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Abstract

Fundamental research is critical for enabling future breakthroughs in glass science and technology. This is especially true as we approach a new
decade of glass research, when addressing technological challenges will require an unprecedented knowledge of structure—property relationships
and of the thermodynamics and kinetics of the glassy state. Proper understanding of these issues can be gained only through advances in our
knowledge of the physics and chemistry of the glassy state.

Recent advances in modeling and simulation have enabled researchers to study glass physics and chemistry at the atomic level. Molecular
dynamics and Monte Carlo simulations have proved invaluable for understanding the relationships between glass structure and properties. More
recently, a master equation approach has been applied in the energy landscape framework to allow for direct simulation of glass transition range
behavior on a laboratory time scale.

Furthermore, recent experimental studies have led to a great growth in our understanding of pressure effects in glass. In particular, distinct types
of glassy phases can be produced using the same composition but different pressure conditions. This effect, dubbed “polyamorphism,” has provided

a new depth to our understanding of the thermodynamics and statistical mechanics of glass.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

In 1995, Nobel laureate Philip W. Anderson (Nobel prize
in physics, 1977) wrote that the nature of glass and the glass
transition may be “the deepest and most interesting unsolved
problem in solid-state theory” and predicted that “this could
be the next breakthrough in the coming decade” '. In 1999
poll by Physics World magazine among 250 physicists from
around the world, the subject of the glass transition scored
among the top-10 problems for future research in condensed
matter physics 2. Since then roughly a decade has passed, and
although significant progress has been made on a number of
different topics 3, new questions have been raised and many
other questions remain unanswered. Anderson’s statement cer-
tainly is no less true in the year 2008, since clarifying the nature
of the glass transition * remains the Holy Grail in glass sci-
ence.

* Corresponding author. Tel.: +1 607 974 2185.
E-mail addresses: lothar.wondracze @ ww.uni-erlangen.de (L. Wondraczek),
mauroj @corning.com (J.C. Mauro).
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The phrase “advancing glasses” in the title of this paper may
have very different meanings for physicists, chemists, mate-
rials scientists, and process engineers. As we try to illustrate
in Table 1, most engineers and materials scientists will likely
focus on: (a) creating new markets with new glass products,
(b) increasing existing market share by replacing other materi-
als with glass, or (c) increasing the overall market size. These
goals can be achieved by discovering new applications for glass
or improving upon existing glass properties or processing. For
example, the invention of low-expansion glass ceramics in the
late 1960 s was based on fundamental research into the use of
TiO, as a nucleation agent in specific glasses . The invention
of glass—ceramics enabled a new generation of cooking devices
that in the following replaced many gas or electrically heated
kitchen stoves ©.

Progress in glass technology is based on both material
and process-related innovations. In the case of long-haul opti-
cal telecommunication fibers, which replaced copper wires in
the 1980s, the invention of a process for making ultra-high
purity glass preforms proved the key enabler for achieving
very low optical loss 7. Together with the invention of the
erbium-doped fiber amplifier °, this led to a revolution in
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Table 1

Areas for advancing glasses 3

Progressin ... Subject Examples

Market Material Low-expansion glass ceramics 12>

share \: long-haul telecommunication fiber 7
Process photonic crystal fiber '°

Market size Material Bendable fiber 13

New market Material process Bioactive glass '* display glasses '

Knowledge Research education ~ Glassy water 4 TC23 123

Sustainability ~ Materials As-free display glasses ¢ nuclear

\: waste vitrification !7 submerged
Process combustion melting '8

worldwide communication and can be considered one of the
greatest achievements in glass technology. The story continues
with the invention of hollow-core photonic crystal fiber !, which
may enable further market gains if process improvements result
in significant decrease in the fiber loss value (today’s reported
record is 1.2dB/km ). In addition to process improvements,
advances in photonic crystal fiber technology can be made
through better understanding of the nanometer-scale roughness
of glass surfaces 2. Very recently, the development of a new
“bendable fiber” 13 promises to create a significant increase in
market size by enabling the use of optical fiber within residential
buildings. In a similar way, new materials (e.g., bioactive glass
14) or new processes (e.g., the overflow process for producing
thin glass sheet with very high surface quality ') have enabled
totally new markets for glass, e.g., tissue engineering or flat
panel displays, respectively. Finally, we note in Table 1 that sus-
tainability is another important aspect driving advances in glass
technology. Examples include the development of new glasses
without any toxic species (e.g., as fining agents '©), recycling
and immobilization of waste !7, and new processing techniques
that may save energy 18

It is thus apparent that research can be classified into three
categories:

1. Materials design and engineering, including the discovery of
new materials (glasses), bulk or surface modification (e.g.,
glass ceramics, coated glasses), and physical and/or chemical
characterization,;

2. Research into the properties, structure—property relations
and underlying mechanisms (e.g., fracture behavior, nucle-
ation processes, corrosion or other interface reactions, optical
properties); and

3. Fundamental description of the glassy state (statistical
mechanics, thermodynamics of irreversible processes, kinet-
ics, etc.).

Today, glass researchers have access to sophisticated techni-
cal databases such as SciGlass %20 and Interglad 2! that offer
fast access to physical and chemical properties of hundreds of
thousands of glass compositions, including virtually all oxide
glasses that have ever been studied, and an ever-growing num-
ber of non-oxide glasses. These tools have greatly simplified the
design of experimental plans for the development of new glass

compositions. Although existing databases do not yet link all
important properties of a given glass composition, it seems only
a matter of time until the development of new glasses will be
dominated by pen, paper, and databases. As a result, practically
any research into new applications now touches research into
structure—property relationships, surfaces and coatings, nucle-
ation and crystallization mechanisms, nanostructures, etc.

