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CHAPTER 1

INTRODUCTION

Fluoride glasses was found accidentally in the growth process of single phase crystal
of 2Z1F -BaF,-NaF in 1975. The first report about the vitrification of this new fluoride glass
system was done by M. Poulain, M. Poulain, J. Lucas and P. Brun {1]. The most impressive
information, which caused the numerous research efforts all over the world since then, was
the estimation of extremely low transmission loss in the mid-IR region of the order of
10°dB/km [2], which is due to the wide optical window from UV(~220nm) to IR(~7um) .
This estimated value is two orders o\f magnitude lower than that of SiO, fibre practically used
at the present and means- that the optical fibre telecommunication without any relay for the
amplification of light signals would be possible over the long distance like from Tokyo to
SanFrancisco.

Firstly, the researches on the glass forming system were concentrated into the
incorporation of other fluoride compounds into ZrF,-BaF, binary system in order to enlarge
the glass forming region [3]. The extremely poor glass forming ability of melt has been, even
now, one of the big obstacles to be overcome, because the precipitation of crystalline would
occur in the preparation process to cause the serious light scattering. For this, the multiplication
technique of glass composition has mainly been taken in order to improve the glass forming
ability. The main target which has been mainly researched by a lot of researchers was focused

to ZrF-BaF,-based glass, because this system shows higher glass forming ability among

fluoride glass systems. Table 1-1 shows the typical ZrF,-BaF,-based systems developed by



the multiplication of the glass composition with the critical cooling rate R, [4]. The critical
cooling rate R, means the slowest cooling rate to vitrify the melt and although empirical, is
considered to be one of the best and most realistic scale for the quantitative evaluation of the
glass forming ability in the melting-quenching process. R, value has been lowered about 4
orders of magnitude in ZBIAN system compared to in ZBG ternary system, and the
multiplication of the composition successfully improved the glass forming ability. Recently,
InF;-based glass systems also become to get much attention because its low phonon energy is
found to be fascinating to raise up the quantum efficiency of Up-conversion optical function
of doped rare earth ions [5]. Table 1-2 lists the main glass forming systems reported by
several researchers. In a general view, the systems of the fluoride glass can be ciassified into
about four groups ;

1) ZiF,-, HfF - and ThF 4—baSed systems (IVB group)

2) AlF;, GaF,-, and InF;-based systems (IIIA group)

3) MnF,- and FeF,-based systems (Transition metal group)

4) ZnF,-, CdF,-based systems (IIB group)
Only BeF, has been well known as the glass forming fluoride compound since about 50 years
ago [6], and the existing glass forming criteria, which has successfully depicted the glass
formation in the oxide systems, has also well explained its glass forming ability, because the
same analogy of SiO, structure can be applied to it. Since the discovery of new fluoride
glass” system represented by ZrF,-based systems, the structural studies have been extensively

carried out for these systems, because the existing glass forming rules could not predict and

" After that, the word of * fluoride glass(es) ' does not include BeF, -based system.




explain their glass forming ability. Several techniques of elastic scattering method by X-ray
and neutron [7], inelastic scattering method like Raman spectroscopy [8], and computer
simulation method of Molecular Dynamics simulation [9] have been employed and the following
features of glass structure have been reported in ZrF%—BaF2 system.

A) The main flames of glass networks are consisting of ZrF, polyhedra

B) High coordination number of fluorine about zirconium ions of 7-8.

C) There exist the edge sharing linkages among ZrF, polyhedra.

D) The necessity of the coexistence of modifiers like barium ions.

From a view point of the empirical rules over oxide systems, the above features are anomalous
to explain the formation of glass. Zachariasen rules [10] have been well acknowledged as the
guideline of the glass forming conditions, which offer the structural chemical recognition way
to consider the glass forming ability of compounds. There are four conditions proposed,

1) oxygen does not bond more than 3 cations.

2) the coordination number of cation about oxygen is less than 4.

3) the coordination units link each other in the corner sharing manner, neither edge

nor face sharing.

