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1. INTRODUCTION 

1.1. Fluoride glass structure. 

The subject of this study is a so-called fluorozirconate glass, which 

belongs to a class of materials often referred to as heavy metal 

fluoride glasses. Most glasses that belong to this group were discovered 

only after 1974, when glass formation in a ZrF4 -BaF2 - NaF - NdF3 system 

was observed at the University of Rennes, France. Numerous applications 

have been suggested for these glasses; which take advantage of the 

infrared transparancy of the materials. Since this study aims at the 

characterisation of a glass for the fabrication of a fluoride fibre, a 

brief overview will be given of possible applications of these fibres 

in § 1. 2. As an introduction, a brief review will be given in this 

paragraph of the models accepted at this moment describing the 

fluorozirconate glass structure [1]. 

In contrast with Si02, which easily forms a glass consisting of corner

sharing deformed tetrahedra, in which some variations in bond angles and 

bond lengths guarantee long range aperiodicity, ZrF4 by itself is not 

able to give a glass. The most simple fluorozirconate glasses are in the 

ZrF4-BaF2 system, where BaF2 plays the role of network modifier. It is 

known that ZrFn polyhedra with n=6,7,8,9 can exist in fluorozirconates, 

in which the bonding is highly ionic. The diversity in crystal chemistry 

is enlarged because these polyhedra can exist in multiple forms. These 

polyhedra tend to polymerize by sharing corners and edges, which gives 

a great flexibility in the Zr-F-Zr bonds. The bariumfluorozirconate 

glass exists of an equivalent distribution of ZrF7 and ZrF8 polyhedra. 

Due to edge sharing of these two polyhedra, the binuclear polyhedron 

· Zr2F13 is formed (see figure 1.1 (a)). These dimers form an aperiodic 

three ·dimensional network by corner sharing (figure 1. 1 (b)) . In this 

network, the Ba2+ cations are randomly distributed, having strong ionic 

interactions with 11 surrounding fluorine atoms (mainly the non-bridging 

atoms). 

It is thus seen that the fluorozirconate glass structure is much 

different from the Si02 -glass structure. The glass forming properties 

of ZrF4 depend largely on its huge diversity in crystal structure. 
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• Zr OF ••• 

(a) (b) 

Figure 1.1. Formation of the binuclear polyhedron Zr2F13 (a) and the 

three-dimensional aperiodic framework of the glass BaZrF10 

(b) ( [1)). 

1. 2. Applications of fluoride fibres 

Certainly the greatest challenge in the field of fluoride glasses is the 

development of fluoride fibres for long distance telecommunication [2]. 

The intrinsic minimum losses of heavy . metal fluoride glasses are 

projected at about 0.01 to 0.001 dB;km, which is about one or two.orders 

of magnitude lower than those in silicate glasses. This would make it 

possible to obtain rep~ater-less single mode fibres of length 100-1000 

km or more, which can be used for under-sea-links or for fibre networks 

through sparsely populated areas (Australia, Canada). 

Other, non-communicative applications have been suggested (and in some 

cases demonstrated), which do not require ultra-low loss .. These 

applications lie in the range of optical sensing systems, laser power 

transmission and active optical components: 
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o Optical sensing systems. 

Some applications in this area are: 

·remote infrared spectroscopy [3]. A fibre is used to carry visible 

and infrared energy to and from a sample for a spectrometric 

measurement. This is very effective for detection of gases which 

absorb in the 1-5 lm region in hazardous environments. 

- remote monitoring of temperature, infrared images and radiation. It 

has been demonstrated [4] that temperature measurements down to 60 

•c are possible using a zirconium fluoride fibre for transmission 

of radiation. Remote sensing of the focal plane of an IR image is 

also possible for temperatures as low as 150 •c [5]. 

o Laser power transmission. 

About 0. 6 W of optical power in the 2. 7 lm band was transmitted 

through a zirconium fluoride fibre without fibre damage [ 6] . This 

makes the fibre attractive as a flexible waveguide for laser printers 

and other applications, e.g. for laser surgery, cutting and welding. 

Of course, for transmission of laser power without fibre damage, low 

loss is required to some extent. 

o Active optical applications. 

Due to their extended IR absorption edge compared to silica glasses, 

non radiative transitions are less favoured and as a consequence the 

fluorozirconate glasses have higher luminescence quantum efficiencies. 

Interesting applications are: 

• development of fluoride fibre lasers. Several doped fluorozirconate 

glass fibre lasers have already been reported [7]. 

- frequency upconversion. This mechanism involves conversion of 

infrared light towards the visible. This can be used for the 

detection of IR radiation, in solid state displays and for optical 

pumping of lasers [8]. 

1.3. Scope of this study 

Though researchers at many institutes throughout the world have made 

tremendous progress during the past ten years, the production of 

commercially available ultra-low-loss fibres is not yet achieved. The 

best optical loss reported so far is 0.7 dB/km [9), which is at least 

one order of magnitude higher than the intrinsic value and has been made 
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on only 30m. of fibre. Reproducible losses of several dB/km at several 

hundreds of metres of length are reported by British Telecom Research 

Laboratories [ 8] . Although impurities have some influences on these 

values, most of the losses are found to arise from wavelength 

independent scattering from discrete centres such as crystals and 

bubbles which are large in comparison with the wavelength of the 

exciting light. 

Mie scattering on imperfections whose size is of the order of the 

wavelength of the exciting light is also frequently observed. These 

imperfections are thought to be due to small particles of oxide present 

in the raw materials. The major part of this thesis is focussed on the 

crystallisation behaviour of a zirconium fluoride glass. Crystallisation 

is deleterious to optical transparency as well as fibre strength. The 

system chosen for the study was a so-called ZBLAN glass of composition 

53 mol% ZrF4 , 20 mol% BaF2 , 4 mol% LaF3 , 3 mol% AlF3 , 20 mol% NaF, which 

is being considered as one of the most stable fluoride glasses. 

As an introduction, chapter 2 is about glass formation criteria and its 

application to halide systems. It is shown that electronegativity can 

be used to predict glass formation in halide systems, and a new concept 

is proposed to explain glass formation. 

Chapter 3 is about glass melting and the role of oxygen impurities on 

glass quality. Starting materials quality, purification and the effect 

of the melting procedure on fluoride glass quality are discussed. An 

extensive review of literature on this subject is also given. 

Chapter 4 presents the results of the study of the crystallisation 

behaviour of the fluoride glass by thermal analysis, in cooling and 

reheating experiments. A crude picture of the temperatures and kinetics 

of crystallisation is obtained. Shortcomings of this technique are 

discussed. 

In chapter 5 the cryst~llisation of the ZBLAN glass is examined in more 

detail: nucleation and growth rates were measured independently. The 

influence of some parameters important for fibre drawing (e.g. 

atmosphere, temperature) were studied. A model which describes the 

crystallisation behaviour in the case where the crystal and the parent 

liquid have a different composition is derived also. 
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Chapter 6 reports on a computer simulation model for the calculation of 

the crystallinity which results from thermal treatments of the glass. 

A comparison between the results of the thermal analysis and the results 

from computer simulations using measured and theoretical nucleation and 

growth rates was made. The application of the foregoing to calculate 

scattering intensity due to crystallisation during preparation of a 

preform and subsequent fibre drawing is also discussed. It was also 

tried to optimize the conditions for fibre drawing experiments. 

5 
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2. GLASS FORMATION CRITERIA: APPLICATION TO HALIDE SYSTEMS. 

2.1. Introduction. 

In principle almost any substance can be made into a glass by cooling 

it from the liquid state fast enough to prevent crystallisation. In 

practice, however, it seems useful to make some classification scheme. 

The aim of this chapter was to evaluate existing classification schemes 

for oxide and halide systems and, by using recent information on new 

halide systems, try to improve our understanding of the nature of glass 

formation. 

It is realised that all classifications tend to simplify the situation 

and thereby become less accurate and sometimes even inapplicable (in the 

case of multicomponent glasses for example). Nevertheless, it is felt 

that any new and more accurate concept might not only be of direct 

experimental use, but will also provide us with a better understanding 

of the nature of glass formation. It is also another way of finding the 

most important factors of the complex equations that describe 

homogeneous nucleation and growth. 

The classification of substances into groups of glass formers, 

intermediates and modifiers is somewhat dependable on cooling rate. 

Besides, as Chung [ 10] pointed out, this nomenclature is not necessarily 

appropriate for the vitreous fluorides. For these systems it seems more 

comprehensive to use the concept 'glass progenitor' [11]. This concept 

will be used for all substances that can be shown to possess glass 

forming capability, so it includes network formers (intermediates) as 

well as glass formers. Glass formation might be achieved for single 

component as well as for multi-component systems where additives of 

well-known non-glass formers are used. 

Perhaps in this context it is better to consider the classification just 

as a rating of substances with respect to glass forming tendency. 

2.2. Existing criteria. 

Several criteria have been proposed in the literature to predict glass 

formation in oxide systems. According to Sun [12], glass formation can 
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be related to the single bond strength ~· ~ is defined as Ed/C.N. 

where Ed is the dissociation energy into gaseous atoms and C.N. is the 

coordination number of the cation. According to Rawson [13] glass 

formation is better correlated with E.. /T , where T is the melting 
-b m m 

temperature, and ~/Tm > 0.05 for glass forming systems. It was shown 

by Stanworth [14] that the electronegativity of the cations, of which 

the oxides are glass-forming, fall within a certain range (between 1.90 
2 and 2.20). Dietzel [15] proposed that the field strength Z/a is the 

critical parameter, here Z corresponds to the charge on the cation and 

a is the distance between cation and oxygen. 

Baldwin and MacKenzie [16] have shown that Sun's criterion can also be 

applied to fluoride systems. Poulain [17] has proposed structural and 

energetic criteria for glass formation in ionic systems, and showed that 

the cationic and anionic field strength ratio is a decisive factor. 

These criteria can be summarized as follows: 

F~ or 
~/Tm 

oxide glasses Sun [12] 

fluoride & otherBaldwin (16] 
halide glasses & Mackenzie 

Electronegativity' Field strength 

Stanworth [ 14] 
Rawson [13] 

This chapter 

2 Dietzel [15] (Z/a ) 

Poulain [17] 
(Z/ionic radius) 

Besides these more or less thermodyriamically based criteria, Soga [18] 

has proposed a more kinetic approach by considering the melt viscosity. 

He shows that for seve~al oxide systems and also a ZnC12-based system, 

there exists a linear relationship between the (logarithms of) liquidus 

viscosity and the minimum cooling rate required to form a glass, in a 

sense that more viscous melts require lower cooling rates. 

2.3. Electronegativity and glass formation in oxide and halide glasses. 
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In this paper it is shown that electronegativity (X) can also be used 

for rather accurate predictions of glass formation in halide systems. 

Thus, this criterion which was used to explain glass formation in oxide 

systems [14], seems more generally applicable. 

Pauling's [19] definition of electronegativity has not been improved 

upon: 'The power of an atom in a molecule to attract electrons to 

itself'. There are several methods to estimate electronegativity, all 

of them in rough agreement with each other. The scale to be used here 

is the one put forward by Pauling with values that were calculated by 

Allred [20]. Some values not given in his compilation had to be 

calculated using the method described by Allred. Table 2.1 lists 

electronegativity values for some relevant elements. It should be noted 

that electronegativity depends on the oxidation state of the elements. 

Element Electronegativity Element Electronegativity Element Electronegativity 

F 3.98 Galli 1.81 o, f Ce 1.12 
0 -3.44 Snll 1.80 f La 1.10 
Cl 3.16 Cr III 1.78 f Ca 1.00 
N 3.04 In 1.78 o,f Li 0.98 
Br 2.96 TaV 1.76 a) Sr 0.95 
I 2.66 Ti!V 1.71•> f, 0 Na 0.93 
s 2.$8 Cd 1.69 f Ba 0.89 
Au I 2.54 Crll 1.66 f K 0.82 
MoVI 2.29 •> 0 Znll 1.65 f Rb 0.82 
Ph IV 2.26 a) 0 VII, III 1.64 f Cs 0.79 
Te 2.21 a) 0 111 1.62 
H 2.20 (def.) 0 AI 1.61 0, f 
p 2.19 0 Be 1.57 f 
As !II 2.18 0 HfiV 1.57 a) f 
Wvt 2.15 0 Zr IV l.SS a) r 
Shill 2.05 0 Mnll 1.55 
TIIII 2.04 0 Till 1.54 
B 2.04 0 Th 1.4 
Bi 2.02 0 u 1.38 
Ge 2.01 0 Se 1.36 
Hg 2.00 Mg 1.31 
SniV 1.96 0 Lu 1.27 
Fe III 1.96 f Tm 1.25 
VIV 1.94 a) (o: V-Vl) Er 1.24 
Nil! 1.91 Ho 1.23 
Si 1.90 0 y 1.22. 
Cui 1.90 Dy 1.22 
Coli 1.88 Gd 1.20 
Phil 1.87 Sm 1.17 
Fell 1.83 Nd 1.14 
NbV 1.81 a) Pr 1.13 

Table 2.l.Electronegativities of elements {19,20). 

•)- own calculations 

o - oxide gl~ss progenitor {21,22] 

f - fluoride glass progenitor [23-27] 
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o Oxide glasses 

Among the atoms with electronegativities between 1.90- 2.20 we find the 

well-known conventional oxide glass formers (Si, Ge, P, B, As) and other 

elements which form oxides exhibiting glass formation only by splat 

cooling techniques or from binary melts. Stanworth [21] explains this 

difference by showing that glass forming tendency decreases with 

increasing atomic radius. He also shows that oxides with cations of 

electronegativities ~1.90 can form complex glasses if their radii are 

small enough to permit this. Thus, cation size can serve as a secondary 

criterion for the prediction of glass formation, although this still 

leaves some problem cases (see appendix A). 

Instead of taking cation size as a secondary criterion added to the 

electronegativity criterion, it is suggested here that it is also 

possible to consider the ratio of bond strength to melting temperature 

(E1,/Tm) as a secondary criterion (for details the reader is referred to 

Appendix A). However, these two criteria (X and E1,/Tm) will still fail 

to explain the.difficulties that arise when one tries to produce pure 

Mo03 , W03 and v2o5 glasses. 

o Fluoride glasses 

When we compare the data from table 2 .1 with experimental results 

reported in the literature, it appears that X values for the elements 

of which the fluorides are known to be good glass progenitors, range 

from 1.55 to 1.61 {Zr, Hf, Be, Al). All other cations of fluoride glass 

progenitors possess electronegativities ranging from 1.20 (rare earths) 

to 1.80 (Ga, In). Sometimes two of these glass progenitors have to be 

combined to give vitreous material. In other .cases a well-known modifier 

like BaF2 has to be added to show network forming abilities. 

Furthermore, when rare earths are included in a glass, the glasses with 

the rare earths of higher electronegativity values are the most stable. 

It can also be noted that this classification is in general agreement 

with the critical bond strength criterion and Poulain's criterion. 

o Electronegativity differences and glass formation 

In order to obtain a more general approach towards glass formation and 

electronegativity dependency, we have to consider electronegativity 

10 



differences (~) between cation and anion of the compound. ~ is then 

simply defined as: ~ = xanion - xcation" 
It is obvious that for a comparison between oxide and halide systems we 

have to consider electronegativity differences, because the 

electronegativities of 0, F, Br and I differ considerably. 

From the above results we calculated cation-anion electronegativity 

differences for the fluoride glass progenitors to be in the range 2.20 

to 2.80. These values are - as expected - much larger than for oxide 

glass formers, where 1.15<aK<1.85 was found. On a scale that represents 

mixed polar/covalent bonding, using~ as a parameter, we now appear to 

have two areas of glass formation: 

oz14e 
glass 
f-ot#IUS 

fiUC>II4o 
tl•ss 
forM IS 

covolent---.....,.v.rr'!/TT//T777"7TJ ----rvrrl/T7/..,ll,-l 

o.o 1.0 2.0 3.0 

Figure 2.1. Two areas of glass formation. 

tontc 

(lit) 

Surprisingly, for other halide glass progenitors we find ~ values 

comparable to those of oxide glass formers, e.g.: 

ZnC1
2 

1. 51 BiC13 1.14 ThC14 1. 76 ZnBr2 1.31 

In the literature these systems are often classified as ionic. From the 

viewpoint of electronegativity differences this classification is wrong. 

2.4. Discussion: covalent bond energy and glass formation. 

An important question that arises now is: 'why are electronegativity 

differences of this much importance in glass formation?' To answer this 

question let us consider how these values are obtained. According to the 

original ideas put forward by Pauling, the total bond energy of a 

molecule AB is thought to consist of two contributions. He defines some 

11 



'extra ionic resonance energy', that results when two different atoms 

combine. It is the amount of energy, by which the bond energy of the 

molecule AB exceeds the average of the separate bond energies in AA and 

BB. The electronegativity difference between A and B is proportional (by 

definition) to this 'extra ionic resonance energy'. 

Since for many metals the bond energy is unknown, most of the 

electronegativity values of metals were estimated using the heats of 

formation of halide compounds, whether gases or solids. Single bond 

strength is also calculated using heats of formation of compounds. So 

this concept and electronegativity are interrelated, but no clear linear 

correlation exists because other factors (e.g. coordination number) are 

important as well. 

It is interesting now to consider another method of estimating 

electronegativity, proposed by Allred and Rochow. They suggested that 

electronegativity can be defined as the electrostatic force exerted by 

the nucleus on the valence electrons: 

xAA effective nuclear charge 
(covalent radius)2 

This parameter strongly resembles Dietzel's field strength parameter, 

which can be used with some success in the prediction of oxide glass 

formation. 

It is also similar to the criterion suggested by Poulain, the cationic/ 

anionic field strength ratio, which is used to predict glass formation 

in ionic systems (field strength is defined here as nuclear charge 

divided by ionic radius). 

In conclusion, it can be said that electronegativity, bond strength and 

field strength are closely related criteria. Therefore we try to 

investigate if there is some underlying similarity,. that might support 

more insight towards the conditions that favour glass formation. 

A logical step now seems to further examine the covalent bond energy, 

the covalency of compounds and its relation to glass formation. Apart 

from the discussion above this approach is supported by the following 

two notions: 

12 



1) For metallic glasses often at least one of the constituents in the 

alloys is a transition metal [31]. It is known that for transition 

metals, the covalent bond that results from only partially filling 

of d·orbitals, can give a considerable contribution to the bond 

energy. 

2) The condition by Smekal [32] (which does not hold for the well-known 

fluoride glass-forming systems) that glass formation is unlikely for 

strong ionic compounds, because rearrangements will rather easily 

take place at the liquidus temperature. This is explained by the 

non-directional character of the bonds, which - no matter how strong 

they are reduces the need for bond rupture during the 

crystallization process. 

It is felt that the degree of covalency of the bond plays an important 

role in glass formation. In order to make a more quantitative analysis 

we will have to specify our measure of covalency. It might be 

interesting to consider the covalent energy part of the bond strength, 

since the equations that describe crystallization deal with energies. 

As we will see, the ionicity of some compounds can be overestimated when 

one takes only electronegativity differences into consideration. 

As a parameter of glass forming ability we will take the ratio of the 

covalent part of the bond strength to the melting temperature: 

E.. IT • As noted before, the total bond energy can be thought to -b,cov' m 
consist of two contributions: a covalent and an ionic part. These two 

contributions can be theoretically evaluated using a method described 

by Sanderson [33-35]. According to his 'coordinated polymeric model' 

atomization energies of nonmolecular solids can be calculated from 

electronegativity data and structure of the solid compound. 

For several oxides and halides the values of E.. IT and Eb/T are o,cov' m m 
listed in table 2.2. For most of these species the covalent and ionic 

contributions were calculated independently, and taken from Sanderson 

[33-35,44]. For compounds marked with an asterisk no values were given 

in the literature, probably because of the complexity of the crystals 

and/or the lack of single covalent bond energy data for most metals. In 

these cases, when the Made lung constant for the crystals is unknown, the 

ionic energy was calculated from the lattice energy, that could be 
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Compound E._/Tm Eb!Tm Glass 
kcal/(mol K) kcal/(mol K) progenitor 

B,O, •> O.o78 0.130 yes 
P20 5 •> 0.035 0.086 yes 
SiO, 0.025 0.053 yes 
GeO, 0.042 0.059 yes 
Al 20 3 0.020 0.035 yes 
Sn02 0.019 0.033 yes 
Mo0

3 
a} 0.040 0.081 yes 

wo, •> 0.018 0.056 yes 
V

2
0

5 
a) 0.014 0.097 yes 

ZnO 0.009 0.016 no 
CaO 0.006 0.015 no 
Na 20 0.005 0.017 no 
BeF2 0.027 0.109 yes 
AIF

3 
b) 0.017 0.054 yes 

ZnF2 0,018 0.037 yes 
MnF2 0.012 0.043 yes 
MgFl 0.010 0.037 yes 
PbF4 0.009 0.066 
PbF2 0.009 0.!)28 yes 
LaF, •) o.oos O.ll30 no 
CaF, 0.005 0.027 no 
BaF, 0.004 0.028 no 
NaF 0.003 0.024 no 
ZrF4 a.bl 0.001 0.072 yes 
ZnCI2 0.049 0.086 yes 
AgCl 0.018 0.030 yes 
Cd02 0.016 0.035 yes 
Naa 0.005 0.024 no 
KO 0.004 0.025 no 
ZnBr2 0.039 0.062 yes 
KBr 0.004 0.023 no 
Agi 0.017 0.033 yes 
Cdl, 0.013 0.021 yes 
Kl O.Oos 0.021 no 

- own .calculation whidl uses lattice energy. 
b) For this compound the sublimation temperature was used 

instead of Tm• 

Table 2.2.Racios of total bond energy (Eb) and covalent part of chis 

energy co melting temperature. 

obtained from the Born-Haber cycle or the Kapustinskii equation [36-

37]. The covalent energy was then simply calculated as the difference 

between total atomisation energy and the ionic energy. Of course this 

method is far less accurate than the independent calculation, 

It should be rtoted here that all data of table 2.2 were calculated at 

room temperature. The covalent contribution is not expected to differ 

very much at the melting point, just as it is the case with total bond 

energy of the compound at Tm. 
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Of course the E.. /T and E.. IT values should be regarded with .caution -b m -b,cov' m 
because of the possibility of errors in dissociation energy, 

coordination number and·melting temperature from published data [36,38-

40]. 