Fig. 1 illustrates the distribution of recent research symposia
focusing on different aspects of glass science and technology.
Here, the number of symposia that were held on a specific topic
during 16 large International Conferences (with glass as the over-
all topic) between 2004 and 2008 are plotted. This is used as a
rough estimate of the individual impact of each topic during
this time. It does not, however, illustrate trends. If one assumes
that each symposium contributed equally to the progress of its
respective field, one might conclude that during the considered
time period, the biggest progress was made in the field of optical,
electronic, magnetic and electro-optical properties of glasses,
and the least on refractories. (Whether or not this is true will
need a deeper analysis.) At least one may conclude that fields
that ranked higher received more interest from the research com-
munity, while lower-ranked fields where either less hot or based
on a smaller subset of the community.

In the following, we offer focused reviews on two specific
areas of fundamental glass research and try to identify the major
questions on those areas with respect to scientific and techno-
logical progress: (1) computational simulation and modeling of
glass at the atomic level and (2) the effect of pressure on the
glass transition and polyamorphism. These two topics touch
some of today’s most cited questions in glass science. While
modeling and computational simulations start to replace purely
experimental studies into the nature of the glassy state, exper-
imental examination of the impact of pressure on the structure
and dynamics of glasses and melts is gaining growing interest,
and recent progress in the field is remarkable.

2. Modeling

While laboratory experiments are essential for confirming or
refuting any theory, often more physical insight may be gained
through modeling and simulation. In particular, atomistic mod-
els have proved invaluable for determining the structure of a wide
assortment of glasses and glass-forming liquids. Computational
power has increased exponentially over the past several decades,
enabling researchers to simulate larger systems over longer time
scales. In addition, new simulation techniques have enabled the
calculation of many thermal, mechanical, and kinetic properties
of glass. Indeed, modeling has proved essential for developing a
fundamental understanding of structure—property relationships,
and it promises to play an even larger role in the development of
new glass compositions with the desired combination of prop-
erty values.

In this section, we review several techniques for numerical
modeling of glass at the atomistic level. We provide brief
overviews of molecular dynamics, Monte Carlo, and master
equation techniques, discuss their application to various glassy
systems, and offer some thoughts about the future promise of
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Fig. 1. Number of symposia that were held to a specific topic cumulated from 16 large International Glass Conferences between 2004 and 2008, including the
International Congress on Glass, The Conference of the European Society of Glass, The Meeting of the Glass and Optical Materials Division of the American

Ceramic Society, The Conference Series on the Physics of Non-Crystalline Solids.

these techniques for tackling even more complicated problems.
While quantum mechanical techniques such as molecular
orbital theory and density function theory have also proved
extremely valuable in the modeling of glass, here, for the sake
of brevity, we focus on classical modeling techniques only.
Excellent reviews of quantum-level modeling techniques are
available elsewhere 2>,

We would like to stress that there is no “one size fits all” tech-
nique for modeling of glassy systems. Different problems call
for different simulation techniques, depending on the particular
properties of interest and systems under study.

2.1. Molecular dynamics

The molecular dynamics technique, pioneered by Alder and
Wainwright 26, Rahman 27, and Verlet 23, is currently the most
popular method for modeling glassy systems at the atomic level.
With molecular dynamics, each atom is treated as an individ-
ual point particle. The atoms interact with each other based on
pairwise, and sometimes higher order, interatomic potentials.
These interatomic potentials can be determined empirically to
reproduce known experimental data, or they can be derived from
quantum mechanical simulations. With the molecular dynam-
ics technique, the interatomic potentials are used to compute
force vectors on each atom. Dividing the force by the mass of
the atom yields an acceleration, which is integrated in order
to update the atomic velocities and positions. A thermostat is
typically employed to maintain a specified temperature through
adjustment of the atomic velocities 2°.

In the glass science community, molecular dynamics was first
applied in 1976 by Woodcock et al. 3° to investigate the struc-
ture of vitreous silica. Within a few years, the approach had been
extended by Soules 3! and Soules and Varshneya 32 to multicom-

ponent silicate glasses. Since then, researchers have introduced
many new and more accurate sets of interatomic potentials for
silicate glasses 33736 and applied the technique to compute a
wide variety of properties, including elastic coefficients 3, dif-
fusivity 3, and surface interactions 37-*%. Molecular dynamics
has also offered insight into ion transport mechanisms 3° and
shed much light on the so-called “mixed alkali effect” in sili-
cate glasses “*!. Very recently, molecular dynamics has been
applied to the study of collective motions and dynamical het-
erogeneities in glass >**. In addition, molecular dynamics has
been used to investigate the structure of non-oxide glasses such
as metallic glasses *°.

The molecular dynamics technique faces two main chal-
lenges to addressing more complicated problems in glass
science. Firstly, since the integration time step is on the order of
10~ 15 s, molecular dynamics cannot access the long-time scales
necessary for modeling realistic glass transition range behav-
ior. As a result, molecular dynamics cannot account directly for
realistic thermal history effects as observed in experiment. Sec-
ondly, molecular dynamics can simulate only a relatively small
number of atoms (currently no more than about 10° atoms). As
such, the impact of trace dopants and phase separation cannot be
captured. Both the length and time scales of molecular dynam-
ics simulations can be extended through increased computer
power and parallelization “ as well as algorithms for acceler-
ated dynamics *’. Another possibility for extending molecular
dynamics is through the use of coarse-graining, where groups
of atoms (for example, a Si-centered tetrahedron in SiO,) are
treated as a single rigid unit with effective interactions between
these larger units rather than between individual atoms. While
each of these approaches would extend the length and time scales
accessible by molecular dynamics, other techniques are capable
of accessing even larger scales.
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2.2. Monte Carlo methods

Whereas molecular dynamics provides a deterministic
method for following atomic trajectories in time, the Metropolis
Monte Carlo technique is a stochastic method that avoids com-
putation of forces and integration of the equations of motion.
Instead, it relies on generating random configurations of atoms
in phase space and using special criteria for determining whether
to accept each new configuration *3. In fact, the name “Monte
Carlo” was coined by Metropolis *° owing to the technique’s
extensive use of random numbers.