4) more than 3 oxygen in the coordinate unit are located in bridging site.
Compared the features A-D of ZrE‘—BaFv2 glass with the above rules, B and C do not satisfy
the Zachariazen rules, 2 and 3, respectively. This means that ZrF, compound has to be
classified far from the glass forming progenitor. In order to explain these inconsistency and
understand the glass formation mechanism in fluoride glasses, the several criteria have been

proposed by several authors at the present.
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Baldwin and Mackenzie [11] classified fluoride compounds into the glass former,
intermediate and modifier along with single bond strength as shown in Table 1-3 similar to
those carried out in oxide glass systems by Sun [12]. This can also explain almost of the glass

forming compounds observed and give some guideline to estimate the role of the respective

fluoride compounds in the glass. In fluoride compounds, almost the same border line to

distinguish the glass formers, intermediates and modifiers, respectively, could be obtained
and their values are almost the same as in the oxide systems. The compounds classified into
glass formers of ZrF,, HfF, AlF; etc, are actually contained as the main component in the
glass forming system and this means that the higher single bond strength should be favored as
the constituents of glass-forming network. However, fluoride glass former can not form the
glass in single compound and needs some appropriate modifier. In this aspect, this table can
not offer enough information about modifiers and intermediate to be co-introduced with glass
formers. In addition, this classification does not offer any explanation about high coordination
number of the former compounds, which is the negative factor from the view point of the
ordinary acknowledgment about glass formation.

Poulain [13] proposed another scale to estimate the ability of the glass progenitor. He
classified the halide compounds with the relative electric field strength of cation (F,,) against
anion (F,), and ruled out the condition of glass formation to be F/F,=2.5-10 (Table 1-4). His
criteria also proposed the guideline to understand the glass forming behavior. His idea was
based on the nonperiodic packing concept; i.e. fluorine ions create the potential cationic sites
exceeding the available number of cations. The higher field strength enforces the interaction

of cation-anion and enhance the random packing of fluoride ions. The additional modifiers




like Ba* stabilize to preclude the close-packing of anion. His proposed criterion provides
some aspect of the role of modifier ions, which is indispensable for glass progenitor to form
the glass. However, the quantitative estimation of glass forming ability from F/F, values can
not be attained and the repulsion effects among fluorine ions are completely neglected in his
scale.

The above two criteria, in some meaning, can play a role in the determination or
design of the glass composition, but they do not offer any structural scheme of the devitrification
process of the melt. Returning to the definition of ' GLASS ', non-periodicity of liquid phase
1s quenched 1nto the solid of meta-stable condition without crystallization and the secondary
transition of ' glass transition temperature ' will appear. In other word, the relaxation time of
the melt structure increases with the temperature decrease and delays the attainment of the
equilibrium condition. The liquid-like structures remain even under liquidus temperature and
are finally frozen in the solid state. For this, the relaxation time changes widely from 107 to
10? second. This time-functional behavior is the most representative feature of ' GLASS . In
several properties of ' GLASS ', viscosity, n, directly reflects the relaxation time, because it

has the following relation with the relaxation time <.

=G, T
Viscosity-temperature relationship of glass forming liquids have been known to expressed
well by the special manner (Fig. 1-1), in which temperature is normalized by glass transition
temperature. As shown in this figure, the viscosity-temperature relation changes uniformly
from Arrhenius to non-Arrhenius behavior depending on the subjects. Angell [14] classified

this phenomena in terms of ' fragility ' of melts. The glass melts showing viscosity change in



Arrhenius form are identified as 'strong' liquid, while ones in non-Arrhenius form are ' fragile'
liquids. Most of oxide glass system like Si0,, B,0;, etc. can be classified into ' strong liquid ',
because they show near Arrhenius viscosity-temperature relationship. On the other hand,
fluoride glass systems in this study are able to be classified as the ' extremely fragile' liquid,
because the liquidus viscosity is quite low and the steep viscosity change is observed above
glass transition temperature. These characteristic viscosity change means that the viscous
flow phenomena is quite different in low temperature region from in high temperature region,
meaning that certain structural changes which are characteristic in fluoride glass melt should
occur, especially near liquidus temperature. As shown previously, the fluoride glass with
higher glass forming ability are actually developed like ZBLAN glass, but its R, value of
0.7K/min is quite high compared with oxide glasses, e.g. 2x10* K/s in SiO,, 10"%KJs in B,O,
and 10®K/s in P,O,[15]. These differences are consistent with those found in Viscosity-
temperature relationship. In order to understand the glass formation of fluoride melts, the
investigation of the structural changes above Tg must be the most important factor.

