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SAMENVATTING 

Het onderzoeken van het stromingsgedrag van glasachtige 

systemen is zowel uit wetenschappelijk als uit technologisch 

oogpunt van belang. 

Het is van wetenschappelijk belang, omdat zo'n onderzoek bij

draagt tot de kennis van: 

a het stromingsgedrag van glasachtige systemen, en 

b. de struktuur van deze systemen. 

Het is van_ technologisch belang, omdat de stromingseigenschap

pen een belangrijke rol spelen bij: 

c. het smeltproces van de grondstoffen, en 

d. de vorming van glazen voorwerpen. 

In de glastechnologie is het reeds lang bekend, dat er 

althans bij de gangbare technieken - praktisch altijd enig 

water in het glas blijft opgelost. Dit achtergebleven water is 

bij de produktie van glas op industriële schaal moeilijk uit 

de smelt te verwijderen. 

een grote invloed heeft 

smelt. In het verleden 

Het is ook bekend, dat dit restwater 

op de stromingseigenschappen van de 

is er weinig aandacht besteed aan de 

vraag hoe groot die invloed van water wel is. De kondities 

voor het produceren en het verwerken van glas zijn vaak empi

risch zo gekozen, dat er een optimaal produkt verkregen wordt< 

Een kwantitatief onderzoek naar de invloed van water op de 

stromingseigenschappen van glas kan daarom een bijdrage le

veren tot een meer wetenschappelijke benadering van de proces

sen in de glastechnologie. 

Om verschillende redenen zijn voor ons onderzoek de alka

liboraatglazen gekozen. Deze glazen smelten bij relatief lage 

temperaturen en zijn gemakkelijk te hanteren, Verder vertonen 

hun eigenschappen als funktie van de samenstelling een gedrag 

dat anders is en ook interessanter dan dat van de silikaatgla

zen. 

Om tijdens een experiment een vrijwel konstant waterge

halte in het glas te kunnen handhaven moest het onderzoek wor

den uitgevoerd in het gebied met hoge viskositeit (10 10 - 1013 

Poise), d.w.z. het glas moest een grote stijfheid bezittenc 
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Bovendien mocht het glas niet worden aangetast door het vocht 

uit de lucht.. Een viskosimeter van het Pochettino type bleek 

voor dit doel het meest geschikt te z 

Deze viskosimeter bestaat uit twee koncentrische metalen 

cylinders, waartussen een cylinder van glas wordt gesmolten. 

De buitenste cylinder wordt ondersteund De belasting wordt 

aangebracht op de binnenste cyl en geeft deze een axiale 

snelheid, omdat er afschuiving in de glascylinder optreedt. 

De snelheid van de binnenste cylinder ten opzichte van de 

stilstaande buitenste cylinder is gemeten met behulp van een 

interferometrische methode. De laagste en de hoogste meetbare 
-10 -5 snelheid waren resp. ongeveer 3xl0 en 3xl0 cm/sec (ofwel 

resp, 1 cm/eeuw en 1 km/eeuw) 

Uit de relatie tussen de snelheid en de belasting en de 

afmetingen van de viskosimeter is de waarde van de viskositeit 

en het karakter van de stroming bepaald. 

Het onderzoek bestaat uit de volgende gedeelten: 

I Een vooronderzoek naar de aard en de omvang van de ver

traagd elastische effekten. Vertraagd elastische effekten 

kunnen optreden direkt na het aanbrengen van een belas

ting. Ze zijn doorgaans delijk van aard. Men kan pas 

iets over het stromingsgedrag van het glas zeggen, als de 

afschuiving stationair geworden is, d.w.z. als men met 

een zuiver viskeuze stroming te maken heeft. Daarom is in 

dit proefschrift een methode ontwikkeld, waarmee men de 

invloed van de vertraagd elastische effekten en die van 

de eigenlijke viskeuze stroming kan separeren. 

II. Een onderzoek naar de stromingseigenschappen van de wa

tervrije alkaliboraatglazen Hiervoor werden de glazen 

in een vakuurnaven verhit waardoor de laatste resten water 

uit het glas verwijderd werden 

III. De ontwikkeling van een analysemethode voor kleine water

koncentraties (<1 mol.%) in boraatglas. De bestaande wa

teranalyse methoden zijn voor ons onderzoek ofwel te on

nauwkeurig ofwel niet bruikbaar gebleken vanwege hun spe

ciale eisen. 
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IV Een onderzoek naar de invloed van kleine hoeveelheden wa

ter op de stromingseigenschappen van boriumoxideglas en 

enkele natriumboraatglazen. 

ad I. Het boriumoxideglas bleek nauwelijks een ver

traagd elastisch effekt te vertonen. De stroming was vrijwel 

direkt stationair. Na toevoeging van lithiumoxide aan borium

oxideglas was er wel een effekt aanwezig. Het bleek bovendien 

toe te nemen met verdere toevoeging van lithiumoxide. Na onge

veer l à 2 uur bleek de afschuiving in de lithiumboraatglazen 

ook stationair te zijn. Het effekt bleek bij een konstant ge

houden alkalioxide gehalte af te nemen in de volgorde van 

lithium-, natrium-, kalium-, rubidium- naar cesiumboraatgla

zen. In het laatste geval was het effekt zelfs nauwelijks meer 

te meten. Het verschijnsel van de vertraagde elasticiteit kon 

worden verklaard met behulp van de bestaande kennis van de 

struktuur van de alkaliboraatglazen 

Het vooronderzoek heeft tevens een methode opgeleverd, 

die het vertraagd elastische effekt kan separeren van de ei

genlijke viskeuze stroming De methode berust op de meting van 

de snelheid op een bepaald moment tijdens een bepaalde belas

ting. De meting geschiedt nadat het glas bij zowel een vooraf

gaand lagere als een voorafgaand hogere belasting is gestabi

liseerd. Het gemiddelde van de twee metingen is een goede be

nadering gebleken van de stationaire snelheid bij viskeuze 

stroming. 

Ad II. Waarden van de viskositeit en het karakter van de 

stroming zijn gemeten als funktie van de samenstelling en de 

temperatuur.De toename van de viskositeit van het boriumoxide

glas door het toevoegen van alkalioxide is in overeenstemming 

gebleken met de bestaande kennis van de struktuur van alkali

boraatglazen: de zuurstofionen van het alkalioxide worden in 

het netwerk van het boriumoxide glas opgenomen, doordat bo

riumionen met een drievoudige zuurstofomringing overgaan in 

boriumionen met een viervoudige zuurstofomringing. Dit geeft 

een driedimensionale samenhang aan het netwerk, waardoor de 

stijfheid en dus de viskositeit van het glas toeneemt. 
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De vorm van de viskositeitsisotherm bleek verder overeen 

te komen met de opvatting van Beekenkamp over de struktuur van 

de alkaliboraatglazen, n.l. dat er reeds zwevende zuurstof

ionen in het netwerk optreden bij een toevoeging van ongeveer 

15 mol,% alkalioxide (een zwevend zuurstofion is een zuurstof

ion, dat slechts aan één boriumion is gebonden}. 

Het karakter van de stroming bleek voor alle glazen tot 

een viskositeit van 10 11 Poise van het Newtonse type te zijn; 

d.w z. de snelheidsgradient p van de afschuiving in het glas 

is recht evenredig met de aangebrachte schuifspanning t: 

t = np, 

waarbij n de viskositeit voorstelt. Het boriumoxideglas bleek 

zelfs tot 10 13 Poise een Newtons gedrag te vertonen. 

De alkaliboraatglazen bleken zich daarentegen bij viskositei

ten hoger dan 10 11 Poise als een Binghamse vloeistof te gedra

gen. Het verband tussen de aangebrachte schuifspanning t en de 

snelheidsgradient p wordt hierbij gegeven door de betrekking: 

waarin t
0 

de waarde voorstelt, die t minstens moet bezitten om 

tot stroming aanleiding te geven; t
0 

wordt de zwichtspanning 

genoemd. 

De gevonden resultaten vormen een s voor de 

heid van de theorie van Stein, Cornelisse en Stevels, die han

delt over het stromingsgedrag van glazen. 

De veronderstelling van andere onderzoekers,dat het Bing

hamse stromingsgedrag het gevolg zou kunnen zijn van fase

' is niet bevestigd. Integendeel, er is zelfs geen 

korrelatie tussen de twee fenomenen gekonstateerd: het Bing

hamse stromingsgedrag bleek zowel in een homogeen glas als in 

een glas met fasescheiding op te treden. 

Ad III. Het watervrij maRen van het glas in een vakuurn

aven heeft tot het principe geleid waarop de analysemethode 

van kleine hoeveelheden water is gebaseerd. 
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Bij verhitting van een glasmonster in een geëvakueerde ruimte 

komt het water uit het monster vrij en veroorzaakt een water

dampdruk. Na het meten van deze druk kan het watergehalte van 

het glasmonster berekend worden. Deze methode is betrouwbaar 

gebleken voor redelijk nauwkeurige bepalingen van kleine hoe

veelheden water in boriumoxideglas en natriumboraatglazen. 

Ad IV. Eerst werd nagegaan of kleine hoeveelheden water 

invloed hebben op de vertraagde elasticiteit. Dit bleek nage

noeg niet het geval te zijn, behoudens voor een boraatglas met 

een gehalte van 15 mol.% natriumoxide. De speciale meetmethode 

voor de bepaling. van de stationaire snelheid bij viskeuze 

stroming kon zonder bezwaren worden gebruikt. 

Waarden van de viskositeit en het karakter van de stro

ming zijn voor boriumoxideglas en twee natriumboraatglazen 

bepaald als funktie van het watergehalte en de temperatuur. De 

afname van de viskositeit van het boriumoxideglas ten gevolge 

van het opgeloste water bleek ongeveer vijf maal zo groot te 

zijn als de toename ten gevolge van eenzelfde hoeveelheid in

gebouwd natriumoxide. 

Hetzelfde beeld geldt voor de zwichtspanning bij het op

treden van een Binghams stromingsgedrag bij de natriumboraat

glazen. 

Het verschil in invloed van het water en het natriumoxide 

op de stromingseigenschappen van de onderzochte systemen is 

het gevolg van het feit, dat deze "toevoegingen" op verschil

lende wijze in het borium-zuurstof netwerk worden ingebouwd. 
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SU.t-WI.ARY 

This thesis deals with the rheology of vitreous systerns. 

It is confined to the study of the rheological behaviour of 
. 10 13 borate glasses ~n the region of high (10 - 10 P). 

In the chapter the purpose of the investiga-

tion is explained, viz.the knowledge of the influence of srnall 

amounts of water on the rheological properties of glass. It is 

also explained why the alkali borate have been selec

ted as the subject and why the viscosimeter of the Pochettino 

type has been chosen for carrying out the investigations. 

The apparatus and the experimental procedures are de

scribed in 2. A new metbod of analysing smal! amounts 

of water in borate glasses has been developed. It is based on 

the principle that when a glass sample is melted in an evacu

ated tube, the water leaves the and produces a water 

vapour pressure; after measuring this pressure the water con

tent in the sample can be calculated. 

An investigation of the occurrence, if any, of delayed 

elastic effects has yielded a loading procedure, which enables 

these effects to be separated from the viseaus flow. The aver-

age of two shearing veloeities 

and a previous higher load has 

determining the stationary 

( Chapter 3) • 

measured for a previous lower 

to be a good approach of 

at purely viscous flow 

The rheological properties of the anhydrous alkali borate 

glasses (melted in vacuo} are described in Chapter 4. The in

crease in viscosity of boric oxide glass at the introduetion 

of alkali oxide is in agreement with the knowledge about the 

structure of alkali borate glasses, viz. that the excess of 

oxygen ions of the alkali oxide convert boron ions from three 

to four coordination for oxygen ions. Furthermore, the shape 

of the viscosity isotherm is shown to agree best with Beeken

kamps's view of the .structure of alkali borate glasses, viz. 

that there is already a detectable amount of non-bridging oxy

gen ions at concentrations of about 15 mol.% aikali oxide. 