With Metropolis Monte Carlo, the atoms undergo a series of
random trial displacements. The potential energy of the system is
calculated both before and after the trial displacement. If the final
energy is less than the initial energy, then the trial displacement
is accepted and the atom stays at its new position. If the displace-
ment results in an increase of potential energy, then a probability
of acceptance is computed following a Boltzmann distribution
3051 This procedure is repeated for each trial displacement until
the potential energy has converged and the detailed balance
condition is satisfied. By relying on scalar energy rather than
vector force calculations, Metropolis Monte Carlo can provide
an accurate glass structure with much less computation time than
traditional molecular dynamics. Another advantage of Metropo-
lis Monte Carlo is that it can be trivially adapted to run under
constant pressure rather than constant volume conditions 2.

While the first application of Metropolis Monte Carlo in
the glass science community followed molecular dynamics by
only a few years >3, the technique has not received nearly as
widespread adoption by the glass science community. This is
surprising given the efficiency of Monte Carlo for computing
static properties such as glass structure. Currently, most Monte
Carlo modeling of glass has involved chalcogenide systems
54-58 including calculation of bulk and surfaces structures, rigid-
ity percolation behavior, and incipient plasticity. We believe that
the Metropolis Monte Carlo technique holds much promise for
computing the structure of other glass compositions, particularly
where a large number of atoms is required (e.g., glasses with low
concentrations of certain elements such as fining agents). While
Metropolis Monte Carlo does not offer any information on the
dynamics of the system (since there is no time variable in the
calculations), the glass structure computed with Monte Carlo
can be used as a starting configuration for subsequent molecular
dynamics simulations. As with molecular dynamics, paralleliza-
tion techniques 7>°° can be implemented to increase further the
number of atoms simulated.

Three other Monte Carlo techniques are worthy of note here.
The first, simulated annealing 6162 is a simple extension of
Metropolis Monte Carlo where the simulation starts at some
high temperature, which allows for a greater fraction of trial
displacements to be accepted. As the simulation proceeds, the
temperature is gradually lowered to some desired final tempera-
ture, where fewer trial displacements are accepted. By allowing
for a more efficient sampling of configurational phase space, the
simulated annealing technique enables a faster convergence to
the final glass structure compared to standard isothermal Monte
Carlo.

Reverse Monte Carlo is a stochastic modeling approach
where the atoms in a system undergo trial displacements while
seeking to minimize the difference between the simulated glass
structure and that measured experimentally 394, Reverse Monte
Carlo has been applied to a variety of glass compositions, includ-
ing silicates, germanates, and metallic glasses 70, The main
advantage of reverse Monte Carlo is that it does not require
any interatomic potentials: no energy calculations are performed
since the atomic positions are optimized against experimental
data only. Of course, since the experimental data must be known
beforehand, reverse Monte Carlo does not offer predictive cal-
culations on new glass compositions.

Finally, the kinetic Monte Carlo technique ’! offers the abil-
ity to incorporate dynamics (i.e., time data) into Monte Carlo
simulations. With kinetic Monte Carlo, activations barriers are
computed for a set of possible transitions. One of these transi-
tions is selected randomly based on a Boltzmann distribution,
and the simulation time variable is increased by a mean first pas-
sage time over that barrier, typically following transition state
theory. Since the simulation time is connected to the height of
the activation barriers and the temperature of the simulation
(rather than a fixed integration time step) kinetic Monte Carlo
simulations can access much longer time scales than molec-
ular dynamics. The most challenging aspect of kinetic Monte
Carlo is determination of the set of possible transitions and
their associated activation barriers. This can be accomplished
using eigenvector-following ’>73 or a number of other tech-
niques ’*. The kinetic Monte Carlo technique has only recently
been applied to glassy systems by Wales and coworkers 7276,
Because of its ability to access long-time scales and infrequent
transition events, kinetic Monte Carlo offers great possibilities
for future modeling of glass-forming systems.

2.3. The master equation approach

The master equation approach 77, as applied to glass-forming
systems 7879 involves constructing a set of rate equations for
modeling the departure of an equilibrium liquid system into
the glassy state upon cooling with some temperature path. This
approach is similar to kinetic Monte Carlo in that it can access
long time scales by mapping the system to a discrete set of sta-
ble configurations called “inherent structures,” corresponding to
minima in the energy landscape 8083, and the transition barriers
connecting these minima. The key advantage of the master equa-
tion approach over kinetic Monte Carlo is that is offers built-in
ensemble averaging for property calculation 737, With kinetic
Monte Carlo, such averaging requires the use of multiple sim-
ulations with different random seeds. Also, the master equation
approach offers a simplified way to account for entropic effects
8485 and broken ergodicity 80. The main disadvantage of the
master equation approach is that it requires prior computation
of inherent structure and transition point distributions. (With
kinetic Monte Carlo, the transition points can be computed “on
the fly” at each step of the simulation.) Fortunately these ini-
tial computations only need to be performed once for any given
composition. The same inherent structure and transition point
distributions can be used in conjunction with any temperature



L. Wondraczek, J.C. Mauro / Journal of the European Ceramic Society 29 (2009) 1227-1234 1231

19.2

19.1 4
19.0 4
18.9 4
18.8 q
18.7 4
18.6 4
18.5 1
18.4 4

4
18.3 T T T T T T T
-12 -9 -6 -3 0 3 6 9 12

log[Cooling Rate (K/s)]

Molar Volume at 298 K (cm:/mol)

Fig. 2. Molar volume of selenium after cooling from the melting temperature
(490K) to room temperature (298 K) with linear cooling rates ranging from
1012 to 10'? K/s. For extremely slow cooling rates (<10~ K/s), the system
never departs from the equilibrium.

path, and the master equations themselves can be solved effi-
ciently using the “metabasin” approach of Mauro, Loucks, and
Gupta 34,

