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The jree volume theory indicates that during viscou.s jlow the glass 
melt moves as a whole, and that on the basis oj results obtained in the 
present study no smaller independent jlow units should be considered. 
Dynamic viscosity oj glass depends on the niimber oj activated bonds in 
1 cm3 regardless oj the type oj alkaline ion that has caused the activation. 
The paper jurther deals with the possibility oj calculating the jree 
enthalpy oj activated bonds in binary alkali-silicate glasses. 

INTRODUCTION 

Viscosity is one of the most signifi.cant physicochemical properties of glass 
melts from the point of view of theoretical studies on structure, as well as 
from that of melting and forming technological processes. In view of the

signifi.cance of glass melt viscosity a large number of various relations and 
mechanisms have been suggested in order to define its temperature dependence 
on the basis of various theoretical concepts of the structure of glassforming 
substances and of viscous fl.ow. The present study had the aim to verify the 
validity of some of the most frequently recommended relations and mechanisms 
of viscous fl.ow on simple binary alkali silicate glass melts. 

THEORETICAL 

All the models employed so far for describing the mechanism of viscous 
fl.ow of glass-forming melts have been mostly based on the theory of activation 
and rearrangement of a certain number of Si-O-Si covalent bonds [9], [10], 
[11], [13], [14], [17] and on the free volume theory [3], [4], [5], [6], (8]. For 
example, Douglas (ll] assumes that the melt contains two types of the Si-O-: 

Si bonds, mobile and stationary ones, which differ in the distance between 
silicon atoms. Dienes [12] suggests the existence of an arranged and a disar­
ranged structure in melts. Hodgdon and Stuart [13] likewise assume existence 
of an ordered and a disarranged structure in melts of different physical proper­
ties. Jenkel (14] qualifies the mobility of a certain group by simultaneous acti­
vation of a certain number of neighbouring groups. Mjuller [17] has based his 
study of viscous fl.ow on the valency theory of viscosity within the critical 
temperature range of glassforming materials while assuming that the fluidity 
of glassforming substances is limited by the slowest process, i.e. activation 
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.and rearrangement of the Si-O--:-Si. covalent hridge bonds, as a much lower 
activation energy is considered necessary for mutual movement of ions. 
'Turnbull and Cohen [3] are in favour of the free volume theory which assumes 
that the viscous fl.ow mechanism involves transfer of partial units of the 
-flowing mass from their temporary equilibrium positions into neighbouring 
cavities arising as a result of continuous displacement of structural units of 
liquids. The free volume theory has been further developed by Macedo and 
Litovitz [5]. Among all the suggested theories and mechanisms of viscous 
-flow, the Mj:uler valency theory of viscous fl.ow and the free volume theory by 
Macedo and Litovitz appeai• the best ones from the point of view of depth of 
elaboration and practical applicability, and will thérefore be dealt with in 
greater detail. • 

On the basis of his hypothesis of viscous fl.ow, Mjuller recommended the 
following relationship for describing the temperature dependence of glass melt 
fl.uidity [17]: 

1 vel • 
[ • 

E
' TJ l -=--exp ---

r/ nkT RT (1) 

where v is the mean frequency at which activáted complexes overcome the 
energy barrier, 

c5 - the rnean distance betwee11 two neighbouring Si atoms, 
n - the mean number of covalent bonds per 1 cm2 of glass shear area, 

which can be expressed by relation (2): 

(2) 
I 

. where e is glass density, m is molecular weight, p is the numher of covalent 
bonds in the compound formula, 

NA - the Avogadro constant, 
k - the Boltzmann constant, 
T - therrnodynamic temperature, 

E� - the activation energy of viscous fl.ow, 
R - the gas constant. 

As covalent bonds are understood bridge oxyg�n bonds Si-O-Si (for 
instance, there are six of these in the compound Na2O . 2 SiO2). 