In addition to the above mentioned features, we have to take into account the fact that

the glass forming ability and the thermal stability” against the crystallization of fluoride

“Therma stability also reveals the scale to evaluate the glass formig ability. It has been often used in the
investigation of the glass forming system to know how €asy to prepare the glass from the melt. Several equation
have been proposed. Poulain et al. [16] also proposed and summarized as follows;

Thermal stability AT=Tx-Tg

Hurby's criterion H=(Tc-Tg)/(Tm-Tc)
Weighted thermal stability H'=(T x-Tg)Tg
Poulain's criterion S=(Tc-Tx)(T x-Tg)/Tg

Because the temperature parameters used in the above equations like Tx, T, etc. are usually measured by
Differential Thermal Analysis by heating at a rate of 10K/min from the glass. Therfore, the melt passes firstly the
nucleation temperature range before the crystalline growth region. In this thesis, The term "Thermal Stability' is
used as the scale to evaluate the stability of the melt on heating, and 'Glass Forming Ability' is on cooling from the

melt above liquidus temperature.



glass melts were reported to be quite sensitive to the glass preparation process, i.e. the
different heat and/or atmospheric treatment often produces the glass with different properties
like the thermal stability, even when the same glass compositions aré molten. The various
kinds of the preparation processes have been proposed. The reactive atmosphere process
(RAP) are commonly used in the preparation of Halide glasses. In the case of fluoride glass
system, the reactive gas species have been introduced into the melting atmosphere like NF,,
SF,, CCl,, etc [17]. The RAP melting method have been employed mainly to reduce the
amount of impurity, especially oxygen relating species. As shown in the reports by Mitachi
and Tick [18], oxygen impurities changed dynamically the critical cooling rate R, only in
ppm order and showing how sensitively the fluoride melts are influenced to the small amount
of anion impurities. On the othe)r hand, no report is found in which small amount of cation
influenced the glass forming ability. These results have induced the complexity and the
confusion in the consideration of the melting process and this troublesome features of fluoride
melts have made it difficult td improve the preparation process. There have not been reported
of the systematic investigations of the relation of the preparation process (or impurity) and the

stability of the melt. However, the various reports of the crystallization behaviors suggested

that there are some keys to understand the glass formation of fluoride glass melt.

From the backgrounds mentionéd above, this thesis intends to clarify the following
matters about ZrF,- and AlF;-based fluoride glass systems.
(I) the structural éhanges of the melt occurring during cooling, which reflect on the
characteristic viscosity-temperature relationship

(1I) the general rules working beyond the glass formation of fluoride melts; the



difference in the glass forming scheme among inorganic glasses.

(III) the effects observed in the glass forming ability of the melt in which the non-fluorine

anions are incorporated.

In CHAPTER 2, a new simulation method of 'Non-equilibrium Molecular Dynamics
method (NEMD)' is proposed and developed, which can be utilized to calculate shear viscosity
of inorganic melts with ionic coulomb interactions. In addition to the precise prediction of the
viscosity values, this is also intended to understand the viscous flow phenomena of the liquid,
especially the glass forming liquid, from the view points of the microscopic dynamic motion
of ions . Its accuracy and the analysis way of the results are tested by utilizing it to the simple
alkaline halide melt of NaCl and proves its availability.

In CHAPTER 3, the developed simulation method of NEMD for shear viscosity is
applied to the glass forming fluoride melt of Zr-Ba-Na-F and compared with the experimental
data. The some important factors that have to be taken care in case of glass forming liquid are
proposed and the availability of NEMD for the glass forming liquid are discussed. By taking
the appropriate particle number, the viscosity-temperature relation have been well simulated
and the potentials of NEMD method for the glass forming ionic liquid have been proved. The
microscopic analysis utilizing MD trajectories offered the informative results about coordination
number in ZrF, polyhedra and their population and linkage form and key of the structural
changes on the glass formation was illustrated and correlated with the characteristic viscosity
change of Zr-Ba-Na-F glass melt.