Recently, the master equation approach has been applied to
study the glass transition range behavior of selenium ®’. Using
the technique of Ref. 3%, the molar volume of selenium glass
could be computed for cooling rates covering 25 orders of magni-
tude. Fig. 2 plots the final molar volume as a function of cooling
rate, where the systems are linearly cooled from the melting
temperature of selenium (490 K) to room temperature (298 K).
For the very slow cooling rates (<10~ K/s), the system remains
a supercooled liquid; glasses form for all of the faster cool-
ing rates. The results show an Arrhenius dependence of molar
volume with respect cooling rate, in excellent agreement with
the experimental findings of Moynihan et al. 88. The complete
volume-temperature curves for three of the cooling rates (1012,
1, and 10'? K/s) are plotted in Fig. 3. Using the master equation
technique described above, the computation time is approxi-
mately equal for all cooling rates. While thus far the master
equation approach has been applied only to selenium, it certainly
holds much promise for other compositions. This technique is
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Fig. 3. Volume—-temperature diagrams for three selenium systems cooled from
the melting temperature (490 K) to room temperature (298 K) at rates of 1012,
1, and 10712 K/s.

currently the only way to compute suitably averaged proper-
ties such as molar volume, enthalpy, and entropy, for realistic
glass-forming systems with an arbitrary thermal history.

3. Pressure and the glass transition

In the previous section we illustrated how modeling has
become an essential tool in fundamental glass research. Indeed,
laboratory experiments and computational simulation started to
switch roles in many aspects of glass science, partly due to
steadily increasing availability of computational resources and
partly due to the simple fact that some questions cannot presently
be answered by experimental means. For example, computer
modeling has become the major research method in addressing
problems related to the glass transition. However, experimental
studies will remain of paramount importance.

On the other hand, the question of how inorganic glasses
and melts behave under high pressure is a topic where most
recent progress has been made through experimental studies.
This topic has been a traditional area of interest in geosciences
for decades: since pressure increases towards the interior of
the earth and approaches several GPa already in the upper
earth mantle, knowledge about the genesis, phase stability, and
flow behavior of mineralic melts is of crucial importance to
understand geologic processes . Employing the falling-sphere
technique at temperatures well above T, the pressure depen-
dence of viscosity has been studied as early as in the 1970s
9091 " Several still unresolved peculiarities such as negative
viscosity—pressure dependencies have been observed in mul-
tiple materials (e.g., °>°%). Only recently, Behrens and Schulze
reported on a technique that enabled in situ parallel-plate vis-
cosity measurements under high pressure, close to Ty, that
they employed to confirm a transition from positive to nega-
tive viscosity—pressure dependence on the compositional join
diopside-albite °>. As of today, negative viscosity—pressure
dependencies cannot reliably be predicted from computational
simulation.

Pressure and temperature are important thermodynamic vari-
ables that determine structure, dynamics and macroscopic
properties of glasses and liquids. Just as pressure and temper-
ature control the stability fields of different polymorphs of the
same chemical composition in crystalline materials, the exis-
tence of thermodynamically distinct liquid or glassy phases
of equivalent composition, i.e., the phenomenon of pressure-
induced polyamorphism became highly debated in recent years
%4 First-order entropy- or density-driven liquid-liquid phase
transitions have been suggested in multiple glass-forming mate-
rials, e.g., water 95 elemental liquids 9697 metallic glasses 98
and more complex systems *%100 As of today, however, lit-
erature is primarily focused on phenomenology. Nature and
eventual generality of polyamorphic transitions remain far from
understood. A comprehensive review of the topic is given by
McMillan et al. 101,

Studies that relate to the phenomenon of polyamorphism are
usually performed at pressures of several GPa up to tens of GPa
and rely on the use of so-called multi-anvil presses. This restricts
experiments to relatively small samples, typically of poor homo-
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geneity. In addition, if melts need to be cooled down to room
temperature in order for further ex situ analyses, this is typically
done with high cooling rates and/or in an uncontrolled way. As a
consequence, the properties of the derived glass originate from
a convolution of fast cooling and high generic pressure. This
may have undesired consequences for the interpretation of the
derived results. For example, Du et al. '9 evidenced a depen-
dence of boron coordination in borosilicate glasses on pressure:
increasing pressure favours tetrahedrally oriented boron while at
lower generic pressures, a higher concentration of trigonal boron
can be found. The effect became visible at pressures of several
GPa. On the other hand, boron coordination in such glasses is
well known to also depend on thermal history '°>104 but in
an inverse way: higher cooling rates lead to higher concentra-
tions of trigonal boron, and the dependence on cooling rate is
usually much stronger than that on pressure '%. If compressed
melts are cooled slowly, one can easily observe the reported
pressure sensitivity at pressures as low as a tenth of a GPa 19,
This example illustrates significant consequences for concrete
technical problems, e.g., anisotropic glasses and glass fibers
107,108 " production of glass fibers usually involves high tensile
and/or shear stresses, leading to structural anisotropy (birefrin-
gence). In addition, very high cooling rates result in relatively
high fictive temperatures. Knowledge of the structural origin of
the anisotropy may significantly improve understanding of the
fiber’s mechanical, chemical and thermo-mechanical properties,
and may also enable drawing advantage from the phenomenon,
e.g., for optical applications: From a previous study, Stebbins
et al. '9 concluded for E-glass that structural anisotropy is not
related to short-range structural changes. However, analyses of
slowly cooled anisotropic glasses ''0 might very well reveal a
different picture in the future.

Such examples illustrate that technical relevance of pressure-
related phenomena in glasses, in the regime of some 100 MPa,
may be found on different fields, ranging from injection mould-
ing ! and pressure-assisted sintering, to fiber development and
processing.

Experimentally, this regime is becoming more and more
accessible with the help of internally or externally heated
autoclaves 103-106.112.113 qych facilities offer the additional
advantage of relatively large sample chambers, high versatility
with respect to the experimental atmosphere that can range from
deeply reducing to oxidizing, and the possibility of controlled
cooling at comparably low rates.