From the information in table 2.2, it may be concluded roughly that for 

good glass formers ~.co,/Tm > 0.02, for poor glass progenitors 0.01 S 
Eb, co,/Tm S 0. 02, while for Eb, co~m S 0. 01 no glass formation has been 

found. It should be noted, however, that Eb/Tm appears to remain 

important as well (e.g.,compare the results for Al2o3 and Sio2). This 

agrees with the basic idea that E.. /T correlates to bond breaking, while . o m 
E.. /T correlates to bond bending, which are both important factors -b,cov m 
that determine crystallization rate. At this stage the relative 

importance of the two factors cannot be established. It can also be seen 

that for ZrF 4 the covalent energy is very low, though Eb/Tm gives a 

large value. In multicomponent fluorozirconate glasses the covalent 

energy will be higher, while the liquidus temperature is lowered, 

resulting in an increasing glass-forming ability. 

To a certain degree the results are consistent with experiment, e.g. for 

several compounds which have similar bond strength but different 

glass- formi.ng ability, differences in covalent energies c.ould explain 

this (compare, e.g. ZnF2 and MnF2 , Cdi2 and Kl, ZnO and CaO or Na20). 

Some results are not experimentally observed however: Si02 should be 

better then Geo2 and ZnBr2 (for these last two compounds a coordination 

number of 4 was taken). Also for Zncl2 and Mo03 the Eb/Tm and Eb,co,/Tm 

values are both fairly high, although they have only poor glass forming 

ability. However, for ZnC12 this might be due to the presence of small 

amounts of residual water, which are hard to remove and tend to promote 

crystallization [ 23]. In this context it must be stressed that all 

· theoretical predictions relate to intrinsic properties of pure 

substances. Comparing V 2o5 and wo3 the extremely high total bond 

strength could explain better .glass formation for v2o5 compared to wo3 
(covalent bond energies differ by a lesser amount). The relatively low 

covalent bond energies of wo3 and v2o5 might account for their poor 

glass-forming behaviour, although for Mo03 thiS is not the case. 

15 



An important shortcoming of the outlined approach for more accurate 

predictions of glass formation will be the failure to relate (in a 

quantitative way) bond energies to the dimensions of molecular groups, 

viscosity, melting temperature, surface energy ~and free energy 

differences between liquid and crystal, which are important factors in 

the equations that desc.ribe crystallization (see also chapter 5). 

Application for multicomponent glasses will also lack accuracy, because 

the cation/anion bond will be effected by the other cations in the 

glass. An "ideal mixture" rule may give some approximation for these 

cases. 

Considering liquidus viscosity, it is found that the relation proposed 

by Soga does not seem to hold for the fluorozirconates. From the limited 

data on liquidus viscosity we find [41,42}: 

ZrF4 -BaF2 
ZrF4-BaF2-LaF3 
ZrF4-BaF2-LaF3-AlF3 

log I'JL(P) 

0.6 

3 

-0.3 

and these results do not coincide wit:h t:he increased glass forming 

ability for ZBLA with respect to ZBL and ZB. 

It can also be noted from table II that LaF3 and AlF3 increase t:he 

average covalent bond strength of ZB-glasses. Further research will be 

necessary, however, to find out whether a more quantitative analysis is 

possible. 

2. 5. Conclusions 

All postulated criteria on glass formation in the literature appear to 

be based roughly on similar concepts. Furthermore, the electronegativity 

criterion not only applies to oxide systems but also to halide systems. 

From a theoretical viewpoint the covalent part of the bond energy should 

provide us with an extra tool to predict glass forming tendency. 

Analysis shows that some known discrepancies can be explained in this 

way, but a complete solution has not been found. 
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3. OPTIMISATION STUDY OF GLASS PREPARATION 

3.1. Introduction 

The production of a fluoride glass of good optical quality and the 

reproducibility of it require control of many factors. The production 

can be divided into three stages: 

o raw materials preparation 

o melting 

o casting and forming 

It will be shown in this chapter that the first two steps are very 

critical. 

The first part of this chapter gives an outline of the equipment that 

had been used to prepare fluoride glasses. 

Next, the literature on the role of oxygen impurities on fluoride glass 

stability is reviewed. 

Subsequently, the raw materials are studied during heating with the aid 

of X· Ray Diffraction (XRD) and Differential Thermal Analysis (DTA). 

The next part of this chapter deals with the effect of purification of 

raw materials and of using different melting procedures upon glass 

quality. 

The last part is directed to the study of bubble formation during 

casting and cooling to form a rod of fluoride glass. 

3.2. Equipment for the production of fluoride glasses. 

In this paragraph, a brief description will be given of the experimental 

equipment used to produce f1uoride glasses. Two furnaces were used for 

the melting of fluoride glasses, based on descriptions in the literature 

[43 and 44] A simple set-up was used for the melting of glasses that 

were cooled within the crucible. This sytem, which is depicted in figure 

3.1, consists of a quartz tube with an 0-ring sealed, glass lid in which 

a gas inlet and outlet were made to,flow dry argon over the melt. There 

was also a possibility to insert a thermocouple through a gas-tight 

fitting. Batches were prepared from ZrF4 , BaF2, LaF3 , AlF3 and NaF all 

of CERAC and of 99.9 % purity. The composition of the glass is given in 

''§ 1.3. NH4F.HF of Merck was used in many cases for fluorination of 
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Figure 3 .1. A simple set-up for the in-situ melting of fluoride glasses. 
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Figure 3.2. System of two glove boxes for preparation, melting and 

casting of fluoride glasses. 
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residual oxygen impurities. If desired, reactive gases could be added 

to the melting atmosphere. This system could also be used for the 

sublimation of ZrF4 under vacuum. 

Another system was used to melt glasses that had to be cast for the 

production of fluoride glass preforms. It is depicted schematically in 

figure 3.2 and consists of two stainless steel glove boxes, connected 

via a sluice with each other and with ambient atmosphere. Each of the 

three compartments had gas in- .and outlets for filling with argon. A 

pump was used to recycle the gas in the glove boxes over a drying 

installation, containing molecular sieve. An Al2o3 sensor was used to 

measure the ~0 content of the compartments. Due to some residual small 

leaks, the boxes could be held at a level of 30 ppm H20. One glove box 

was used for storing, weighing and mixing the raw materials, whereas the 

other was used for casting, forming and annealing the glasses. This 

glove box was connected to a silica tube placed in. a resistance furnace. 

This tube of 100 mm diameter was used for the melting of the batch. The 

silica tube was connected via 0-ring seals with stainless steel, water

cooled cilinders, one of which ended in the glove box via an o-ring 

sealed, stainless steel lid. The silicon 0-rings were found to 

deteriorate after 20-30 melting experiments. This was due to the high 

temperature and the aggressive medium present inside the silica tube. 

An 0-ring sealed, stainless steel hollow pushrod was inserted through 

the bottom of the melting system. A small silica table was placed on top 

of it, on which a glassy carbon or platinum crucible containing the 

batch was placed. A Chromel-Alumel thermocouple was inserted in the 

hollow pushrod which contacted the silica table for temperature control. 

After melting at 800 •c, the melt was pushed towards the glove box and 

poured into a preheated brass mould. The mould could then be rotated at 

high speeds (=:3000 rpm) for the fabrication of a tube (rotational 

·casting [45]). After sufficient annealing, in a furnace which was placed 

in the dry box, the core glass melt could be poured into the tube. The 

preform thus obtained was annealed and cooled slowly to room 

temperature. The system outlined above allows all processes, necessary 

for . the fabrication of a fluoride glass, to be performed under 

controlled atmosphere. 
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3. 3. Literature study on the effect of oxygen impurities on glass 

quality. 

3. 3 .1. Identification of oxygen related scattering in glasses and 

fibres. 

The scattering characteristics of fluoride glasses and fibres are very 

sensitive to their preparation conditions; the glasses often have 

considerable excess scattering. The origin of this excess scattering was 

clarified by Nakai et al [46], who found that the scattering centres 

were already present in the glass melts and the excess scattering 

intensity decreased as the melts were cooled to the glass transition 

temperature. The scattering levels were found to decrease with increased 

melting time and exhibited ~ "2 (~ is the wavelength of the exciting 

light) dependence. They suggest that oxide impurities cause the 

homogeneous excess scattering. Undissolved oxygen impurities in the melt 

will cause scattering, due to a difference in refractive index between 

these impurities and the fluoride melt. When the melt is cooled, its 

refractive index will increase, thus giving a smaller difference with 

the undissolved oxygen particles of high refractive index. 

Researchers from NTT (Nippon Telegraph and Telephone Corporation) also 

reported [ 4 7, 48] on the nature of extrinsic scattering centers in 

fluoride glass optical fibres. They found that fibres with a higher 

oxygen content exhibited higher loss and concluded that oxygen tends to 

cause scattering loss in fluoride optical fibres. Scattering centres of 

sub micron size were detected and indicated to exhibit a wavelength 

dependence of ~-2 and were considered to be micro-crystallites or oxide 

particles, since Zr and 0 were detected for one scattering centre. 

Fuj iura et al [ 49] have found Zr02 - crystals in fluoride fibres by 

Raman microprobe analysis. 

3.3.2. Source of oxygen impurities: raw materials. 

Although it cannot be excluded that some oxygen impurities result from 

reaction between the batch and H20 contained in the melting atmosphere, 

the largest part of the impurity stems from raw materials. As will be 

shown in this chapter, commercially available ZrF4 is commonly hydrated 
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or contaminated with Zr02 or zirconium oxyfluorides. In a number of 

articles [50-52] it is shown that commercially available zirconium 

fluoride can be very different in nature. Analysis of five samples gave 

a-ZrF4, &-ZrF4 , ZrF4.H20 and a hydrated amorphous phase of ZrF4 [52]. 

Even when the bulk zirconium fluoride is not hydrated, the ratio of 

oxygen to fluorine on the surface of a zirconium tetrafluoride sample 

was 1/6 [53]. 

When ZrF4 is formed in the laboratory from Zr02 and NH4F .HF, considerable 

contamination with oxygen may result, depending strongly on processing 

conditions. Fluorination with NH4F .HF takes place in several steps 

[54; 55]: 

(a) 

2 Zro2 + 7 NH4F.HF ------> 2 (NH4)3ZrF7 + NH3 + 4 H20 

and at higher temperatures the (NH4)3ZrF7 decomposes to yield NH4F and 

ZrF4 : 

(b) (c) (d) 
(NH4)3ZrF7 ------> (NH4)2ZrF6 ------> (NH4)ZrF5 ---···> ZrF4 

Gaudreau [55] has studied the kinetics of the fluorination steps and 

found that a complete conversion to (NH4)ZrF5 can be accomplished even 

at 150 °C, but after a period of 50 hours. In contrast, when the samples 

are heated at a rate of 10 K/min, the reaction temperatures measured by 

DSG show that reaction (d) occurs only at about 300 •c, according to a 

study by the Braglia et al [56]. From that study, it also follows that 

many oxyfluorides like Zro0•67F2•6.7, Zr00•44F3•12 , Zro1•30F1•40 and Zr00_46F3•08 
can result when fluorination temperature exceeds 300 •c. In accordance. 

with earlier results they conclude that the best way to fluorinate is 

a slow heating treatment. Decroly et al [54] claim to be able to produce 

zirconium fluoride with about 0.27 wt % of oxygen by heating at 175 -

200 • C for 8 hrs, followed by heating at 500 • C for another 8 hrs. 

Subsequent sublimation under vacuum should yield an oxygen content lower 

than 100 ppm. 

3.3.3. Form~tion reaction of scattering centres. 
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Sakaguchi et al have pointed out [49,57] that Zr02 crystals can result 

from reaction with other oxides present as impurities in the batch (eg. 

BaO). Thermodynamic calculations indicate that the oxides of La, Al, Na 

and Ba can convert ZrF4 to Zr02. 

Another possible cause for Zr02 formation was investigated by Chen et al 

[Sl], who found that heating ZrF4 .~o results in formation of Zr00.44F3.12 

and Zr00.46F3•08 for lower temperatures, whereas Zrf>9F10 was formed at 

higher temperatures. Chen et al have deduced this from XRD analysis of 

the resulting products after the heat treatment. They claim that the 

hydrate can be converted completely to ZrF4 by sublimation at about 960 

oc in air or argon. They also report crystallisation of glasses made by 

use of ZrF4 .~o and a black deposit formation which could not be removed 

by CC14 RAP processing (see § 3.3.4). The composition of the crystals 

was not given. 

In a recent paper [52], Atkins et al have reported results of a study 

on the dehydration of ZrF4 .~o. They conclude that the conversion of the 

monohydrate to A-ZrF4 can be achieved by heating under conditions that 

rapidly remove decomposition products (particularly ~0) from the 

sample. This dehydrated product is very hygroscopic, in contrast to 

anhydrous &-ZrF4 obtained by other techniques, like fluorination of Zro2 
followed by sublimation. 

3.3.4. Reactive Atmosphere Processing (RAP). 

The starting materials and the glass melting atmosphere play a critical 

role in the quality of the fluoride glass. Apart from the oxide impurity 

mentioned above, two other important contaminations need to be 

mentioned: 

a) OH: Hydroxyl groups can be produced in a fluoride glass, due to 

decomposition of hydrated starting materials and/or reaction with 

atmospheric wate):' during heating a batch. A strong absorption band 

at 2.9 pm will result [58]. 

b) ZrFn (n < 4): black deposits on a fluoride glass melted under inert 

atmosphere were attributed to reduced forms of zirconium fluoride 

(59] , because electron microprobe analysis indicated that the 

opaque-black phase contained only one-half the fluorine of the 

glass. Using photoluminescence measurements, Ohishi et al [53,60) 
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have shown that reduction of ZrF4 may occur through fluorine or 

oxygen deficiency and found rather strong absorption losses in a 

fibre due to reduced Zr. 

A refining treatment at high temperatures (900 • 1000 •c) was shown by 

Maze et al [ 61] to lower OH - absorption, but oxyfluorides will be 

produced by this method: 

The disadvantage of oxyfluorides will be discussed later in this 

chapter. 

Another effective way to lower the losses due to oxygen and hydroxyl 

impurities and reduced zirconium is Reactive Atmosphere Processing 

(RAP). A number of reagents have been suggested of which CC14 has been 

the most extensively used [59]. It was demonstrated that CC14 can 

effectively reduce OH losses by substitution with chlorine to replace 

OH. It can also oxidize fluorine deficient ZrFn (n < 4). SF6 and NF3 are 

even better reagents [ 62] because they can also< eliminate oxide 

impurities which were found to cause crystallisation (see § 3. 3 .1). 

Nakai et al [63] have claimed that for glasses doped with up to 0.5 mol 

% Zr02 , visual crystallisation could be avoided by preparing under NF3 

atmosphere for a sufficiently long period. 

3.4. XRD and Thermogravillletric studies of batch heating. 

3.4.1. Experimental. 

A Johansson XRD pattern was obtained at room temperature to characterize 

· most materials before and after beating. In several cases the reactions 

occuring in the batch were followed in a high-temperature XRD camera 

(type Guinier-Lenne) during beating in vacuum or dry argon. Small 

amounts of finely powdered samples pressed in a platinum window were 

used for these measurements. The beating rate was 0 .16 K/min for 

temperatures up to 400 •c. At this temperature the apparatus was held 

for some time, and the photographic film on which the diffraction 
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pattern had been registrated was examined. After this, heating was 

continued at a rate of 0.12 K/min. 

In the DTA (Netzsch Simultaneous Thermal Analyser 409) studies samples 

weighing about 150 mg were placed in an Al20] crucible with Al2o3 powder 

as a reference. Both samples were heated simultaneously at an adjustable 

rate. In most cases a flow of dry N2 {from a liquid source) of 150 

cern/min was used to flush the furnace. Eventual weight losses were 

evaluated from a simultaneous TG measurement. 

3.4.2. Results: starting materials 

a) Room temperature. 

Commercially available fluorides may contain oxygen impurities due to 

hydrolysis during storing, unpacking, etc. but also due to the method 

ofo preparation. 

XRD studies at room temperature of the starting materials revealed that 

of the main components only ZrF4 contained considerable amounts of 

impurities. It was also found that the quality was subject to large 

variations. Some bottles contained purely hydrated forms of ZrF4 .H20, in 

others the hydration was only partially or even absent, but in these 

cases oxyfluoride contamination was present. The impurities which were 

frequently found were: 

ZrF4 .H20 

ZrF4 .HF. 3H20 

Zr0o.33F3.33 

Zrtl9F10 

As we will see, it is impossible to produce clear glasses from a batch 

containing this contaminated ZrF4. 

b) Heating. 

b.l) Hydrated zirconium fluoride: ZrF4.HzO 

The dehydration reactions that occur during heating ZrF4 .H20 were studied 

by XRD and DTA/TG. Figure 3.3 gives the result of the DTA/TG 

measurement. 

Considerable weight loss of about 5 % takes place during heating 

starting from 100 •c and ending at 400 •c. An exothermic peak is found 

at ca. 360 •c. The result of the XRD study under argon flow is: 
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Temperature c•c> Event 

21 ZrF4 .H20 

220 appearance of weak ZrF4 pattern 

355 formation of Zr709F10 

405 conversion of Zr~9F10 to Zr02 

Combination of the DTA/TG and XRD results shows that the exothermic 

reaction at 360 •c is caused by the formation of Zr709F10 . The 

dehydration does not take place by the release of HzO molecules (this 

would result in a much higher weight loss of 11%). Instead, the H20 is 

only partially released and the formation of oxyfluorides and oxides by 

formation of HF cannot be avoided under the conditions of the 

experiment. It is probable that particle size, flow rate, atmosphere and 

the precise nature of the starting material have a significant influence 

on the results. As an example, XRD of a sample heated under vacuum gave 

Zr02 at 230 •c already •. The weight losses and peak temperatures in 

different DTA runs under - apparantly - identical conditions showed 

some variation also. Despite this, the general trends that were observed 

were reproducible: HzO could not be removed by,heating, and oxyfluorides 

and oxides were always produced during heating of ZrF4.8zO. 

b.2) Zirconium fluoride in air. 

When sublimated ZrF4 was heated in a DTA under dry nitrogen, no thermal 

events or weight losses were found. In order to study the effect of 

gaseous H20 on ZrF4 , a sample of anhydrous ZrF4 was heated under air flow 

in a DTA/TG apparatus (figure 3.4). It can be noted from the TG curve 

that significant reaction starts at a temperature of 250 •c. This 

temperature corresponds to the temperature _where ZBLAN glasses are 

severely attacked by water vapour [il7]. 

3.4.3. Results: the effect of heating on an oxygen or water containing 

batch. 

a) Batch with sublimated ZrF4 . 

ZrF4 .H20 was sublimed once under vacuum and used to prepare a batch. The 

other components of the batch were BaF
2

, NaF, LaF3 and AlF3 , with a molar 

composition as given in § 1.3. The batch was heated in a DTA/TG 
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apparatus under dry nitrogen at a rate of 2 K/min. The result is 

presented in figure 3.5. There is only one main (endothermic) peak in 

the DTA curve of this batch located at 490 •c which corresponds to the 

fusion temperature of a mixture of ZBN [64]. Considerable weight loss 

initiates at about 700 •c, most probably caused by evaporation of ZrF4. 

This evaporation is enhanced by the relatively high purge rate and/or 

the large surface/volume ratio of the melt (typical weight losses in 

melting experiments for glass production amount to about 1 - 2 %, when 

melting is performed at 800 - 850 •c). The melt was held for 30 min at 

800 •c and then cooled at a rate ~ 8 K/min to room temperature. Three 

features were found in the DTA curve: two exothermic peaks with onsets 

at 630 and 400 •c respectively, followed by a glass transition at around 

250 •c indicating that the liquid had not fully crystallised. The high 

temperature exothermic peak is probably due to crystallisation of LaF3 , 

and the lower temperature peak to 1-SaZrF6 because the temperatures of 

the peaks correspond to those reported in the literature [65]. When a 

melt is sufficiently pure, crystallisation does not occur at a cooling 

rate of 8 K/min [ 66) , so it seems that the crystals were nucleated 

heterogeneously. 

XRD of the batch at room temperature showed that some oxygen impurity 

was present, resulting in oxide containing crystals that act as sites 

for heterogeneous nucleation. More evidence to support this postulate 

is given in the remaining part of this chapter. The results of the XRD 

of a sample of this batch heated under vacuum in a Guinier-Lenne camera 

are: 

Temperature < "C) 

21 

350 

365 

400 

440 

480 

725 

850 

28 

(held for 2 hrs) 

(held for 1 hr) 

Event 

some Zr00•33F3.33 impurity+other batch components 

gradual decrease in Zr00•33 content 

Zrto9F10 , SaZ~ and Zr02 (low T phase) appear 

Zrto9F10 content decreases 

LaF3 disappears 

ZrF4 disappeared totally 

NaF dissapears 

Zr02 and BaZr03 do not dissolve 



It was also found that the lines of ZrF4 gradually decreased when the 

temperature was raised to 400 •c. This may be due to reactions with 

other batch components; it is unlikely that a liquid phase is formed at 

temperatures below 400 •c. 
Combination with the DTA/TG results shows that the reactions due to the 

oxide impurity found by XRD cannot be detected in the DTA measurement, 

probably because the concentration was too low. The disappearance of the 

ZrF4 pattern at 480 •c agrees with the melting of ZBN found in the DTA. 

Comparing the XRD results for this batch with those for ZrF4 .H20, it is 

found that Zr709F10 , which is formed at ± 360 •c tends to be converted 

to zro2 at ± 400 •c. 

b) Batch with hydrated zirconium fluoride. 

A batch was prepared with fully hydrated zirconium fluoride (ZrF4 .H20) 

and heated under dry nitrogen in a DTA/TG apparatus at 10 K/min. The 

result is presented in figure 3 .. 6. It indicates that weight loss is 

already beginning at 80 •c and about 4 % is lost at a temperature of 400 

•c. This weight loss corresponds with a broad endothermic peak locateq 

around 200 •c. At 360 •c an exothermic peak is observed, followed by 

endothermic peaks at 490 •c and 560 •c. 
The results of heating this batch under vacuum in a Guinier-Lenne camera 

are: 

Temperature c•c) 
21 

260 

360 

450 

550 

Event 

ZrF4.H2o + other batch components 

diffuse unidentified pattern 

Zr02 (high and low T forms) appear 

LaF3 dissapears 

NaF disappears 

In fact, the diffuse pattern at 260 •c appeared after a gradual decrease 

in the ZrF4.H20 pattern, which had started at lower temperatures. 

For this batch an exothermic peak at 360 •c was also found (compare this 

with the results for a "dry" batch (a) and hydrated zirconium fluoride 

(§ 3.4.2)), but in this case there is a direct conversion to Zr02. 