In CHAPTER 4, the viscosity-temperature relations are measured for ZrF,BaF,-LaF,-




AlF;-NaF glass melts with the different glass forming ability and thermal stability. The
effects of the viscosity near liquidus temperature and the compositional difference on the
glass forming ability are discussed and the structural schemes on the glass formation proposed
in CHAPTER 3 are examined from the view point of modifier ions of Ba** and Na*.

In CHAPTER 5, the glass forming ability of ZBL AN glass melts is investigated frbm
a view point of the crystallization behavior. The crystalline developing curves are drawn for
respective phases precipitated for the glass containing non-fluorine ions of OH and CI. In
spite of a small amount of their content, the crystallization behaviors were heavily influenced
and chlorine showed remarkable effects on the glass forming ability. Their effects in the glass
melts have been discussed from the crystalline structures informations of precipitating phases
and the glass forming ability of ZrF,-BaF,-based fluoride melts have been considered based
on the 1dea of the stability of ZrF, polyhedra and their linkage.

CHAPTER 6 deals with another fluoride glass system of AlF;-based YF,-AlF,-BaF,-
CaF,. Chlorine ions are incorporated into this glass system and their glass forming ability and
thermal stability are investigated based on the glass forming schemes of ZrF -BaF,-based
fluoride melt proposed in CHAPTER 2-5. The appropriate chlorine incorporation maximized
both of the glass forming ability and the thermal stability, which are comparable and/or
superior to ZBLLAN and ZBGA glasses. The precipitation of the crystalline in bulk was
heavily suppresses and the fragility of melt decreased. These behaviors have been discussed
from the view point of AIF_polyhedra linkages by comparing with ZrF -based system.

CHAPTER 7 summarizes all the results and discussions, and mentions briefly about the

overview on the glass formation of fluoride glass formation.
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Table 1-1. The typical ZrF ,BaF,-based fluoride glass systems

and their critical cooling rates. [4]

Composition {mol%)

Glass ) (K/Rn:in)
ZrFy BaF; GdF, LiF NaF
ZBG 63 33 4 - 370
ZBGA 60 32 4 4 - 70
ZBLAL 52 20 - 3 20 26
ZBLYAL 49 22 - 3 20 26
ZBLAN 51 20 - 4.5 - ~0.7
ZBLYAN 475 235 - 4.5 - ~1.1
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log (viscosity in poise)
log (viscosity in Pa-s)

Fig. 1-1 The viscosity-temperature relations of glass forming
liquids. Temperature is normalized by the respective glass
transition temperature. The figure interpolated is the relaxation
time-temperature relations. The relaxation time is simply connected
with viscosity by the factor of the shear modulus G_.
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Table 1-3. The relationships of glass formation of fluorides
according to the single bond strength proposed by Baldwin and
Mackenzie [11].

Dissocialion Single bond
cnergy per MF, Coordination strength
M in MF, Valence (kcal/molc) number (kcal/molc)
Glass formers
Ti 4 585 6 98
Sc 3 539 0 90
Be 2 537 4 89
Hf 4 688 8 86
Zr 4 681 8 85
Al 3 496 6 83
Intermediates
Cr 3 431 6 72
Y 3 570 3 71
B 3 275 4 69
Fe 3 408 6 68
Nd 3 537 8 67
Pb 4 350 6 58
Sb 3 340 6 57
Mg 2 339 6 57
Modifiers
Si 4 319 6 53
Co 2 304 6 S1
Ga 3 403 8 50
Ni 2 297 6 50
Mn 2 296 6 49
Ca 2 37t 8 46
Sr 2 369 8 46
Ba 2 368 8 46
Zn 2 253 6 42
Cu 2 250 6 42
Bi 3 324 8 41
Cr 2 320 8 40
Li 1 203 6 34
Pb 2 245 8 31
Na 1 182 6 30
K ! 176 6 29
Cd 2 233 8 29
Ag 1 167 6 28
Cs 1 166 6 28
Tl 1 141 6 24
Hg 2 178 8 22

¢ After Baldwin and Mackenzic (1979).
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Table 1-4. The criterion of the glass formation of fluorides based
on the electric field strength proposed by M. Poulain [13].