The free volume theory has been further developed by Macedo and Litovitz 
[5] who joined the assumptions of the absolute reaction rate theory with the
free volume concepts and in this way obtained the 'hybrid. equation (3):

!}_ _ 
(
_!!__
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T - Et • v12/3 
exp 

Vr + RT (3) 

where E! is the height of the potential barrier between equilibrium positions, 
R -'-- the gas constant', 
T - thermodynamic temperatée, 
m - molecular weight of the liquid, 
k -'- the Boltzmann constant, 

. vi -'-- a volume roughly equal to that of the molecule.
• Vr _:_ rnean free molar volume defined by the rela • n V - Vo where V

is the molar volume at temperatnre T, 
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Vo ---,-- the minimum molar volume ,at the temperature o:f densest ar­
rangement below the transformation interval, 

y - the free volume overlapping coefficient (0.5 to 1.0), the usual 
value considered being O. 7. \ 

The present study was aimed at verifying the relationships (1) and (3J 
expressing the temperature dependeiice of viscosity of simple binary alkali 
silicate glass melts; a discussion of the mechanisms of viscous fl.ow in th�se 
glass melts is also presented. 

EXPERIMENT AL 

Meas uring method 

The chemical composition of the glass melts i� question corresponded 'to 
the general formula Me2O. n SiO2, where Me2O wer� oxides Li2O, Na2O, K2O, 
Rb2O and Cs2O; the n coefficient for SiO2 had·the values of 2, 3, 4. The raw 
mat�rials for the preparation of the melts were of AR grade. The glasses were. 
n:1.ělted and the measuremerits pi'bper perforriieď in PtRh (80 % ·Pt, 20 % R1,.) 
crucibles. The melt viscosity was measured by the immersion point method 
U�J- The melt and glass density val:ue� requir�él, for the evaluation of the 
viscosities measured were determined at high temperatures by double weighing 
a PtRh twin cone in air and in the melts [19], and. at low temp!:);r�if;'qre!;l,,by,
double weighing the glass samples in air and in water. 

• • 

Process ing o.f .the  ,expeTimen tal data, , and, discuss ion, o f  results  
' .  f ·  ! 

The experimental values and the calculated ones, including chemical compo­
sition of the glasses in question are listed in Tables I, II and III. The Tables 
ipclude data necessary for the evaluation of relations (1) and (3); further 
processing of the experimental data was carried out by the graphic method. 

The activation energy E� in formula (1) should be considered from the point 
of view of the Eyring theory of absolute reaction rates (4) as a changé in free 
activation enthalpy D.G* defined by formula (4): 

t:i..G* = t:i..H* - T t:i..S* (4) 

whern t:i..H* is the change in.interna! energy of the system (deformation energy 
during viscous fl.ow), 

t:i..S* is the change iri entropy of the systein,. due to defl.ection of the 
system from the state of equilibriutil by the effect of viscous 
fl.ow. 

t:i..S* O,�íng to the validity of relationship (4) the entropy term 
R 

passes

into the pre-exponential term of relation ( 1) which thus becomes temperature­
depehdent and after taking its logarithm it does not comply, within a wider 
temperature interval, with aJinear relationship whiph'would allow to calculate 
the free activation energy value. For this purpose, use would have to be made 
of a more complex functional relation,including the temperature dependence 
of free activation enthalpy for viscous fl.ow. 
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After taking its logarithm and rearrangement, relation ( 1) acquires the form 

B 
log 'Y/ = a + T ( 5) 

which is identical with the relations by Frenkel [9] and Andrade [10] for 
glass-forming melts showing no tendency to association, and viscosity determi­
ned by a simple activation process. 

Free activation enthalpy for viscous fl.ow of the glass melts in question was 
evaluated on the basis of the well-proved empirical VFT formula (6) for the 
temperature dependence of viscosity in a wide temperature range: 

b 
log 'Y/ = a +

T - To 
which can be derived from the basic form (5) by substituting for B:

I ' • 

B = ·bT E'f) . 
. . T - To 2.303R 

(6) 

Free activation enthalpy in the sense of equation (4) is then given by equation 
(7), • • 

tlG* = 2.303R 
T ':[ To

where R is the gas constant, 

Tahle I 

Experimental and calculated values for the evaluation of the mechanism 
of visoous flow according to Mjuller (17) (relation l) at 1400 °C 

Glass 
composition !: 