Speaking in terms of energy landscapes !'* the energetic state
of a liquid is made up by two contributions: configurational
and vibrational energy. Under isobaric conditions, the config-
urational energy may be described by the fictive temperature,
the vibrational energy by the real temperature. Both tempera-
tures decouple when liquid undercools and becomes a glass 2.
The macroscopic fictive temperature !'© is thus the temperature
that corresponds to the fictive enthalpic equilibrium between
glass and melt 17 n non-isobaric transitions, fictive and real
pressures become additional parameters. For this case, the term
apparent fictive temperature has been introduced '3 to describe
contributions from both cooling rate and pressure-of-freezing.
Deviation of the apparent fictive temperature from the fictive

temperature of a glass is a result of non-equivalence between
fictive pressure '18:119-105 and real pressure, and “deviation from
equilibrium’ 20 of a glass on a (p, V, T, 1)-landscape can formally
be separated in two contributions: a part that depends on cooling
rate and a second part that depends on pressure of freezing '3
For a full thermodynamic treatment 121 ideally, an experiment
must therefore provide a glass that was cooled under pressure at
a given cooling rate, and a glass that was cooled under a refer-
ence (ambient) pressure with the same cooling rate. Only then
one can clearly distinguish between pressure and cooling-rate-
induced changes in the structure and thermodynamic state of the
considered system.

Coming back to the phenomenon of polyamorphism, today
it is difficult to anticipate concrete technical relevance. How-
ever, the connection between phenomena that are observed under
very high pressures, observations from the intermediate pres-
sure regime and deeper understanding of the flow behavior may
enable further progress in the aforementioned fields.

4. Conclusions

The topics of atomistic modeling and pressure effects in glass
are just two areas where fundamental research has provided
deeper insights into the nature of glass. As findings from funda-
mental physics and chemistry continue to be harvested, a fuller
understanding of the glassy state will be obtained, increasing
our ability to solve difficult problems in materials science and
engineering. These advancements in fundamental research will
assuredly lead to a number of significant technological break-
throughs in the coming decade.

Acknowledgement

The authors gratefully acknowledge the support and encour-
agement of D.Q. Chowdhury.

References

1. Anderson, P. W., Science, 1995, 267, 1616.

2. Durrani, M. and Rodgers, P., Physics: past, present and future. Phys. World,
1999, 12(12), 7.

3. Greaves, G. N. and Sen, S., Glasses, glass forming liquids and amorphizing
solids. Adv. Phys., 2007, 59, 1-166.

4. Angell, C. A., Insights into phases of liquid water from study of its unusual
glass-forming properties. Science, 2008, 319, 582-587.

5. Stookey, S. D., Catalyzed crystallization of glass in theory and practice.
Ind. Eng. Chem., 1959, 51, 805-808.

6. Scheidler, H. and Rodek, E., Li,O-Al,03-SiO, glass ceramics. Ceram.
Bull., 1989, 68, 1926-1930.

7. Maurer, R. D., and Schultz, P. C., Fused silica optical waveguide. US Patent
No. 3,659,915, 1972; Keck, D., and Schultz, P. C., Method of producing
optical waveguide fibers, US Patent No. 3,711,262, 1973.

8. Mears, R.J.,Reekie, L., Jauncey, I. M. and Payne, D. N., Low-noise erbium-
doped fibre amplifier at 1.54 wm. Electron. Lett., 1987, 23, 1026-1028.

9. Desurvire, E., Simpson, J. and Becker, P. C., High-gain erbium-doped
traveling-wave fiber amplifier. Opt. Lett., 1987, 12(11), 888-890.

10. Russell, P. St. J., Photonic crystal fibers. Science, 2003, 299, 358-362.

11. Roberts, P. J., Couny, F., Sabert, H., Mangan, B. J., Williams, D. P., Farr,
L. et al., Ultimate low loss of hollow-core photonic crystal fibers. Opt.
Express, 2005, 13(1), 236-244.



12.
13.
14.

15.
16.
17.
18.

19.
20.

21.
22.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

L. Wondraczek, J.C. Mauro / Journal of the European Ceramic Society 29 (2009) 1227-1234

Roberts, P. J., Ultimate low loss of hollow-core photonic crystal fibres.
Opt. Express, 2005, 13, 236.

Mehta, S. N., Bend it like Corning. Fortune, 2007, 156(3), 69-70.

Hench, L. L., Splinter, R. J., Allen, W. C. and Greenlee, T. K., Bonding
mechanism at the interface of ceramic prosthetic materials. J. Biomed.
Mater. Res., 1971, 2, 117-141.

Dockerty, S. M., U.S. Patent Nos. 3,338,696, 1967 and 3,682,609, 1969.
Glass Substrate Eagle XGTM, Coring, Inc., introduced in 2006.

Donald, I. W., Immobilisation of radioactive and non-radioactive wastes in
glass-based systems: an overview. Glass Technol. A, 2007, 48(4), 155-163.
Rue, D., Submerged combustion melting. Bull. Am. Ceram. Soc., 2004,
83(10), 19-20.

http://www.sciglass.info/, 2008.

Mazurin, O. V., Glass properties: compilation, evaluation, and prediction.
J. Non-Cryst. Solids, 2005, 351, 1103-1112.
http://www.newglass.jp/interglad_6/gaiyo/info_e.html, February 2008.
Szabo, A. and Ostlund, N. S., Modern Quantum Chemistry. Dover, Mine-
ola, NY, 1996.

. Cramer, C.J., Essentials of Computational Chemistry. John Wiley & Sons,

West Sussex, UK, 2002.

Thijssen, J. M., Computational Physics. Cambridge University, Cam-
bridge, UK, 1999.

Leach, A. R., Molecular Modelling: Principles and Applications (2nd ed.).
Prentice Hall, Harlow, UK, 2001.

Alder, B. J. and Wainwright, T. E., Studies in molecular dynamics. I.
General method. J. Chem. Phys., 1959, 31, 459-466.

Rahman, A., Correlations in the motion of atoms in liquid argon. Phys.
Rev., 1964, 136, 405-411.