The rheological behaviour of boric oxide glass to be 

I! 



of the Newtonian type up to a viscosity of 1013 Poise, whereas 

the alkali borate glasses showed a Bingharn flow behaviour at 

viscosities higher than 1011 Poise. 

The experirnents have yielded evidence of the correctness of 

the theory of Stein, Cornelisse and Stevels concerning the 

rheological behaviour of glasses. 

A possible correlation between the phenornena of Bingharn yield 

value and phase separation was not observed. 

The influence of water on the rheological properties has 

been investigated for boric oxide glass and two sodiurn borate 

glasses and is described in Chapter 5. The reducing influence 

of water on the viscosity has appeared to be about five tirnes 

stronger than the increasing influence of sodiurn oxide. 

The Bingharn yield values have shown a similar picture. The ex

planation of the behaviour of water is based on the idea that 

B-0-B honds in the glass are "hydrolysed", which causes a pre

ferabie viscous flow along OH groups. 
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CHAPTER 1. GENERAL INTRODUCTION 

An investigation of the rheological properties of glass

forming roelts is of interest, both from a technological and a 

scientific point of view. The technological interest is due to 

the fact that the rheological behaviour plays an important 

part in the melting process of the glass components and in the 

forming of vitreous objects. It is of scientific interest 

because first, it enlarges the knowledge of rheological prop

erties, and secondly, it permits of drawing conclusions from 

this behaviour as to the structure of the vitreous systems. 

In glass technology it is known that a small amount of 

water often remains dissolved in the glass. This amount of 

water can only be removed completely with great difficulty. It 

is also known that the remaining water has a great influence 

on the rheological properties. However, on this point only 

little quantitative research has been performed so far. The 

conditions for the production and werking to shape of the 

glass are often chosen empirically until an optimum product is 

obtained. A quantitative investigation of the influence of wa

ter on the rheological properties can, therefore, contribute 

to a more scientific approach in glass technology. 

Alkali borate glasses were chosen for our investigation, 

and this for several reasons. These low-melting glasses are 

easy to handly, so that the apparatus can be of simple con

struction. Furthermore, borate glasses have many interesting 

properties which depend on their composition in a way differ

ent from that in which silicate glasses depend on their com

position. Biscoe and Warren1 ) have shown that the behaviour of 

the borates is mainly determined by the ability of boron ions 

to adopt a threefold or fourfold coordination for oxygen ions. 

This phenomenon has been described in a more quantitative way 

by Abe 2), Krogh-Moe 3 ), Bray 4) and Beekenkamp S). Especially 

the latter has proposed structural roodels with which many 

properties of the borates can be explained. The knowledge of 

these roodels is of great value for the study of the rheologi

cal properties of borate glasses, and this study can in turn 

13 



contribute to the knowledge of the structure of the glasses. 

In order to obtain well-defined conditions for the water 

content of the glasses it is required that the investigation 

shall be carried out in the region of high viscosity. The com

mon fibre-elongation viscosimeter is less suitable for the 

purpose, since many precautions must be taken in order to pre

vent the glass from being attacked by moisture. This is espec

ially true in the case of borate glasses. A viscosimeter of 

the Pochettino type has proved to be more appropriate. Por our 

investigations it has been so adapted to vitreous systems that 

the viscosity can be measured in the region from 10 9 to 10 14 

poises. x) 
The investigation may be divided into three parts in the 

following order: 

(i) An investigation of the occurrence of delayed elastic 

effects and the development of a methad of separating 

sufficiently these effects from the viseaus flow, be

fore the rheological properties are studied. 

(ii) An investigation of the rheological properties of the 

alkali borate glasses. 

(iii) An investigation of the influence of water on these 

rheological properties. 

Several years ago Stein and Stevels G) started the rheo

logical investigation of the alkali borate glasses. Their 

measurements were performed on a sodium borate glass and 

pointed out deviations from Newtonian behaviour, which could 

not be explained by the existing theories 7 , S) Then, Stein 

et al. 9 ) developed a theory for viseaus flow from which the 

conclusion was drawn that deviations from Newtonian behaviour 

are found in most glasses if certain conditions are fulfilled. 

This theory is of importance to the investigation described in 

this thesis and is, therefore, outlined in Appendix A. Experi-

Although it is customary to speak of a glass if the tem-

perature is below the transition range,the systems examined 
• 10 13 

in this thesis in the viscosity regLon from JO to JO P 

will also be called glasses for reasans of convenience. 
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ments carried out by Cornelisse et al. 10 ) gave a first indi

cation of the correctness of the theory. They found that the 

boric oxide glass shows a Newtonian behaviour at viscositl.es 

up to 1014 P, whereas an alkali borate glass already shows 

deviations from the Newtonian behaviour at much lower viscosi

ties (10 11 P). Its behaviour has the character of the Bingham 

behaviour. It is likely that the difference must be accounted 

for by changes in the coordination number of oxygen ions of 

the baron ions. The present investigation of the rheological 

properties enables the theory of Stein et al. to be tested in 

an extensive way. 

Attention will also be paid to the possibility whether or 

not Bingham flow behaviour is related to a phase separation 

appearing in the systems investigated. 

An analytical methad of determinating small amounts of 

water in the glass samples will be developed. It will enable a 

quantitative investigation of the influence of water on the 

rheological properties of the glasses to be carried out. 

Finally, conclusions will be drawn about the farm in 

which the water is present in the netwerk. 
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CHAPTER 2. DESCRIPTION OF APPARATUS AND TECHNIQUES 

2.1. VISCOSIMETER 

The viscosimeter ernployed in the experiments has been 

described in detail by Stein et al. 6) l!owever, a short de

scription will be useful in this context. The viscosimeter 

(Fig. 2.1) is of the Pochettino type 11 } It consists of two 

Adjusting table 
Bodies, eftecting interterenee 
Glass 
Thermocouple 
Outer cylinder 

Inner cylinder 

- Load 

Fig. 2.1. Principle of the Pochettino viscosimeter and the 

interferometrical methad 

concentrio cylinders, between which the glass to be exarnined 

is inserted by melting (cf. Sectien 2.4). A load is applied to 

the inner cylinder in axial direction, while the outer cylin

der is supported. 

The resulting axial motion of the inner cylinder is meas

ured by an interferometrical method, also described by Stein 

et al. 6 ) The highest and lowest veloeities of the inner cyl

inder that can be measured by this method are about 3 x 10-S 
-10 -1 

and 3 x 10 em.sec corresponding with viscosities of about 

109 d 10 14 . . 1 d d th 1 d an po~ses, respect~ve y, epen ent on e oa s ap-

plied. 
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2. 2. MATHEMATICAL RELATIONS 

The mathematical relation between the load, the velocity 

of the inner cylinder, and the viscosity and the dimensions of 

the glass sample is for a Newtonian liquid: 

where 

V 

m 

g 

h 

n 

the 

the 

the 

the 

the 

v = ~ln(R2/R 1 ), 
2Tihn 

stationary velocity of the inner cylinder (cm.sec- 1
), 

sum of the masses of inner cylinder and load (g) , 

gravitation constant (cm.sec- 2), 

height of the glass sample (cm) , 
-1 -1 

viscosity of the glass (g.cm .sec ) , 

R2 the inner radius of the outer cylinder (cm) , 

R
1 

the radius of the inner cylinder (cm). 

For a Bingham liquid the equation is somewhat more complicated: 

V = 
(m-m

0
)g 

----~- ln(R2/R
1
), 

2Tihn 

where m
0 

is rela.ted to the Bingham yield value, T 
0

, in the 

following way: 

T 
0 

The derivations of the above formulae are given in Appendix B. 
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TabZe 2.1. Definition and dimension of some quantities used. 

quantity definition 

load .~t) 

shearing stress 

yield value 

dimension 

-2 g.sec 

-1 -2 g.cm .sec 

-1 -2 
g.cm .sec 

:!:) The "load" as used in this thesis bas not the dimension of 

a shearing stress, the missing factor (cm- 1 ) being due to 

the fact, that in the above formulae v is given and not the 

velocity gradient p (cf. Appendices A and B). 

2.3. PREPARAPION OF THE CLASSES 

Virtually anhydrous glasses were obtained by melting to

gether anhydric B
2
o3 and Li, Na, K, Rb, Cs, or NaK carbonates 

(reagent grade, Merck). The anhydric B2o3 vlas freed from 

moisture by heating in a platinum crucible at 1000°C and the 

carbonates at 300°C. The compositions (total amount per sample 

ca. 5 g) were homogenised in a platinum crucible by heating 

over a flame and by stirring with a platinum rod, and subse

quent heating at 1000°c for several hours in an electric fur

nace. Then the glasses were melted a second time in a vacuum 

furnace at about 750°C and 10-3 torr until the melt was free 

from bubbles. This process took about one hour. 

The glasses oontaining lüater were 

anhydric B203 and borax (Na2B4o7 .loH20). 

so homogenised in a platinum · crucible by 

and stirring with a platinum rod unitl 

18 
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The mixtures were al

heating over a flame 

the melts were free 



from most of the bubbles. The total amount of one batch (ca. 

25 g) was divided into equal portions (ca. 5 g). These were 

kept in the fused state for various periods of time: one port

ion was fused in vacuo as were the anhydrous glasses, the oth

ers in an electrio furnace from 1/2 to 8 hours at 1000°c. In 

this way samples with different water content were obtained. 

2.4. INSERTION OF THE GLASBES 

The glass samples were inserted in the viscosimeter in 

the way described by Stein et al. G) The successive steps are 

shown in Fig. 2.2. The outer cylinder, o, which has a small 

hole, H, to accommodate a thermocouple, was closed at one end 

by a nickel foil, N, and placed into a closely fitting bottorn 

piece, B. After insertion of the glass melt, a guiding ring, R 

was placed on the outer cylinder and the inner cylinder, I, 

inserted through the guiding ring. On heating to 900°C in an 

electrio furnace the inner cylinder sank by gravity. After 

cooling to room temperature, the bottorn piece, nickel foil and 

ilolJ H 

N ;<m~.;: 

B 

R 

Fig. 2.2. Suacessive steps of the insertion of a sampte in 

the visoosimeter (For explanation see text) 

guiding ring were removed and the bottorn of the viscosimeter 

was polished. 

Samples cocled to room temperature usually contain some 

cracks caused by small differences between the coefficients of· 

expansion of glass and metal. These cracks can be removed, 

however, by heating the samples in the measuring furnace to 

the softening temperature (this is called "repairing" the 
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glass sample). During this treatment the inner cylinder has to 

be supported. 

The height of the glass sample is calculated from weight 

and specific weight of the glass and from the diameters of the 

inner and outer cylinders. 

2.5. VISCOSIMETER ALLOYS ~) 

The alloys for the construction of ~hose parts of the 

viscosimeter that come into contact with the glasses have to 

be high-temperature resistant and non-oxidisable 12 ) , and have 

to possess expansion coefficients equal to those of the alkali 

borate glasses 13 • 14 ). Table 2.2 shows the compositions of 

those alloys which were available as construction materials. 

For each material the glass compositions are chosen so as 

to yield an expansion coefficient slightly under that of the 

corresponding alloy. After repairing and cooling to the meas

uring temperatures, which are about 50-100°C below the soft-

ening temperature, the roetal 

glass low enough to prevent 

the sample. 

will exert a pressure on the 

the occurrence of new cracks in 

TabZe 2.2. Campaaition of the aZZoys 
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2.6. ANALYSES OF THE GLASBES 

After insertion of the glass in the viscosimeter, the 

glass remnants in the platinum crucible were analysed. The 

compositions of the glasses examined in this thesis are given 

in Table 2.3. 