>,::i"' .., -� a .<: 
a � bO 

·a:; ,-,
A� ��

Li2O. 2 SiO2 2.120 150.047 
LizO. 3 SiO2 2.144 210.132 
Li2O. 4 SiO2 2.160 270.217 
Na2O. 2 SiO2 2.205 182.149 
Na2O. 3 SiO2 2.210 242.233 
Na2O. 4 SiO2 2.213 302.318 
K2O. 2 SiO2 2.132 214.373 
K2O. 3 SiO2 2.166 274.458 
K2O. 4 SiO2 2.186 334.543 
Rb2O. 2 SiO2 2.856 301.109 
Rb2O. 3 SiO2 2.135 {!67.194 
Rb2O. 4 SiO2 2.650 427.279 
Cs2O. 2 SiO2 3.520 401.980 
Cs2O. 3 SiO2 3.063 462.064 
Cs2O. 4 SiO2 2.970 522.149 

� !'.!. 
I N 

o-...... !;I,. 

!: 
:;;:gi 

.i c:,,J !: 
>---

1.016 
1.557 
1.656 
1.241 
1.445 
1.562 
1.109 
1.312 
1.448 
1.041 
1.262 
1.398 
1.001 
1.168 
1.320 

rn 

al 
il< 

i:"� 

17.79 
31.55 

211.30 
30.55 
80.17 

173.00 
51.94 

129.10 
279.30 
88.11 

244.3 
495.5 
100.0 
368.1 
822.2 

.:--
.Sl 

1.250 
1.499 
2.325 
1.485 
1.904 
2.238 
1.763 
2.113 
2.446 
1.945 
2.388 
2.695 
2.000 
2.566 
2.915 

(7) 
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b, To are constants in equation (6) which can be determined from experi­
mental data. 

Activation entropy b.S* can be calculated from free activation enthalpy using
equation (8): 

b.S*=- --• ( ob.G*)oT P 

(8)

By substituting for b.G* from equation (7) and differentiating, b.S* can be
expressed by relationship (9): 

b.S* = 2.303R (T 
"!__T 

To)2 
• (9)

The systems in question were evaluated in this way and the computed values
are listed in Tahle II. 

Table II 

Experimental and calculated values for the evaluation of the mechanism
of viscous flow at 1400 °C using the equation log TJ = a + T � To

d 
_zl d + o Glass §.9 � E-i ,...., 

„ c, � 11 '° I ,...., í' composition í' o I.'�] g. .:- E-i o a 
"'

.; .-:: � � a ó a+ .... 

> o-�- + * :i '" o 
l::b� _a .. ,N Q 

a I b I To <I� .... � � ......
LiiO. 2 SiO2 -2.6673 4950.0 229.0 109.7 35.3 0.23 
LiiO. 3 SiO2 -2.2033 4696.3 405.7 118.6 49.1 0.23
Li2O. 4 SiO2 -2.4772 5919.2 155.4 124.8 62.7 0.23 
NaiO. 2 SiO2 -2.2427 4646.8 426.8 119.3 41.6 0.17
Na2O. 3 SiO2 -2.0329 4993.8 411.3 126.7 54.8 0.17 Na2O. 4 SiO2 -2.0200 5438.9 388.5 135.5 68.3 0.17
K2O. 2 SiO2 -2.3304 4971.1 464.8 131.7 51.2 0.13
K2O. 3 SiO2 -2.2231 5148.6 482.2 138.4 63.4 0.13
K2O. 4 SiO2 -2.0179 5682.7 396.9 142.5 76.5 0.13Rb2O . 2 SiO•, -2.3127 4669.8 572.2 135.8 52.1 • 0.12Rb2O. 3 SiO2 -2.2259 5607.1 454.7 147.3 67.2 0.12 Rbi{). 4 SiO2 -2.0841 6123.2 386.7 152.3 81.2 0.12 Cs2O. 3 SiO2 -2.2988 5873.6 461.8 155.2 75.4 0.10Cs2O. 4 SiO2 -2.2534 6401.5 430.5 164.9 87.9 0.10

,....... 
í' 

+ o

� a

• í' .. 1�� 
.;-- á ó 
.... �

153.5 213.0 272.0245.1322.3401.8 394.5487.5588.5434.0559.6676.9754.2878.7

In his valency theory, Mjuller used the assumption that the fl.uidity of
glass-forming substances was limited by activation and rearrangement of the
Si-O-Si covalent bonds. On the basis of this mechanism, viscosity should
be proportional to the mean number of covalent bonds per 1 cm.2 of glass .
shear surface area. This conclusion seerns logical since both value n and viscosity 
at a given temperature increase with increasing content of the glass-forming
oxide. 
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11 

[dPa.s) 

!:n ·f 

\' 1,0 

12 

1,4 
10-15n. 