3.4.4. Conclusions. 
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From the preceding paragraph it is concluded that contamination of the 

batch due to hydration of ZrF4 does result in Zr02, Zrf>9F10 and BaZr~ 

in the melt which dissolve at best only partially at temperatures up to 

800 ·c. 
The melting of the fluorides takes place in several steps; e.g. the x

ray trace of LaF3 is found to disappear at ± 445 •c; a temperature which 

corresponds with the formation of LaZrF7 crystals when ZBLAN glasses are 

heated [67]. At 490 •c a large endothermic peak is found, which 

corresponds to the melting of recrystallised ZBN glasses, so a large 

part of the batch seems to dissolve at this temperature. The remaining 

NaF seems to react and dissolve mainly at 550 •c, where a large peak is 

also found in a DTA trace of a ZrF4 - NaF batch. The phase diagram of 

this system shows a congruent melting point and several 

eutecticsjperitectics at temperatures between 500 and 550 •c. In the 

"dry" batch (c) some NaF was still present at higher temperatures and 

dissolved at 725 •c. 
In general, it can be stated that no multi-component crystalline 

reaction products were found by XRD. This may be due to the detection 

limits of the XRD camera. 

3.5. Effect of melting conditions on glass stability. 

3.5.1. Experimental. 

In the preceding paragraph it was found that the oxygen impurities 

contained in the starting materials result in zirconium oxide and/or -

oxyfluoride compounds, that do not dissolve in the melt. This paragraph 

reports on the effect of some melting conditions on the glass quality. 

Several possibilities for quality improvement have been proposed in the 

literature. The influence of four of these refining methods listed in 

table 3.1. were studied. Also given in the table is a short description 

of the effect that has been claimed by some authors for these methods. 

Sublimation was performed on impure zirconium fluoride (mostly hydrated) 

in a closed system which was initially vacuum (pressure 2 - 3 mm Hg) at 

a temperature of 800 •c. The zirconium fluoride was placed in a glassy 
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carbon crucible with an inverted silica crucible placed on top of it. 

The condensate that was formed in the silica crucible, did not contain 

the hydrate, but some zro0•33F3•33 was always found with XRD. It is likely 

that the vapour pressure of this oxyfluoride at 800 •e is sufficiently 

high to contaminate the sublimation product. The Zr02 and Zr.,09F10 which 

are formed during heating of ZrF4 .~o are not volatile because they 

contain more oxygen. 

Method 

1. Sublimation of ZrF 4 

2. NH 4F.HF added to batch 

Effect 

purification from oxygen impurities before 

glass melting 

purification from oxygen impurities during 

melting 

3. Reactive ~tmosphere • eliminating OH" impurities by 

,Erocessing (RAP) with Cel4 replacement with e1· 

4. RAP with 1::2 

· oxidation of reduced zirconium fluoride 

species 

oxidation of reduced zirconium fluoride 

species 

Table 3.1. Refining methods for glass quality improvement. 

Fluorination with ammonium bifluoride is frequently used to convert Zr02 

to ZrF4 (§ 3.3.2). It is also plausible that it can convert any other 

zirconium oxyfluoride to ZrF4 • It should be noted however, that a 

removal of the oxygen to the ppm level is very difficult. In our samples 

· some oxide compound was always found by XRD although present in low 

quantities. Fluorination was carried out by heating a batch consisting 

of ZBLAN at a temperature of 200 •c for 1 hr and at 400 •c for 1 hr. 

However, according to a recent publication by de Braglia et al [56] this 

is not the optimum heat treatment schedule for oxide elimination (see 

§ 3.3.2). 

~ with ce14 and 02 were carried out when the temperature of the batch 

was about 800 •c for a period of 30 min. RAP with ee14 was accomplished 
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by bubbling the argon through CC14 liquid. It is assumed that 0 2 does not 

react strongly with a melt that does not contain reduced species (in 

contrast to H20). The oxygen content of the purge gas was about 30 %. 

Before treatment with oxygen the melt was transferred from the glassy 

carbon crucible into a Pt crucible, in which it was melted for 1 hour. 

The basic schedule was equal for all batches: 25 g. was held at 200 •c 

for 1 hour, heated to 400 •c and held again for 1 hour, even if no 

NH4F.HF was added. Then the batches were melted at 750 - 800 •c for 90 

minutes and allowed to cool in the glassy carbon crucible in room air. 

The melting atmosphere was dry argon, in some cases bubbled through CC14 

or mixed with oxygen. In several cases 30 wt% NH4F.HF was added. 

By applying combinations of the refining methods listed in table 3.1, 

it is possible to obtain sixteen different melting routes to form a 

glass. Table 3.2 summarizes these possible routes. Glasses 1 - 8 were 

all melted from the same batch containing partially hydrated zirconium 

fluoride. Hydrated zirconium fluoride was first sublimed and then used 

to prepare glasses 9-16. 

3.5.2. Results. 

The 16 glasses were examined by: 

o optical microscopy/visual inspection 

o XRD 

o Differential Scanning Calorimetry (DSC). Glass powders prepared from 

pieces of the glasses listed in table 3.2, of 0.07 mm average size, were 

scanned in a DSC apparatus (Perkin-Elmer DSC 7 with TAC 7/3 temperature 

controller). They were scanned under dry nitrogen flow at 10 K/min to 

determine values of the glass . transformation temperature T
9 

and the 

crystallisation onset temperature Tx. Both temperatures were taken as 

the point where the DSQ output deviates from he baseline. A typical DSC 

trace is shown in figure 3.7. The difference AT- Tx- T
9 

can be used as 

a crude measure of glass stability. 

The results are listed in table 3.3. 

From the different AT-values of pairs of glasses that differ from each 

other in only one refining.procedure, one learns that in nearly all 
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oxygen 

f 

1 2 3 4 NH4F.HF 

5 6 7 8 

fl 10 11 12 
I 

NH4F.HF 

18 14 15 16 

CCl4 CCl4 

Table 3.2. Different melting routes for preparation of sixteen glasses. 

Tg 
Tx-Tg 
oplloal -oar. 

XRD 

Zr709FIO(tracel Zr709F 10 

Table 3.3. Results from optical examination, XRD and DSC for the 16 

glasses listed in table 3.2. 
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cases the refining steps result in equal or larger AT, which means that 

these glasses have equal or larger stability. 

Sublimation: with the exception of pair (6,14) all glasses prepared from 

0.7 

0.6 

a. ..... 0.5 ~ .. 
;: 
"" 0.4 ... • :! 

0.3 

0.2 

0.1 

0.0 

l 
Tg 

250.0 275.0 300.0 325.0 

Te1111erature (•c;J 

350.0 375.0 

Figure 3.7. A typical DSC trace at 10 K/min with determination of some 

characteristic temperatures. 

sublimated ZrF4 possess higher or equal AT than the corresponding 

glasses made of unsublimated ZrF4 . The results of § 3.4 suggest that 

this better stability is caused by a much lower oxygen and water content 

of the batch due to sublimation. It is also obvious from table 3.3 that 

the production of large black phases is prevented by sublimation. 

Fluorination: with the exception of pair {3, 7) all glasses prepared with 

the use of NH4F.HF give higher or equal AT values. This must also stem 

from the lower oxygen contents in the glasses prepared with NH4F.HF. 

RAP with CC14 : In all c~ses the glasses prepared with CC14 possess better 

or equal stability than those prepared without CC14. Since CC14 serves 

to remove on· from the batch it is concluded that the hydroxyl content 

also influences the crystallisation tendency of the glass. 

RAP with 02: The use of 02 as a reactive atmosphere does not result in 

larger AT values for glasses prepared from sublimed ZrF4. For glasses 

prepared from unsublimated ZrF4 however, the 02 processing results in 
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better stability of the glasses. The presence of reduced species must 

have a deleterious effect on glass stability because the 02 serves to 

oxidize the reduced species. The results for glasses 6 and 8 suggest 

that the oxyfluoride Zr709F10 is converted to Zr02 in the presence of 

oxygen. 

The red and pink colouration of a number of glasses seems to be caused 

by the crystals present in these glasses~ When the crystallites are 

small compared to the wavelength of light, the scattering intensity will 

be wavelength dependent, causing colouration of the glasses. 

3.5.3. Discussion and conclusions. 

It is concluded that hydrated ZrF4 leads to formation of OH, 

oxyfluorides and oxides. The phases detected by high-temperature XRD 

were Zr709F10 , Zr02 and :BaZr03. The relatively large amounts of the latter 

two phases did not seem to dissolve even after long melting times. The 

first two phases were also found in glasses that had been cooled within 

a crucible after melting for 1 hour at 800 °C, but no fluoride crystals 

were detected by XRD in these samples. Apparently, there was no 

significant heterogeneous nucleation of the fluoride crystals on the 

oxide particles, during cooling within the ctrucible with a rate of about 

60 K/min. At lower cooling rates and .during reheating however, 

heteregeneous nucleation and subsequent cry~tal growth of the fluoride 

melt may become substantially. 

Zr02- crystals were also reported by some authors as the cause of excess 

scattering in fibres (see§ 3.3.1). Doping of batches with oxygen [68], 

shows that very small quantities of oxygen lead to higher critical 

cooling· rates for glass formation. This is most probably due to 

heterogeneous nucleation caused by undissolved zirconium-oxide 

particles, followed by crystallisation of the fluoride melt. It is not 

known how much of the very stable Zr02 can dissolve in a fluoride melt. 

Evidence for some dissolution was given in§ 3.3.1, but the dissolution 

is believed to be very limited. Furthermore, initially dissolved Zr02 

may recrystallise during cooling. 

The deleterious effect of OH on glass stability may be explained from: 
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o the formation of oxyfluorides and/or oxides that decrease stability, 

andjor 

o the change in the viscosity/temperature profile due to hydroxyl 

groups. 

The hydrated ZrF4 also leads to an oxygen deficient black phase and a 

less stable glass due to this reduction. 

02 and CC14 RAP may serve to produce a relatively clear glass from a 

batch containing hydrated ZrF4 , but the resulting glass - in which no 

crystals were detected by optical microscopy - was not as clear as the 

glass made from sublimed ZrF4. It is most likely that this glass 

contained Zr02 sub-micron scattering centres comparable to those 

reported in [46) causing homogeneous scattering throughout the sample. 

It is concluded that for a good glass quality, it is necessary to 

eliminate all sources of oxygen in the raw materials before melting as 

much as possible. 

3.6. Bubble formation in ZBLAN glass preforms. 

3.6.1. Experimental 

From examination of fluoride glass rods one finds that they contain 

bubbles, that are not found in the bulk of glasses made by cooling the 

melt within the crucible. Thus, the bubbles must stem from the.casting 

and cooling process. Just one bubble of 10 p in diameter per em length 

of preform would result in losses of about 8 dB/km in the drawn fibre 

[69). It is obvious that these bubbles cannot be tolerated. 

A fluoride glass rod was made using the melting scheme as described in 

§ 3.5.1 (glass # 11), followed by direct casting into a brass mould 

preheated to around T
9

. The casting took place in a glove box filled 

with argon. An analysis was made of the bubble content using mass 

spectroscopy after bre~king a bubble in vacuum. 

3.6.2. Results. 

The mass spectroscopic measurement showed that the gas content of the 

bubble was about 1000 times smaller than one would expect from the size 

of the bubble. The gas consisted mainly of argon, which was used during 
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glass melting and to fill the dry box. Fluorine and hydrogen fluoride 

were also found in relatively large quantity, but their peaks did not 

decrease with time. These gases are most probably the products of a 

surface reaction. Very small traces of co2 and an unidentified species 

of mass number 33 were also found. 

3.6.3. Conclusions. 

It is concluded that the bubbles are mainly due to the creation of 

vacuum within the rod. The argon might have been caused either by 

engulfing during glass pouring or outgassing of previously dissolved gas 

in the melt. The latter possibility is less probable since the 

solubility of argon increases with decreasing temperature in fluoride 

glass [70]. The vacuum bubbles are caused by shrinking of the fluoride 

glass melt after casting. The glass which is close to the brass mould 

will cool much faster then the glass in the centre of the mould, causing 

a larger decrease in volume and a highly viscous glass near the mould 

surface. The glass in the centre which still has a low viscosity will 

be pulled away in the direction of the mould surface and vacuum bubbles 

will result near the centre of the rod. Indeed, the bubbles are always 

concentrated near the axis of the rod. This suggests that pouring a melt 

of lower temperature causes less and/or smaller bubbles. This was indeed 

what was observed after lowering the temperature of the melt before 

pouring. Initially, the melts were always poured directly after melting 

at around 800 •c and this caused many and large bubbles. Pouring after 

cooling the melt to 650 •c for this glass gave much less and smaller 

bubbles. It is even possible to let the melt cool a little more in the 

crucible when it is in the glove box before casting. The melt may not 

become too viscous to pour it out, which limits the cooling in the 

·crucible. 

Another possibility is to eliminate bubbles afterwards by heating the 

glass at a temperature where viscous flow is possible to compensate 

stresses due to density differences. This treatment however, can cause 

nucleation and/or crystal growth. As will be seen from chapter 5, a 

temperature of around 300 •c is most suitable for this purpose. This 

temperature treatment should be performed directly after casting to have 

the lowest possible number of nuclei at the time of treatment. 
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3.7. Summary. 

It was found in this chapter that· commercially available ZrF4 may 

contain oxygen impurities, or may even be fully hydrated. It was found 

by XRD (high-temperature) that these impurities lead to the formation 

of Zr02, Zr.,09F10 and BaZr03 crystals when the batch is heated. The first 

two phases were also found in the glasses and cause excess scattering. 

Four refining methods were tested for quality improvement: sublimation 

of ZrF4, fluorination with NH4F.HF, RAP with CC14 and 02. RAP was found 

useful for the elimination of a black phase of reduced zirconium 

fluoride. Sublimation and fluorination were found useful for oxygen 

elimination, but a satisfactory removal of oxygen impurities needs 

careful processing. 

The bubbles found in preforms were mainly vacuum, as deduced from mass 

spectroscopic analysis. Some improvements for the elimination of bubbles 

have been suggested. 
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4. CRYS'lALLISA'liON OF A ZBLAN GLASS BY DSC MEASUREMENTS. 

4.1. Introduction. 

Because the glassy state is not an equilibrium, glasses tend to 

devitrify. Crystallisation can take place when a melt is cooled to form 

a glass and during subsequent reheating like in fibre drawing. The 

crystallisation behaviour of a glass is clearly important, since it 

determines fibre strength and optical losses. Especially in the case of 

fluoride glasses, which are very fluid near their liquidus, 

crystallisation tendency can become fairly high and determines largely 

whether the glasses are a suitable material for fibre fabrication. The 

study of the crystallisation of fluoride glasses is also of scientific 

importance, since all experimental tests of nucleation and growth 

theories reported in the literature were on oxide and organic systems. 

In this chapter the crystallisation of a ZBLAN glass is studied by 

nifferential ~canning &alorimetry (type: Perkin-Elmer DSC7 with TAC 7/3 

controller). This thermoanalytical technique allows observation of 

thermal events during heat treatment of a sample. It can thus be used 

to obtain information on crystallisation temperatures. However, it must 

be noted that DSC measurements have some limitations which will be 

discussed below. The next chapter will present optical measurements on 

nucleation rate and growth velocities using the "rough mapping" of the 

crystallisation behaviour obtained by DSC. 

In contrast with the preparation methods described in chapter 3, the 

samples used for the measurements were all taken from a glass using Zr02 

as a starting material. Appropriate amounts of Zr02 and the other 

fluorides were mixed and sufficient ammonium bifluoride was added to 

ensure fluorination, to prepare a glass of the composition as given in 

· § 1.3. The batch was treated at 400 •c for 1 hour, followed by melting 

at 850 •c for 1 hour. The batch was contained in a vitreous carbon 

crucible and melted under argon bubbled through CC14 liquid. The glass 

was annealed for about 40 minutes at 240 •c before cooling to room 

temperature in about 4 hours. 

4.2. Theory. 
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The volume fraction crystallised as a function of time, in terms of the 

nucleation rate I (l/sec.m3) and the growth rate u (mjsec) is given by 

[71]: 

t 

x= 1-exp[-gf I (u dr)m dt'] (4.1) 
t' 

here g is a factor which depends on the shape of the growing crystal, 

m is an integer or half integer-which depends on the mechanism of growth 

and the dimensionality of the crystal. The exponential form is 

introduced to correct for impingement of the growing crystals. 

For the case of isothermal crystallisation with the nucleation rate and 

growth rate independent of time, equation (4.1) can be integrated to 

yield: 

x- 1-exp[-g'Iumt"]) (4.2) 

where· n=m+l for IrO and g' is a new shape factor. This equation is 

similar to the Johnson-Mehl-Avrami (JMA) equation: 

x- 1-exp[-(Kt)n] (4.3) 

Here x - volume fraction crystallised 

K - effective overall reaction rate (s- 1) 

n - Avrami exponent; depends on the mechanism of growth 

Strictly, this equation holds for isothermal crystallisation only, but 

it was shown [72] that it can also be used under non-isothermal 

conditions,· if the nucleation frequency and crystal growth rate can be 

approximated by an Arrhenian temperature ·dependence. In this case, when 

both I and u can be assigned an Arrhenian temperature dependence, K can 

also be assigned an Arrhenian temperature dependence: 

(4.4) 

here Ko = frequency factor (s- 1) 

Ek = activation energy describing overall crystallisation (kJ/mol) 
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Comparison of equations (4.2) and (4.3) learns that K" represents 

nucleation (I) and growth (u) and is proportional to: 

K" "' Ium when IfO (n - m+l) (4.5) 

and 

K0 
"' Nu0 when 1=0 (n - m) (4.6) 

N represents the number of nuclei per unit volume present in the glass 

during the DSG peak. This condition (I - 0) is called site saturation. 

Isothermal crystallisation 

First, the evaluation of kinetic parameters from isothermal DSC data 

will be presented. 

Rearranging (4.3) gives: 

ln[·ln(l·x)] = nlnK+nlnt (4.7) 

A plot of ln[·ln(l-x)] against lnt gives n from the slope and K from the 

intercept. Values for Ek and Ko can then be obtained from: 

(4.8) 

by plotting lnK as a function of 1/T. 

Non·isotbermal ctystallisation 

In non-isothermal measurements, samples are usually heated at some 

constant heating rate a (K/min). Several mathematical treatments are 

reported for evaluation of kinetic data [7l]. In this work a method 

which can be considered as a modification of the Augis·Bennett method 

[73] will be used. It was shown in {73] that at the top of the 

crystallisation exotherm: 

(4.9) 

and with the use of equations (4.2) and (4.4) one obtains: 
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(4.10) 

where TP - temperature at the top of the DSC peak (K) 

For the derivation of this equation, (4.4) has been used. It must be 

noted that when I = 0, N in (4.6) can depend on the heating rate a when 

the number of nuclei present in the glass after casting and annealing 

is small. Thus, for a quenched glass which is reheated, the number of 

nuclei from which crystals grow depends on the heating rate a: 

(4.11) 

where N0 is a constant. It is assumed here that the nuclei are formed 

only in a definite temperature range, below the temperature range were 

crystal growth occurs: no further nucleation takes place during the 

growth which caused the DSC peak. With the use of (4.9) an alternative 

expression similar to (4.10) is found now: 

(4.12) 

where Cis a constant. In practice, both equation (4.10) and (4.12)·may 

yield a straight line for a specific glass, resulting in entirely 

different activation energies. Thus, the nucleation mechanism of the 

glass should be known a priori for this kind of analysis. It is stressed 

here that the case of site saturation, with N dependent on a has been 

omitted in the evaluations reported .in [71). 

Augis and Bennett have also given an equation for the determination of 

n in (4. 3): 

n = 2. 5 R T/ 
t.TFIIHM Ek 

(4.13) 

where 6TFWHM - the width of the crystallisation peak at half-maximum. 

An alternative expression for the evaluation of n was derived by Piloyan 

[74]: 

d Onlt.YI > = -nE~::/R 
d (1/T) 
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where ay is the deflection from the baseline in a DSC measurement. 

An alternative method for the evaluation of kinetic parameters was 

developed by Matusita and Sakka [75-78]. They do not use the Johnson

Mehl-Avrami equation (4.3) that is valid for isothermal crystallisation 

only (see the remark at the beginning of this paragraph). Instead, they 

have emphasized that the crystallisation mechanism such as bulk or 

surface crystallisation should be taken into account to obtain a 

meaningful activation energy. The assumptions in their treatment were: 

a) bulk nucleation: during growth no further nucleation takes place; 

so the nuclei were already present in the glass or they were 

nucleated during the DSC run previous to their growth. 

b) surface crystallisation: after nucleation on the surface a uniform 

layer of crystals is formed that grows into the bulk. 

For both cases the growth rate u is assigned an Arrhenian temperature 

dependence: 

u- Uoexp(-E/RT) (4.15) 

Now E is the activation energy for crystal growth. 

The particle radius (case a) or the layer thickness (case b) is given 

by 

r - Ju(T)dt (4.16) 

where T0 represents the temperature at the start of the heat treatment. 

For bulk crystallisation, Matusita and Sakka have used an expression 

from which the JMA equation can be derived by integration over t, but 

which also holds for the non-isothermal case since u in (4.16) may be 

time-dependent. The volume fraction crystallised x is: 

x- l-exp(-4~Nx3/3) BULK CRYSTALLISATION (4.17) 

where N represents the number of nuclei per unit volume (assumed 

constant at the DSC peak: see (4.6)) and r is given by (4.16). It was 

assumed that the crystals are spherical. 

For surface crystallisation, the following expression was given: 
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x - 1- (l-r/Ro)3 SURFACE CRYSTALLISATION (4.18) 

where Ro is the radius of the glass particle, assumed to be a sphere 

(see figure 4.1). 

RO 

[[I] cryatalliaad 

Figure 4.1. Schematic representation of surface crystallisation. 

It is stressed here that this equation cannot describe the shape of the, 

curve as measured in a DSC for an isothermal run: (4.18) with (4.16) 

substituted for r gives a dxjdt that has a maximum at t-o and decreases 

continuously. During a non-isothermal measurement u(T) in (4.16) will 

increase and the function dx/dt, which is represented by the DSC output, 

may have another maximum for t>O. 

From equations (4.15)-(4.17) Matusita and Sakka have derived that: 

ln[-ln(l-x)] - ·nlna-1.052mE/RT+constant (4.19) 

and 

dx/dt - A(l-x)kct<n·1>exp( -1. 052mE/RT) (4.20) 

with A a constant that depends on Uo and Ro for surface crystallisation. 

These expressions hold for surface and bulk crystallisation with values 

of n, m and k depending on the crystallisation mechanism (see table 

4.1). 