Cation

AP"
Bez+
Hf™

Anion

QO M 11T T T T T

Fu*

0.78
0.78
0.78
0.78
0.78
0.78
0.78
0.78
0.78
0.78
0.78
0.78
0.78
0.78
0.55
0.55

Al
X

—
N 00— 000 200N O

O
00
wn o0

3.33
2.91

Glass

Fa/Fc progenitor Ref.
7.2 Yes 19
9.5 Yes 19
6.4 Yes 12
6.7 Yes 20
6.1 Yes 14
6.0 Yes 14
6.3 Yes 14
4.9 Yes 15,16
4.0 Yes 21,22
3.6 Yes 22

197 No

18.7 No
2.3 No
1.1 No
6.0 Yes 19
5.3 Yes 23

16




CHAPTER 2

DEVELOPMENT OF NON-EQUILIBRIUM MOLECULAR DYNAMICS

SIMULATION METHOD OF VISCOSITY FOR IONIC MELTS

2-1. INTRODUCTION

As mentioned in CHAPTER 1, the viscosity-temperature relationship is the most

representative property of glass forming liquid and the various features of liquids like the
structure, interatomic forces, intermolecular interaction, thermal decomposition or reaction
etc. reflect on it in very complex manner. However, it gives much informations to understand
the glass forming behavior.

Viscosity and viscous flow phenomena of glass forming liquids have been investigated
by a lot of researchers for a long time in order to clarify the origins to change its value widely
from 107 to 10" poise. They have been employed the methods of the constructing of some
physical [1] and thermodynamical models [2] into some mathematical expressions. Their
proposed equations show the excellent expression of the measured data and the abstract
schemes of viscous flow phenomena have been well depicted to various glass forming liquids.
However, in some cases, they include éome parameters which can not be given any physical
and/or chemical meaning, causing the lack of the structural chemical illustrations imaged
from the equations. Fluoride glass is one of such representatives, which does not obey Arrhenius
[3] nor Vogel-Tanmann-Fulcher expression [4], but Cohen-Grest equation [5]. The latter

includes the four parameters which do not have any physical meaning.
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The investigation and the build-up of the full illustration of the glass and glass melt
structures are considered to be the ultimate goal for the glass sciences. There are often used a
lot of experimental techniques to investi gate the glass structures like spectroscopic measurement
like IR, Raman scattering, NMR etc. but they often offer only the informations on the short
range structures. The viscous flow phenomena are relating to the longer range structures and
their cooperative motions, especially the dynamics of the motion of the structural flames of
glass network. The above méntioned investigation techniques can be said to be not enough to
understand and illustrate the viscous flow mechanisms.
Molecular Dynamics simulation (MD) method have been used more widely in the
field of the material science, because it has been rapidly progressed accompanying with the
rapid advance of the capacity and performance of computer. MD simulation technique has
also been employed in the glass science and proposed a lot of advances of the understanding
for the structural analysis results by using with the elastic scattering measuremenfs [6]. The
most impressive advantages of MD method can be listed as f ollows;
() available to know the strict information about the coordinates of ions consisting
the materials.

(i1) available to know the dynamic motion of particles from the time-trajectories,
which can be used to calculate the vibrational spectrum like Raman scattering, the
transport properties like viscosity, diffusion constant, etc.

(ii1) available to simulate the system under some special condition like the high

temperature, the high pressure, the instantaneous phenomena etc., under which

no experimental technique is available.

18




Concerning the viscosity, the information of the dynamical motion of particles are necessary
and indispensable to clarify the viscous flow phenomena. It is clear from the above mentioned
advantages, MD simulation method is considered to be applicable to investigate the viscosity
of liquids, and there are much potential to introduce the microscopic point of view in this
field.

In this CHAPTER, a new simulation method of shear viscosity called as ' Non-
equilibrium Molecular Dynamics ' has been developed in order to utilize it for the inorganic
liquids. With respect to the interactions between particles, it is firstly preferred for the ionic
interaction to be available, because this kind of the interaction envelops the objective materials
over the inorganic matenals. The availability and the accuracy are tested by its application to

the molten simple alkali halide of NaCl.