1,6 

1[ig; :1. Dy�a�ic"visqosity :vs. the mel!n number oj briclge oxygen boncls in 1 cm3 '.sli:p • • • sU?jace m·ea oj glass ( ajte1• MJuller [ 1 7]) ;
''1 -l.. Lí2 0·. 2 Si02 ;• 2 -LúO. 3 Si02, 3-Li2O. 4 Si02 , 4 -Na2 0. 2 Si02 ,
• 5-'- Na,0. 3;Si0<i,· 6 -Na,O. � SiO,,' · 7 -K,O. 2 Si02, 8- K20. 3 Si02 ,
. 9 _i. K20 •. 4 SiO,, •10 - Rb2 0. 2 SiO,, 11 - Rb2 0. 3 Si02 , 12 - Rb2 0.
-'.\ 4 Si02', rz3 -t- Cs2 0. 2 Si02 , 14- Cs20. 3 Si02, 15 - Cs,0. 4 SiO,.

•\ ' ; . • 

H��evér, :the relati�nship w�s fóund experimentally to hold for a single 
type of glass only ·(e.g. LizO_:..Si02 , Na20-Si02 , K20-Si02 , Rb20-Si02 

and Cs20-Si02) where only the mutual ratio between the alkali oxide and 
silicon dioxide is changed. When replacing the alkali oxide for another, this 
results in a change of the functional relation between viscosity and the mean 
number of bridge bonds per 1 cm2 of glass slip surface area (cf. Fig. 1) so that 
the general relatiopship between viscosity and and the n value considered 
by Mjulle1· does not hold in these system·s. For example, the viscosity of glass 
in the system Li�O-'-Si02 is lower by one order of rnagnitude than that in the 
system Cs2-Si02 regardless of the fact that the value n of lithium glasses 
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fvle+ . 102 [mol. cm-3]

Fig. 2. Dynamic viscosity vs. the numbeť oj allcali metal gramions in 1 cm3 oj glass; 
1 - Li2O. 2 SiO2, 2 - Li2O. 3 SiO2, 3 - Li2O. 4 SiO2, 4 - Na2O. 2 SiO2, 
5 - Na2O. 3 SiO2, 6 -Na2O. 4 SiO2, 7-K,O. 2 SiO2, 8- K2O. 3 SiO2, 
9 - K2O. 4 SiO2, 10 - Rb,O. 2 SiO2, 11 - Rb2O. 3 SiO2, 12 - Rb2O . 

. 4 SiO2, 13- Cs2O. 2 SiO2, 14 - Cs2O. 3 SiO2, 15 - Cs,O. 4 SiO2. 

is higher than that of cesium ones. All this seems'to indicate that viscous flow 
will obviously be _controlled by some other mech&,nism. 

From the point of view oJ chemical composition the simplest glass is quartz 
glass which is formed from i-cristobalite at 1713 °C. The crystalline structure 
of a-cristobalite ís destroyed at this temperature and the resulting disarranged­
structure melt solidifi.es into quartz glass. Quartz glass therefore differs in 
principle by its strupture f;roip. its pre.cursor .�n spíte of ha':ing the same che­
niical cómpositjo;n. Introdµction- of :an álkali ·oxide i°ato quartz glass brings 
about formation of local inhomogeneities -from the point of view of chemical 
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composition, as well as influencing ofthe covalent bridge oxygen bonds by the 
electrostatic field of the alkali ions, which necessarily are the cause of a higher 
structural disarrangement of these glasses. 

