up-jumps using the Flash-DSC technique, avoiding missing any initial stages of the
phenomenon.

To investigate the relaxation behavior as a function of the pressure release from a
densified glass structure.

To evaluate the different existing models of structural relaxation to improve their
predictive capabilities and accuracy.

To work on improving the 2Si NMR signal-to-noise ratio for PbSiOs glass, which
exhibits a wide variety of Q-species. This may be achieved through the use of higher
magnetic fields and isotopic enrichment.

To study the structural origins of glass relaxation in other glass compositions, such
as phosphate glasses formed by Q!, Q?, and Q? units using >'P NMR.

To improve the ionic conductivity of high ion-conducting glasses by increasing

their fictive temperature through producing glass fibers or thin films.
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