2-2, VISCOSITY IN MD SIMULATIONS

The 1nvestigation of viscosity by MD simulation method have been carried out by
several researchers [7]. Their employing techniques were

1) using Stokes-Einstein relationships

Nn=k, T /670D

where d is the radius of the particle and D is the self-diffusion constant at

temperature 7.

2) using Green-Kubo relation [8]
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where V is the cell volume, P*(1) is the tensor value at time £.

Recently, a new calculation method of MD simulation has been proposed and carried
out to simulate shear viscosity of liquids [9]. This is called as ' Non-equilibrium Molecular
Dynamics (NEMD)' and the above two approaches have been classified as Equilibrium
Molecular Dynamics (EMD) against this. There are also several ways in NEMD approach
[10], but the main difference with EMD exists in the replica construction way. In this thesis,
the algorithm by Lees and Edwards [11] 1s employed. Overview of NEMD methods are
reviewed in detail by Evans et al. [12] and the features of NEMD cas be summarized as
follows;

(1) the external forces can induce efficiently the output like shear stress.

(11) the similar condition as the experiment can be created.

(Ti1) there is less influence of the pre-history of the structure on the results than in

EMD.

(1v) there needs less time-trajectories than in EMD.

On the other hand, there are also pointed out some matters to be payed attention when

utilizing NEMD method. The point can be expressed as follow;

The external forces are relatively much larger than the actually applied in
experiment. This is mainly due to the cell size problem and common in all MD

simulation method, but whether such a condition induces some meaningful
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behavior for considering the realistic phenomena or not ?

On considering the relaxation process against the external force, there has to be cared the
relation between its frequency and the relaxation time as seen in various relaxation experiments
[13]. The large force would change the susceptibility of the system and show the non-linearity.
In this CHAPTER, the way of the analysis about these phenomena has been also examined to

obtain the appropriate viscosity value along with the observed non-linear behaviors of liquids.

2-3. NEMD VISCOSITY CALCULATION

A. NEMD ALGORITHM

The fundamental algorithm of NEMD simulation for shear viscosity is based on the
idea of homogeneous shear formation proposed by Lees and Edwards [11]. Fig. 2-1(a) shows
the arrangement of the unit cell and its replicas which are settled to define boundary condition
for the calculation of Coulombic interactions among particles. This formula has been widely
employed in equilibrium MD method, where the replicas are always fixed in the same position.
In contrast, NEMD method for shear viscosity uses the time-dependent arrangement of replicas:
the replica arrays are displaced in the special manner in order to create Couette flow in the
unit cell as shown in Fig. 2-1(b). The éhear stresses are spontaneously caused by the velocity
gradient of particles in the cell and their values have much correlation with the flow mechanism
of the composing particles and the formed liquid structures.

In this study, the subject liquids of the simulation are the ionic melts with Coulombic

interaction forcing over a long distance, which is largely different from the L-J liquid previously



studied. Coulombic interactions among charged particles are calculated by using Ewald
method[14]. In Ewald calculation (Eq. 2-1), the sum over the vectors in real space and

reciprocal space must be modified because of the displacement of replicas in NEMD.

D, =D, + Py, +D,,

=Z.e Ez erfc(alr”“b

]

_Z,e’® [ (-a?k|\ 1 Y
Py = <V szjE[eXp( & i (2 )J

k

2-1

The displacement of the replica cells to form Couette flow means that the vectors in real and
reciprocal space in Eq. (2-1) change every step. Therefore the real space vector n and the

reciprocal space vector k are expressed in Egs. (2-2) and (2-3), respectively.

(1 yr Of1)
n=,0 1 onml (2-2)
\0 0 1IAn)
(1 -2 oY1)
=-2Li=0 1 oJlmI (2-3)
{0 O \n)
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In the calculation of the repulsive term, Born-Haggins-Mayer type potential is employed:

o Z.Z . e? A { i\
.= + A expl ——
Y r Y p\ p)

(2-4)

The motion of particles are calculated in the manner of Newtonian equation with Verlet
argolithm[15] and the temperature of system is controlled by the velocity scaling factors.
Under shear flow created, the treatment of the particles forced out of the unit cell must be
taken care. The relation of coordinates between particle i in the unit cell and its image i' in the

replica (I, m, n), where [, m, and n are the integral values defining the re