From the standpoint of rheology the above materials will behave quite 

1,5 

o . 
50 

15 

75 100 
1/Ml [ cm3.moi-1 J

Fig. 3. Logarithm oj dynamic viscosity vs. reciprocal number oj alkali metal gramions 
in 1 cm3 oj glass; 

298 

1 - Li20. 2 Si02, 2 :- Li20. 3 Si02, 3 - Li20. 4 Si02, 4 -Na20. 2 Si02, 
5 - Na20. 3 Si02, 6-Na20. 4 SiQ2 , 7.-K20. 2 Si02 , 8-K20. 3 Si02, 
9 - K20. 4 Si02, 10 - Rb20 '. 2 Si02, 11 - Rb20. 3 Si02, 12 - Rb,O . 
. 4 Si02, 14 - Cs20. 3 SiO,, 15 - Cs,O. 4 Si02 ,
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differently at higher temperatures, because of the very significant criterion 
of mutual equivalency of spatial bonds (this being the case of crystalline 
substances) or their inequivalency (arising in the non-uniform structure of 
quartz glass and glasses generally). 

On the basis of this hypothesis the viscosity of glasses was meásured in 
terms of the number of alkali metal gramions in 1 cm3 of glass, and the viscosity 
value was found to decrease exponentially with increasing Me+ value (Fig. 2). 
The dependence oflogarithm of viscosity on the reciprocal of Me+ is even linear 
in character. The relationship holds generally regardless of the type of alkali 
oxide introduced and therefore allows to formulate the assumption that the 
fl.uidity of glass melts will be proportional to the number of bonds in 1 cm3 

of the glass which will be capable of rearrangemen� under the effect of ex:ternal 

L\G*

[kJ.moi-1]

175 

150 

125 

100 

o 250 500 750 

10
1}-;z · M/[cm5.C1. mor1]

Fig. 4. Jvlolar jree enthalpy vs. electrostatic field strength due to alkali ions in 1 cm3 oj
glass; 
1 - LhO. 2 Si02 , 2 - Li20. 3 Si02, 3 - Li20. 4 Si02, 4 - Na20. 2 Si02, 
5 - Na20. 3 Si02, 6 - Na20. 4 Si02 , 7 - K20. 2 Si02 , 8- K20. 3 Si02, 
9 - K20. 4 Si02, 10 - Rb20. 2 Si02 , 11 - Rb20. 3 Si02, 12 - Rb20 . 
. 4 Si02, 13 - Cs20. 2 Si02 , 14 - Cs20. 3 Si02, 15 - Cs20. 4 Si02. 
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Table III 

Experimental and ca.Jculated values for the evaluation of the mechanism 
of viscous -flow according to Maceclo a.ne! Litovitz [5] (equation 3) 

at temperatures of II00 to 1400 °C 

Glass ., 
composition � I ..., °'::;-' 

I 
� � 

ol í í ... >, I t:J) bl) ., 
.:-j&i 

:'::: s o.. 
.1 s� !/) C) 

�š ::::'š A 

"'i:<:: Q� E,-i ._, ..s I ::,...:::, ;,...:::, 

Li2O-. 2 SiO2 1373 -0.84367 2.168 0.0315 0.3295 
1473 -1.30820 2.152 0.0349 
1573 -1.67073 2.136 0.0384 
1673 -1.97350 2.120 0.0419 

293 2.327 

Li2O,. 3 Si02 1373 -0.49767 2.178 0.0259 0.3260 
1473 -0.94220 2.168 0.0282 

' 1573 -1.29873 2.155 0.0308 
; 1673 -1.72450 2.144 0.0334 

293 • 2.308

Li2O·. 4 SiO2 1373 0.73833 2.194 0.0206 0.3014 
1473 0.06280 2.183 0.0229 

; 1573 -0.47073 2.171 0.0255 
1673 -0.89850 2.160 0.0278 

293 2.298 

Na2O. 2 SiO2 
1373 -0.48567 2.268 0.0406 0.4946 
1473 -0.94q20 2.247 0.0447 
1573 -l.3ll 73 2.226 0.0489 
1673 -1.73850 2.205 0.0532 

293 2.498 
-

Na2O. 3 SiO2 1373 -0.01467 2.256 0.0333 0.4602 
1473 -0.51320 2.241 0.0362 
1573 -0.91573 2.225 0.0394 
1673 -1.31!)50 2.210 0.0425 

293 2.439 
--· 

Na2O. 4 SiO2 1373 0.33033 2.250 0.0283 0.4123 
1473 -0.19220 2.238 0.0307 
1573 -0.61673 2.225 0.0333 
1673 :_o.98550 2.213 0.0357 