44 



Bulk nucleation with 
varying number of nuclei* 

3-dimensional growth 
2-dimensional growth 
1-dimensional growth 

Bulk nucleation with 
constant number of nuclei** 

3-dimensional growth 
2-dimensional growth 
1-dimensional growth 

Surface nucleation 

Growth controlled by 

interface reaction 

n 

4 
3 
2 

3 
2 
1 

1 

m 

3 
2 
1 

3 
2 
1 

1 

k 

1 
1 
1 

1 
1 
1 

2/3 

Growth controlled 

by diffusion 

n 

2.5 
2 
1.5 

1.5 
1 
0.5 

0.5 

m 

1.5 
1 
0.5 

1.5 
1 
0.5 

0.5 

* ** The number of nuclei is inversely proportional to the heating rate. 
The number of nuclei does not change with the heating rate. 

Table 4.1. Values of n, m and k for various crystallisation mechanisms 

[77]. 

For the derivation of equation (4.19) in the case of surface 

crystallisation the approximation: 

1- (1-x) 1'
3 = -l/3ln(l-x) (4.21) 

was used to evaluate (4.18). This mathematical approach introduces an 

exponential form in the expression for x in the case of surface 

crystallisation, which is similar to the JMA equation (4.3) with n=l. 

Thus, when equation (4.19) is used instead of (4.18), the dx/dt for 

isothermal crystallisation will have a maximum for t>O. It is emphasized 
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that this is not due to physical modelling, but the result of a 

mathematical approximation. 

Differentiating (4.20) one obtains at the top of the DSC curve: 

(4.22) 

where xp represents the volume fraction of crystals at TP. Matusita and 

Sakka have argued that the term (1-~)k-1 can be regarded as,constant in 

the case of surface crystallisation (for bulk crystallisation this term 

equals 1), compared with the change of the exponential term, and 

equation (4.22) is rewritten generally as: 

(4.23) 

An expression for ~ for the case of surface crystallisation is derived 

here by substitution of (4.15), (4.16) and (4.18) for x- xp (T = TP) in 

(4.22): 

(4.24) 

The values for TP in non-isothermal DSC experiments are usually within 

a relatively small temperature range, and it is confirmed that ~ shows 

little variation with the heating rate, according to this mathematical 

approach. This is similar to the results for bulk crystallisation, where 

it is known (also from experiments) that ~ is almost constant 

irrespective of a [71]. 

These results show that it is possible to obtain a value for (m/n)E from 

a so called "modified Ozawa plot" of ln a against 1/Tp (see equation 

(4.19)) since~ is constant. From (4.19), it also follows that one can 

calculate n from a plot of ln[-ln(l-x)] vs lna at constant temperature. 

A plot of ln[-ln(l-x)],vs 1/T at constant heating rate should yield mE 

from the slope. 

The justification for the assignment of an Arrhenian temperature 

dependence to the growth rate u stems from its dependence on the 

viscosity (see chapter 5). Over a limited range of temperatures the 

viscosity-temperature dependence may be taken as Arrhenian: 
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'1 (4.25) 

The assumption that the activation energy E for crystal growth can be 

likened to the activation energy E
8 

for viscous flow may hold for 

systems which crystallise without a change in composition. As we will 

see in chapter 5 however, other factors may also dominate growth rate 

even at large under~oolings. For systems that crystallise with a change 

in composition, the temperature dependence of the crystal growth rate 

in the range of large undercoolings may be dominated by that of the 

interdiffusion coefficient (see also chapter 5). However, for some 

complex silicate liquids, the interdiffusion coefficient was found to 

vary nearly inversely as the viscosity [79]. 

4.3. Crystallisation on melt cooling. 

4.3.1. Isothermal measurements. 

In the preceding paragraph, theoretical evaluations of DSC runs during 

reheating were presented. The crystallisation behaviour of the fluoride 

glass has also been studied during cooling from the melt. Equation (4.1) 

also describes the crystallisation in this case. The difference between 

the two methods concerns the thermal history, which strongly affects the 

number of nuclei present in the undercooled liquid {see chapter 5), from 

which crystallisation takes place. 

a)Experimental. 

Before each measurement, runs with empty pans and the same time

temperature history as the sample were recorded and used as a baseline 

for the sample measurement. Samples of glass w~ighing 5 - 10 mg were 

sealed in a dry box (containing± 30 ppm H20) in g?ld pans. The samples 

were remelted for 15 minutes at 650 •c and subsequently cooled to an 

isothermal hold temperature (T
180

) with 100 K/min. The onset times t
0 

of 

the exothermic crystalllisation peaks were determined for isothermal 

temperatures between 330 •c and 400 •c. 

b) Results 
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The measurement at 400 oc showed two subsequent peaks which can be due 

to: 

o crystallisation followed by phase transformation 

o crystallisation of two distinct phases (see§ 5.1). 

o surface crystallisation followed by growth of the crystal layer into 

the bulk (see chapter 5). 

o homogeneous and heterogeneous nucleation (this possibility is 

discussed in [80]). 

420 

400 ·-- - - / 

6 .... 
380 • 

• .. 
i! 360 ; 
a. 
E 340 ! 

320 

300 
1.50 2.00 2.50 3.00 3.50 

log t {sec) 

Figure 4.2. TTT-curves for isothermal crystallisation of ZBLAN glasses 

by cooling from the melt (curve b from [81}). 

Figure 4.2 shows the variation of onset time with temperature. At 400 

•c the onset times of both peaks are included. Also shown in this 

diagram the results from Busse et al [81] for a glass of the same 

composition. The so-called TTT curves (Time Temperature 

Transformation) are of similar shape but shifted with respect to time 

scale, indicating that the glass of this study is less stable. The 

"nose" of the two curves is at the same temperature of around 365 •c and 

indicates the temperature where crystallisation rate was highest. It is 

possible to calculate an upper limit for the critical cooling rate Rcr 
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(which is necessary to avoid crystallisation) from the "nose" of the TTT 

-curve: 

(4.26) 

where: Tm- melting temperature 

Tn =temperature at the "nose" of the TTT - curve (see fig. 4.2) 

tn = onset time at the "nose" of the TTT - curve 

Calculation of the critical cooling rate for the results obtained by 

Busse et al gives 8 K/min, whereas for the glass of this study 48 K/min 

was obtained. The differences between Rcr for these two glasses of the 

same nominal composition may result from a possible difference in oxygen 

content. It was reported by Mitachi and Tick [68] that in the range of 

thousands of ppm oxygen, Rcr increases linearly with increased oxygen 

content. A higher oxygen content can yield a higher crystallisation rate 

in two ways: 

o the crystal growth rate at a certain temperature might increase with 

higher oxygen content. 

o the results and the literature presented in chapter 3 suggest that 

Zr02 and/or Zr709F10 crystals of sub-micron size will be present in the 

glass due to oxygen contamination. These crystallites may act as sites 

for heterogeneous nucleation and thus enhance crystallisation of the 

fluoride glass. 

The higher oxygen content for the glass of this study can result from 

incomplete fluorination of Zr02 with ammonium bifluoride. This will give 

a higher oxygen content in the bulk of the glass. Another possible cause 

for a higher oxygen content is gaseous HzO present in the sealed gold 

pans, which contaminates the melt to give a higher bulk content of 

oxygen, or reacts with the surface to give enhanced surface 

crystallisation (see chapter 5). This hypothesis is supported by the 

results of the following experiment: 

when a sample of glass in a sealed pan was pre-treated at 700 •c for 15 

min and subsequently quenched to room temperature, before remelting and 

subsequent cooling in the DSC, a cooling rate of 100 K/min did not 

suffice to prevent crystallisation. Reaction of the glass with residual 

H20 in the pans during reheating may have caused extra oxygen 
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contamination of the melt. This reaction might have been much more 

pronounced in the sample treated at 700 •c. 

4.3.2. Non-isothermal measurements. 

It is also possible to perform continuous cooling measurements with a 

DSC. After melting for 15 minutes at 650 •c, the samples were cooled at 

a constant rate. An exothermic peak of crystallisation was observed at 

lower cooling rates, the position of the peak temperature depended on 

the cooling rate. It was found that at cooling rates of 100, 50 and 40 

K/min no crystallisation could be detected, whereas cooling at 30 and 

10 K/min gave crystallisation of the samples. These results agree with 

the upper limit of 48 K/min estimated in the preceding paragraph; in 

fact the critical cooling rate is between 30 and 40 .K/min. This rate 

is somewhat lower than the one obtained when a melt is cooled within a 

crucible which gives an average rate of around 60 K/min (in the critical 

temperature range and for the amount of glass used in our experiment). 

Examination of one of the samples after crystallisation showed the 

presence of La:F3 and J!.-BaZrF6 (d) crystals, which were also reported in 

glass fibres made of similar glasses [82]~ 

4.4. Crystallisation on reheating. 

4.4.1. Isothermal measurements. 

a) Experimental. 

Pieces of the glass described in § 4.1 were crushed and sieved. 

Particles of diameter between 0.16-0.25. mm were used for this 

measurement. Larger particles gave very broad and shallow peaks which 

were unsuitable for evaluation. Furthermore, the volume/surface ratio 

of these particles is .about the same as of a. fibre. 10-20 mg Samples 

were heated in open aluminum pans at 200 K/min to. an isothermal hold 

temperature between 320 and 350 •c in a psc cell flushed with dry 

nitrogen .. At lower temperatures, the crystallisation rate was too low 

to measure; at higher temperatures around 360 •c crystallisation rate 

was too fast to measure. After reaching the hold temperature some time 

is needed for the cell to reach equilibrium conditions and the 
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Figure 4. 3 . Determination of t 0 and tp from isothermal DSC runs upon 

reheating glass particles. 
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Figure 4.4. Isothermal crystallisation (TTT-curve) upon reheating of a 

ZBLAN glass. The curve represents the onset time of 

crystallisation. 
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corresponding heat flow fluctuation will mask any event in the glass 

samples. These measurements were repeated for three other temperatures 

in the same range, but with only 100 K/min heating rate to the 

isothermal hold temperature. 

Before each measurement, a run with empty pans was made under the same 

conditions and used as a baseline for the measurement. 

b) Results. 

The onset times t
0 

and peak times tp were evaluated as shown in figure 

4.3. 

The results for t 0 are presented in figure 4.4 in which the results for 

isothermal crystallisation upon cooling from the melt are also given. 

The effect of annealing on isothermal crystallisation is pronounced: the 

onset. times for crystallisation have become substantially lower due to 

an increased number of nuclei. At the fibre drawing temperature of 320 

oc crystallisation occurs after 26 min; at 330 °C this time is only 6 

min. 

Figures 4.5 and 4.6 give the curves for determination of Et, nand Ko as 

described in§ 4.2, for the samples heated at 200 K/min. The results are 

listed in table 4.2 for 200 K/min heating rate: 

T ("C) 

330 

340 

350 

n 

3.11 
2.5 r 
2.3 

118 2.61 107 

Table 4.2. Results from isot.qermal DSC measurements with 200 K/min 

heating to hold temperature. 

The results for the isothermal measurements with 100 K/min heating are 

given in table 4.3. 

52 



0 

'!.:: 
li( 

-1 I 

i 
I -2 :r 

-3 

-4 

-5 
4.50 5.00 5.50 6.00 6.50 7.00 

lnlt1 (a) 
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T ("C) n Ek (kJ/mol) Ko (s-1
) 

335 
3 2 ~ 345 2.4 147 1.04 104 

355 1.7 

Table 4.3. Results from isothermal DSC measurements with 100 K/min 

heating to hold temperature. 

4.4.2. Non-isothermal measurements. 

a) Experimental. 

For non-isothermal DSC measurements samples of ZBLAN glass were scanned 

with a J:onstant heating rate a from 200 •c to around the melting 

temperature. 

The influence of two parameters on crystallisation were studied: 

o particle size. Different particle sizes were obtained by sieving 

crushed glass. The particle dimensions are summarized in table 4.4. 

The heating rate was 10 K/min. 

o heating rate. Different heating rates were employed to scan particles 

of average size 0.21 mm. 

The specimens were placed in open aluminum pans and the DSC cell was 

flushed with dry nitrogen. 

sieve fraction (mm) 

< 0.04 
0.04 - 0.10 
0.10 - 0.16 
0.16 - 0.25 
0.25 - 0.40 
0.40 0.63 
0.63 - 1.00 

average diameter (mm) 

"' 0.03 
0.07 
0.13 
0.21 
0.33 
0.51 
0.82 

Table 4.4. Particle sizes used for the DSC measurements. 
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b) Results. 

Figure 3. 7 shows a typical DSC trace for a - 10 K/min for small 

particles. It is shown ·how transformation temperature T
9

, 

crystallisation onset temperature Tx, extrapolated onset temperature Tx, 

and the peak temperature TP are determined. The characteristic 

temperatures for the peak corresponding to the first transformation were 

used. The results of these characteristic temperatures for a scan rate 

of 10 K/min for different particle sizes are shown in figure 4.7. The 

effect of the heating rate is presented in figure 4.8, where the 

characteristic temperatures are plotted against heating rate a for a 

powder of 0.21 mm average particle diameter. 

It is obvious that heating rate and particle size strongly influence the 

position of the crystallisation peak. The effect on the transformation 

temperature T
9 

is very small. The onset and peak temperatures for 

crystallisation decrease sharply when particle size decreases below 0.2 

mm. This dependence of Tx and TP on the particle size can be explained 

if one assumes that devitrification takes place from the surface. This 

is an illustration of an important feature of this ZBLAN glass with 

respect to fibre drawing: at a heating rate of 10 K/min, a well-annealed 

glass is devi trified for a significant part from the surface. Also 

included in figure 4.7 is the surface/volume ratio 1/d as a function of 

particle size. This curve. increases sharply below a particle size of 0. 2 

mm. The decrease in Tx and TP variation found above this particle size 

may follow from the 1/d vs d curve. It is not possible at this stage to 

decide whether all crystallisation proceeds from the surface inwards, 

or if combined bulk and surface crystallisation take place 

simultaneously. 

The values of the kinetic parameters Ek and K0 were obtained from linear 

least squares fits from plots of ln(Tp2/a) vs. 1/Tp, as shown in figure 

4.9 for two particle sizes. 

With the use of equatiQn (4.10), Ek and Ko were calculated as 193 kJjmol 

and 5. 8 10.13 s·1 respectively for both particle sizes. The calculation 

of the Avrami exponent n from the Augis-Bennett equation (4.13) gave 

values between 7. 7 and 2. 5 for a varying between 1. 2 and 5 Kjmin. 

Theoretically this value cannot exceed 4. The so-called Piloyan equation 

(4.14), which is also commonly used for the determination of n was not 

suitable here either. A plot of lniAYI vs 1/Tp at a scan rate of 5 
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Figure 4.9. Determination of activation energy and frequency factor from 

non-isothermal DSC runs at different heating rates. 
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Figure 4.10. Piloyan plot at 5 K/min scan rate. 
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K/min is shown in figure 4.10 and shows considerable curvature. From 

the slope of the tangent, values for n ranging from 7.8 to 3.1 near TP 

were found. 

The results of the alternative method for obtaining kinetic data, as 

suggested by Matusita and Sakka, will be presented now. Figure 4.11 

shows the "modified Ozawa-plot" of ln a vs 1/Tp for two different 

particle sizes of 0.21 and 0.82 mm (average). The slope of these, lines 

are equal and give a value for mE/n of 196 kJjmol (see equation (4.19)). 

The results for the evaluation of kinetic parameters from non-isothermal 

measurements hold for the temperature range 335 - 400 •c. 

4.5. Discussion and conclusions. 

The activation energies as obtained from isothermal DSC runs, with 

preheating at 100 and 200 K/min, are in reasonable agreement with each 

other. There might exist a tendency for the energies to become higher 

when the heating rate is lowered. The glass that has been used for the 

measurements was well annealed, so the difference in heating rate cannot 

cause a significant difference in bulk nuclei present at the isothermal 

hold temperature. The condition (4.4) of site saturation is thought to 

apply for the bulk crystallisation, and as a consequence a difference 

in Ek is not expected for this case. Only the size of .the crystals at 

the time the isothermal hold temperature is reached, is expected to 

vary. This may have some influence on the calculated values for Ek and 

K0, but estimations have pointed out that the correction is smaller than 

the one found here. The differences are thought to arise from the 

inaccuracy of the measurement. 

The decrease in the val~es for n, obtained from isothermal measurements, 

from n=3 for T=330 •c to n=2 for T=350 •c for both cases, suggests that 

surface crystallisation (n-1) may become more important at higher 

temperatures. 

The results for n obtained from the Piloyan plot (figure 4.10) and the 

Augis-Bennett equation (4.13) do not give values that can be interpreted 

physically. The only trend that can be observed from the Piloyan plot 
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is that n tends to decrease at higher temperatures. This is consistent 

with the decrease in n from (4.13) with increased heating rate (and 

thus with increased Tx), possibly indicating that surface 

crystallisation becomes more important at higher temperatures. 

The results presented in figure 4.7, where Tx was found to vary with 

particle size, show that surface crystallisation is significant despite 

the fact that, due to annealing around T
9

, one expects a considerable 

amount of bulk nuclei (for the theoretical case where the number of 

nuclei is very high, Tx will not depend on particle size). Furthermore, 

the fact that Tx shows little variation for larger particles does not 

prove that bulk and surface nucleation are both important, When a sample 

crystallises only, from the surface, the fraction crystallised at a 

certain time depends on the volume/surface ratio. The relative variation 

of this ratio decreases as particle size is increased and Tx may show 

little variation. From these considerations it can be concluded that 

surface crystallisation is dominant for small particles, but also that 

one must keep in mind that it can play a significant role in the 

crystallisation of larger particles. 

The activation energies obtained from non-isothermal and isothermal 

measurements do not agree with each other. However, the values of K(T) 

obtained from the different sets (Ek and K0 ) in the temperature range 

where all sets are valid, differ by less then 35%. 

Comparison of the activation energy Elc (193 k.l/mol) obtained from 

equation (4.10) and m/nE (196 kJ/mol) from (4.19) suggest that Ek-E and 

m/n-1. This means that the overall activation energy depends largely on 

the activation energy for crystal growth E, and the crystals are growing 

from a constant number of nuclei (i.e. the condition of site 

saturation). A value of m/n-1 is consistent with 3-dimensional growth 

from a constant number of nuclei, but also with surface crystallisation. 

In other words, the major part of the nucleation has occured before the, 

DSC run, during annea~ing of the sample. Another possibility is that 

the nucleation proceeds very quickly towards saturation and as such does 

not depend on the history of the sample. This possibility is more likely 

to hold for the surface crystallisation mechanism. In this context it 

must be emphasized that Matusita and Sakka, in their theory on surface 

crystallisation, have not taken into account the kinetics of the surface 

nucleation process, which can be considered as heterogeneous nucleation. 
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They have assumed implicitly that this surface nucleation and subsequent 

growth over the surface, has occured before the DSC measurement. This 

assumption holds at least when the surface nucleation rate is very high. 

The observations by electromicroscopy as reported by Doremus and Bansal 

[83], on surface crystallisation of a ZBLA glass lend some support to 

the above assumption. 

The relatively low values obtained for Ek and E for this ZBLAN glass 

suggest that the. crystallisation tendency is low compared to o.ther 

fluorozirconate glasses [84-86]. This agrees well with the observed 

stability of this glass with respect to e.g. ZB, ZBL, ZBLA and ZBN 

glasses. 

The activation energy E
8 

for viscous flow is obtained from a plot of lnq 

vs 1/T, which is presented in figure 4. 12. The data for this figure 

were obtained from a so-called Cohen-Crest fit to measured data (above 

and under the crystallisation range), as described by Moynihan et al 

[87]. They have used experimental data on the viscosities of ZBLA and 

ZBLAN glass (composition of the latter: 56 mol% ZrF4 , 14 BaF2 , 6 LaF3 , 

4 AlF3 and 20 NaF), and found that the viscosity-temperature curves were 

very much alike when plotted against T/T
9

• The viscosity of the ZBLAN 

glass of this study (§ 1. 3) could then be calculated from the value for 

T
9

, and the Cohen-Crest fit reported in [87]. The viscosity-temperature 

profile is highly non-Arrhenius in the temperature range of interest. 

The variation in E8 over the small temperature range 330-350 •c is from 

600 to 450 kJfmol; at 400 •c this energy is only 150 kJfmol. When u 

and/or K would depend largely on the viscosity, their temperature 

dependences would be highly non-Arrhenius and the equations that were 

derived with this assumption, will not be valid. The fact that the 

"modified Augis-Bennett plot" {4.10) and the "modified Ozawa plot" 

(4.19) yield straight lines, does not imply that u and/or K are 

Arrhenius. This may also explain the impossibility to obtain a value for 

n from equation (4.13) or (4.14): the calculation of n depends on the 

value of Ek. It is concluded that a physical interpretation of the 

calculated activation energies is not possible. 

As we will see in chapter 5, several crystalline phases occur during 

heating of this ZBLAN glass, although A-BaZrF6 is the first and main 

phase to develop. This also obscures a physical interpretation of the 

calculated activation energies. 
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For a better understanding of the crystallisation kinetics of the 

fluorozirconate glass of this study, a more detailed analysis of the 

crystallisation process is needed. In the next chapter therefore, the 

nucleation and growth rates will be measured on heat-treated glass 

samples, at different temperatures. The results will be compared with 

the theoretical equations that describe nucleation and growth. The 

results from the measurements of nucleation- and growth rate will be 

compared with the DSC measurements in chapter 6, by applying a computer 

simulation program. 

4.6. Summary. 

Some methods for the evaluation of kinetic data from DSC measurements 

were reviewed briefly with addition of some critical remarks. 

Next, isothermal and non-isothermal DSC runs have been performed to 

obtain kinetic data of the crystallisation process of the ZBLAN glass 

of this study. 

It was found that the size of the glass particles, which were used for 

the DSC measurements, had a considerable influence on the 

crystallisation behaviour. It was concluded that surface crystallisation 

plays an important role. The activation energies obtained from iso

(Ek=l32 kJjmol) and non-isothermal (EK=l95 kJ/mol) measurements did not 

agree, although both were relatively low, indicating that the glasses 

are fairly stable against devitrification. These energies could not be 

related to the activation energy for viscous flow~ since the viscosity

temperature dependence was found to be highly non-Arrhenius. 

It was also difficult to obtain insight into the exact mechanism of 

growth. The results have indicated that the crystals grow from. a 

constant number of nuclei present in the bulk, or that crystallisation 

proceeds from the surface inwards. A combination of these mechanisms is 

also possible. 

It is concluded that measurements of nucleation and growth rates are 

necessary for a better understanding. 
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5.CRYSTALLISATION STUDIES OF ZBLAN GLASS BY OPTICAL MICROSCOPY. 