TabZe 2,3, 

"Alloy 1 ~ :>iscalay 

i x "' Q 

5.5 

'·. 
8.0 

ll.O 

)("' i.O 

Y • n 

y " o.o.: 
o. 23 

\l.l7' 
0,42' 

(l,fi'J. 

c. 8-~ 
0,96 

x "' 1),6 

I x "' j,C 

' 32.3 

JJ,2 

N 1$5 

5.5 

y "' 0.50 

5,5 o. 76 

5.5 l,O(l 

11.7 

x ~ 6.0 

S S-90 

, . '·' I·. '"' 
i : '·' 

ii.l x.; li,7 

7.9 n.s 
29. s 

"Altoy S" 

x" 11.7 

U.3 

15.5 

x = ~S.(l 

l5.6 

x., 1S.o y"' 0.20 x= 1s.o y"" 

! 

1<,.. lO.B : x ll.S 

x "' 7. 2 

29.0 

JC.C 

:a.s 
23,S 

x .. u;.o 

! 

Survey of borate gZasses examined. For each aZZoy 

the oorreeponding oompositions of the glasses are 

given; x mol.% alkali oxide and y mol.% water 

! 

2.e.1. Analyses of Alkali Oxide and Boric Oxide 

All analyses were made after the following recipe: after 

dissolving ca. 0.3 g of glass in boiling water, the alkalj 

oxide content is determined by titration with 0.1 N HCL; 

methylred is used as indicator. The error is about 0.1 mol.% 

H20. 

After addition of mannitol, the boric oxide content can 

be determined by titration with 0.1 N NaOH and phenolphtaleine 
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as an indicator. The error is about 0.2 mol.% B
2
o3 . Test sam

ples have shown that in the glasses with a content of up to 33 

mol.% alkali oxide, the boric oxide content is complementary 

to the alkali oxide content (i.e. the total amount of boric 

oxide and alkali oxide found is, within experimental error, 

100% of the quantity of the analysed sample). 

2.6.2. Analysis of Water 

The amounts of water found in the glasses are very small 

and can hardly be measured by the usual analytica! methods. 

Therefore, a new metbod capable of fairly accurate determina

tion of the water content in borate glasses was developed. 

Since this method is new, it is described below in some more 

detail, 

a. Introduetion 

Viscosity measurements on boric oxide glass and alkali 

borate glasses demonstrate clearly 

depend on the way of preparatien 

that the results strongly 

of the samples 15 ) , since 

different methods yield different amount of water. The vis

cosities of boric oxide glass melted at 1300°C and bubbled 
. 16) 

with dry nitrogen determined by l1acedo and Napolitano are 

similar to those obtained by us for boric oxide glass melted 

in vacuo (cf. Section 4.3.1). Therefore, we may assume that if 

the samples are prepared in either way they are virtually free 

from water. 

Melting in vacuo was chosen as starting point for the de

termination of small amounts of water in boric oxide glass and 

alkali borate glasses. In principle, the analysis is as fel

lows: 

A glass sample is melted in an evacuated tube. The water 

leaves the sample, causing a certain water vapour pressure. 

After measuring this pressure the water content in the sample 

can be calculated. 

b. Experimental 

A tube of fused silica, closed at one end and carrying a 

polisbed flange at the other, is placed with its closed end 
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into an electrio furnace (Fig. 2.3). A platinum boat contain

ing the glass sample is inserted in the closed end and a pol

ished disc of fused silica is fixed against the flange with 

vacuum grease (Apiezon T). The flange carries a cooling mantle 

to prevent the grease from flowing during the oparation of the 

furnace. The interior of the tube is connected to a rotary oil 

pump and a mercury manometer through a hole in the disc. 

Water_ cooling 

Furnace 
Tube 

r-t~f-"-----"d-- S a m p l e 

~~lf~~~~~~t''(l-- Boat 

Manometer Thermocouple 

Fig. 2,3, Apparatus for water analysis 

After evacuation of the apparatus, the furnace is heated 

to about 350°C to remave absorbed water from bath the sample 

and the fused silica surface. Then the furnace is heated to 

about 800°C, which process takes about 1/2 - 3/4 h. The water 

vapour pressure is measured immediately after, since prolonged 

heating causes evaparatien of some boric oxide, which will 

sublimate at the water-cocled parts of the tube, where it may 

reabsorb water vapour. In various experiments a slow decrease 

of vapour pressure was indeed observed after heating for one 

hour or more. 

The weight of the sample has to be so chosen that the 

water vapour pressure remains under 2 cm Hg, which is the sat

urated pressure of water vapour at 22°C. 

c. Calculation 

The amount of water in the glass sample is calculated 

with the following formula: 
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m 

where 

p 273 
V x d x 0. 00009 x- x 

76 T 

m the amount of water per gramme sample (g), 

V the volume of the tube and the connections (cm3), 

d the density of the water vapour with respect to H2 , 

(1} 

p the water vapour pressure per gramme sample (cm Hg), and 

T an average temperature (°K), see below. 

The volume of the tube containing the platinum boat is 

147 cm3 and of the connections with the pump and the manometer 

8.6 cm3 • The pressure pis variable from 0 to 2.0 cm Hg with 

an error of about 0.1 cm Hg. 

By heating the furnace to 800°C a temperature profile is 

produced along the tube (Fig. 2.4). From this profile an aver-
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age temperature has to be determined, which must be substitu

ted for T in formula (l). The average temperature is obtained 

from the relation: 

V 

T 

V 
c + s 

T c 

dl 

where Vc is the volume of the connections and Tc their temper

ature, S the surface of the cross-sectien and lt the length of 

the tube, and T1 the absolute temperature at distance 1. 

The quotient ~ has proved to be equal to 0.25 cm3 °K-l with a 

possible error of 0.02, due to the inaccuracy of the determi

nation of the temperature profile. Formula (l) now reduces to: 

m 0.73 x p mg. 

The possible error in the value for m is ultimately 20% as a 

maximum. 

d. r.leasurements 

This type of method of determining small amounts of water 

has been developed on the basis of various experiments with 

boric oxide glass and sodium borate glasses. It was found in 

these experiments that the glasses themselves hardly produce 

any noticeable vapour pressure at the given temperature pro

file. The method was tested for its reliability and reproduc-

ibility with a number of similar glasses. 

given in Tables 2.4 and 2.5. 

The results are 

· ... ·elgl"'.t o: gla::s 

sal':'.ple (g) 

! p at 8C':JCC 

p per ç:rar:'re 

r. (. ,;! per gra.-.r..e 

;.ol.! r! 20 

1 a·.'erage rtol, ie r:
2

G 

tla:-.i'. 

C.l 

:-el+:.cd i:-: 

1.0944 0.89S4 

0.20 0.20 

G.lé 0.22 

G.l2 Cr.lS 
f--

e.c.::: G.C6 

(.,0::5 : O.Gl 

lr. a f -.::r:-.ace 

1 tour o·ter 

a turner 

I 0.5360 G.f-040 (,,(,2415 r;,€93fi 0.3070 0.3763 0.4104 

1. 50 1.50 

2,4;",: 

-----------+-------------~ 

i

l 1.1' l.5C 

2.40 

1.90 

2.74 3,74 

1.'30 

3.99 

1.95 

4.75 

l ·2~ ___ 1_. 7_4 _ _!__:_~~-~~+' '. <2 2. 79 J. 32 

G. 75 G. € 7 0. 05 0. 74 l. 01 1. 07 1. 27 

0. 7î; .:: 0.04 . - 1.12 .!. 0.10 

Table 2. 4. Analyses of water in three different boric oxide 

glasses, prepared in various ways 

25 



Table 2.4 shows that various ways of preparatien have 

yielded different results for the water content in the glasses 

although the amounts of water are very small. The analyses are 

fairly reproducible for each of the three types of glasses. 

For the "higher" values of water content the error is well 

below 10%. 

way of 
1000°C 900°C 

prepara u on 4 hours at 2 hours at 

0.4387 0.4606 1.03$0 0.3402 0.4991 0.8862 

16.8 16.9 13.8 13.8 13,8 

16.6 16.7 16.7 13,8 13.5 13.9 

0.20 0,45 0.40 0.85 0.50 o. 70 1.30 LlO 

0.15 1,03 0,87 (l,S2 1.47 1.40 1.47 1.28 

0.11 0.06 0.11 o.n 0,61 0.57 1.03 0.98 1.03 0.90 

0.04 0.02 0.04 0,28 0,24 0.22 0.40 o. 38 0.40 0.35 

0.03 : o.oT···· o. 25 ~ 
;)"~()·2"···· 0.38 :!: 0.03 

Table 2,5, Analyses of water in three different sodium borate 

glaBBeB, in various ways 

From Table 2.5 it is seen that the method of analysing 

can also yield different values for the water content in a 

number of sodium borate glasses prepared in different ways. 

Again the values are reproducible and for the "higher" 

values of water content the error is well below 10%. 

e. Discussion 

The methad of water analysis yields well-reproducible 

values, but it is not proved so far that the methad is also 

reliable for quantitative determination. 

For the latter we have found some evidence by making a 

comparison 

literature. 

with a fairly reliable methad 

Franz 17 ) has found that the 

of analysis in the 

of water 

vapour for alkali borate glasses depends linearly on the 

square root of the partlal water vapour pressure. If we as

sume that the partial water vapour pressure is about 0.02 atm. 

when preparing glasses at 900°C in an electric furnace in the 

air, then, according to Franz, the water content in the B2o3 -
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Na2-.3B2o3 system will be about 0.3 mol.%. However, this is 

only true if the solubility has achieved its equilibrium. By 

heating for some hours the solubility equilibrium is not yet 

achieved 15 ) Therefore, we may suppose that the glasses pre

pared by us contain more water than 0.3 mol.%. 

This supposition agrees well with the water content in 

our glasses determined with our methad of analysis. 

f. Conclusion 

The method of water analysis described is sufficiently 

reproducible and reliable for a quantitative determination of 

low values of water content in boric oxide glass and sodium 

borate glasses with a Na2o content up to at least 17 mol.%. 

The error will be at most about 20%, but for the "higher" val

ues of water content (Le. more than 0.25 mol.% H20) it is 

well below 10%. 
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CHAPTER 3. DELAYED ELASTIC PROPERTIES 

3.1. INTRODUCTION 

At temperatures above the transftion temperature inorgan

ic glasses may sametimes exhibit delayed elastic deformation 
18 - 22} 21) 

Taylor considered the elangation of a glass un-

der load L as a summatien of the effects of "elastic adjust

ment" · and viseaus flow (Fig. 3 ,1): 

c 
0 

1; 
rn 
c 
0 

w b 

c 

b' 

c' 

Time-

• 3. 1 • Z flow curve (For explanation see text) 

(a) an instantaneous elastic deformation, 

(b) a delayed elastic deformation,which is time dependent, and 

(c) an e1ongation, due to viseaus flow, characterised by the 

fact that it is linear vlith time. 

The effects (a) and (b) are completely reversible on remaval 

of the load, while the deformation caused by effect (c) will 

remain, since viseaus flow is an irreversible process. 

What will be the form of the curve representing the elan

gation versus the time t, if the load is changed stepwise ? In 

accordance with the results of Taylor 21 ) an example of this 

kind of elangation is shown in Fig. 3.2 for changes in the 

load by a value llL. If from Fig. 3. 2 vle de termine the eerre

sponding e Zongation ra te as a function of time, vle obtain a 
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curve as shown in Fig. 3.3. We note that the stationary limit 

value of the elangation rate at a load L is approached from 

two sides: 

(i) from the higher side after a lower load (L-~L), and 

(ii) from the lower side aftera higher load (L+LIL). 

c: 
2 
1ii 
en 
c: 
0 

w 
L +L'll 

Time-

Fig. 3.2. Flow eu:l'Ve foP c;hanges in the load L by an amount 

+LIL OP -6L 

c: 
0 
·~ 
en 
c 
0 

w 

L+L'll 

L 

L-L'll 

Fig. 3.3. Elangation Pate caPPeepanding with 

Time-

• 3. 2 
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The average of bath velocity curves after some time may yield 

a good approximation of the stationary velocity at a laad L. 

It is proved that this procedure separates a good deal the in

fluence of the delayed elasticity from the viseaus flow, so 

that it will become possible to use the measurements for the 

determination of viscosities and yield values. 