Verlet, L., Computer ‘experiments’ on classical fluids. I. Thermodynamical
properties of Lennard-Jones molecules. Phys. Rev., 1967, 159, 98-103.
Allen, M. P. and Tildesley, D. J., Computer Simulation of Liquids. Oxford
University, New York, NY, 1987.

Woodcock, L. V., Angell, C. A. and Cheeseman, P., J. Chem. Phys., 1976,
65, 1565-1577.

Soules, T. F., A molecular dynamic calculation of the structure of sodium
silicate glasses. J. Chem. Phys., 1979, 71, 4570-4578.

Soules, T. F. and Varshneya, A. K., Molecular dynamic calculations of a
sodium borosilicate glass structure. J. Am. Ceram. Soc., 1981, 64, 145-150.
Feuston, B. P. and Garofalini, S. H., Empirical three-body potential for
vitreous silica. J. Chem. Phys., 1988, 89, 5818-5824.

Vashishta, P., Kalia, R. K., Rino, J. P. and Ebbs;jo, ., Interaction potential
for SiO;: a molecular-dynamics study of structural correlations. Phys. Rev.
B, 1990, 41, 12197-12209.

Pedone, A., Malavasi, G., Menziani, M. C., Cormack, A. N. and Segre, U.,
A new self-consistent empirical interatomic potential model for oxides, sil-
icates, and silica-based glasses. J. Phys. Chem. B,2006,110, 11780-11795.
Sharma, R., Mudi, A. and Chakravarty, C., Diffusional anomaly and net-
work dynamics in liquid silica. J. Chem. Phys., 2006, 125, 044705.

Du, J. and Cormack, A. N., Molecular dynamics simulation of the structure
and hydroxylation of silica glass surfaces. J. Am. Ceram. Soc., 2005, 88,
2532-2539.

Zeitler, T. R. and Cormack, A. N., Interaction of water with bioactive glass
surfaces. J. Crystal Growth, 2006, 294, 96—-102.

Habasaki, J. and Hiwatari, Y., Molecular dynamics study of the mechanism
of ion transport in lithium silicate glasses: characteristics of the potential
energy surface and structures. Phys. Rev. B, 2004, 69, 144207.

Lammert, H. and Heuer, A., Contributions to the mixed-alkali effect in
molecular dynamics simulations of alkali silicate glasses. Phys. Rev. B,
2005, 72, 214202.

Habasaki, J. and Ngai, K. L., The mixed alkali effect in ionically conducting
glasses revisited: a study by molecular dynamics simulation. Phys. Chem.
Chem. Phys., 2007, 9, 4673-4689.

Appignanesi, G. A., Frechero, M. A. and Alarcén, L. M., Particle mobility
and metabasin exploration in model glass-formers. Phys. A, 2007, 374,
229-238.

Rodriguez Fris, J. A., Alarcon, L. M. and Appignanesi, G. A., Do short-time
fluctuations predict the long-time dynamic heterogeneity in a supercooled
liquid? Phys. Rev. E, 2007, 76, 011502.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

1233

Widmer-Cooper, A. and Harrowell, P., On the study of collective dynam-
ics in supercooled liquids through the statistics of the isoconfigurational
ensemble. J. Chem. Phys., 2007, 126, 154503.

Duan, G., Xu, D., Zhang, Q., Zhang, G., Cagin, T., Johnson, W. L. et al.,
Molecular dynamics study of the binary CuyseZrs4 metallic glass motivated
by experiments: glass formation and atomic-level structure. Phys. Rev. B,
2005, 71, 224208.

Heffelfinger, G. S., Parallel atomistic simulations. Comp. Phys. Commun.,
2000, 128, 219-237.

Voter, A. F., A method for accelerating the molecular dynamics simulation
of infrequent events. J. Chem. Phys., 1997, 106, 4665-4677.

Metropolis, N., Rosenbluth, A. W., Rosenbluth, M. N., Teller, A. H. and
Teller, E., Equation of state calculations by fast computing machines. J.
Chem. Phys., 1953, 21, 1087-1092.

Metropolis, N. and Ulam, S., The Monte Carlo method. J. Am. Stat. Assoc.,
1949, 44, 335-341.

Newman, M. E. J. and Barkema, G. T., Monte Carlo Methods in Statistical
Physics. Oxford University, New York, NY, 1999.

Landau, D. P. and Binder, K., A Guide to Monte Carlo Simulations
in Statistical Physics (2nd ed.). Cambridge University, Cambridge, UK,
2005.

McDonald, I. R., Monte Carlo calculations for one- and two-component
fluids in the isothermal-isobaric ensemble. Chem. Phys. Lett., 1969, 3,
241-243.

. Brawer, S. A. and Weber, M. J., Monte Carlo simulation of Eu3+—doped

BeF, glass. Phys. Rev. Lett., 1980, 45, 460-463.

Mauro, J. C. and Varshneya, A. K., Model interaction potentials for sele-
nium from ab initio molecular simulations. Phys. Rev. B,2005,71,214105.
Mauro, J. C. and Varshneya, A. K., Monte Carlo simulation of SexTel — x
glass structure with ab initio potentials. Phys. Rev. B, 2005, 72, 024212.
Mauro, J. C. and Varshneya, A. K., Multiscale modeling of arsenic selenide
glass. J. Non-Cryst. Solids, 2007, 353, 1226-1231.

Mauro, J. C. and Varshneya, A. K., Multiscale modeling of GeSe, glass
structure. J. Am. Ceram. Soc., 2006, 89, 2323-2326.

Mauro, J. C. and Varshneya, A. K., Modeling of rigidity percolation and
incipient plasticity in germanium-—selenium glasses. J. Am. Ceram. Soc.,
2007, 90, 192-198.

Uhlherr, A., Parallel Monte Carlo simulations by asynchronous domain
decomposition. Comp. Phys. Commun., 2003, 155, 31-41.