5.1. Introduction. 

The crystallisation behaviour of the fluoride glass has been studied by 

DSC in the preceding chapter during heating and cooling. It was found 

there that surface crystallisation is important. It was not possible to 

obtain a detailed description of the nucleation and growth behaviour. 

The description which used the Avrami law for the transformation and an 

Arrhenius temperature dependence for the growth rate did not result in 

a meaningful activation energy, nor a clear picture of the 

crystallisation mechanism. In 

this chapter the crystallisation 

will be studied in further detail 

using optical microscopy. The 

first part of this chapter 

concerns the nucleation rate and 

the second part is concentrated 

on crystal growth. 

Two earlier studies on the 

crystallisation behaviour of 

ZBLAN glasses will be summarized 

briefly here. In a series of 

papers by Parker et al [88-90], 

the crystallisation of ZBN and 

ZBLAN glasses was studied by DTA, 

XRD and electron probe 

microanalysis. Figure 5.1 shows a 
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Figure 5.1. DTA for a ZBLAN glass together with the phases observed on 

x-ray traces for samples heat treated at the appropriate 

temperature for short times. The intensity of the strongest 

peak is used as a guide for the amount of the corresponding 

phase (from {89]). 

DTA curve at 10 K/min heating of powdered glass under a dynamic 

atmosphere of dry nitrogen. The results of XRD on samples heat treated 
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at the appropriate temperature for short times is also shown. The first 

phase to crystallise was a disordered form of R.-BaF2.ZrF4(d) 

(d-disordered). A smaller amount of NaF.ZrF4 occurs in the same 

temperature range, corresponding to the first peak in the DTA. After 

this first peak, some uncrystallised material remains. The second 

exothermic peak above T
9 

on the DTA curve in figure ~.1 is attributed to 

the growth of 7NaF. 6ZrF4, which is probably produced by the 

decomposition of NaF.ZrF4 as well as the precipitation of NaF still left 

in the remaining glassy matrix and the breakdown of B-BaF2 .ZrF4(d). In 

the same temperature region .S-BaF2 .2ZrF4 , a metastable phase which 

gradually reverts to the alpha modification, starts to appear in 

addition to 7NaF.6ZrF4 . Above 400 •c 7NaF.6ZrF4 is no longer observed 

and the amount of J!.-BaF2.ZrF4 decreases rapidly. It is believed that 

these phases react with BaF2 .2ZrF4 to form a new phase identified by XRD 

as NaF. BaF2 • 2ZrF4 • This reaction corresponds to the third exothermic peak 

in the DTA curve. Parker et al have suggested that the double nosed TTT 
curve observed for this ZBLAN composition (figure 4.2), can be explained 

by the growth of NaF.BaF2.2ZrF4 at higher temperatures and I!.-BaF2 .ZrF4, 

B-BaF2.2ZrF4 and 7NaF.6ZrF4 at lower temperatures. 

laF3 .2ZrF4 and a complex Al rich phase were also formed at highe~ 

temperatures. The liquidus temperature was reported at 488 •c. 

Drehman [91] has studied the nucleation behaviour of a fluorozirconate 

glass of composition 56 mol% ZrF4 , 14 BaF2 , 6 LaF3 , 4 AlF3 and 20 .NaF 

with a scanning electron microscope. Using the backscattered electron 

image he found two types of crystals of different morphology: one Zr 

and/or Ba rich phase (feathery morphology) and one Na rich phase (bow 

ties). Although the composition of this glass differs slightly from the 

glass studied by Parker et al, these phases may correspond to B

BaF2.ZrF4(d) and NaF.ZrF4 reported in that study. The nucleation rates 

of the bow ties and i;eathers were measured. The. results for the Zr 

and/or Ba rich phase will be compared with the measurements of this 

study. A detailed analysis of the measured values with classical 

nucleation theory was not given. 

5.2. Theory 
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When a liquid is cooled below its freezing point, crystallisation occurs 

by the growth of crystals at a finite rate from a finite number of 

nuclei. Both nucleation and growth rate are complex functions of 

temperature, that depend on the composition of the crystal and the 

liquid. 

5.2.1. Systems that crystallise without a change in composition. 

a) Nucleation 

The homogeneous nucleation rate in condensed systems is given by [92): 

(S.l) 

Here: I -nucleation rate 

1'\. = number of molecules or "formula units" of the nucleating 

phase per unit volume of the parent phase 

v = frequency of vibration 

AG0 = activation energy for transport across nucleus/matrix 

interface 

w* - thermodynamic barrier for nucleation 

k =Boltzmann's constant 

T - temperature 

It is assumed that the molecular re-arrangement for nucleation can be 

described by an effective diffusion coefficient D, 

(5.2) 

where A is the jump distance of the order of atomic dimensions. D is 

often related to the viscosity '1 by means of the Stokes-Einstein 

equation: 

D - kT/(3'11'qA) (5.3) 

For spherical nuclei: 

65 



Here Vm- the molar volume of the crystallising phase 

o - the surface tension of the crystal-liquid interface 

~G the free energy difference between liquid and crystal: 

thermodynamic driving force for crystallisation 

Combination of equations (5.1) - {5.4) yields: 

I - U exp [ -.=.16:!!.!1t:u.o:...lv.!.tlt!rii""""2 __ _,1.__-...-J 
'I 3 k (T ~Gz) 

(5.4) 

(5.5) 

A plot of ln(I'I/T) vs l/(~G2T) should yield a straight line, with o and 

the pre-exponential factor A given by the slope and the intercept 

respectively. A number of experimental studies on nucleation behaviour 

of some oxide glasses indicate that the temperature dependence of the 

nucleation rate is satisfactorily described by (5.5) [92,93]. However, 

Weinberg and Zanotto have shown [93] that the use of (5.2) and (5.3) to 

evaluate (5.1), which is the original form of the classical nucleation 

theory, uses additional assumptions. They have demonstrated that ~G0 may 

be found experimentally by determining the temperature dependence of the 

nucleation transient time. They have also shown that, for a comparison 

between theoretically predicted and experimentally determined 

temperature variation of I, it is not necessary to know the precise 

thermodynamic data. The results of their analysis of available data on 

a number of oxide systems, show a marked divergence between the 

theoretical and experimental temperature dependence of I. This 

divergence occurs when the temperature decreases below the temperature 

where the nucleation rate is maximum. The authors conclude that the 

temperature dependence of the classical homogeneous nucleation rate is 

still a matter of controversy, although plots of ln(I,/T) vs l/(aG2T) 

generally give good agreement with experiment. 

The pre-exponential factor A which determines the magnitude of 

nucleation rate was also determined experimentally and found to be many 

orders larger than the theoretical value of 1032-1033 Pa/(m3K) [92]. 
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For hetero~eneous nucleation, where the nucleus develops on a foreign 

solid (substrate), equation (5.4) holds an extra term f(6) which lowers 

the thermodynamic barrier to nucleation w* [94]: 

(5.6) 

Here 6 is the contact angle between the crystal cluster and the solid 

surface (wetting angle) and 

f(B) - 2-3cos0+4cos36 
4 

f(D)$1 for 0$8$11' 

(5.7) 

For heterogeneous nucleation, A in ( 5. 5) depends on the area of the 

nucleating substrate per unit volume of the melt. 

Surface crystallisation can be treated in a similar manner as bulk 

heterogeneous nucleation, only in the former case ,the heterogeneitie,s 

are found on the surface of the glass [94], which is in contact with a 

container or exposed to the atmosphere. In the latter case it has been 

suggested that the nucleation is associated with condensed second phase 

material, rather than with the existence of the surface per se [95]. 

The thermodynamic driving force AG should be known for an evaluation of 

equation (5.5). For a single-component system l!G will depend on the 

undercooling Tm-T• the heat of fusion AHf and the difference in specific 

heats Acp between the crystalline and liquid phases at constant pressure 

at temperature T. Two expressions were derived as an approximation to 

calculate AG, depending on the value of Acp (assumed 0 or an unknown 

constant). In this work, the expression for Acp - 0 will be used: 

where Tm is the melting point. 

b)Growth. 
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The rate of crystal growth depends on the roughness of the crystal

liquid interface. Jackson [96] has shown that interface roughness can 

be characterized by the entropy of fusion of the particular crystal. For 

materials characterized by a low entropy of fusion (8Sf<2R), even the 

most closely packed interface should be rough on an atomic scale. As a 

result, the anisotropy in growth rate should be small and the observed 

crystal-liquid interfaces will be non-faceted. For materials 

characterized by large entropies of fusion (AS1>4-6R), the most closely 

packed interface planes should be smooth on an atomic scale whereas the 

less closely packed interfaces should be rough. A large anisotropy in 

growth rate is expected then and the observed crystals will be faceted. 

On the basis of the above criterium for interface roughness, three 

standard models are commonly used to describe crystal growth. The model 

which will be used here holds for ASf>2R (for our glass as1-2.6R) and 

describes growth as taking place exclusively at dislocation ledges due 

to screw dislocations. The growth rate is given by [97]: 

u = fAvexp(-AGafkT)[l-exp(AG/RT)) (5.9) 

where f is the fraction of preferred growth sites at the dislocation 

ledges on the interface, given aproximately by: 

(5.10) 

AG
8 

is the activation energy for crystal growth (see also figure 5.2), 

A is a molecular diameter, 

AT is the undercooling Tm-T. 

(For a derivation of this equation, see § 5.2.2, where a more general 

equation is derived). 

For a glass which c~stallises without a change in composition, 

expression (5.8) may be used to calculate AG values. 

The activation energy for crystal growth AG
8 

can be evaluated in a 

similar manner as the activation energy for nucleation, by relating it 

to the diffusion coefficient, which can be related to the viscosity by 

means of the Stokes-Einstein equation. 
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5.2.2. Systems chat crystallise with a change in composition. 

a) Nucleation. 

The literature on crystallisation where the precipitating phase has a 

different composition from the parent glass is very scarce. The 

thermodynamic driving force for crystallisation 6G, is given by the free 

energy difference between the liquid and the crystal of different 

composition. The quantities 6G, ~G0 and u in equations (5.1) and (5.4) 

that describe nucleation will vary with composition. If it is assumed 

that the nucleus has the same composition as the equilibrium 

precipitating phase, calculation with (5. 5) would be possible if 

sufficient experimental data were available. An approximate expression 

for 6G was suggested [98], assuming ideal mixing in a simple binary 

system: 

(5 .11) 

where Tl is the liquidus temperature,, thus assuming the effect of 

changes in composition on 6G through changes in Tl. Changes in ~G0 can 

be found by means of viscosity measurements, assuming the Stokes

Einstein equation (5. 3) to hold. There is no independent method of 

determining possible changes in the interfacial free energy u. 

In this work 6G values will be used quantitatively to evaluate I as 

calculated from an equation given by Strnad and Douglas [99]. They 

studied nucleation and growth in soda-lime-silica systems that differed· 

in composition from the crystallising phases. In their discussion on the 

observed differences in nucleation behaviour they calculated differences 

in the thermodynamic driving force between the three compositions 

studied, from the approximate relation: 

(5.12) 

a8 is the chemical activity of the component A in solution referred 

to the activity of the component in crystalline form, 

~T- Tl-T is the undercooling of the melt of composition xA (Tl is the 

liquidus of the melt and depends on xA) 
AHf- heat of fusion of the pure component A 
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Tm - melting temperature of pure component A 

In the case of this study, A denotes ZrF4 .BaF2 and the solution refers 

to the ZBLAN melt. 

Using the above equation qualitatively, Strnad and Douglas were able to 

explain that in one of the three compositions studied there was no bulk 

nucleation, and in contrast with the other compositions, the 

crystallisation was initiated at the surface. 

Equation (5.12) not only contains the effect of 

temperature, but also of the concentration of the 

the liquidus 

crystallising 

component in the solution, and the melting temperature of the component 

itself .. If xA l, then (5.12) is equivalent to (5.8) for 

crystallisation without a change in composition (AG-SG). 

(5.12) has been derived for a "regular" solution [125,126] and is only 

approximate when the solution is not regular (see Appendix B). It may 

lead to the somewhat unexpected situation where the driving force for 

nucleation SG (and growth: see section b) of this paragraph) increases 

if xA decreases. The net effect of a change in xA on SG depends also on 

AT- T1-T, because T1 depends on xA. 

b) Growth. 

For systems that crystallise with a sizeable change in composition, 

growth is likely to be diffusion-controlled. However, the exact nature 

of the growth process depends also on the transformation rate at the 

interface. The situation at the interface is depicted schematically in 

figure 5.2. 

To the author's knowledge, an equation describing the growth for systems 

which crystallise with a sizeable change in composition, for the case 

that the process is not diffusion controlled, is not available from the 

literature. This equation will be derived here. The derivation of the 

growth equation follo~s the derivation found in many references for 

growth in systems where the crystallising phase has the same composition 

as the liquid phase. Here an adaption is made because the crystallising 

phase differs from the melt composition. The frequency of jumping of 

molecules from the liquid to the crystal phase is given by: 
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Figure 5.2. Concentration profile at the crystal-liquid interface (a) 

and energy differences for crystallisation (b). The symbols 

used in this figure are defined below (I!.G and !!.G
8 

are per 

mole and per molecule respectively; (b) is not on scale). 

I!.G • free energy difference between pure liquid A and crystal A (as in 

(5.9)). 

I!.G
8 

=activation energy for growth (as in (5.9)). 

!!.Gr free energy difference between the liquid (of composition erA) at 

the interface and the pure liquid A. 

SGr = free energy difference between the liquid (of composition erA) at 

the interface and crystal A (this is the so-called driving force 

for crystallisation, which can be calculated from (5.12)). 

llG 1 = free energy difference between the liquid (of composition c 1") far 

from the interface and the pure liquid A. 

oG1 = free energy difference between the liquid (of composition c 1A) far 

from the interface and crystal A (can be calculated from (5.12)). 

c/, c/, c 1A and c/ represent the concentrations of A in the crystalline 

form, in the liquid at the interface, far from the interface in the melt 

and at equilibrium, respectively. 
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where v is the vibration frequency of the molecule. The frequency of 

jumping from crystal to liquid is: 

v exp(-AG
8
/kT) exp(AG/RT) 

The velocity of crystal growth is the net jump rate times >., the 

distance between liquid and crystal of molecular dimensions: 

u- >.v exp(-AGafkT) [exp(AGr/RT)-exp(AG/RT)] (5.13) 

Note that: 

o at T - T1, AGr - AG and thus u-0, 

o when xr-1 (congruent .crystallisation) AGr-o and equation (5. 9) is 

obtained (factor f serves only as a correction for dislocations and 

should be added to (5.13) if AS1>2R). 

An approximate expression for AGr is given in the literature [99]: 

(5.14) 

xrA is the fraction of A at the interface. 

The flux j of molecules .A arriving at the interface should equal the 

flux of molecules A that attach themselves to the growing crystal: 

J- u(c/-c/) (5.15) 

uc/ is added to correct for solute rejection, due to the interface which 

moves with velocity u through a liquid of composition erA· 

The flux of molecules arriving at the interface is determined by 

diffusion from the bulk liquid towards the crystal surface. It is 

approximated via the d~ffusion coefficient: 

(5.16) 

with 

1/& - (1/r+l/(li'Dt) 1!2) (5.17) 
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o is the thickness of the diffusion layer, 

D is the diffusion coefficient and 

r is the radius of the (spherical) crystal. 

Two limiting cases can be distinguished: 

1. If the transformation rate at the interface is slow compared to the 

diffusion process, then c/ >> ceA (c/ "' c/' for a very low 

transformation rate) and the proces will be controlled by interface 

kinetics. In this case, AGr- AG1 in equation (5.13). 

2. If the transformation rate at the interface is rapid compared to the 

diffusion process, then c/ = ci' and the process is diffusion 

limited. Now AGr - AG1• The :crystal size will increase with the 

square root of time and u will decrease with the square root of time 

[100]. In some cases however, when the scale of the diffusion field 

does not changewith time, the growth,rate will be independent of 

time, and thus a cQnstant growth rate cannot be taken as evidence 

of interface-controlled instead of diffusion-controlled growth 

[100.]. 

The thermodynami,c driving force for diffusion-controlled growth oGr 

will be much different from the interface controlled ca.se because 

the concentration at the interface will be much closer to the 

equilibrium concentration in the former case. As a result, oGr which 

may be calculated from (5.12) may increase or decrease with respect 

to the case where interface kinetics control the crystallisation 

behaviour. This depends also on the solidification curve T1(xA), as 

discussed below (5.12). In principle one can calculate the growth 

rate for the diffusion-controlled case from solution of the 

appropriate diffusion equation, with the interdiffusion coefficient 

and the equilibrium concentrations as important parameters [101]. 

5.3. Nucleation measurements. 

5.3.1. Experimental. 

Batches with some excess NH4FHF were melted at 800 oc for 1 hr and 

treated with CC14 before cooling within the crucible. The preparation 
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route was the same as the one described for glass# 11 (table 3.2). In 

order to quantify the nucleation rate in the bulk of the glass, small 

pieces were heat treated for about 1 hour at temperatures between 245 

•c and 290 •c. After this, the specimens were heated at 320 •c for 20 

minutes to allow the nuclei to grow. 

No extensive study was made on the effect of transient times [102], but 

heating at around T
9 

for 20 minutes gave the same calculated nucleation 

rate as for 2 hrs annealing. The nucleation density could be determined 

by a method which to the authors' knowledge has never been used before 

to calculate nucleation rates. The specimens were placed under an 

optical microscope and the number of crystals that could be seen clearly 

in an optical "cilinder" were counted. One end of this cilinder is 

formed by the focal plane when the objective is in a certain position; 

the other end is defined by the focal plane after raising the objective 

for a calibrated distance. The diameter of the cilinder is equal to the 

range of vision. During raising the crystals that became clearly visible 

were counted. The magnification of the microscope was lOOx. Since all 

observed crystals have the same time-temperature histories, the size 

distribution in our experiments is negligibe. At least ten cilinders 

were measured at each temperature. The number of particles in a non· 

treated sample was found to be negligible. 

5.3.2. Results. 

The obtained nucleation rate I as a function of temperature is given in 

figure 5.3. These results can be compared with those obtained by Drehman 

[91] on a similar glass of composition 56 mol% ZrF4 , 14 BaF2, 6 LaF3, 

4AlF3, 20 NaF. He found two types of crystals, one Na-rich phase and one 

Zr and Barich phase. Perhaps these phases correspond to the ZrF4BaF2 and 

ZrF4NaF reported by Parker e.a. [89]. In this study only ZrF4BaF2 was 

detected by XRD. As can be seen from figure 5.3, the maximum nucleation 

rates are around T
9 

of the respective glasses. It can also be seen that 

the glass containing 53 mol% ZrF4 has a much lower nucleation rate. It 

seems that compositional changes have a large effect on nucleation 

rates. 
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Figure 5.3. Nucleat:i.on rates for ZBLAN glasses as a function of 

temperature (ZBLAN 56-14-6-4-20 from [91]). 
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5.3.3. Discussion and conclusions. 

In trying to understand the differences in nucleation rate between the 

two glasses on a theoretical basis, classical nucleation theory (see § 

5.2) is used. Equation (5.5) gives the nucleation rate as a function of 

temperature, and (5.12) is used as an approximation for the calculation 

of SG. Now A in (5.12) is ZrF4BaF2 and a
5 

gives the chemical activity of 

this component in solution (ZBLAN melt) referred to the BaZrF6 crystal. 

From the literature [103-107] values for 17,T
11

,Tl,t.Hf and V11 were 

obtained. The values that were adapted for T1 (454 •c) do not correspond 

to the true liquidus temperatures of the sytems [66], but to the onset 

of the main melting endotherm, which corresponds to the melting of a 

phase containing the main components of the glasses: NaF, BaF2 and ZrF4 

(the true liquidus is characterised in the DSC by a small peak at around 

625 •c, which corresponds to the melting of LaF3 or a LaF3-containing 

phase). The adapted value for T1 is chosen from a number of reported 

values, ranging roughly from 450 to 490 •c [67]. The melting temperature 

of &-BaZrF6 is reported to be 750 •c. It must be noted that the heat of 

fusion of 2ZrF4.BaF2 had to be used because of lack of data on ZrF4.BaF2 • 

The value of the surface tension u can be calculated by plotting 

ln(I17/T) vs l/{aG2T). The result for both glasses given before is shown 

in figure 5.4. For temperatures higher than T
9 

(at the right-hand side 

of T
9 

in figure 5.4) this should yield a straight line in the case of 

homogeneous nucleation. As can be seen this. is only the case for a 

limited range of temperatures just above T
9

• The discrepancy can be 

explained by a breakdown in theory, inaccuracy of SG values or by a 

heterogeneous nucleation mechanism [94] which is important at higher 

temperatures. From the results given in chapter 3 it seems reasonable 

to assume that some oxygen impurity is responsible for such a 

heterogeneous nucleation (the method used to prepare our glass does not 

give glasses with ult~a-low oxygen contents). By using only the slope 

of the line through the data points slightly above T
9

, values of the 

surface tension u were determined. The results for both glasses were in 

close agreement with each other; as can be seen from table 5.1, in which 

the values obtained for A from the intercept are also given. 

The values that were calculated for both glasses are also in agreement 

with the one obtained from an approximate expression for u[l08]: 
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a - Bt.H /(N113v 213) f m (5.18) 

ZBLAN 53 ZBLAN 56 

a (mJ /m2) 88.8 83.4 

A (Pajm3K) 2.10 1037 9.10 1034 

Table 5.1. Values obtained for a s.nd A. 

where N is Avogadro's number and E. is between 1/3 and 1/2. This 

expression was derived experimentally and indirectly from nucleation 

measurements. The values for a as determined in this study agree well 

with the value obtained from (5.13) if & - 0.36 (86 mJ/m2). 

The values obtained for the pre-exponential factor A are relatively 

close to the theoretical value of 1032 -1033 Pajm3K. This is surprising, 

because to the author's knowledge, such a good agreement has not been 

reported for any oxide glass (see e.g. , the review in [ 98]). No data 

were found in the literature for halide systems. 

From the slope of the curves in figure 5.4 at higher temperatures,it is 

possible to calculate a value for f(O) , which is important for the 

description of heterogeneous nucleation.· The contact angle 0 was 

determined to be 92 •. According to [94J, heterogeneities that have a 

wetting angle between the crystal and the solid of this magnitude, 

should not greatly influence critical cooling rates. 