Befare adopting this procedure we have to investigate to 

what extent delayed elastic deformation occurs in the experi

ments under consideration. Cornelisse et a1. 10 )already found 

some evidence that the velocity of the inner cylinder in the 

case of boric oxide glass becomes stationary already shortly 

after applying the load, while in a sodium borate glass the 

stationary value is only obtained after a langer time. 

New experiments with boric oxide glass and alkali borate 

glasses have been carried out for different viscosities and 

loads and will be described in this chapter. 

3.2. APPLICATION OF LOAD 

The preparatien of the 

been described in Sectien 2.3. 

for the experiment has 

The experiment consists in measuring the velocity of the inner 

cylinder as a tunetion of time at a constant temperature and 

constant laad L. The laad has been applied in two different 

ways: 

I. The laad is applied after the glass has been stabilised 

for a long time at zero laad. The delayed elastic defor

mation then found is called "type I". 

II. The load is applied after the glass has been stabilised 

for a long time at a load (L-~L)<L or at a laad (L+~L}>L. 

The value of liL is approx. 1/2 L to 1/4 L. The delayed 

elastic deformation is now called "type II". 

Experiments carried out using the first '<lay of loading 

and at a low require less time. Therefore this way 

of loading has been in order to obtain an idea about 

the magnitude of the delayed elasticity. The measurements were 

carried out at a viscosity of about 1010 Poise. 
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Subsequently experiments were carried out with the second 

way of loading. It was expected that this procedure yields a 

more correct value for the stationary velocity at viseaus 

flow. Measurements were carried out both at viscosities of 

about 10 10 and 10 12 Poise to examine if there is any influ

ence of the change in flow behaviour on the delayed elastic 

deformation, since Bingham flow behaviour. is expected at a 

viscosity of 1012 Poise. 

After a hundred minutes of loading at most the experi

ments were stopped because then the delayed elastic defor

mation had virtually disappeared. It should be noted that 

there is no essential difference between methods I and II. 

J.3, EXPERIMENTAL RESULTS 

Delayed elastic deformation of type I has been measured 

in dependenee on _the nature of alkali oxide in the borate 

glasses and its concentratien at viscosities· of about 1010 

Poise. Fig. 3.4 shows the velocity of the inner cylinder as a 

t 
10-5 

8203 7. 8 mol. '!o Li20 

7 
u ., 
"' 
E u 

1::':' 326°C \) 
0 
-.; 
> 
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360,3"C 

0 20 40 60 0 20 40 60 0 20 40 60 80. 
Loading time (min.l-

Fig. 3.4. Ve~oaity-time aurves of type I for boriaoxide g~aBB 

and ~ithium borate glasses at various temperatures. 
4 -2 

Eaah load is about 0,8 x 10 g.sea 
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function of the loading time for boric oxide glass and lithium 

borate glasses containing 2.8 and 7.8 mol.% Li 20, respective

ly. Fig. 3.5 represents the velocity versus loading time for 

borate glasses containing 7. 8 mol.% Li
2
0, 7. 8 mol.% K

2
0 and 

8.0 mol.% cs2o, respectively. 

. 
u .. .. 
Ë 

::!. 
~ 
<:; 
0 

"ii 
> 

0 20 

7. 8 mot.•t. Li:P 

~0 60 0 20 ~0 60 0 20 ~0 60 
Loading time (min.)-

Fig. 3.5. Velocity-time eurvès of type I for alkali borate 

glasses at various temperatures. Each load is about 
-2 0.8 x 1 g.see 

The shape of the velocity curves is in agreement with the ex

pectations mentioned in the introduction. The curves show 

practically no delayed elasticity for the boric oxide glass 

and the cesium borate glass. They do show, however, that ob

servable delayed elasticit~ occurs over a longer period of 

time the higher in the alkali oxide concentratien and, more

over, that this period of time increases in the Cs to Li or

der. 

Delayed elastic deformation of type II was determined at 

viscosities of about 1010 and 10 12 Poise. The measurements 

were performed for a boric oxide glass and further only for a 
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lithium and a cesium borate glass, since it was to be expected 

from the results of Fig. 3.5 that the other alkali borate 

glasses would show a delayed elastic deformation of interrne

diate magnitude. From Figs. 3.6 and 3.7 can been seen the de-

layed elastic deformation of type II for boric oxide glass and 

borate glasses containing 7.8 mol.% Li 20 and 6.4 mol.% cs
2
o at 

viscosities of about 10
10 

and 1012 Poise, respectively. 

Here, too, the shape of the curves cornes up to the expecta-

tions rnentioned in the introduction. The average value of the 

two curves at one temperature and load may indeed be taken as 

a good approxirnation of the velocity at stationary viseaus 

flow. 

' u .. 
"' 

10 7 
0 20 

8203 

326.3°C 
"-... 

319,3°C 
....._ 

313.5 •c 

1.0 60 0 20 

7. 8 'I. moL LifJ 6.1. 'I• mol. Cs20 

.... . . 381.,3°C 

l.12°C 

__,. .. . .. . .. 
401°C 

373,5°C 

40 60 0 20 1.0 60 
Loacling time (min.)__,... 

Fig. 3,6, Vel-ocity-time curves of type II at various tempera

tures (-•- after a Zower Zoad and -x- after a hig

her Zoad) for borie 'oxide gZass and alkali borate 

gtasses. Each measured Zoad is about 0.8 x 10 4 

-2 g.see 
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Fig. 3.?. Velocity-time curves of type II at various tempera

tures (-•- after a Zower load and -x- a hig

her load) for boric oxide glass and alkali borate 
4 -2 

glasses. Each measured Zoad is about 6 x 10 g.sec 

To find further support for this conclusion, more experi

ments have been done in the viscosity region of 1012 Poise • 

This effered at the same time an opportunity to obtain infor

mation on the influence of the delayed elasticity on the de

termination of the viscosity, and on the deviation from New

tonian behaviour (Yield value). For the calculation of the 

values of viscosity and the yield value with the relations in

dicated in Section 2.2 it is necessary to determine at a con

stant temperature the velocity versus time curves for differ

ent loads. We had to restriet the experiments to two different 

loads. \ve were well aware of the fact that we had to reekon 

with a greater error. 

Fig. 3.8 shows the velocity versus time curves of type II for 

the borate glasses containing 7.8 mol.% Li
2

0 and 6.4 mol.% 

cs 2o. From each pair of curves at one temperature and load the 

average velocity curve was determined. The viscosity and the 

yield value as a function of time at each temperature could 
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oulated from the average ourves in Fig. 3,8 

now be calculated from the average velocity curves and the 

corresponding loads with the help of the relations indicated 

in Section 2.2 and using the method of least squares. The 

values obtained can been seen in Fig. 3.9; the viscosity ap

pears to be hardly dependent on time, while the yield value 
4 -1 shows variations vlithin the error expected (-vO. 7 x 10 g.cm 

sec- 2). 

5.4. DISCUSSION 

To avoid long loading times for obtaining stationary vis

eaus flow, the measuring procedure is (a) measuring the veloc

ity versus time curves after a lower and a higher load, and 

(b) determining their average. 

Viscosities and yield values calculated from these average 

velocity curves have appeared to be almost independent of 

time. Consequently, it is likely that the applied procedure 
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separates the delayed elastic deformation satisfactorily from 

the viseaus flow, and that it guarantees that the average ve

locity curves are reliable enough to permit conclusions about 

viscosities and yield values. 

The delayed elastic deformation measured will now be dis

cussed on the basis of the structural units in the glasses. 

Orowan 23 ) has explained the delayed elastic deformation 

as the thermally activated relaxation of loose sites in an es

sentially elastic vitreous structure under stress, producing 

time dependent strain. 

Argon 24 } has made a study of some inorganic glasses and 

has explained the kinetics of the delayed elasticity by a mol

ecular rearrangement. He pictures the structure of soda-Zime

siZiaa glass as a stable but disordered structure where the 

loose sites made up of the non-bridging oxygen ions around the 

modifiers permit the other honds of the netwerk to be less 

strained. These loose sites also provide spaee for a rear

rangement of individual tetrahedra. 

In fused siZiaa, however, network modifying ions are absent 

and the disorder of the vitreous structure is spread over all 

bonds which are now partially strained. Rearrangement leading 

to relaxation of stress occurs by cooperative action of larger 

groups of elementary structural units, and therefore the de

layed elasticity is considerably less. 

This explanation by molecular rearrangement can also be 

applied to the borate glasses. 

In bo~ia oxide glass the Bo
3 

triangles fprm a random three

dimensional netwerk 25 } in which rearrangement under stress 

will oceur through cooperative motion of large groups of 

structural units, and this motion is nothing else but viseaus 

flow. It is likely that this is the explanation why no dis

tinet delayed elastic deformation is found in the boric oxide 

glass. 

In alkali bo~ate glaeses, however, the exeess oxygen ions do 

not give rise to the occurrenee of non-bridging oxygen ions as 

they do in silicate glasses, but change the B03 triangles into 

B04 tetrahedra 1 - 5 ) (only the low alkali oxide region is 

considered). The structure around these tetrahedra is likely 
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to be more disordered than elsewhere in the netwerk. Rear

rangement leading to relaxation of stress in these glasses 

will occur around the tetrahedra. Since the B0
4 

tetrahedron is 

strongly bound to its surroundings, the rearrangement will 

take time. This may explain the delayed elasticity observed in 

the alkali borate glasses. 

Its increase in magnitude with increasing alkali oxide is then 

due to the increasing number of Bo4 tetrahedra. The decrease 

of the delayed elasticity in the Li to Cs order may be ex

plained by the decreasing field strength and the increasing 

oxygen coordination of the alkali ion in the Li to Cs order. 

The strong Li-0 bond involves a weaking of the B-0 bond by 

which a rearrangement of structural units is made possible. 

The weak Cs-0 bond has hardly any influence on the streng B-0 

bond. Rearrangement in the cesium borates will mainly occur by 

motion of large groups of units, as in the boric oxide glass. 

This roay explain why no distinct delayed elastic deformat1on 

is found in the cesium borate glasses investigated. 

That the magnitude of the delayed elastic effect of type 

II is smaller than that of type I, is explained by the fact 

that in this case the rearrangement is already partia1ly com

pleted by the previous laad. 

3.5. CONCLUBION 

A new method of load application as compared with that of 

previous experiments in the literature has been used. The 

method has yielded a measuring procedure which separates sat

isfactorily the delayed elastic effects from the viseaus flow. 

When we wish to use the experiments for viscosity meas

urements the procedure consists in the determination of the 

average curve of the two velocity versus time curves for a 

previous lower and a previous higher load, Viscosities and 

yield values calculated from these average velocity curves ap

pear to be practically independent of ti.me. It is likely that 

measurements performed thus are reliable enough to permit con

clusions about viscosities and yield values. 

The delayed elastic effects found in the alkali borate 
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glasses investigated have been explained as being due to rear

rangements around certain structural units. 
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CHAPTER 4. VISCOUS PROPERTIES 

4.1. INTRODUCTION 

In Chapter 3 it has been shown that the average of the 

two velocity-vs-time curves (for a previous lower and a pre

vious higher load) can be considered as the stationary veloc

ity of the inner cylinder at viseaus flow. The stationary ve

locity is approached best, if we take the average velocity at 

a point of loading-time at which the difference between the 

two velocity-vs-time curves has disappeared altogether ornear

ly so (dependent on the glass composition). 

The stationary velocity of the inner cylinder determined thus 

is mentioned in the following as the veloaity. 

From the veloeities determined as a function of load the 

values for the viscosity and the yield value can he calculated 

with the help of the relations indicated in Sectien 2.2 and 

derived in Appendix B. Viscosities and yield values of the al

kali borate glasses are thus obtained as a function of tem

perature, alkali oxide concentratien and the nature of alkali 

ion. 