Ren, R. and Orkoulas, G., Parallel Markov chain Monte Carlo simulations.
J. Chem. Phys., 2007, 126, 211102.

Kirkpatrick, S., Gelatt Jr., C. D. and Vecchi, M. P., Optimization by simu-
lated annealing. Science, 1983, 220, 671-680.

Corana, A., Marchesi, M., Martini, C. and Ridella, S., Minimizing mul-
timodal functions of continuous variables with the ‘simulated annealing’
algorithm. ACM Trans., Math. Soft., 1987, 13, 262-280.

McGreevy, R. L. and Pusztai, L., Reverse Monte Carlo simulation: a new
technique for the determination of disordered structures. Mol. Simulat.,
1988, 1, 359-367.

McGreevy, R. L., Reverse Monte Carlo modelling. J. Phys.: Condens.
Matter, 2001, 13, R877-R913.

Keen, D. A., Refining disordered structural models using reverse Monte
Carlo methods: application to vitreous silica. Phase Trans., 1997, 61,
109-214.

Zotov, N. and Keppler, H., The structure of sodium tetrasilicate glass
from neutron diffraction, reverse Monte Carlo simulations, and Raman
spectroscopy. Phys. Chem. Miner., 1998, 25, 259-267.

Kang, S., Park, C., Saito, M. and Waseda, Y., Reverse Monte Carlo simu-
lation for determining the partial structural functions of GeO; glass from
the anomalous X-ray scattering and neutron diffraction data. Mater. Trans.
(Japan. Inst. Met.), 1999, 40, 552-555.

Adams, S. and Swenson, J., Structure conductivity correlation in reverse
Monte Carlo models of single and mixed alkali glasses. Solid State Ionics,
2004, 174, 665-669.

Itoh, K., Hashi, K., Aoki, K., Mori, K., Sugiyama, M. and Fukunaga, T.,
Atomic configuration of metal atoms in (Ti0.676Zr0.324)D0.31 metal-
lic glass studied by X-ray, neutron diffraction, and reverse Monte Carlo
modeling. J. Alloys Compd., 2007, 434-435, 180-182.


http://www.sciglass.info/
http://www.newglass.jp/interglad_6/gaiyo/info_e.html

1234

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

L. Wondraczek, J.C. Mauro / Journal of the European Ceramic Society 29 (2009) 1227-1234

Hall, A., Swenson, J., Karlsson, C., Adams, S. and Bowron, D. T., Structure
of Ag,Na;_,POs3 glasses by neutron diffraction and reverse Monte Carlo
modelling. J. Phys.: Condens. Matter, 2007, 19, 415115.

Fichthorn, K. A. and Weinberg, W. H., Theoretical foundations of dynam-
ical Monte Carlo simulations. J. Chem. Phys., 1991, 95, 1090-1096.
Mauro, J. C., Loucks, R. J. and Balakrishnan, J., A simplified eigenvector-
following technique for locating transition points in an energy landscape.
J. Phys. Chem. A, 2005, 109, 9578-9583.

Mauro, J. C., Loucks, R. J. and Balakrishnan, J., Split-step eigenvector-
following technique for exploring enthalpy landscapes at absolute zero. J.
Phys. Chem. B, 2006, 110, 5005-5011.

Wales, D. J., Energy Landscapes. Cambridge University, Cambridge, UK,
2003.

Hernéndez-Rojas, J. and Wales, D. J., Supercooled Lennard-Jones liquids
and glasses: a kinetic Monte Carlo approach. J. Non-Cryst. Solids, 2004,
336, 218-222.

Middleton, T. F. and Wales, D. J., Comparison of kinetic Monte Carlo and
molecular dynamics simulations of diffusion in a model glass former. J.
Chem. Phys., 2004, 120, 8134-8143.

Zwanzig, R., Nonequilibrium Statistical Mechanics. Oxford University,
New York, NY, 2001.

Mauro, J. C. and Varshneya, A. K., A nonequilibrium statistical mechan-
ical model of structural relaxation in glass. J. Am. Ceram. Soc., 2006, 89,
1091-1094.

Mauro, J. C. and Varshneya, A. K., A new model of the glass transition.
Am. Ceram. Soc. Bull., 2006, 85, 25-28.

Goldstein, M., Viscous liquids and the glass transition: a potential energy
barrier picture. J. Chem. Phys., 1969, 51, 3728-3739.

Stillinger, F. H. and Weber, T. A., Hidden structure in liquids. Phys. Rev.
A, 1982, 25, 978-989.

Stillinger, F. H. and Weber, T. A., Dynamics of structural transitions in
liquids. Phys. Rev. A, 1983, 28, 2408-2416.

Stillinger, F. H., Supercooled liquids, glass transitions, and the Kauzmann
paradox. J. Chem. Phys., 1988, 88, 7818-7825.

Mauro, J. C., Loucks, R. J. and Gupta, P. K., Metabasin approach for com-
puting the master equation dynamics of systems with broken ergodicity. J.
Phys. Chem. A, 2007, 111, 7957-7965.

Mauro, J. C., Loucks, R. J., Balakrishnan, J. and Raghavan, S., Monte Carlo
method for computing density of states and quench probability of potential
energy and enthalpy landscapes. J. Chem. Phys., 2007, 126, 194103.
Mauro, J. C., Gupta, P. K. and Loucks, R. J., Continuously broken ergod-
icity. J. Chem. Phys., 2007, 126, 184511.

Mauro, J. C. and Loucks, R. J., Selenium glass transition: a model based on
the enthalpy landscape approach and nonequilibrium statistical mechanics.
Phys. Rev. B, 2007, 76, 174202.

Moynihan, C. T., Easteal, A. J., DeBolt, M. A. and Tucker, J., Dependence
of the fictive temperature of glass on cooling rate. J. Am. Ceram. Soc.,
1976, 59, 12-16.

Scarfe, C. M., Mysen, B. O. and Virgo, D., Pressure dependence of the
viscosity of silicate melts. Geochem. Soc., 1987, 1(Special Publication),
159-167.