Returning back to the problem of the differences in nucleation rates 

between both glasses, considering only differences in viscosity and .SG 

at a temperature of 260 •c, it can be calculated that: 

HZBLAN53) 
I(ZBLAN56) 

11.!..2.§.1 exp [ -161fa3Vm2(1/6G5/-l/6G5l> ]"'0. 002 
'1(53) 3kT 

(5.19) 

This is in good agreement with the ratio of the observed nucleation 

rates of both glasses shown in figure 5. 3. This shows that the 

differences in nucleation rates can be quantitatively explained by 

consideration of the composition dependence of viscosity and free energy 

differences. 

5.4. Growth measurements. 

77 



5.4.1. Inrroduction. 

The determination of the growth rate of crystals that develop in a ZBLAN 

glass can be done in two ways: 

o measurement of the dimensions of crystals nucleated in the bulk. 

o measurement of the thickness (as a function of heating time) of a 

crystalline layer that grows into the bulk after surface nucleation. 

The crystals that were found with XRD at temperatures up to at least 

350 oc were mainly i-BaZrF6(d) with some NaZrF5 . These phases were also 

reported by Parker et al (see § 5 .1} . The amount of NaZrF5 was 

relatively small and therefore the growth is treated as if only &-Ba2rF6 

crystals develop in the glass. The crystals in the bulk and the crystals 

in the surface layer gave the same XRD pattern. The crystals in the bulk 

showed faceted growth in agreement with their entropy of fusion aS1>2R. 

It was decided therefore to measure growth rate from the advance with 

time of the layer of crystals that grew unidirectional into the bulk. 

A further advantage of this method is that the reaction times needed for 

the formation of a uniform layer and the influence of the atmosphere on 

this process could be studied also. These infuenees are of direct 

importance for fibre drawing. 

Heterogeneous nucleation at glass surfaces has not been studied 

rigorously, even though it is the most common origin of devitrification. 

In a number of studies, Leko et al [109-113] reported on the growth of 

crystalline layers from the surface of Si02 glasses and several 

influences on the growth rate from: 

o degree of reduction during melting 

o OH content of the glass 

o other impurities in ~he glass 

o environmental variations 

Leko andKomarova [110] find isolated spots and streaks to appear on the 

surface, which begin to grow depthwise into the specimen and broadwise 

and finally coalesce to form a continuous layer of crystalline crust. 
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Figure 5.5. Different morphologies of surface crystallisation. 

Depending on the quality (OH-content) of the glass and the environmental 

(pressure of H20) conditions, two types of crystallisation result which 

can also occur simultaneously. This is presented schematically in figure 

5.5. 

When crystallisation of type b and c occurs the accuracy in the 

determination of the growth rate is reduced. 

The above authors define an induction period for growth as the time 

required for the appearance of the first visible signs of 

crystallisation. This period decreases exponentially as the temperature 

rises: 

T - To exp(E/RT) (5.20) 

Bansal and Doremus [83] describe the growth of crystals on the surface 

of "4 ZBL fluoride glass iri the initial stages of growth. They found 

small, dark crystals that nucleated rapidly and grew to a size of about 

10 ~. then they stopped growing and wrinkled regions emerged, covering 

the entire crystal surface. They presume that there is rapid 

heterogeneous nucleation on a few special sites that are quickly 

depleted and no subsequent nucleation occurs. The maximum gtowth rate 

of the surface crystals occurs at about 360 •c for this type of glass 

(T
9 

= 307 "C). 

5.4.2. Experimental. 
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ZBLAN glasses were melted according to procedures described to produce 

glass #ll from table 3.2. The melts were poured into brass moulds of 10 

mm diameter and 100 mm length and subsequently annealed for 10 minutes 

at T
9 

and slowly cooled to room temperature. Small fractions of this rod 

were cut and polished and heat-treated at various temperatures for 

various times. A tubular furnace with parabolic temperature profile was 

used, and variations in temperature were kept smaller than 1 •c. The 

specimens were placed in a 10 mm diameter brass cup with a Pt/Rh 

thermocouple underneath. They were quickly shifted into the tube furnace 

to a region where the temperature was found to reach the desired value. 

In this way, the period of heating up the specimen was kept as short as 

possible, thus reducing the inaccuracy of the calculated growth rates. 

The atmosphere in the furnace could be flushed with dry nitrogen and the 

exit flow was monitored on H20 content with an Al2o3 sensor. 

After the heat treatment at temperatures between 300 and 370 •c the 

glasses were quickly cooled to T
9 

and annealed for about 30 minutes 

before cooling to room temperature. The time-temperature histories in 

heating and cooling of all samples were kept equal as much as possible. 

Different samples of the same rod were used to determine the growth rate 

at one temperature. 

An optical microscope was used to measure the thickness of the 

crystalline layer. Because the layer which had made contact with the 

bottom of the sample holder was almost always larger than the one at the 

top of the specimen, the free surface was used for measurements of layer 

thickness. Average values of at least ten measurements of layer 

thickness were used because individual values could vary by more than 

30% depending on the condition of the surface and the atmosphere. Three 

influences on layer thickness were determined: 

a) influence of the condition of the glass surface 

b) influence of the glass quality 

c) influence of the at:lllosphere 

5.4.3. Results. 

Figure 5.6 is a photograph of a crystalline layer and some bulk crystals 

after a certain heat treatment. It is clearly visible that the layer 
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Figure 5.6 . Micrographs of a crystalline layer and some bulk crystals 

after crystallisation of a ZBLAN glass. 
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Figure 5.7.Crystal layer thickness as a function of time for 

·mechanically polished glasses and etched glasses. 
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thickness is somewhat variable. Measurements were made on larger layers 

(~ 75 ~m} were variations were minimized. The variations are believed 

to be due to insufficient coalescence as depicted in figure 5.5. This 

effect is enhanced for glasses of good quality with a clean and smooth 

surface heated in a dry atmosphere. 

The induction times as defined in § 5.2 were not measured. Instead the 

curves were extrapolated to zero layer thickness, indicated here as re, 

the "extrapolated induction times". When a specimen was heated for a 

period of at least 70 % of this time, the surface of the glass showed 

signs of crystallisation, so these extrapolated induction times do not 

correspond to the induction times as defined by Leko (5.13). It will 

become clear from the following results however that the extrapolated 

induction time is a useful parameter for the rate of surface 

crystallisation. Because the layer is very inhomogeneous in the early 

stages of growth, it is very difficult to measure layer thickness in 

this stage. 

a) The condition of the surface 

Figure 5 . 7 shows the layer thickness as a function of time for a 

temperature of 320 •c. The atmosphere in the furnace consisted of dry 

nitrogen (containing 8 ppm HzO) or air. The measurements were performed 

on pieces which were cut out of one rod of glass. 

For glasses which were given a final"5 ~ diamond paper polishing 

treatment, using water as a lubricant, a large spread in layer thickness 

was found for equal heat treatment times. There was no improvement when 

dry nitrogen was used instead of air to fill the furnace. Only when the 

surface was etched in ZrOC12 .8H20 in 1 N HCl solution, satisfactory 

reproducibility was obtained and longer heat. treatments were needed to 

obtain a certain layer thicknes.s. The growth rate which is determined 

by the slope of the best fit through the data did not vary much for the 

variation in the conditions a and c. Of course the correlation 

coefficient for this fit was low for the mechanically polished glasses. 

The curves indicate that longer times are needed to obtain equal layer 

thickness for etched samples with respect to mechanically polished 

samples. Thus the extrapolated induction time is considerably higher 

which indicates that a longer time is needed for the formation of 

surface crystals. 
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b) Influence of glass quality. 

It was found that the results were reproducible to within experimental 

error for specimens of one and the same rod. When measurements were made 

on glass pieces made from different batches of the same nominal 

composition, results were not reproducible. As an example, the crystal 

growth rate of two different glasses at 320 and 330 •c isothermal 

heating were almost equal: 

glass #l {320 •c, 8 ppm) 

glass #2 (330 •c, 2 ppm) 

u (1'111/min) 

38.5 

43 

T e(min) 

6.1 

10.9 

The increase in '"e is not expected from the rise in temperature as we 

will see below. It might be explained from the lower HzO content of the 

furnace during the measurement. The growth rate is expected to be much 

higher when the temperature is increased by 10 •c {see also below). This 

difficulty in obtaining reproducible results for different batches may 

be related to the oxygen impurities discussed in chapter 3. 

For comparisons to be made on the effect of, eg. temperature and 

atmosphere it is thus of importance to use results for specimens taken 

from one rod only. 

c) Influence of the atmosphere. 

Six pieces of glass were taken from one rod of glass and etched after 

polishing. They were heated for different time intervals at a 

temperature of 320 •c. Three samples were heated in dry nitrogen (8 ppm 

H20), whereas the others were heated in air. The results are depicted in 

figure 5.8 and show clearly that heating in· dry nitrogen results in 

longer times needed to form a layer of equal thickness in a glass 

compared to a glass heated in air. The extrapolated induction time is 

shifted, but the growth rate remains constant within experimental error. 

d) Influence of temperature. 

Six pieces of one glass rod were heated for various times at 310 and 320 

•c in an atmosphere containing 8 ppm H20 to obtain information on the 

influence of the temperature on the growth behaviour. The results are 

given in figure 5.9, from which u and '"e were calculated: 
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T(.C) 

310 ·c 
320 •c 

u(i£m/min) 

15.4 

38.5 

"e(min) 

21.0 

6.1 

From another rod measurements could be made for three different tempera

tures: 330,340 and 350 •c in a furnace containing only 1-2 ppm ~0. The 

results are shown in figure 5 .10. Only two measurements at each 

temperature were made, so the resulting u and .,. e are somewhat less 

accurate. The calculated values are: 

T(°C) 

330 •c 

340 ·c 
350 ·c 

u(pm/min) 

43 

130 

325 

.,. e(min) 

10.9 

9.5 

7.4 

Hore measurements are needed for a complete description, but the 

expected trends are readily observed: when temperature increases, u 

increases and "e decreases. 

The crystal growth rate as a function of temperature is shown in figure 

5.11; in this figure the theoretical growth rate is shown also (see the 

next paragraph for a description). 

5.4.4. Discussion and conclusions. 

For a better understanding of the above results, some literature on the 

possible surface reactions is reviewed here. 

It has been well established that reaction of atmospheric water with 

fluoride glasses is slow at room temperature, but becomes rapid at 

·elevated temperatures close to or above the glass transition [114,117]. 

The initial hydration step involves the evolution of HF gas at the glass 

surface: 

H20 (g) + F" (gl) ------> HF (g) + OH" (gl) (a) 

followed by interdiffusion of OH- with F" • which transports OH" from the 

surface into the bulk of the glass. Even at the low water partial 
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pressure of 3 ppm, some attack of a ZBLA glass was found to take place. 

Another study on the hydrolysis reactions of a ZBLA glass [115] at room 

temperature shows that exposure of a freshly fractured surface to liquid 

H20 for only half a minute gives notable hydrolysis. Increasing the 

exposure time gives higher contents of the (hydr-)oxyfluoride species 

on the surface, coming to a saturation within ±5 min. Exposure of the 

specimen to air for 2 hours also results in some hydrolysis, about 2-

3x lower than for exposure to liquid H20 for 30 seconds. In acid 

solutions, where glass dissolution rates are maximized, only a very 

small amount of the (hydr- )oxyfluoride is found on the surface. 

Compositional analysis by XPS has indicated that the (hydr-)oxyfluoride 

which forms in water has an oxygen-to-fluorine ratio of =2/5; it was 

suggested that a seven-coordinated surface species of the form Zr02F5 or 

Zr(OH) 2F5 is formed. 

In fibre drawing experiments it is hard to avoid crystallisation of the 

surface. Schneider et al [116) have identified the skin-like crust on 

the neck-down region of a preform as Zr02 . 

Loehr et al [117) have studied the reaction of gaseous H20 with ZrF4-

based glass surfaces and found that at temperatures near T
9 

dehydration 

qan take place by interdiffusion of OH- and F- and by the reactions: 

2 OH- (gl) ------>H2o (gl) + o2- (gl) (b) 

and 

H20(gl) ------> H20 (g) (c) 

The reaction: 

OH- (gl) + F- (gl) ------> HF (g) + 02- (gl) (d) 

does not occur to a significant extent near Tg. 

It is assumed that the surface crystallisation is initiated by the 

formation of Zro2 crystals, which act as sites for heterogeneous 

nucleation. This assumption is supported by the detection of Zr02 on 

heated surfaces, and is in agreement with the experimental results given 

above. 

The formation of Zr02 is possibly caused by the hydration of the glass 

(reacion (a)), followed by dehydration with formation of oxygen via 

reaction (b). With rising temperature, the oxygen may easily accumulate 

around the Zr4+ cation and form Zr02 crystals. The hydration may take 
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place at room temperature to some extent, and also during heating when 

the reaction with atmospheric water is enhanced. Even if the glasses 

were heated under an extremely dry atmosphere, some hydration has 

occured at room temperature. When the surface has been in contact with 

liquid water at room temperature, the hydration will be high before the 

heat treatment. 

The extrapolated onset time re, obtained from the crystal layer 

thickness vs time curve, was found to depend on: 

o the condition of the surface 

o the condition of the atmosphere 

o the temperature 

It may also depend on the growth rate of the crystals which grow over 

the surface. 

The influence of the etchin& procedure on the value of r e can be 

explained from: 

o the mechanical polishing does not give a sufficiently smooth surface, 

, resulting in more active sites for the reaction of atmospheric water 

with the surface to form a hydroxyl layer. 

o the mechanical polishing is performed with water as a lubricant which 

can form a hydroxyl layer which contains more OH than a sample treated 

in the acid solution ZrOC12.SH20 in 1 N HCl. 

o finally, it is also possible that crystals or impurities which were 

already present on the freshly, mechanically polished surface act as 

centres for heterogeneous nucleation. These crystals dissolve when 

the glass is etched. 

The suppressed crystallisation of the surface found in the experiments 

reported here, is in agreement with the , observation that treating 

preforms with the acid solution mentioned above results in fibre 

strength improvement [116]. 

It is obvious that the condition of the atmosphere has considerable 

influence on re, because it determines the hydration rate of the glass. 

The temperature may affect the reaction rate and thus re. re may also 

depend on the rate of growth of the crystals which cover the surface, 

which is a function of temperature. 
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The glass quality may also affect the extrapolated onset time re since 

the growth rate of the crystals which grow over the surface depends on 

it. However, no conclusive data are available to check this assumption. 

The growth rate u was found to depend on: 

o the glass quality 

o temperature 

Although all glasses measured were of the same nominal composition, 

different growth rates (at the same temperature) were obtained for 

glasses prepared from different batches. It was found in chapter 3 

already, that the oxygen content has considerable influence on T
9 

and T
11

• 

T
11
-T

9 
may vary due to a different nucleation rate or due to a different 

growth rate. In this chapter, were only the growth rate was studied, it 

is confirmed that 0 and/or OH content do influence the growth rate. This 

may stem from the influence of the 0/0H content on the viscosity

temperature profile of the glasses. 

The fact that u does not depend on the condition of. the surface and the 

atmosphere, implies that it is not controlled by diffusion _of some 

species (eg. OH) from the surface inwards. 

The temperature dependence of u was difficult to describe due to the 

influences of glass quality, atmosphere and surface condition. The 

general trend is shown in figure 5.11, where measuremen):s on different 

samples are compared. Also shown in this figure, the theoretical curve 

as calculated from (5 .13). For the calculation of this theoretical 

curve, the parameters were the same as those used for the nucleation 

measurements ( § 5. 3. 3) . ./~.Sf was calculated as 2. 6 R, which means that 

the factor f, that gives the fraction of preferred growth sites, must 

be included in equation (5.13). The molecular diameter A was taken as 

· 1. 5 10"10 m. 

It was assumed that the crystallisation was not critically influenced 

by a (time-dependent) diffusion mechanism. For the formation of BaZrF6 

crystals from a ZBlAN melt, Na+ ions have to diffuse from the crystal 

boundary to the melt, whereas Ba2+ ions have to diffuse in the opposite 

direction. The validity of this assumption was tested by solving 

equations (5.13)-(5.17) (see appendix C). The approximate solution of 

these equations has indicated that the growth rate varied by less than 
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10 % due to diffusion effects. The growth rate was found to increase 

when diffusion was taken into account, which is a rather surprising 

result. This result is due to the use of equations (5.12) (or 

equivalently (5.14)) for the evaluation of free energy differences. As 

noted before, the driving force for crystallisation SG may increase if 

the fraction of the crystallising phase xA decreases. 

It is seen from figure 5.11 that the values for u are 0-2 orders of 

magnitude higher than the theoretical values, but the shape of the 

curves agree reasonably for the temperature range of the measurements. 

Finally, it can be noted from figures 5.3 and 5.11 that a temperature 

of about 300 •c may be suitable for the elimination of vacuum bubbles 

in a fluoride glass preform (see chapter 3), because both nucleation and 

growth occur at relatively low rates at this temperature. 

5.5. Summary. 

The nucleation rates of the glass of this study were measured as a 

function of temperature. The results were fitted to a theoretical 

equation, and it was found that the ~alculated "pre-exponential factor" 

agreed well with the theoretical value. The nucleation rate was much 

lower compared to that of a glass of a slightly different composition, 

reported in the literature. The difference was explained from the 

differences in viscosity and the composition-dependent free energy 

difference between liquid and crystal. The results have also indicated 

that heterogeneous nucleation becomes significant at higher 

temperatures. 

The growth rate was also measured as a function of temperature, but the 

scatter in the data was rather large. A general equation describing 

growth rate as a function of temperature was derived for a system that 

crystallises with a sizeable change in composition. The calculated 

growth rate was 0-2 o~ders of magnitude lower than the experimental 

value. However, the shape of both curves agreed reasonably for the 

temperature range of the measurements. The influence of the condition 

of the glass surface, and of the surrounding atmosphere, on the 

crystallisation of the surface was studied also. It has been found that 

etching with Zr0Cl2 .8~0 in 1 N HCl, and heating in dry nitrogen instead 

of air, help to delay surface crystallisation (this result is important 

90 



for the drawing of fibres from preforms). These findings are explained 

from the formation of Zr02 crystals on the glass surface due to 

hydration and dehydration reactions. 
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6. CRYSTALLISATION IN A ZBLAN FIBRE. 

6.1. Introduction. 

It was already mentioned in the introduction of this thesis, that the 

production of a low-loss fibre is the greatest challenge in the field 

of fluoride glasses. The devitrification behaviour of an important 

candidate material, a ZBLAN fluoride glass, was studied in the preceding 

chapters. Only a very low degree of cry~tallinity can be tolerated for 

the production of a low-loss fibre. 

Since the nucleation and the growth rate are known as a function of 

temperature, it is possible to calculate the degree of crystallinity, 

following from a certain heat treatment. The temperature-time history 

of a fibre can be simulated and the crystalline fraction in the fibre 

can be calculated. It is then possible to estimate the scattering loss 

that results from the calculated crystal distributions. 

The calculations of the degree of crystallinity, using the growth rate 

u and the nucleation rate I from chapter 5, will be compared with the 

results of the DSC measurements presented in chapter 4. This offers the 

possibility to compare the measured and the theoretical data. 

In the. last part of this chapter, a fibre drawing installation is 

described which was modified for the drawing of a ZBLAN glas.s fibre. The 

results from the study in chapter 5 were used for these modifications. 

6.2. Calculations of crystallinity: theory. 

A numerical solution of equation (4.1) has been described in the 

literature [71] for the calculation of the degree of crystallinity. The 

method is based on the discretisation of the integral contained in (4.1) 

· for small time intervals. The degree of crystallinity in the jth (time) 

temperature interval, x(tj) is given as the sum of all the crystallites 

corrected for the volume already crystallised: 

x(tj) - 1-exp(-:& (4/3)wR1
3(tpt1)I1(t1)At) 

i 
(6.1) 
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where I 1(t1) is the nucleation frequency at time t 1, At is the duration 

time of the time interval, and R1 ( t J' t 1) is the radius at time t j of a 

spherical crystallite nucleated at time t 1• The latter quantity is given 

as: 

(6.2) 

tik is the crystal growth rate at time tk. 

The degree of crystallinity depends on the thermal history of the glass! 

The temperature range is divided into a number of intervals, which can 

be related to time intervals since T(t) is known. 

It should be noted that the crystals are assumed to be spherical, which 

is not true for the BaZrF6 crystals found in this study (see figure 

5.6). Nevertheless, it is believed that the calculations give a usable 

description of the crystallinity of the glasses. 

6.3. Simulations of DSC measurements. 

6. 3 .1 . General outline. 

It is possible to simulate the DSC temperature treatments described in 

chapter 4. Recalling the 4 different heat treatments (see figure 6 .1): 

o reheating of an annealed glass -non-isothermal (a) 

-isothermal (b) 

o cooling from the melt -isothermal (c) 

-non-isothermal (d) 

The first three cases will be simulated by computer: 

In case of reheating glasses ((a) and (b)) it is important to account. 

for the thermal history of the samples. The thermal history is described 

in § 4.1: 

after melting, the glass was cooled in the crucible to 240 •c and 

annealed for 40 minutes. The cooling curve is estimated by the parabola 

that fits between the liquidus temperature (of the ZBl.AN glass) at .t-o 

and 240 •c at t-4 minutes. 
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It was concluded in chapter 4 that surface crystallisation may be 

important for the crystallisation of the glasses. There are no 

theoretical nor experimental data for this type of crystallisation. In 

a first approximation, the bulk crystallisation will be calculated and 

compared with the results of the DSC measurements. The DSC output is 

proportional to the heat flow dx/dt, which will be calculated with the 

computer program which calculates x(t) from (6.1) and (6.2). 

The theoretical growth rate was used for the calculations. The equation 

which was used for the description of the nucleation rate, was based on 

a fit of equation (5.5) to the measured nucleation rate data, as 

described in § 5. 3. 3. The curve thus obtained was extrapolated to higher 

and lower temperatures. The values used for this extrapolation were 

given in table 5.1 for temperatures between 245 and 275 •c. For 

temperatures exceeding 275 •c, nucleation was assumed to be dominated 

by heterogeneities, now with K=3.34 10~ and 0-92•. The curves I(T) and 

u(T) thus obtained are shown in figure 6.2, together with the measured 

values. The theoretical nucleation curve shows 2 peaks, because 2 

equations were used for the construction of it. One equation was for 

T$275 •c, which holds for homogeneous nucleation; the other was for 

~275 •c, describing heterogeneous nucleation. The best fit curve which 

can be drawn through the data from the measurements, shows a small 

shoulder around 275 •c. This shoulder, which is also apparent in the 

measured data, is most probably due to combined heterogeneous and 

homogeneous nucleation, which may result in two local maxima in some 

special cases [80]. 