Viscosities in the region from 1010 to 1014 poises for 

the sodium borate glasses have already been determined by 

Nemilov 26 ) by applying the indentation method, but during the 

preparatien of the glasses he did not pay sufficient attention 

to completely removing the water. Besides, the indentation 

methad hardly gives information on deviations from the New

tonian flow behaviour when applying low shearing stresses. 

Stein and Stevels have described and used a viscosimeter 

of the Pochettino type with which even at low stresses the 

viseaus flow can be reliably followed. 6 ) They found devia

tions from the Newtonian behaviour for a sodium borate glass. 

A theory developed by Stein et al. 9 ) explained these davia

tions satisfactorily. Some indications of the correctness of 

this explanation has already been found by Cornelisse et al. 

lO) and in this chapter the theory will be used to explain the 

results of the present investigation. 
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Further, attention will be paid to the question whether 

the yield value is related to the phenomenon of phase separa

tion in the alkali borate glasses. 

4.2. ALKALI BOHATE GLASSES EXAMINED 

Experiments have been carried out with boric oxide glass 

and alkali borate glasses. In this chapter only virtually an

hydrous glasses are investigated, prepared in the way de

scribed in Section 2.3. Since the size of the samples prevents 

rapid cooling and the repairing of the glass at the softening 

temperature stimulates the growth of nuclei, crystallisation 

phenomena have already appeared in samples containing more 

than 15 mol.% alkali oxide, except inthesodium borate system 

where some compositions with a still higher alkali oxide con

tent (22.5 and 29.5 mol.%) have been obtained in the vitreous 

state. These two higher concentrations lie in small composi

tion regions of only a few per cent. where the glass forma

tion is considerably better than in regions of adjacent compo

sition 27 }. In the ternary sodium-potassium borate system, 

however, a glass region has been realised up to 33 mol.% NaKO, 

though around 16.5 mol.% NaKO occasionally crystallisation 

phenomena have also been observed. Crystallisation phenomena 

can easily be observed, because the viscosity of the sample 

increases so much that viscous flow cannot be measured any 

langer. A survey of the borate glasses examined is given in 

Section 2. 6 .. 

4.3. EXPEHIMENTAL RESULTS 

4.3.1. Borio Oxide Glass 

For boric oxide glass the velocity of the inner cylinder 

as a function of the load is represented by straight lines 

intersecting the load axis approximately at the origin (Fig. 

4.1). The lines have been calculated by the method of least 

squares and have produced values for the viscosity and the 

yield value (Table 4.1). As .for the apparent positive as v1ell 
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Fig. 4.1. RheoZogicaZ behaviouv of bovic o~ide gZass 

as negative deviations frorn the Newtonian behaviour up to a 

viscosity of 1012 • 8 poises it seerns likely that they are not 

significant and only reflect the degree of inaccuracy of the 

rneasuring of the yield value. 

TabZe 4.1. Visaoeities and yieZd vaZues for bovic o~ide glass 

caZcuZated by the method of least aquavee 

temp. (OC) log (n' g.crn -1 -1 .sec ) yield value -1 -2 (g.crn .sec ) 

308.5 10.86 - 0.40 x 104 

300.5 11.25 0.80 11 

293.0 11.74 0.36 
284.5 12.25 - 0.25 11 

276.0 12.81 o. 72 11 

In Fig. 4.2 the viscosity of boric oxide glass is given 
as a function of the ternperature as found by several investi

gators. The viscosity of boric oxide glass rnelted in vacuo is 
at a given ternperature rnuch higher than those obtained by Cor-
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Fig. 4.2. Viscosity of boria oxide glass after Cornelisse et 

aL 10 ) (-ti!-)• Macedo and NapoZitano 16 ) (-x-J. and 

the present work (-•-) 

10) nelisse et al. However, the present value closely agrees 

with the viscosity of boric oxide (bubbled with dry nitrogen 

at 1300°c) measured by Macedo and Napolitano lG). So it is 

likely that the samples of Cornelisse, which were not melted 

in vacuo, still contain some water, which reduces the vis

cosity considerably. The viscosity of boric oxide gl~ss is 

found to obey the Arrhenius equation with an activatien energy 

for viseaus flow of 92 kcal/mol. According to Macedo and Napo

litano this value is 94 kcal/mol. 
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4.3.2, Alkali Borate GZasses 

The measurements in the alkali borate glasses can like

wise be represented by straight lines, which pass through the 

crigin of the velocity versus load diagrams at the higher tem

peratures, but when extrapolated interseet the load axis at 

increasing positive values with decreasing temperature. Figs. 

4.3 up to 4.6 inclusive represent some of the measurements ob

tained on the examined mono~alkali and sodium-p~tassium borate 

glasses. 
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E 
~ 
?: 
<::; 
0 
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/ .//4Z:oc 
0 

2x104 4x104 0 2x104 4x104 6x104 8x104 

Laad ;:h ln ~~ (g.sec-21-

Fig. 4.3. RheoZogicaZ behaviour of a borate gZass aontaining 

11.7 mol.% Li
2
o 
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F.ifg.. 4. 6. Rheo Zogiaa Z behaviouP of a bo:roate g Za as aontaining 

23.8 mot.% NaKO 

The viscosities and th.e yie.ld values calculated from thé 

velocity-lead relations are. all obtained hy using the methe>d 

of least squares. In Figs. 4.7 and 4.8 the viscosities and the 

yield values, respectively, are given as a function of the 

temperature for all the alkali borate glasses investigateq. It 

is seen that the viscosity at constant temperature·i1lcreases 

with increasing alkali oxide content and, at constant tE;!mpera

ture and alkali oxide coneentration, increases in the eesium 

to lithium oxide order. The yield value appears only bel.ow a 

certain temperature; in all cases it increases with further 

decreasing temperature. 

The measurements in the so4ium-potassium borate glasses 

give a more complete illustration of the relation between the 

viscous properties and the alkali oxide content up to 33 mol.% 

NaKO (Figs. 4.9 and 4.10). The viscosity as wellas the yield 

value increase at constant tempe~ature with increasing alkali 

oxide content, Fig. 4.10 gives St;')llle evidence that the change 
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from the Newtonian flow behaviour in the boric oxide glass 

into the Bingham flow behaviour as found in the alkali borate 

glasses mainly takes place already before about 3 mol.% alkali 

oxide is introduced. 

From the results represented in Figs. 4.7 up to and in

cluding 4.10 temperatures have been taken from graphical in

terpolation for constant values of the viscosity and the yield 

value. They are tabulated in Table 4.2. 
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In Figs •. 4.11 and 4.12 some of these temperatures are 

given as a function of the composition of the glasses for a 

viscosity of 1011 poises (isovisc) and a yield va1ue of 4.10
4 

-1 -2 g.cm .sec , respectively. For all alkali borate glasses the 

isoviscs increase approximately linearly with the alkali oxide 

500 Li Na 
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Fig. 4,11. Temperature-compoeition retationship for a constant 

viecoeity of 10
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poises for alkati borate glasaes 
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content up to 17 mol.%, reach a maximum at about 25 mol.% and 

decrease slowly at still higher values of alkali oxide con

tent. Fig. 4.12 shows an almest analogous shape. Only for 

boric oxide glass and compositions rich in boric oxide (a few 

mol.% alkali oxide) a different shape of the curves has to be 

assumed, because boric oxide glass shows no distinct yield 

value up to viscosities of 1012 • 8 poises (276°C). 

On closer examinatien of Figs. 4.11 and 4.12 the yield value 

seems to be related with the viscosity. Therefore in Fig. 4,13 

the yield value is given as a function of the viscosity for 

several glass compositions with various amounts of alkali 

oxide. The yield value appears at viscosities between 10 10 and 

10 11 poises and increases almest linearly with further in

crease of the viscosity. Neither the nature of the alkali ion 

nor the alkali oxide concentratien is found to exercise a 

clear systematic influence on the yield value-viscosity rela

tion. 
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By platting the viscosities found versus the reciprocal 

absolute temperature, the relations are found to be of the 

Arrhenius type: n =A exp(En/RT). 

The activatien energy En· and the factor A are calculated with 

the help of the methad of least squares, tabulated in Table 

4.2 and graphically illustrated in Fig. 4.14. The activatien 

energy increases almost linearly with the alkali oxide content 

up to about 33 mol.%. 

It is seen from Fig. 4.14 that, although the viscosity at a 

certain temperature and composition depends on the nature of 

the alkali oxide, the activatien energy for viscous flow ap

pears not to do so. The energy is mainly required for the ac

tivation of the units of flow, for which the nature of the al

kali ions present seems to be of little importance. The same 

remarks hold for the value of A, the pre-exponential factor. 
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4,4. DISCUSSION 

4.4.1. Structure of Alkali Borate GZasses 

It is generally accepted that the boron ions in bor.ic 

oxide glass have a triangular coordination of oxygen ions 15 • 
25) 

In alkali borate glasses the excess oxygen ions intro

duced by the alkali oxide cause a certain number of boron ions 

to adopt a tetrabedral coordination or are taken up as non

bridging oxygen ions. l-S, 28- 30 ) The composition of the al

kali borate glass will be represented in mol. per cent. as: 

( 4 ,1) 

If x 4 is the fr.action of the x mol.% r-1 20 which gives rise to 

the formation of Bo 4 tetrahedra, it fellows that the mol. per

centage (1-x4)x gives rise to the formation of non-bridging 

oxygen ions in the glass netwerk. The fractions of boron ions 

with a tetrabedral coordination, N4 , and with a non-bridging 

oxygen ion, X, are: 

and ( 4. 2) 

x ~-x ___ , respectively. ( 4. 3) 

Krogh-Moe 3 ) and Bray 4) have concluded from the results 

of NMR measurements that the excess oxygen ions introduced by 

the alkali oxide up to a content of about 30 mol.% H20 are ex

clusively used for the formation of B04 tetrahedra. Only be

yond this composition a part of the excess oxygen ions will be 

used for the formation of non-bridging oxygen ions (Fig.4.15). 

Since the Bo4 tetrahedra increase the rigidity of the netwerk 

and the non-bridging o:x:ygen ions decrease it, it may be con

cluded that the rigidity should increase up to x = 30. How

ever, this does not correspond with rigidity-dependent and 

other physical properties. These show an extreme value at va-
13,14,31-33) rious compositions in the range 15-30 mol.% M2 0 
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• 4.1.5, Praation n4 boron ions in four-coord-ination af-

ter Bray 4 ) and Beekenkamp S) The curve + X 

lO~-x is the limit of N4; v!here X is the fraction 

of boron ions with a non-bridging oxygen ion, 

Beekenkamp S) has proposed a hypothesis for the structure 

of alkali borate glasses which has enabled him to clarify the 

described difficulties. He shows that five types of structural 

units composed of B and 0 ions are possible, of which two 

types are appreciably less stable. The three more stable types 

(see also Fig. 4,16) are (a) a triangularly coordinated boron 

ion with merely bridging oxygen ions (B0 3 ), (b) a triangularly 

coordinated boron ioh with two bridging oxygen ions, one non

bridging oxygen ion and an alkali ion (Bo
3

-)M+, and (c) a te

trahedrally coordinated boron ion with merely bridging oxygen 
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Fig. 4.16. Structura~ units in an alkali borate g~ass after 

Beekenkamp S) 

Structural units of type (a) will be found 

borate glass containing less than 50 mol.% H20. 

the amounts of (c) and (b) groups can be derived 

quations (4,2) and (4.3): 

in any alkali 

The ratio R of 

from the e-

{4.4) 

This is what Beekenkamp calls the equilibrium constant of the 
- + - + equilibrium between the units (B04) H and {B03 )M , which is 

determined by the difference in thermadynamie potential öG of 

the two structural units and the applied temperature T: 

{ 4. 5) 

where k is Boltzmann's constant. Assuming this to be true, we 

can conclude that the ratio R decreases with increasing tem-

perature provided that öG is negative; N4 will 

increase because the right hand side of (N4+X) 

dependent of temperature. 

decrease and X 
_x __ is in-
100-x 

Further, Beekenkamp has developed from his hypothesis an ex

pression for N4 , which approaches the measurements of Bray and 

satisfies the condition that an amount of non-bridging oxygen 

ions should already be present at x = 15. T.he expression is: 

x 1 ( 4. 6) 
100-x 1 - exp{O.llSx-4.8) 

It is shown in Fig. 4.15 and is only valid for room tempera

ture. A temperature-dependence of the expression is only known 
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in a qualitative way (see Eq. 4,5). 