Kushiro, I., Changes in viscosity and structure of melt of NaAlSi>0s com-
position at high pressures. J. Geophys. Res., 1976, 81, 6347-6350.
Kushiro, 1., Changes in viscosity with pressure of melts in the system
Si0,—CaAl,04. Carnegie Inst. Wash. Yearb., 1981, 80, 339-341.
Behrens, H. and Schulze, F., Pressure dependence of melt viscosity in the
system NaAlSi3Og—CaMgSir Og. Am. Miner., 2003, 88, 1351.

Schmelzer, J. W. P., Zanotto, E. D. and Fokin, V. M., Pressure dependence
of viscosity. J. Chem. Phys., 2005, 122, 074511.

Poole, P. H., Angell, C. A., Grande, T. and McMillan, P. F,, Science, 1997,
275, 322.

Mishima, O., Calvert, L. D. and Whalley, E., Nature, 1985, 314, 76.

96.

97.

98.

99.
100.

101.

102.
103.

104.
105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.
119.

120.

121.

122.

123.

Deb, S. K., Wilding, M., Somayazulu, M. and McMillan, P. F., Nature,
2001, 414, 528.

Katayama, Y., Mizutani, T., Utsumi, W., Shimomura, O., Yamakata, M.
and Funakoshi, K., Nature, 2000, 403, 170.

Sheng, H. W., Liu, H. Z., Cheng, Y. Q., Wen, J, Lee, P. L., Luo, W. K. et
al., Nat. Mater., 2007, 6, 192.

Aasland, S. and McMillan, P. F., Nature, 1994, 369, 633.

Sen, S., Gaudio, S., Aitken, B. G. and Lesher, C. E., Phys. Rev. Lett., 2006,
97, 025504.

McMillan, P. F, Wilson, M., Wilding, M. C., Daisenberger, D. and
Greaves, G. N., Polyamorphism and liquid-liquid phase transitions: chal-
lenges for experiment and theory. J. Phys.: Condens. Matter, 2007, 19,
415101.

Du, L.-S., Allwardt, J. R., Schmidt, B. C. and Stebbins, J. ., J. Non-Cryst.
Solids, 2004, 337, 196.

Sen, S., Xu, Z. and Stebbins, J. F., J. Non-Cryst. Solids, 1998, 226, 29.
Kiczenski, T. J. and Stebbins, J. F., Rev. Sci. Instrum., 2006, 77, 29.
Wondraczek, L. and BehrensF H., Molar volume, excess enthalpy, and
Prigogine—Defay ratio of some silicate glasses with different (P, T) histories.
J. Chem. Phys., 2007, 127, 154503.

Wondraczek, L., Sen, S., Behrens, H. and Youngman, R. E.,
Structure—energy map of alkali borosilicate glasses: effects of pressure
and temperature. Phys. Rev. B, 2007, 76, 014202.

Deubener, J., and Wondraczek, L, Anisotropic alkali silicate glasses by
frozen-in strain. In Melt Chemistry, Relaxation, and Solidification Kinetics
of Glasses, ed. Li, H., Ceram. Trans., 2004, 170, 47-56.

Ya, M., Deubener, J. and Yue, Y. Z., Enthalpy and anisotropy relaxation of
glass fibers. J. Am. Ceram. Soc., 2008, 91(3), 745-752.

Stebbins, J. F., Spearing, D. R. and Farnan, I., Lack of local structural
orientation in oxide glasses quenched during flow: NMR results. J. Non-
Cryst. Solids, 1989, 110, 1-12.

Martin, B., Yue, Y., Wondraczek, L. and Deubener, J., Mechanically
induced excess enthalpy in inorganic glasses. Appl. Phys. Lett., 2005,
86(12), 121917.

Aitken, B. G., Currie, S. C., Monahan, B. C., Wu, L.-M., and Coonan, E.
'W., United States Patent No. 7,330,634, 2008.

Yue, Y., Wondraczek, L., Behrens, H. and Deubener, J., J. Chem. Phys.,
2007, 126, 144902.

Wondraczek, L., Behrens, H., Yue, Y. Z., Deubener, J. and Scherer, G. W.,
J. Am. Ceram. Soc., 2007, 90, 1556.

Stillinger, F. H. and Weber, T. A., Science, 1984, 228, 983;

Stillinger, F. H., Science, 1995, 267, 1935;

Sastry, S., Debenedetti, P. G. and Stillinger, F. H., Nature, 1998, 393, 554.
Angell, C. A,, Yue, Y. Z., Wang, L. M., Copley, J. R. D., Borick, S. and
Mossa, S., J. Phys.: Condens. Matter, 2003, 15, S1051.

Mauro, J. C., Loucks, R. J., and Gupta, P. K., Fictive temperature and the
glassy state, J. Chem. Phys., in press.

Moynihan, C. T., Easteal, A. J., Debolt, M. A. and Tucker, J., J. Am. Ceram.
Soc., 1976, 59, 12.

Gupta, P., J. Non-Cryst. Solids, 1988, 102, 231.

Tribone, J. J., O’Reilly, J. M. and Greener, J., J. Polym. Sci. B, 1989, 27,
837.

Simon, S. L., Park, J.-Y. and McKenna, G. B., Eur. Phys. J. E, 2002, 8,
209.

Nemilov, S. V., Genesis of the vitreous state: effect of pressure on the ther-
modynamic properties of glasses and their structure. Glass Phys. Chem.,
1995, 21, 379-391.

Holand, W. and Beall, G. H., Glass Ceramic Technology. American
Ceramic Society, Westerville, OH, USA, 2002, 88-96.

Reference in made to the activities of the technical committee 23: Training
and Education in Glass Science and Engineering, International Commis-
sion on Glass, 1992-2008.



	Advancing glasses through fundamental research
	Introduction
	Modeling
	Molecular dynamics
	Monte Carlo methods
	The master equation approach

	Pressure and the glass transition
	Conclusions
	Acknowledgement
	References