6.3.2. Results. 

(a) Non-isothermal reheating of an annealed glass. 

The total temperature-time history of a glass sample was given in figure 

6.1. The heating rates. for the calculations were varied just as in the 

actual DSC measurements (§ 4.4.2). The results of the calculations were 

characterised by the peak temperatures TP, corresponding to the maximum 

of the DSC peak obtained by the computer simulation. These maxima are 

presented as a function of heating rate in figure 6.3, together with the 

experimental results. The experimental results are given for two 

different particle sizes: Q.2l and 0.82 mm. The calculations were made 
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for bulk crystallisation only, since no data were available on surface 

crystallisation. 

The experimental DSC data (for particles of 0.82 mm average size) and 

the calculated curve are in very good agreement. Only at the lowest 

cooling rates some discrepancy occurs. The smaller particles (0.21 mm) 

are found to crystallise at much lower temperatures than the predicted 

values, using the model for bulk nucleation and growth. If it is assumed 

that the theoretical model gives a good description of the bulk 

crystallisation, then this result again confirms the importance of 

surface crystallisation for small particles. 

As a further test of the computer program, the influence of annealing 

time and temperature on the TP value was also determined. It is expected 

that TP depends on the number of nuclei present in the bulk, which 

depends on the annealing time and temperature. Longer annealing times 

will lower the TP value, and TP will be lowered also when the annealing 

temperature is near the temperature where the nucleation rate is 

maximum. 

Figure 6.4 shows the calculated influence of the annealing time, which 

determines largely the number of nuclei present at the time of growth, 

on the TP values at 5 K/min non-isothermal heating. For the 

calculations, only bulk nucleation was considered. Two different 

annealing temperatures were used for this test, and it is apparent in 

both cases that TP decreases only very slightly when the precise 

annealing period is varied between 30 and 50 minutes. Note that even 

when the annealing time is zero, TP is only about 6 •c higher than for 

a 50 minutes anneal at 260 • C. This is because the heating rate is 

relatively low, which causes a considerable number of nuclei to be 

formed during the reheating treatment of the sample, when passing 

through the range of temperatures around T
9

. 

Figure 6.5 (curve {a)) shows the calculated variation of the peak 

temperature for non-is~thermal heating at 5 K/min, after annealing at 

various temperatures for 40 minutes. It is found that the Tp vs 

annealing temperature plot displays only very slight curvature. In other 

words, TP does not depend strongly on the annealing temperature, which 

reflects the number of nuclei present in the bulk. 
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(b) Isothermal reheating of an annealed glass. 

Figure 6. 6 shows the time tp (at which the maximum of the DSC peak 

occurs) obtained from computer simulations, for isothermal reheating 

previously annealed glasses. Three isothermal hold temperatures were 

used for the calculation, and the results were compared with the 

experimental results of § 4. 4. 1. The calculations include only bulk 

crystallisation; the measurements were made using particles of 0.21 mm 

average size. 

The calculated values are always larger than the experimental results. 

The difference is large at low temperatures and decreases fast at higher 

temperatures. This discrepancy will be discussed below. 

As a further test, the influence of the annealing temperature on the tp 

values was determined by computer simulation. The isothermal hold 

temperature was 340 •c. The result of these calculations is shown in 

figure 6. 5 (curve (b)) . The tp values are strongly dependent on the 

nucleation temperature. Furthermore, it is found that the tp vs 

annealing temperature curve has a minimum around 260 •c, which coincides 

(as expected) with the temperature of maximum nucleation rate. 

(c) Isothermal heating upon cooling from the melt. 

The time-temperature history is given in figure 6.1. The crystalline 

fraction as a function of time was characterised by the time at the top 

of the DSC peak. Calculation of these times, assuming bulk nucleation 

and growth gave a discrepancy between measured (see § 4. 3 .1) and 

calculated values of many orders of magnitude: due to the low nucleation 

rates and the fact that the undercooled liquid does not contain nuclei 

from annealing, the glass will fail to crystallise from the bulk. 

6.3.3. Conclusions and discussion. 

Discrepancies between model and experiment. 

The calculated data which were described above do agree with the DSC 

measurements to a certain extent. Excellent agreement was found between 

the calculated and measured TP values for non-isothermal reheating at 

heating rates exceeding 5 K/min (see figure 6.3, for d-0.82 mm). It was 

also found there that the measured data for TP(Q) at low heating rates 

are lower than the calculated values, assuming only bulk 
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crystallisation. This discrepancy for low temperatures may stem from 

underestimation of the growth rate at low temperatures. As can be seen 

from figure 5.11, the theoretical growth rate, which was used for the 

calculations, is 2 orders of magnitude lower then the measured value, 

in the range of low temperatures. At higher temperatures in the range 

of the measurements, this difference becomes smaller. 

The same argument may be used to explain the discrepancy found for 

isothermal reheating (see figure 6.6, case (b)). The calculated and 

measured tp values differ by a factor of 4 at low temperatures. 

In the case of isothermal heating upon cooling from the melt (case (c)), 

a very large discrepancy is observed between simulations and 

measurements. The discrepancy ca'!lnot be attributed to some 

underestimation of the growth rate, because the experimental tp values 

are much higher than the calculated values. This discrepancy is 

attributed to surface crystallisation, which must be taken into account 

for crystallisation of samples with this time-temperature history. 

Therefore, it is necessary to include the case of surface 

crystallisation in our model. 

Adaptation qf the computer model for Surface crystallisation. 

In chapter 5 it was concluded that surface crystallisation results from 

heterogeneous nucleation on Zr02 particles, which were formed at the 

surface of the glass. The nucleation rate will, among others, depend on 

the number of Zr02 particles, which may be an (unknown) function of time 

and temperature itself. It is assumed tentatively that the surface 

nucleation rate has a temperature dependence identical to the bulk 

nucleation rate (equation (5.5)), but with different values of the 

parameters. This means that it is assumed that the temperature 

· dependence of the (heterogeneous) surface nucleation rate is not changed 

due to the formation kinetics of the Zr02 particles. Only the pre

exponential factor and the magnitude ~f the slope of the ln(I~/T) vs 

l/(6G2T) curve have to be determined. 

For a determination of these parameters, a physical model is needed for 

the description of surface crystallisation. The bulk nuclei were assumed 

to be of cubic shape (for convenience of calculations) and growing into 

the glass (also cubic) and over the surface (see figure 6.7). The volume 
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of the glass cube was taken as the size that corresponds to the weight 

of the glass that had been used for the DSC measurements. At a certain 

instant, the volume fraction crystallised can be calculated with 

equations similar to (6.1) and (6.2), adapted for the case were glass 

particle and crystals have cubic size (note that (6 .1) contains an 

exponential form which corrects for impingement of the growing 

particles). The growth rate used is the same as the one used for the 

calculation of bulk crystallisation, and the parameters that describe 

the nucleation rate are determined in such a way as to fit the 

experimental DSC curves with the calculated dx/dt curves. This results 

in the following equation for the surface nucleation rate 1
5
(T) 

(l/m2 • sec): 

Is(T) - 1.95 104 T exp[-4.65 l010j(Tl.IG2)] 
'1 

This curve is shown in figure 6.8 and decreases for ~350 •c. 

(6.3) 

By introducing the above model for surface crystallisation, the DSG 

curves of type (a), (b) and (c) all agree reasonably well with the 

curves obtained by computer simulation. 

6.4. Scattering loss in a fibre due to crystallisation. 

6 .4.1. Theory. 

Since the nucleation rate and the growth rate are both known as 

functions of temperature, it is possible to calculate the degree of 

crystallinity in a fibre due.to a certain heat treatment. Following the 

method described in paragraph 6. 2, a crystal size distribution is 

obtained from which it is possible to estimate the scattering loss. 

The theory of light scattering by small particles is treated by van de 

Hulst [ 118] . This theory has been applied for the evaluation of 

scattering loss, due to ZrF4 and Zr02 crystallites in fluoride fibres by 

Hattori et al [119]. These authors have studied the wavelength 

dependence of the scattering losses, but they have not quantified the 

losses which result from thermal treatments. 

102 



Figure 6. 7. Schematic representation of surface crystallisation on a 

cubic glass particle. 
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Figure 6.8. Surface nucleation rate as a function of temperature, as 

obtained by the model. 

It is assumed that the scattered light rays do not interfere with each 

other, i.e. the number of crystallites per unit volume n1 is assumed to 

be low. The scattering extinction coefficient of a system of 

crystallites interdispersed homogeneously throughout a glass medium is 

given by [119]: 
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2: n11ra/Q1 (x1) 
i 

(6.4) 

where a1 represents the radius of the crystal particles of size class i, 

and Q1 denotes the efficiency factor for scattering from each particle, 

and 

(6.5) 

In (6.5), m2 gives the refractive index of the fluoride glass and A is 

the wavelength of the scattered light. 

The efficiency factor Q can be obtained by solving the appropriate 

Maxwell equations. It depends among others on the relative refractive 

index m, defined as: 

(6.6) 

where m1 denotes the refractive index of the crystal particle. 

The refractive index of the BaZrF6 crystals is approximated by 1.59 (the 

refractive index of ZrF4), and the refractive index of the fluoride 

glass is taken as 1.5, which give m-1.05. In [119] it is derived that 

for spherical particles, the efficiency factor is given to a good 

approximation by: 

Qi = 3.3 10-3 x.4 if xi<l 1 
(6.7) 

and 

Q; = 5.6 10-4 x.4 if xi>l 1 
(6.8) 

If it is assumed that all power is transported through the core glass 

(a crude approximation which holds to some extent for special cases), 

the scattering loss due to crystallisation may be calculated from: 

a (dB/km) = (10/lnlO)( (6.9) 
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It is also assumed that the heat treatment of the core glass is uniform. 

A more accurate calculation would be possible if one includes the 

possibility of a local time-temperature history in the fibre. The time

temperature history of the preform is given schematically in figure 6.9. 
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Figure 6.9. Temperature-time diagram for fibre drawing. 

6.4.2. Results, discussion and conclusions. 

It is possible now to calculatJ the optical losses due to 

crystallisation at 2. 5 #m, the wavelength where one expects minimum 

intrinsical losses for these fluoride iglasses. Two drawing temperatures 

were used for the calculations. After drawing at 320 •c, the calculated 

loss is 25 dB/km, whereas drawing at 3l0 •c results in a scattering loss 

of 0.014 dB/km. In the former case, mQst crystals have a size of about 

10 p, whereas in the latter case this size is reduced to 1 p. From these 

results it may be concluded that very rigorous temperature control is 

required during fibre drawing, in order to obtain ultra-low-loss fibres. 

It must be noted that the crystal growth rate that had been used for 

these calculations, was the theoretically evaluated growth rate, which 

was lower than the measured rates. As stated earlier in this thesis 
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however, improvement of glass quality with respect to oxygen content, 

may lead to lower crystal growth rates. 

The results show that the scattering losses can be orders of magnitude 

higher than the intrinsic minimum losses predicted for the fluoride 

glass, of order 0.01-0.001 dB/km. The calculated losses depend 

critically on the time-temperature history of the fibre. Further study 

of the exact time-temperature history is desired, to get an answer to 

the question whether losses of 0.01 dB/km can be attained, taking only 

crystallisation into account for the determination of optical losses. 

The most critical thermal treatments are the annealing treatment of the 

preform, which largely determines the number of nuclei, and the actual 

fibre drawing during which the crystallites may grow at relatively large 

growth rates. The vertical temperature profile in the preform during 

fibre drawing may be estimated from the heat balance equation (see 

[120)), and may serve to obtain a more accurate estimation of scattering 

losses. As can be seen from figure 6. 9, it was assumed for the 

calculations presented here that the glass is heated for 10 minutes to 

the fibre drawing temperature. In reality, the temperature wil.l vary 

with the position in the neckdown region. 

6.5. Fibre drawing experiments. 

6.5.1. Experimental set-up. 

In this paragraph, the fibre drawing equipment which has been used for 

the actual production of some ZBLAN fibres .• is. described. The design is 

based on the results of the crystallisation study. At the end of chapter 

5 it was concluded that a dry atmosphere helps to reduce crystallisation 

at the surface. Furthermore, it was argued by Sakaguchi et al [120], 

that the heat zone in a drawing furnace should be of sufficient length 

in order to avoid hi~h temperatures in the neckdown region of the 

preform. These authors have shown by calculation, that the temperature 

in the neckdown region exceeds the temperature at the starting,point of 

the neckdown region. Furthermore, the preform temperature decreases when 

a long heat zone is adopted and at the same time the ne.ckdown region is 

elongated. The duration time for glass which had been exposed to 

temperatures higher than the deformation temperature is increased. It 
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was also pointed out that crystallisation is affected more intensely by 

temperature then by duration time. Therefore, it is more effective to 

decrease preform temperature by expanding the heat zone. 

He in~ 
/ preform clamp 

thermocouple 

o-ring 

/ Duran glass tube 

gas out<suctionl 

Figure 6.10 .Schematic representation of the fibre drawing furnace 

system. 

The furnace system that was used for fibre drawing is presented 

schematically in figure 6.10. The furnace itself consisted of a 

· resistance heated Al2~ tube (encapsulated. with isolation wool in a 

stainless ·steel container) of 80 mm length and 27 mm inner diameter. A 

stainless steel tube of 20 mm inner diameter was placed concentrically 

inside this Al2~ tube. A thermocouple was connected to the outside wall 

of the stainless steel pipe for temperature control. 

The furnace is encapsulated hermetically in a Duran glass tube which can 

be flushed with helium. The helium is dried over molecular sieve and 

passed through liquid nitrogen, and preheated to 180 oc before entering 
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the system. The helium is forced to pass through the furnace, because 

the exit is at the lower part of the furnace (in the bottom plate on 

which the furnace is placed). The exit is connected to a ventilator 

which can be regulated, to ensure that the gas flow through the exit 

diaphragm is virtually nil. The exit diaphragm which is below the 

furnace, serves to minimize the hole necessary for the fibre to pass 

through. When starting the drawing experiment, this diaphragm is at 

maximum aperture to let out the first drip of glass. It is narrowed 

around the fibre afterwards, when the actual drawing has started. For 

reasons of safety, an extra ring-shaped ventilation (not drawn in figure 

6.10) is placed below the diaphragm. This is to offer the possibility 

to add a 10% NF3 in N2 gas mixture to the helium which is flushed through 

the furnace. Addition of NF3 to the furnace atmosphere was claimed by 

Schneider et al [116] to improve fibre strength. 

The helium flow rate was held constant during fibre drawing at 3 1/min. 

The water content of the exhaust gas was of order 100 ppm, as measured 

with an Al2o3 sensor. The heat zone was measured beforehand, using 

similar conditions as during actual fibre drawing. The length was about 

35 mm. Although it turned out that this system worked rather well, it 

was found that the temperature gradient in radial directi.on was rather 

large (several tens of degrees per em). Improvement with respect to this 

temperature gradient in the centre of the furnace, may be obtained when 

the furnace diameter is enlarged. Decreasing the open space between the 

preform and the Al203 tube at the top inlet of the furnace is also 

helpful. 

The preform clamp was inserted via an o-ring sealed opening at the top 

plate of t;he system (made of stainless steel). The thermocouple 

connections, electric power supply for the furnace and gas inlet were 

also passed through this plate. 

The other parts of the drawing .. installation (eg fibre winding drum, 

feeding system, diameter controller) were the same as in well-known 

fibre drawing systems [121]. It was not tried to coat the fibre on-line 

because this does not improve fibre strength. This is due to surface 

crystallisation of the fibre which decreases the pristine strength of 

the fibre, and which takes place before on-line application of the 

coating. 
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The fabrication of the preforms was by rotational casting as described 

in § 3.2. Before pouring the cladding glass into the mould, it was 

cooled from the melting temperature (800 "C) to 650 •c inside the 

melting furnace. The mould temperature was 265 •c, which is slightly 

above T
9

• Higher temperatures of the mould were found to lead to 

adhesion of the cladding glass to the mould. The resulting tube, which 

was closed on one or both ends in most cases, was cooled slowly to room 

temperature. Both ends were cut with' a diamond saw using ethanol as a 

lubricant, in order to obtain a tube ~ith both ends open. This tube was 

replaced into the mould and heated slowly to 290 •c in the annealing 

furnace. The core glass melt could then be poured into this tube. A 

temperature of 290 •c was necessary to avoid glass breaking when the 

core glass was poured into the cla4ding tube. This was probably so 

because it takes some time to take the mould out of the annealing 

furnace and to pour the core glass, during which the cladding glass 

could cool to below T
9

• Before pouring, the core glass melt was cooled 

within the crucible in order to suppress bubble formation (see§ 3.6.1). 

This cooling is limited because the melt may not become too viscous to 

pour it out. The resulting preform was annealed for 40 minutes at around 

255 •c and slowly cooled to room temperature. 

The core and cladding glass compositions which have been usect, were 

taken from the literature [88,90,122,123]: 

core clad core clad core clad 

ZrF4 53 39.7 51.5 51.4 53 53 

BaF2 20 18 19.5 20.5 20 20 

LaF1 4 4 5.3 5.3 4 4 

AlF3 3 3 3.2 3.2 3 3 

NaF 20 22 18.0 19.5 16 20 

HfF4 13.3 

PbF2 2.5 4 

Compositions in mol%. 

The exact temperature at which the fibres were drawn is unknown, because 

the radial temperature gradient in the furnace is high: the temperature 
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of the control thermocouple is much higher than the actual temperature 

at the preform neckdown region. According to the literature, the drawing 

temperature should be around 310-320 •c for these glasses (log~-5-7 P). 

6.5.2, Preliminary resul~s of fibre drawing. 

The purpose of this study was to characterise the crystallisation 

behaviour of a fluorozirconate glass, and to investigate the potential 

of this glass for the production of ultra-low-loss fibres. As such~ the 

research was not directed to the actual preparation of low-loss fibres. 

This would require a much broader time- and money costing research 

effort, taking into account not only the cryst~llisation of the glass, 

but also a number of other ,effects that influence the optical properties 

of the fibre. Instead, a number of preliminary attempts were made to 

draw fibres, the, results of which will be presented in this paragraph. 

As stated in paragraph 6.5.1, the design of the drawing equipment and 

the method of drawing are based partially on the results of this study. 

The fibres which were drawn were of low strength, for reasons discussed 

earlier. It is, concluded that a dry inert atmosphere, a~though able t,o 

suppress surface crystallisation to some extent, did not suffice for a 

marked increase, in fibre strength. Other possibilities for improvement 

of fibre strength are discussed below. 

The losses were measured at 633 and 1520 nm on several parts of the 

fibre, and varied between 10 and 20 dB/m for both wavelengths, 

indicating that scattering losses were wavelength independent. This 

suggests that the scattering centres (bubbles, crystals or core/clad 

imperfections) are of the order of several microns or more. When a Re

Ne laser beam was launched into the fibre, some bright scattering 

centres were clearly visible on a number of places. 

It was concluded that the surface crystallisation cannot be suppressed 

sufficiently by dra~ing under dry nitrogen. Two alternative 

possibilities remain to be investigated: the application of NF3 as a 

reactive gas in the fibre drawing atmosphere. It was claimed by 

Schneider et al [116] that this would result in high strength fluoride 

fibres. Another possibility is the application of a coating glass which 

is applied before fibre drawing. The transformation temperature, 

viscosity-temperature profile and expansion coefficient need to match 
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with those of the fluoride glass. The crystallisation stability must be 

better than for the fluoride glass; especially the surface 

crystallisation rate must be extremely low. Only the optical properties 

in the infrared region are not of concern. To date, a suitable candidate 

has not been found yet. Lead fluorosilicate glasses [124] seem to offer 

good possibilities, since they possess relatively low T
9 

and high 

expansion coefficients. A number of tailoring efforts by additions of 

other components (B2o3, AlF3, CdF2) to the basic Si-Pb-0-F glass have 

been tried, but so far a stable glass with the appropriate T
9 

and 

expansion coefficient has not been found. 

The discrete scattering centres are most probably due to bubbles and 

some crystals formed during cooling of the glass from the melt during 

preform fabrication, or due to undissolved impurity particles. These 

relatively large crystals are not expected to have grown during fibre 

drawing because a much higher density of crystals is expected for such 

a case, from the nucleation and growth rate curves. Thus, it is believed 

that the discrete scattering centres are not of the same origin as the 

crystals which follow from the preceding calculations. The elimination 

of bubbles must be improved and the heat treatment necessary for fibre 

drawing must be further optimised in order to obtain lower losses. 

Calculations (see § 6.4.2) have indicated that the crystallisation may 

be sufficiently suppressed if the fibre is drawn at 310 •c, which 

corresponds to a viscosity log11 - 7, which should be low enough for 

fibre drawing from a preform. 
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LIST OF SYMBOLS 

Only the symbols that are used more than once or twice, are included 

in this list. The other symbols are defined within the text itself. 

Nomenclature 

ccA= the concentrations of A in the crystalline form (moljm3) 

ceA_ the equilibium concentration of A (moljm3) 

c 1A- the concentration of A far from the interface in the melt(moljm3) 

c/- the concentration of A in the liquid at the interface (moljm3} 

D - diffusion coefficient (m2js) 

d - particle size - 2Ro (m) 

E - activation energy for crystal growth (J) 

E
8 

= activation energy for viscous flow (J) 

Ek - activation energy describing overall crystallisation (J) 

~G - free energy difference between pure liquid A and crystal A 

(as in (5.9)) - thermodynamic driving force for 

crystallisation 

6G
8

- activation energy for growth 

6Gr- free energy difference between the liquid (of composition 

(Jjmol) 

(J) 

erA) at the interface and the pure liquid A. (Jjmol) 

6Gr- free energy difference between the liquid (of composition 

erA) at the interface and crystal A (this is the so-called 

driving force for crystallisation, which can be calculated 

from (5.12)). (Jjmol) 

aG1- free energy difference between the liquid (of composition 

c1A) far from the interface and the pure liquid A. (J/mol) 

6G1- free energy difference between the liquid (of composition 

c1A) far from the interface and crystal A (can be calculated 

from (5.12)). (Jjmol) 

~H,- heat of fusion of crystallising phase 

I nucleation rate 

K - effective overall reaction rate 

Ko - frequency factor 

k -Boltzmann's constant 

m - number which depends on the mechanism of growth 

(Jjmol) 

(m·3 .s-1) 

(1/s) 

(1/s) 

(J/K) 
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n -number which depends'on the mechanism of growth 

gas constant 

glass particle radius (d/2) 

AS1= entropy of fusion of crystallising phase 

t - time 

tp - time instant at the top of the DSC peak 

T - temperature 

T
9 

= glass transformation temperature 

Tx = onset temperature of crystallisation peak 

AT = Tx·T
9 

(chapter 3) 

= undercooling (chapter 5,6) T1-T or Tm·T 

TP = temperature at the top of the DSC peak 

Tm = melting temperature of the pure crystal phase 

T1 liquidus temperature 

u - growth rate 

Vm = molar volume of the crystallising phase 

w* thermodynamic barrier for nucleation 

x = fraction crystallised 

xp fraction crystallised at the top of the DSC peak 

xA fraction of phase A in a multicomponent system 

Greek symbols 

a heating rate 

11 = viscosity 

~ jump distance of the order of molecular dimensions 

v = frequency of vibration 

o = surface tension of the crystal-liquid interface 
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APPENDIX A 

el.neg at.radius Eb/Tm [12,35-39] glass 
pro g. 