Since B04 groups increase the ri~idity (viscosity) of the 

network and B03- groups decrease it, it is likely that vis

cosity measurements may contribute to the development of a

quantitative expression for N4 at higher temperatures. Iso

thermal changes of the viscosity of boric oxide glass as a 

function of composition may be described by a quantity which 

is a function of N4 and X: 

log n - log n 
alkali borate glass boric oxide glass 

~log n = F(N4 , x, •••. ) (4.7) 

A very simple function for this may be: 

(4.8) 

where B and f are dimensionless constants. If the influence of 

one B04 and one B03- group is numerically equal, though op

posed in sign, f will be equal to one. ~log n is then propor

tional to N4-x. The latter quantity can be calculated on the 

basis of Beekenkamp's expression for N4 for room-temperature. 

It is shown as a function of x in Fig. 4.15. 

The viscosity isotherms in Fig. 4.17 may contribute to 

testing the function (4.8) for its validity. 

The strong increase at 320°C will be mainly due to the forma

tion of B04 groups. The assumption that there is no formation 

of B03 groups in the low alkali oxide region (x<10) enables 

the factor B to be calculated. It has then the value of 50, 

The estimated smaller increase at 450°C in the low alkali ox

ide region may be explained by a small formation of B03-

groups at already small amounts of alkali oxide (see Eq. 4.5). 

It is acceptable that viscous flow will preferably be coupled 

with the presence of B03- groups. It is not unlikely that we 

may suppose that the viscosity· decreasing influence per B03-

group will be higher than the increasing influence per B04 
group. This involves that f will be larger than one. The sup-
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position finds some support in the fact that the maximum of 

the 450°C isotherm lies at a lower composition (x = 24) than 

the one of the (N 4-x) curve for room temperature (x= 27). 

This may be the result of a decrease in N4 and subsequently an 

increase in X in consequence of the increase in temperature 

but, if the changes of N4 and X as a function of temperature 

are only very small, the smaller increase may also be due to 

the fact that f is again larger than one. 

The isotherms at higher temperatures show only in a qualita

tive way that N4 will decrease and X increase as a function of 

temperature. 

A preliminary conclusion may be 

is probably valid in the high viscosity 

and it may be assumed that B will be 

than one. 

4. 4. 2. Vieaous Flow 

that the function (4.8) 

region (n>l0 10 poises) 

about 50 and f larger 

In the high viscosity region the formation of B04 groups 

gives rise to an increasing viscosity as shown in Figs. 4.7 

and 4.9 for low values of x. The viscosity goes through a 

maximum at about x = 24 (cf. Fig. 4.17) because the rising 

number of B03- groups has an increasing influence. The for

mation of B04 groups also causes important changes in the 

character of the flow behaviour. This will be discussed at a 

later stage. 

The pre-exponentlal factor A in the equation of Arrhenius 

is likely to contain the size of the unit of flow and is found 

experimentally to decrease with increasing alkali oxide con

tent (Fig. 4.14). Thus it is likely that the viseaus flow in 

an alkali borate glass takes place by the motion of larger u

nits of flow than in the boric oxide glass. The increasing 

size of the unit of flow will require an increase in the acti

vation energy for viseaus flow in a netwerk which, moreover, 

increases in rigidity. This predietien is confirmed by the in

crease of the activatien energy calculated (Fig. 4.14). 

The nature of the alkali ion seems to have no systematic 

influence on the factor A, nor on the activatien energy 
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but clearly shows an additional increase in the viscosity in 

the Cs to Li order (Fig. 4.17). The latter can be explained 

because the Li+ ion has a higher field strengthand a smaller 

oxygen coordination number resulting in a strenger electre

static bonding between the Li+ ion and its oxygen surroundings 

which leads to a higher viscosity for the lithium borate than 

for the cesium borate glass. 

The fact that A and En are apparently independent of the alka

li ion is probably due to the inaccuracy in determining A and 

En. This may be greater than the changes in A en En which a

rise on passing from one alkali ion to the other. 

4,4.3. Yield Value 

The deviations from Newtonian behaviour found in the al

kali borate glasses (Figs. 4.8 and 4.10) also point to a vis

cous flow behaviour, which is more complicated than in the 

boric oxide glass. 

The boria oxide glass shows a Newtonian flow behaviour 

for viscosities lower than 1013 P, which is explained as fel

lows. In boric oxide glass all B03 units are in approximately 

equally deep potential wells in the unloaded state. After a 

certain loading time the flow shows a pure viscous behaviour, 

implying a constant breaking and forming of B-0-B honds be

tween the units of flow. Before as well as after the displace

ment the units are located in states of equally low energy. 

The local stress does not differ much from the average stress 

in the direction of flow and the required energetic situations 

will be readily realised by thermal fluctuations. This corre

sponds to Newtonian flow behaviour. 

By building alkali oxide into the boria oxide glass B04 
tetrahedra are formed. The glass shows a flow behaviour devia

ting from Newtonian behaviour. This can be explained as fel

lows (cf. also Appendix A). 

Units of flow bound to each other as in the boric oxide glass 

will show Newtonian flow behaviour. However, there will also 

be units of flow which are bound to each other by B04 tetrahe

dra. If shearing takes place, this will involve that a tetra

hadrally surrounded boron ion will have to assume a triagonal 
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coordinatien, and simultaneously a triagonally surrounded 

boren ion wil! have to assume a tetrahadral coordination. This 

leads to the occurrence of ions in highly excited energy 

states during such long times as cannot be accounted for by 

thermal fluctuations. The streng B-0 bond in the tetrahedra, 

which. has to be broken, wil!, however, experience an addition

al force in the direction of motion by stress concentration. 

This local concentratien then provides the energy needed for 

the motion. The occurrence of stress concentrations leads to 

deviations from Newtonian behaviour, consistent with Bingham 

yield values. 

It is expected that the occurrence of the yield value at 

constant temperature wil! increase with the alkali oxide con

tent (increase of the B0 4 tetrahedra). This is confirmed by 

inspeetion of Fig. 4.10. However, the temperature dependenee 

of the yield value shows no further essential change beyond 

x 3. This may be explained as fellows. The size of the 

units of flow increases with increasing alkali oxide content. 

This causes the total surface of the shearing planes to de

crease. However, when the size of the units of flow increases 

upon increasing alkali oxide content, it may very wel! be that 

many B04 groups will be situated wel! inside the units of flow 

so that the number of B04 groups lying in the shearing surface 

will not change considerably. The occurrence of the stress 

concentrations will then be hardly dependent on the amount of 

alkali oxide. 

Further, we have seen in Sectien 4.3.2 that the tempera

ture dependenee is evidently a viscosity dependence. For all 

the borate glasses investigated the yield value is detectable 

around a viscosity of 10 10 • 5 P. It increases with increasing 

viscosity, because the required magnitude of the stress con

centration will have to increase with increasing viscosity in 

order to result in viscous flow. 

4.4.4. Phase Separation 

In Chapter 3 it has already been shown that the viscosi

ties and yield values obtained are hardly dependent on time. 

However, to what extent is an occurring phase separation of 
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influence on these viseaus flow properties ? 

During the measurements it has already been found that 

orystallisation phenomena give rise to a streng increase in 

the viscosity of the glass {cf. Sectien 4.2). 

Recently Li and Uhlmann 34 , 35 l have investigated the effect 

of phase separation on flow behaviour for silicate glasses 

with different compositions. A homogeneaus rubidium borate 

glass (x 8) is observed to behave as a Newtonian liquid at 

stresses up to 10 9 • 1 dyne/cm2 • Above this critica! stress the 

viscosity is observed to decrease with increasing stress 34 ). 

The viscosity of a phase separated sodium silicate glass (x= 

14) is found to depend strongly on the nature and morphology 

of the phase separation 35 ). 

According to Li and Uhlmann the Bingha~ flow behaviour, as 

suggested by Stein and Stevels 6 ) for a sodium borate glass 

(x=8) and by Bartenev 36 ) for a soda-lime-si~ica glass, may be 

the result of the effect of phase separation in these glasses. 
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In order to test this hypothesis the phenomena of the 

phase separation and the yield value will 

each other. Both the phase separation and 

arise below certain temperature boundaries. 

the boundaries for the sodium borate system. 

tion boundary is that determined by Shaw and 

he compared with 

the yield valJe 

Fig. 4.18 gives 

The phase separa

Uhlmann 37 ). For 

better insight, the liquidus and the transition curves in 

their publication have also been reproduced in Fig. 4.18. The 

yield value boundary has been drawn in accordance with the 

data of Table 4.2. In Fig. 4.18 we can now distinguish four 

important regions (Table 4v3). 

Table 4.3. Ooaurrenae of phase separation and yield value in 

the sodium borate system 

region I 

region III 

regions II and IV 

phase separation 

+ 

+ 

yield value 

+ 

+ 

It appears that the phase separation and the yield value in 

in the activatien energy for viscous flow. These changes are, 

however, hardly affected by the nature of the alkali ion, but 

the viscosity is. At constant alkali oxide content the viscos

ity decreases in the Li to Cs order, because the electrostatle 

bonding of the alkali ion with its oxygen surroundings de

creases in this order. 

Boric oxide glass shows Newtonian flow behaviour up to a 

viscosity of at least 10
13 

P; alkali borate glasses show Bing

ham flow behaviour beyond a viscosity of about 10 10 • 5 P~ The 

Bingham flow behaviour is in agreement with the theory for 

viscous flow given by Stein, Cornelisse and Stevels. The fact 

that the yield value is virtually independent of the glass 

composition has been explained by the change in the size of 

the units of flow. 

Finally, it is concluded that the phenomenon of the yield 

value is not directly related to the occurrence of phase sepa

ration. 
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the sodium borate system can occur independently of each oth

er. We can, therefore, draw the conclusion that the phenomenon 

of the yield value is not directly related to the occurrence 

of phase separation. Although it is not unlikely that phase 

separation contributes somewhat to Bingham flow behaviour, its 

contribution will be small as compared with the contribution 

of the local stress concentrations which appear in the homoge

neaus phase. 

4.5. CONCLUSION 

Boric oxide glass fused in vacuo or bubbled with dry ni

trogen at a high temperature shows similar values of the vis

cosity and can be considered to be virtually free from water. 

The behaviour of the viscosity of alkali borate glasses 

gives some more evidence of the formation of B04 groups and 

the increasing number of non-bridging oxygen ions at a later 

stage. The maximum increase in the viscosity at 450°C is ob

tained when introducing about 24 mol % alkali oxide The shape 

of this viscosity isotherm confirms the hypothesis of Beeken

kamp that non-bridging oxygen ions begin to occur already at 

15 mol % M20. Changes in the viscosity isotherm as a function 

of x can probably be described by a function ólog n = B(N4-fX}, 

where B is likely to be about 50 and f larger than one. 

The introduetion of alkali oxide also involves an en

largement of the units of flow, which results in an increase 
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CHAPTER 5. INFLUENCE OF WATER ON THE RHEOLOGICAL PROPERTIES 

5.1. INTRODUCTION 

In the literature on glass one finds many publications 

about the effects of a small amount of water on different 

physical properties. This is due to the fact that it is diffi

cult to remave water completely from glasses 38 l . So it is 

generally known that a small amount of water in glass reduces 

the viscosity considerably lS) Changes in other properties 

include increase in density (at least in borate and silicate 

glasses), thermal expansion and conductivity, decrease in sur

face tension and hardness,and promotion of crystallisation39 l. 

An investigation as to the influence of water on the rhe

ological properties may contribute to a better understanding 

of the physical properties which depend on water content. Such 

an investigation on alkali borate glasses has been made possi

ble through the results of investigations described in the 

preceding chapters, viz.: 

(i) A methad to separate the delayed elasticity from the 

viseaus flow has been developed (see Chapter 3); 

(ii) the rheological properties of the anhydrous alkali 

borate glasses have been measured (see Chapter 4); and 

(iii) an analytica! method of determining small amounts of 

water in alkali borate glasses has been developed (see 

Sec ti on 2. 6. 2) • 

5. 2. EXPERil1ENTAL 

Measurements have been performed on boric oxide glass and 

on two sodium borate glasses, all with different water con

tent. The alkali oxide content in the two sodium borate glass

es were chosen so that we obtained a homogeneaus and a phase

separated glass, in accordance with Shaw and Uhlmann 37 ). This 

permitted us to examine if there is any influence of phase 

separation on the rheological behaviour of the glass. 
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For the determination of the velocity of the inner cylin

der in the case of viscous flow it bas been necessary to in

vestigate previously the influence of water on the delayed e

lastic effects. Since these measurements may also provide some 

information on the form in which thelater is present in the 

network,the two different ways of loading as described in Sec

tion 3.2. were applied here too. 

Subsequently, the viseaus properties of boric oxide glass 

and the two sodium borate glasses have been investigated in 

dependenee on the water concentration. 

5.3. EXPERIMENTAL RESULTS 

In preparing the glasses under equal circumstances it has 

appeared that the water concentratien left over in the glasses 

decreases with increasing sodium oxide contento With our metb

od of preparatien the water concentratien was at most 1 mol.% 

for the boric oxide and the sodium borate glass (x=S,S) anà 

0"5 mol,% forthesodium borate glass (x=15). The decreasing 

solubility of water with increasing alkali oxide content a-
17) grees with an extensive investigation carried out by Franz • 

5.3.1. Delayed Elastie Properties 

In Fig. 5.1 the velocity-vs.-time curves denoted earlier 

as types I and II are shown for boric oxide glass containing 

0.65 moL% H
2
0. 

in the figure are 

The curves of the anhydrous boric oxide glass 

those as sh~wn in Figs. 3.4 and 3.6. The 

measuring temperatures correspond with viscosities of about 

10
10 

poises. The two glasses hardly show delayed elasticity. 

Thus there is no significant influence of the water content on 

the latter. 

Fig. 5.2 shows the velocity-vs.-time curves (types I and 

II} for the sodium borate glasses whether or not with a water 
4 -2 content. The temperatures at lead ~o.9xl0 g.sec (curves a) 

4 -2 and load N6Xl0 g.sec (curves b) correspond with viscosities 
10 12 . of about 10 and 10 po~ses respectively. 
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For the anhydrous glasses including boric oxide glass 

there is a small increase in the delayed elasticity with in

creasing sodium oxide content, but hardly any change with in

creasing viscosity. For the water-containing glasses, however, 

the delayed elasticity increases considerably when passing 

from 0 to 5.5 and to 15 mol.% Na 2o at viscosities of 1010 as 

well as 1012 poises. This may indicate that new groups (i.e. 

groups not considered so far) of ions in the water-containing 

glasses are responsible for the delayed elasticity. Measure

ments of the viscous properties may give information towards 

explanation of this behaviour. 

5.3.2. Visaous Properties 

For each of the three anhydrous glasses the velocity-vs

load curves at several temperatures were determined, The pro

cesses were repeated for various water concentrations. From 

the curves the viscosities and the yield values were calcula

ted with the relations indicated in Sectien 2.2, using the 

metbod of least squares. The results are represented in Figs. 

5.3 and 5.4. 

Fig. 5.3. Visaaaities 

glasses 
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The first remark to Fig. 5.3 is that at a certain value 
11 of the viscosity of boric oxide (e.g. 10 P) the increase in 

the temperature as a result of the introduetion of 5,5 mol.% 

Na 2o is about equal to the decrease in the temperature at the 

introduetion of 1 mol.% H20. 

Not only the viscosity but also the yield value appears 

to be considerably affected by the introduetion of water in 

the glasses. Fig. 5.4 shows that at constant temperature the 

yield value of each of the two sodium borate glasses decrease 

with increasing water content. Up toa content of 0.7 mol.% 

H20 the yield value still remains measurable, It it not like

ly that the yield value will disappear altogether at still 

higher values of the water content, for boric oxide glass with 

the highest water content (0.96 mol.%) shows deviations from 

Newtonian behaviour which are hardly attributable to the meas-
4 -1 -2 uring error (~0.7xl0 g.cm sec ) alone. 

t 
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Eig. 5.4. Yie"ld vaZuee of watero-aot aining sodium boroate 

gZasses 
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Frorn Figs. 5.3 and 5.4 ternperatures have been derived for 

constant values of the viscosity and the yield value (Table 

5,1). The relations between the log viscosity and the recipro

cal absolute ternperature appeared to be linear. Use of the 

Arrhenius equation has enabled the values of the activatien 

energy for viscous flow and the pre-exponential factor A to be 

calculated (Table 5.1). 
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5.4, DISCUSSION 

The fact that water and sodiurn oxide behave differently 

will be discussed in terrns of the difference in structural 

units which are supposed to be forrned upon introduetion of 

water and sodiurn oxide into the boric oxide glass. 
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5.4.1. Viscous Flow 

Viseaus flow in boric oxide glass occurs by the breaking 

and forming of bonds between the B03 units (cf. Chapter q). 

When water is introduced into the boric oxide glass ~B-0-B~ 

honds are hydrolysed and ~B-OH groups formed 40 ), so that the 

degree of the coherence of the network is dimished. This ac

counts for the considerable decrease in viscosity for small 

amounts of water (<0.3 mol.%) as shown in Fig. 5.5 (Fig. 5.5 

has been derived from Fig. 5.3). However, it seems that a 

further increase of the water content (>0.5 mol.%) gives rise 

to the formation of strong hydragen bonds 40 ) • These bands 

oppose the decreasing coherence of the network and are proba

bly responsible for the concave form of the viscosity curves 

as show in Fig. 5.5. 

t 
ç:"" 
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. 5,5, Isothermal viscosities of sodium borate glasses at 

various temperatures as a function of the water 

concentration 

Viscous flow in the anhydrous alkali borate glasses main

ly occurs along the so3 groups; similarly to the case of the 

boric oxide. The B04 groups formed cause an increase in vis

cosity and a behaviour deviating from the Newtonian viseaus 
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flow under certain circurostances (cf Chapter 4). When water is 

introduced into sodium borate glasses the viscosity decreases 

considerably (Fig. 5.5). To explain this, use can be made of 

the same flow mechanism as in the case of the water-containing 

boric oxide glass: a preferable viseaus flow along the OH 

groups formed hy hydralysis of ~B-0-B~ honds. It can be seen 

that at a constant water content (e.g. 0.5 molo%) the viscos

ity decreases less with increasing sodium oxide content. The 

explanation may he based on the increasing caberenee and den

sity of the network caused hy the increasing amount of alkali 

oxide. The OH groups then give rise to still strenger hydragen 

honds, which oppose" the decrease in viscosity. Strong hydragen 

bonds will be formed likewise if non-bridging oxygen ions are 

present which associate with OH groups. This may be the case 

forthesodium borate glass (x=l5). 

In Chapter 4 we have put forward a function which may 

describe the changes of the isothermal viscosity of boric ox

ide, if alkali oxide is introduced: ölog n = B(N
4
-fx). 

Assuming in this chapter that X may be taken as the fraction 

of baron ions with an OH group, we can obtain more information 

about f. Further we will assume that in the borate glasses in 

the high viscosity region (a) no non-bridging oxygens are 

formed upon introduetion of sodium oxide for amounts lower 

than 15 mol.%, and (b) no B04 groups are formed upon intro

duetion of water up to a content of 1 mol.%. The assumption 

that B has a value of 50 for the sodium borate system gives 

the possibility to calculate f from Fig. 5.5 as a function of 

the water concentration. The results are shown in Fig. 5,6. It 

can been seen that the decreasing value of f approaches the 

value 5 at 1 mol.% H20 in the ca~e of boric oxide glass. We 

can say therefore that in the high viscosity region the re-

ducing effect of ·-t~· on the viscosity is about five times 

as great as the increasing effect of alkali oxide. The value 

of f, however, still shows a slight dependenee on the alkali 

oxide content, but this may be due to the increase in tempera

ture. 
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The pre-exponential factor A rnay provide some indication 

about the way in which the water is present in the network, 

After an initia! increase of the factor A in the 0 to 0.3 mol. 

% H20 range, it keeps about constant in the 0.4 td 1.0 mol.% 

H20 range. This means that the size of the units of flow at 

first decreases and then keeps about constant. The explanation 

may be that the first OH groups determine the new size of the 

units of flow. If it is assumed that additional OH groups 

(i.e. for concentrations in the 0.4 to 1.0 mol.% H20 range) 

will be built in on places adjacent to the "first" 

OH groups, the units of flow will not change to an appreciable 

ex tent. 

This model suggests that the viscosity and its activation en

ergy will keep decreasing. This is in good agreement with the 

results of the measurements, though the decreases themselves 

are also strongly reduced. 

5,4,2, YieZd VaZue 

Like the viscosity the yield value in the sodium borate 

glasses decreases with increasing water concentratien (Fig. 

5,4). This was to be expected; since it is likely that on ac

count of the preferabie flow along the OH groups less stress 

concentrations will be required for invalving viseaus flow. 
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However, it does not appear from the experiments that the 

yield value wil! disappear altogether with further increase in 

the water content. The water-containing boric oxide glass (y= 

0.96) even points to the contrary. This glass shows yield val-
13 ues at viscosities below 10 P, which cannot be ascribed to 

inaccuracy of the methad alone. An explanation may be that the 

strengest hydragen bands have caused the formation of so4 
groups 41 ). If so these groups will be responsible for the oc

currence of local stress concentrations which differ from the 

average stress and so cause smal! yield values. 

The possible appearance of some (B0
4

)-H+ groups mayalso 

explain the increase in the delayed elasticity as described in 

Sectien 5.3.1, and which was nat yet clarified there. 

5.4.3, Phase Separation 

Fig. 5.4 shows that the yield value occurs both in the 

homogeneaus and the phase-separated sodium borate glasses. 

Also, their dependenee on the ternperature shows a similar 

farm. So an influence of the phase separation on the yield 

value is not observable. 

5,5, CONCLUBION 

The solubility of smal! amounts of water in sodium borate 

glasses prepared under the sarne circumstances decreases with 

increasing sodium oxide content, 

The decrease in the viscosity of boric oxide glass upon 

introduetion of water is about five times greater than the in

crease upon introduetion of the same amount of sodium oxide. 

The water has also a much larger but eontrary influence on the 

occurrence of the yield value. The latter is already consider

ably reduced upon introduetion of only small amounts of water. 

The water is present in the network as OH groups. The OH 

groups are not randomly distributed, but arranged along the 

boundaries of the units of flow. 

Indications have been obtained that a smal! fraètion of 

the introduced smal! amount of water is likely to cause the 

formation of so4 tetrahedra. 

Influence of phase separation on the viseaus flow behav

iour has not been observed, 
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APPENDIX A. THEORY CONCERNING THE RHEOLOGICAL BEHAVIOUR OF 

· GLASSES. 

has been treated in detail by Stein et al, The theory 

elsewhere 9 ) However, it will be useful to outline it here, 

for it is the only known theory which prediets possible devia-

tions from Newtanian viseaus flow behaviour, and is of imper

tanee to the explanatian of the Bingham viseaus flow behaviour 

in this thesis. 

It is treated on the basis of the conception of viseaus 

flow as an irreversible process and the assumption that in 

glasses cooperative effects take place during flow. Entropy 

production during shear is studied phenomenologically on the 

one hand, and atomically on the other. In the latter case 

entropy is considered to be produced by conversion of energy 

of directed motion into random thermal energy. The two treat

ments are compared. 