[18.19] [40]A kcal/(mol.K) [20,21] 

Si 1.90 1.10 0.053 yes 
B 2.04 0.85 0.130 yes 
p 2.19 1.00 0.086 yes 
In 1. 78 1.55 0.029 yes 
T1 2.04 1.90 0.041 yes 
Bi 2.02 1.60 0.023 yes (ternary) 
Te 2.21 1.40 0.040 yes (splat) 
Mo 2.29 1.45 0.081 yes (splat) 
w 2.15 1.35 0.056 yes (splat) 
V(V) >1.94 1.35 0.097 yes (splat) 
Al 1.61 1.25 0.035 yes (binary) 
Ga 1.81 1.30 0.024 yes (binary) 
Ti 1.71 1.40 0.035 yes (binary) 
Co 1.88 1.35 0.014 no 
Ni 1.91 1.35 0.013 no 
Cu(II) 2.1 1.35 0.018 no 
Mg 1.31 1.50 0.013 no 
Ca 1.00 1.80 0.011 no 
Ba 0.89 2.15 0.015 no 

Table A.l. Electronegativities & atomic radii of some elements of 

interest. Also listed the ratio of single bond strength to 

liquidus temperature for the oxide compounds, as well as 

glass forming tendency of the oxides. 

Table A.l shows that cation size can serve as a secondary criterion for 

the prediction of glass formation [ 20] in oxide compounds. However, this 

still leaves some problem cases: compare Co, Ni, Cu (no glass formation) 

with In or Tl (glass progenitors). While the former elements are only 

slightly "oversized" (with respect to Si, B, P, etc.) as compared to the 

latter, they are not glass progenitors. Table A.l also shows that it is 

possible to consider ~/Tm as a secondary criterion. This would explain 

why In2o3 , Bi2o3 and Teo2 are not good glass formers, and why CoO, NiO 

and CuO do not give rise to glasses at all. Still, poor glass forming 

ability of Moo3 , wo3 and v2o5 is not explained by these two criteria. 
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APPENDIX B 

Equation (5.12), which is used for the calculation of the driving force 

for nucleation and growth in the case where the liquid and the crystal 

have a different composition, is derived here. 

The chemical potential p1x(T) of the liquid phase of composition x is 

given by: 

(B.l) 

where p1
1 (T) denotes the potential of the pure liquid (x-1) and 1 is 

the activity coefficient. 

The driving force for crystallisation 6G is given by the difference 

between p1x(T) and p
5

1(T), the chemical potential of the pure solid: 

(B.2) 

p1
1(T)-p

5
1(T) is the free energy difference between the pure liquid and 

solid phase respectively, which is given by the so-called Hofmann 

expression (5.8): 

(B. 3) 

Substitution in (B.2) yields: 

(B.4) 

6G should be nil at T-Tl' so: 

(B.5) 

When a solution is "regular" in the sense used by Hildebrand [ 126], 

then 

(B.6) 

Combination of (B.6), (B.S) and (B.4) give (5.12): 
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(B. 7) 

As was noted below (5.12), this expression may lead to an increase in 

the driving force for crystallisation when the fraction x of the 

crystallising phase decreases, depending on the solidification curve 

Tt (x). This effect is due to the assumption that the solution is 

regular: (B.6). The variation of the activity coefficient with 

temperature (and composition) may in fact differ from (B.6). 

Unfortunately, there are no data available on the activity coefficients 

of the ZBLAN system. 
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APPENDIX C 

The influence of diffusion on the growth rate of BaZrF6 crystals in a 

ZBLAN melt will be studied in this appendix. For growth to take place, 

Na+ ions have to diffuse from the crystal boundary to the melt, whereas 

Ba2+ ions have to diffuse in the opposite direction. The volume 

concentration of Zr4+ ions is almost equal in crystal and melt. 

The crystal growth kinetics for this case are described by equations 

(5.13)-(5.17) and (5.8): 

u- Av exp(-~G8/kT)[exp(~Gr/RT)-exp(~G/RT)] (5.13) 

j - u (c/-c/) (5.15) 

(5.16) 

In the above equations: 

(5.8) 

(5.14) 

l/c5 = (1/r+l/(?rDt) 112) (5.17) 

The free energy difference ~Gr between the liquid at the interface 

(composition erA) and the pure liquid A, depends on the concentration 

of A at the interface. The liquidus temperature used in ( 5. 14) will 

also vary with x/. There are no experimental data available for the 

variation of T1 with composition. For the calculations presented below, 

a rough estimate was used: 

A simplified "phase diagram" was constructed with ZrF4BaF2 on one end, 

and a composition (ZrF4 ) 33 (NaF) 20 (LaF3)4 (AlF3)3 on the other end. The 

composition of the fluoride glass is obtained by taking 25 % (the 

fraction ZrF4BaF2 in the glass is 0.25) of the ZrF4BaF2 phase and 75 % 

of the other phase. The melting temperature of the NaF containing phase 

is unknown, but it was estimated by taking the liquidus of the 

(ZrF4)33 (NaF) 20 system, which is obtained from a phase diagram of the 
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ZrF4-NaF system [127]. This temperature was about 620 •c. We now have 

three points for our "phase diagram": at xA-o 

Tm=620 •c, at xA=0.25 (composition of the glass of this study) Tl=454 

•c and at xA=l Tm=750 •c. The liquidus temperatures for other fractions 

ZrF4BaF2 were obtained by linear interpolations between the respective 

values for Tm and Tl. 

The interdiffusion coefficient D must be known for the solution of this 

set of equations. Only one reference has been found where interdiffusion 

coefficients for diffusion in fluoride glasses have been reported [122]. 

The base glass composition was the same as the ZBLAN glass of this 

study. An Arrhenius plot of the sodium/lithium interdiffusion 

coefficient versus temperature has indicated an activation energy of 

=310 kJ/mol, from measurements over the temperature range 256 to 280 

·c. The interdiffusion coefficients ranged from =6.10" 16 to 2.10" 14 over 

this temperature range. 

Sodium/lead interdiffusion coefficients were found to be at least 1 

order of magnitude smaller over the same temperature range. It is 

assumed here that the coefficient for sodium/barium interdiffusion is 

of the same order of magnitude as for sodium/lead interdiffusion. 

Furthermore, it is also assumed that the interdiffusion coefficient can 

be described by an Arrhenius equation over a wide range of temperatures, 

extending from T
9 

to 350 •(; or more. The thickness of the diffusion 

layer~ can then be estimated from (5.17) for several instants of time. 

The radius of the (spherical) crystal was taken as 0.5 ~m, and it was 

found that 15 becomes nearly constant after a relatively short time 

interval. 

It is possible now to calculate the growth rate u at a given 

temperature, because the concentration of A at the interface c/, the 

flux j of A to the interface and the growth rate u can be solved from 

the three equations (5.13), (5.15) and (5.16). c/ and j were eliminated 

and an expression of ~he type u - f(u) was obtained from which it was 

possible to determine u numerically. 

Surprisingly, the growth rates which were calculated in this way were 

at most 10 % higher than the growth rates which can be calculated if 

it is assumed that the concentration at the interface equals the bulk 

liquid concentration (when the process is not diffusion limited at all). 

As stated in chapter 5, there are no data available on the activity 
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coefficients of the melt, and therefore it cannot be verified if 

equation (5.14) is correct for the system of this study. The variation 

of the liquidus temperature T1 with composition is also unknown, and 

some estimation was used for the calculations. It is found here that the 

use of (5.14) in combination with this estimation for T1 implies that 

the growth rate is ~ if the growth process is (partially) 

controlled by diffusion. 

The preliminary results presented here suggest that it is not necessary 

to take diffusion into account for a reasonable estimation of the growth 

rate. 
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SUMMARY 

Zirconiumfluoride based glasses are important candidate materials for 

the production of ultra-low-loss fibres. Several other non-communicative 

applications of fluoride glasses and fibres, based on the infrared 

transparancy of these glasses, have already been demonstrated in the 

laboratory. 

Any imperfection in the fibre waveguide can lead to increased extrinsic 

scatter loss. This study is focussed on the main sources of extrinsic 

scatter loss: impurity particles, crystals and bubbles. The glass system 

of this study was a ZrF4-BaF2-LaF3-AlF3-NaF (ZBLAN) glass which has been 

shown (in the literature) to be among the more suitable for fibre 

drawing. 

As an introduction, an evaluation is given of existing criteria which 

are used to explain glass formation. It is shown that in analogy to 

oxide glasses electronegativity can be used for the prediction of glass 

formation in fluoride and other halide systems. A new concept, based on 

the covalency of interatomic bonds, is proposed for a more fundamental 

explanation of glass formation. The electronegativity and covalency 

criteria were tested on a large number of glass forming systems. 

The influence of the oxygen related impurities in the raw materials upon 

fluoride glass quality has been studied. It was found ~hat commercially 

available ZrF4 may contain oxygen impurities, or may even be fully 

hydrated. This results in the formation of Zr02, Zr7o9F10 and RaZr03 · 

crystals in the glass, which leads to higher scatter losses in fluoride 

fibres. Several methods of refining were tested systematically for 

quality improvement. It was found that careful sublimation and 

· fluorination were useful for oxygen elimination .. 

Mass spectroscopic analysis has indicated that the bubbles which were 

always found in preforms (for the production of fibres), were mainly 

vacuum. 

The crystallisation behaviour of the ZBLAN glass was studied by 

Differential Scanning Calorimetry. The DSC measurements have indicated 

that the glass is fairly stable against devitrification, and that 
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surface crystallisation plays an important role, but did not provide 

sufficient insight into the exact mechanism of growth. 

Therefore, the nucleation and growth rate of the crystals (identified 

by XRD as A-BaZrF6) were studied in more detail by optical microscopy. 

The experimental results of the nucleation rate measurements were 

compared with the theoretical values obtained by classical nucleation 

theory, modified to include the case where the crystallising phase and 

the parent glass have a different composition. They were found to be in 

satisfactory agreement with each other. The measurements have indicated 

that some heterogeneous nucleation takes place, most probably due to the 

presence of undissolved oxygen impurity particles. 

For the theoretical evaluation of the growth rate, a general equation 

was derived which describes the growth rate as a function of temperature 

for a system which crystallises with a sizeable change in composition. 

The calculated growth rate was 0-2 orders of magnitude lower than the 

experimental value, depending on the temperature. However, the shape of 

both curves agreed reasonably for the temperature range of the 

measurements. 

Using the nucleation and growth rates obtained in this way, it was 

possible to calculate the crystallinity (as a function of time) of a 

glass sample by computer simulation, using temperature-time histories 

which had been used for the DSC measurements. The results of the 

calculations and those of the DSC measurements were found to agree well 

with each other. As a further step, the temperature treatment necessary 

for the production of a fibre was simulated, and the crystallinity of 

the fibre due to this treatment was calculated. The scatter loss could 

be estimated from this crystallinity; the results have indicated that 

the loss due to crystallisation can be limited to 0.014 dB(km or less 

at the wavelength of minimum intrinsic losses, which is of the same 

order of magnitude as the expected minimum intrinsic losses. However, 

this value is most c;ritically dependent on the temperature control 

during fibre drawing. 

The influence of the condition of the glass surface, and of the 

surrounding atmosphere, on the crystallisation of the surface was 

studied also. It has been found that both etching with an acid solution 

and heating in dry nitrogen instead of air, help to suppress surface 
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crystallisation. These findings were explained from the formation of 

Zr02 crystals on the glass surface due to hydration and dehydration 

reactions. The Zr02 crystals act as heterogeneous sites for nucleation 

of the fluoride crystals. 

A special fibre drawing equipment has been designed, based on the 

results of the crystallisation study. Preliminary experiments have 

revealed that drawing of fibres under a dry atmosphere is not effective 

enough to avoid all surface crystallisation. 
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SAMENVA'l'liNG 

De zirconiumfluoride glazen nemen een belangrijke plaats in tussen de 

klassen van materialen met een potentiele toepassing voor de produktie 

van vezels met ultra-lage verliezen. Verschillende andere, niet op 

communicatie gerichte toepassingen van fluoride glas en glasvezels, 

gebaseerd op de infrarode transparantie van dit glas, werden reeds 

gedemonstreerd in bet laboratorium. 

Elke onvolkomenheid in de optische vezel geeft aanleiding tot een 

verhoogde extrinsieke verstrooiing. Deze studie richt zich op de 

belangrijkste oorzaken voor deze verliezen: onoplosbare deeltjes, 

kristallen en bellen. Het systeem van deze studie was een ZrF4 -BaF2-

LaF3-AlF3-NaF (ZBLAN) glas waarvan werd aangetoond (in de literatuur) 

dat bet zeer goed geschikt is voor bet vezeltrekken. 

Als inleiding werd er een evaluatie gegeven van bestaande criteria, die 

gebruikt worden voor bet verklaren van glasvorming. Aangetoond wordt 

dat, in analogie met oxide glas, electronegativiteit bepalend is voor 

bet al dan niet optreden van glasvorming in fluoride en andere halide 

systemen. Een nieuw concept, gebaseerd op de covalentie van 

interatomaire verbindingen, is voorgesteld voor een meer fundamentele 

verklaring voor glasvorming. Het electronegativiteits- en bet covalentie 

criterium werden uitvoerig getest op diverse glasvormende systemen. 

De invloed van de aard van de grondstoffen op de kwaliteit van bet 

fluoride glas werd bestudeerd. Het in de handel verkrijgbare ZrF4 kan 

zuurstofhoudende verontreinigingen bevatten; bet kan zelfs volledig 

gehydrateerd zijn. Dit resulteert in de vorming van Zr02, Zrf>9F10 en 

BaZ~ -kristallen in bet glas, wat leidt tot nog meer 

·verstrooiingsverliezen in de fluoride vezels. Verschillende 

zuiveringsmethoden werden systematisch getest ter verbetering van de 

kwaliteit. Sublimatie en fluorinatie bleken nuttig voor de eliminatie 

van zuurstof. Massaspectrometrische analyses toonden aan dat de bellen, 

die steeds in de preform (voor de produktie van vezels) werden 

aangetroffen, vacuum waren. 
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Het kristallisatiegedrag van bet ZBLAN glas werd bestudeerd aan de hand 

van Differential Scanning Calorimetry. De DSC metingen toonden aan dat 

het glas redelijk bestand is tegen kristallisatie en dat oppervlakte 

kristallisatie een belangrijke rol speelt, maar ze leverden niet genoeg 

inzicht in bet precieze groeimechanisme. 

Daarom werden de nucleatie en de groeisnelheid van de kristallen 

(geldentificeerd door XRD als &-BaZrFt>) meer in detail bestudeerd door 

middel van optische microscopie. De experimentele resultaten van de 

nucleatiesnelheidsmetingen warden vergeleken met de theoretische 

waarden, bekomen met de klassieke nucleatie theorie, rekening houdend 

met bet feit dat de kristallijne fase en bet oorspronkelijke glas een 

verschil.lende samenstelling hebben. De beida resultaten bleken redelijk 

met elkaar overeen te komen. De metingen toonden aan dat heterogene 

nucleatie plaatsvond, te wijten aan de aanwezigheid van niet oplosbare 

zuurstofhoudende verontreinigingen. Voor de theoretische evaluatie van 

de groeisnelheid, werd een algemene vergelijking afgeleid, die de 

groeisnelheid beschrijft als functie van de temperatuur voor een systeem 

dat kristallis.eert, waarbij de kristallijne fase verschilt van de 

glassamenstelling. De berekende groeisnelheid was 0-2 ordes groter dan 

de experimentele waarde, afhankelijk van de temperatuur. Het verloop van 

beida curves kwam redelijk overeen voor bet temperatuursgebied van de 

metingen. Gebruik. makend van de aldus verkregen nucleatie- · en 

groeisnelheid, was bet mogelijk de kristallisatie te berekenen (als 

functie van de tijd) van een glasmonster door computer simulatie. 

Daarbij werd gebruik gemaakt van de temperatuur-tijd histories, gebruikt 

voor de DSC metingen. De resultaten van deberekeningen en die van de 

DSC metingen b1eken goed met e1kaar overeen te stemmen. Daarna werd de 

temperatuursbehande1ing, nodig voor de produktie van de vezel 

gesimu1eerd, en de kristal1isatie van de vezel, ten gevo1ge van daze 

behande1ing, berekend. Het verstrooiingsver1ies ten gevolge van de 

krista11isatie kon geS~chat worden; de resultaten toonden aan dat bet 

ver1ies, te wijten aan de kristal1isatie, beperktkan worden tot 0.014 

dB/km of minder bij de go1flengte van minimale intrinsieke verliezen, 

die van gelijke orde van grootte is a1s de verwachte intrinsieke 

ver1iezen. Deze waarde is echter sterk afhanke1ijk van de 

temperatuursbeheersing tijdens bet veze1trekken. 
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De invloed van de conditie van bet glasoppervlak, 'en de omringende 

atmosfeer op de kristallisatie van bet oppervlak werd ook bestudeerd. 

Etsen met een zure oplossing en verwarmen in droge stikstof i. p. v. 

lucbt, remt de oppervlakte- kristallisatie enigszins af. Deze 

bevindingen werden verklaard vanuit de vorming van Zr02 kristallen op 

bet glasoppervlak, te wijten aan de bydratie- en debydratiereacties. De 

Zr02 kristallen fungeren als substraten voor de beterogene nucleatie van 

de fluoride kristallen. Er werd een speciale opstelling voor bet 

vezeltrekken ontworpen, gebaseerd op de resultaten van de 

kristallisatiestudie. Inleidende experimenten bebben aangetoond dat bet 

vezeltrekken onder een droge atmosfeer niet effectief genoeg is om 

oppervlaktekristallisatie te voorkomen. 
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STEI.LINGEN 

behorend bij bet proefschrift van G.L.A de Leede 

1. De electronegativiteiten van de atomen van een binaire, balogene 

verbinding kunnen, zoals dat voor oxide verbindingen bet geval is, 
worden gebruikt als criterium om te toetsen of een dergelijke verbinding 

gl.asvorrnend is. 

J.E. Stanworth, 

J. Soc. Glass Technol. 36 (1952) 217T. 

Dit proefschrift boofdstuk 2. 

2. De rapportage van karakteristieke temperaturen, verkregen door rniddel 

van therrnische analyse aan deeltjes glas, is van weinig waarde indien de 

gebruikte deeltjesgrootte en/of de atrnosfeer, waaronder bet experiment 

is uitgevoerd, onverrneld blijven. 

Dit proefschrift hoofdstuk 3. 

en, bv. P. Baniel; A Kober, 

Mat. Sci. For. 19-20 (1987) 523-532. 

3. Afhankelijk van bet verloop van de liquiduscurve van een reguliere 

oplossing, kan de kristalgroeisnelbeid van een uit deze oplossing 

kristalliserende fase bij diffusielirnitering ~ zijn dan indien de 

groei niet gelirniteerd wordt door diffusie. 

J. Hildebrand, in "Solubility of Non-Electrolytes" (2nd edition,1936) 

chapter 4. 

Dit proefschrift hoofdstuk 5. 

4. De opmerking van Drexhage, dat bet temperatuur-tijd schema voor bet 

srnelten van tluorideglas niet cruciaal is, is niet geldig indien wordt 

uitgegaan van oxide verbindingen, welke gedurende bet smelten worden 

getluorineerd met bebulp van ammonium bitluoride. 

M. Drexhage in: "Treatise on Materials Science and Technology", vol.26, 

glass IV, eds M. Tomazowa and R.H. Doremus (Academic Press, New York, 

1985) ch.4: "Heavy Metal Fluoride Glasses", p.180. 

Dit proefscbrift hoofdstuk 3. 
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5. Het verhogen van de stabiliteit van de gemengdeken door ongelijkmatig 

inleggen, zoals tegenwoordig veel toegepast wordt, is ongunstig voor de 

kinetiek van bet insmeltproces. Het verdient daarom aanbeveling te 

zoeken naar andere methoden om de stabiliteit van de gemengdeken te 

verzekeren. 

6. Zowel bet krimpen als bet groeien van zuurstotbetlen in de glassmelt 

wordt bevorderd door redoxreakties in de smelt. die bet niveau van de 

opgeloste zuurstof bufferen. 

H.D. Schreiber; SJ. Kozak; AL. Fritchman; O.S. Goldman and HA 
Schaeffer, 

Phys. Chem. Glasses 27 (4) (1986) 152-177. 

7. De maximaal toelaatbare concentratie van schadelijke componenten in 

rookgassen dient te worden gerelateerd aan de hoeveelheid eindprodukt en 

niet aan de hoeveelheid geproduceerd rookgas. 

8. De benodigde tijdsduur om een grondstoffenmengsel batchgewijs tot 

korrelvrij glas in te smelten, wordt yerhoo!W indien de fractie fijn 

zand toeneemt ten opzicbte van de fractie grof zand. 

9. Als gevolg van extreme trainingsbelasting kan bet voorkomen dat bet 

testosterongehalte van topsporters ver beneden de normale waarde daalt 
Het verdient aanbeveling de dopingwetgeving aan te passen, zodat 

anabolicatoediening onder mediscb toezicht mogelijk is in dergelijke 

gevallen. 

F. Verstappen (red.), 

"Training. prestatie en gezondheid in de sport" (Wetenschappelijke 

Uitgeverij Bunge, Utrecht 1985). 

10. Het topsportbeleid in Nederland blijft ver achter in vergelijking tot 

dat van de meeste andere Ianden, zodat topsportbeoefening op hoog 

internationaal niveau nagenoeg onmogelijk zal worden. Voor een 

verbetering van deze situatie dienen de sportbonden gebruik te maken van 

de potentiele mogelijkheden die de media en bet bedrijfsleven bieden. 

11. Te oordelen naar bet verloop van vele discussies is er naast een 

nieuwsuitzending voor doven en slechthorenden, behoefte aan een 

nieuwsuitzending voor slecbtluisterenden. 

2 