PHENOMENOLOGICAL TREATMENT 

On the bottorn of a block of material (bottom surface a 

and height b) a force F is applied, causing shear. Since the 

flow is isothermal, the internal energy may be supposed to be 

constant when the volume is constant, the flow is stationary 

and the surface energy effects are negligible. According to 

the first and the secend law of thermodynamics, the following 

relation holds for the internal energy: 

-TóS + FóX o, 

where 

tu is the energy change during stationary flow, 

6S is the entropy produced by the viseaus flow and when multi

plied by the temperature T ·is supplied as heat to the con

stant temperature reservoir, and 

tx is the distance travelled by F. 
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The energy dissipated as heàt per unit of volume is: 

T~S FllX/ab 

Differentiating with respect to time gives: 

T d(M) 

dt a b dt 

where F/a = T is the shearing stress, and (1/b){d(~X)/dt} = p 

is the velocity gradient. Thus T dd~S) = Tp is the energy dis

sipated as heat per unit of time and volume. 

ATOMIC TREATMENT 

Viscous flow in a liquid is assumed to he possihle only 

"if atoms or groups of atoms acquire s.ufficient energy to cross 

the potential energy harrier. In the unloaded state harrier 

crossings will occur without any net flow resulting •. However, 

the force F will decrease the potential harrier in one direc

tion and increase it in the opposite direction; the amount of 

decreasing or increasing is proportional to the local shearing 

, stress T local. 
As long as the atoms can he considered 

dently of each other, Tlocal will not differ 

to jump indepen

much from the 

average stress T in the direction concerned. Thus the · average 
energy harrier is decreased in one direction by an amount 

Taveragef' and increased in the opposite direction hy the same 

amount, f being a constant and having the dimensions of a 

volume. There will now occur a net number of jumps per unit of 

time proportional to T. During flow,, entropy production will 

be effected through conversion of energy of directed motion 

into energy of random thermal energy. The main part· (!:IE') of 

the energy needed to cross a harrier (·liE) is obtained through 

thermal fluctuations. The energy of directed motion is the a

mount 2Tf in Fig. A.a, introduced into the sample by the 
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(a) 

(b) 

L n: t 
-.- local 

Displacement 

Fig. A. Energy-displacement during shear {--- unloaded state, 

loaded state) 

{a) Tlocal 
tonian flow 

(b) T local » 

Bingham flow 

T average, 

Taverage 

no stress concentration, New-

through stress concentration, 

shearing stress. After the jump it can be dissipated as heat, 

i.e. converted into energy of random motion (entropy produc

tion). Thus the energy production per jump is proportional to 

T· Now the entropy produced per unit of time and per unit of 

volume(after summarising over all jumps in one unit of volume) 

will be proportional to T
2 and likewise to p 2 . 

Equalising the phenomenological expression for entropy produc

tion per unit of time and volume to the atomie one gives: 

2 TP Ap I 

T Ap • 
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This corresponds to Newtonian flow behaviour: 

T = np, 

where n is the viscosity coefficient. so far, the local 

stresses do not differ much from the average stress. 

For glasses, however, it is very likely that some bar

riers are considerably higher than others, the differences 

being far greater than the average thermal energy. Take, for 

instance, the case of a group of atoms strongly bound to each 

other and loosely bound to other groups with the exception of 

one atom, which itself is as strongly bound to the other 

groups as to the other atoms of the first group. When shearing 

involves the cooperative motion of the first group as a whole, 

the atom in question will at first hold back the other atoms 

of the group, but will experience through this a stronger 

force in the direction concerned. This local stress concentra

tien then provides the energy needed for the motion. This case 

is shown in Fig. A.b, where the total energy ~E is supplied 

by thermal energy (~E'), by the external stress directly 

{Tavf), and by stress concentratien (~E' '). The number of this 

kind of harrier crossings per unit of time is proportional to 

p and, therefore also the energy dissipated. In a glass-like 

material both kinds of barrier crossings will occur simulta

neously. Summarising over all groups in an unit of volume, and 

equilising the two expressions for entropy production, viz. 

the phenomenological and the atomie ones, we ottain: 

2 cp Ap + Bp, 

T Ap + B . 

This corresponds to Bingham flow behaviour: 

T = np + T
0

, 

where nis the viscosity coefficient and T
0 

is the yieldvalue. 
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APPENDIX B. DERIVATION OF FORMULAE USED IN SECTION 2 2 

The viscosimeter consists of two concentric cylinders 

with the annular space partially filled with glass. The solid 

inner cylinder has a radius R
1 

and the outer cylinder an inner 

radius R/.. The height of the glass cylinder-is h (Fig. B). 

Fig. B. Principle of the Poahettino visaaaimeter 

We consider an annular section of the glass with radiusr, 

thickness ~r and height ~1, which is concentric with the vis

cosimeter cylinders. On this ring act (a) the shearing stress 

T, caused by the force F which acts in axial direction (z-di

rection) on the inner cylinder,and (b} the weight of the glass 

inside the annular section. When the system is in equilibrium: 

- L.{21Tn}~r.lll + og.2nr.6r,lll 
dr 

0 or - ~(n) + pgr 
dr 

0 

After integration: rT = ~pgr2+ c or T = ~pgr + C/r, (B.l) 

where p is the density of the glass,g the gravitation constant 

and c the integration constant. If m is the mass of the load 

attached to the inner cylinder, then T -~ for - 21ThR1 ' 
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yielding for the integration constant the value: 

c (B. 2) 

flow behaviour We now consider a more 

than the Newtonian flow and 

general viscous 

choose the Bingham 
dv 

flow behaviour. 

The velocity gradient p =-dr 
where the velocity V 

is positive in the positive z-direction and 'o is the yield 

value. Upon substitution of (B.l) we obtain: 

dv 'o . pgr c 

dr n 2n nr 

which yields on integration: 

V 

T r pgr 2 c 
-

0
- - - - ln r + D (B. 3) 
n 4n n 

The assumption that the conneetion between glass and roetal is 

free of slip 42 ), gives us the boundary condition v 0 for 

r = R2 ,yielding for the integration constant D the expression: 

D 

2 pgR
2 

C 
+ -ln (B. 4) 

4n n 

We now want to determine v for r R
1

, the veloci-ty of the in

ner cylinder. After substitution of (B.2) and (B.4) in equa

tion (B.3) we obtain for r = R1 : 

:2__ pg(R2 
2 -R 2) pgRl 

2 R rog ' V ln 0 
(R2-Rl) + 1 - ln-'-

2rrhn Rl n 4n 2n Rl 

If the yield value is defined 
m g R2 

T as: T - ln-
0 0 2'ITh(R

2
-R

1
) Rl 
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we obtain for the velocity of the inner cylinder: 

(m-m
0

) g R2 

[ + 

2 2 pTihRl pTrh(R
2 

-R1 ) 
V ln-

R2 
2Trhn Rl 2(m-m

0
) ln- m-m 

0 

ln 
R2 r + A] 2Trhn R1 

Since the term A contains the density of the glass, p, it rep

resents the influence of the weight of the glass on the veloc

ity. Upon substitution of typical values for the parameters: 

p ~ 2 g/cm3 , h ~ 1.5 cm, R1 = 0"5 cm, and = 0,75 cm, thee

quation for the velocity assumes the form: 

V 

(m-m
0

) g R
2 --""--ln 

2Trhn R
1 t 

1. 3 j 1 + ---
m-m 

0 

A) Newtonian flow behaviour is characterised by m
0 

= o. Since, 

in the unloaded state, m 30 g, the velocity of the inner 

cylinder is then given by: 

V 
mg R 2 ~ --ln- 1 + 

2Tihn R
1 

The influence of the weight of the glass is about 4%. With 

loaded inner cylinder (m ~ 200 g) this influence is smaller 

than 1% and can therefore be neglected. 

Hence, a good approximation for the velocity in the case of 

Newtonian behaviour is: 
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B) Hingham flow behaviour is characterised by m f 0. Writing: 
0 

82 

V 

(m-m
0 

+ 1.3)g R
2 ---=----- ln -

21rhn Rl 

it is seen that the influence of the weight of the glass 

becomes important when rn approaches the value of m
0

• That 

will be the case for very low veloeities only.For instanee 
12 if m-rn

0 
= 0 and the viscosity >10 P (here we can expect 

Bingharn behaviour), the velocity will be <6xlo-11 cm/sec. 

Actually, this value is already five tirnes as small as the 

lowest velocity we have ever measured with the interfera

meter used. Therefore, here the contribution of the weight 

of the glass can also be neglected. 

Hence a good approximation for the velocity in the case of 

Bingham behaviour is: 

(m-m
0

) g R
2 v = --..::::...-ln --

2nhn R1 
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STELLINGEN 

behorende bij het proefschrift van T.J.M.VISSER. 

I. Voor het bereiden van "watervrij" glas verdient smelten in 

vakuurn de voorkeur boven de methode, waarbij droog stik

stofgas door de smelt wordt geleid. 

Dit proefschrift, hoofdstuk 2. 
P.B.Macedo en A.Napolitano,J.Chem.Phys.~(1968)1887-1895. 

2. De veronderstelling van Li en Uhlmann, dat fasescheiding in 

glas aanleiding geeft tot een Binghams stromingsgedrag, 

wordt in het geval van de alkaliboraatglazen niet 

door de meetresultaten. 

J.H.Li en D.R.Uhlmann, J. Non-Crystalline Solids 3 (1970) 
127-147. 
Dit proefschrift, hoofdstuk 4. 

3. Li en Uhlmann houden bij hun studie omtrent het stromings

gedrag van glas onvoldoende rekening met de atomaire struk

tuur daarvan. 

J.H.Li en D.R.Uhlmann, J. Non-Crystalline Solids 3 (1970) 
127-147 en 205-224. 

4. Op grond van het periodiek systeem der elementen zou men 

niet verwachten, dat water en alkalioxide de viskositeit 

van boriumoxideglas in tegengestelde richting beinvloeden. 

Dit proefschrift, hoofdstuk 4 en 5. 

5. De argumenten van Milberg en Meller, dat het door hen be

schreven preparaat van B2o3 ·jH2o geheel glasvormig is, zijn 

niet overtuigend. 

H.E.Milberg en F.Meller, J.Chem.Phys. 2..!..(1959)126-129. 



6. Voor de bepaling van de waarde A in de formule van Arrheni

us voor de viskositeit, n =A exp.(En/RT), gebruikt Nemilov 

een methode, waarvan hij zou kunnen weten, dat deze een on

juist resultaat oplevert. 

S.V.Nemilov, Inorg.Mater. !(1966)300-306. 

7. Aan de vraag, welke invloed de monstergrootte heeft op de 

waarde van de kritische afkoelsnelheid, is nog onvoldoende 

aandacht besteed. 

8. Het Nederlandse ministerie van defensie, dat voorgeeft een 

samenleving te beschermen, waarvan het gezin de basiseen

heid vormt, houdt onvoldoende rekening met de belangen van 

het gezin van de gehuwd dienstplichtige tijdens de vervul

ling van zijn dienstplicht. 

9. Een Nederlands staatsburger, die psychisch en/of lichame

lijk ongeschikt wordt bevonden voor het vervullen van zijn 

dienstplicht, wordt daarvan geheel vrijgesteld; wordt hij 

daarentegen aanvankelijk geschikt doch wegens gewetensbe

zwaren alsnog ongeschikt bevonden,dan wordt hij ten onrech

te verplicht tot vervangende dienst. 

10. Teneinde te bevorderen, dat de dienstplichtige een meer be

wuste houding aanneemt ten aanzien van de krijgsmacht , is 

het gewenst,dat bij de militaire keuring een kommissie voor 

gewetensonderzoek wordt ingesteld, analoog aan die bij mi

litaire dienstweigering. 

!!. Daar de meeste mensen boeken en tijdschriften van achteren 

naar voren plegen door te bladeren als gevolg van hun na~ 

tuurlijke handvaardigheid, zou het overweging verdienen de 

pagina's van achteren naar voren te rangschikken en wel in 

de volgorde 1, 3, 2, 5, 4, 7, 6, 9, .•••. 