\ I \ 293 2.403 

K2O. 2 SiO2 1373 -0.01967 2.202 0.0546 0.8450 
1473 -0.56420 2.178 0.0596 
1573 -0.99673 2.155 0.0645 
1673 -1.46050 2.132 0.0695 

293 2.603 

.g bl) ...,� al'-<;>.. o...,
+>,.i:: A bO.,.� -� ., 
Jl �.... ...,., -�o A 
o::,

0.705 

0.702 

0.655 

l.105

1.028 

0.920 

1.831 

Silikáty č. 4, .1977 



The Viscosity·ofSilicate Glass 1ll[elts 

.cont. tahle III. 
-----

'. 

o 
'l':I bO..,-
a!«--< 

Glass· Q) ?.. o• "

composition ::l 
j' � _.,� .., o,� 

j' Á bO 
o:$ 

;,., 7 
bO Q)•-" bO ·- Q) 

Q) 
�1s. :':! s -.8 ji: o., M .. 

S� Ul C, I 
�s 11:1 .., 

bO 
Á � s Q) ·-

Q) ::,:: �� 8§ E-<� ..s :,..� ?..� 

K,O. 3 Si02 1373 0.37833 2.228 0.0383 0.5234 1.149 
1473 -0.22220 2.207 0.0426 
1573 -0.70073 2.187 0.0467-
1673 -l.11050 2.166 0.0512 

293 2.436 

K20. 4 Si02 1373 0.66733 2.230 0.0276 0.3714 0.825 
1473 , 0.09480 2.215 0.0306 
1573 -0.38073 2.201 0.0335 
1673 -0.71750 2.186 0.0366 

293 2.376 

Rb20. 2 Si02 1373 0.26833 2.971 0.0270 0.2610 0.754 
1473 -0.31620 2.927 0.0321 
1573 -0.83473 2.881 0.0375 
1673 -l.27850 2.836 0.0430 

293 3.230 

Rb20, 3 Si02 1373 0.70833 2.806 0.0296 0.4415 1.233 
1473 0.09180 2.782 0.0327 
1573 -0.40473 2.758 0.0358 
1673 -0.83550 2.735 0.0389 
293 3.060 

forces at the given temperture. vVith lithium glass melts the Me+ value is 
much higher than that with cesium ones and this has also had its effect on 
the viscosity values determined experimentally. ,

In order to determine the mechanism of viscous fl.ow it was further necessary 
to find the value of free activation enthalpy !:iG* and the value of Vo from 
equation (3). The calculated !:iG* values are listed for the individua! glasses 
in Tahle II. Fig. 4 shows a plot of viscous flow free activation enthalpy !:iG* vs. 
reciprocal electrostatic field strength due to the presence of.alkali ions in 1 cm3 

of glass. This dependence has a linear comse and likewise holds generally for 
all the alkali ions. With increasing ionic radius of alkali metals the value 
of electrostatic field strength decreases together with the 1\1:e+ value, this 
bringing about an increase in the value of viscous fl.ow free activation enthalpy 
!:iG*. In view of this relationship the value of !:iG* can therefore be regarded 
as the strength of activated bonds which are capable of rearrangement under 
the given conditions and thus allow for viscous flow of the glass melt. 

Elucidation of the mechanism of viscous fl.ow requires finally the determina­
tion (or at least estimation) of the volume of the basic fl.ow unit: This magnitude 
is included in relationship (3) together with the free volume value. The two 
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magnitudes are considered as molar ones, this being disadvantageous because 
the size of the glass molecule has not so far been determined accurately. For 
this reason the two magnitudes have been related to the specific volume of lg 
of glass. The activation energy Ep decreases at a constant volume with increas-

ing thermal expansion of glass, and the term :J- in relationship (3) can 

be neglected with respect to the value of y;0 in the region of the glasses in 
question (5]. 

This simplification results in an error of approx,imately 5 to 10 % [5] which
is not substantial in the determination of the approximate value of the basic 
fl.ow ůnit volume. Table III lists the computed values of y Vo and Vr for the 
inq.ividual alkali silicate glass melts in the temperature range of 1400 to llOO 00. 
According to the free volume theory for liquids the overlapping coefficient y 
should have the value of 0.5 to I.O. The values of this coefficient are calculated 
in the last column of Tahle III for the case when the entire specific volume of 
I gram of glass is the basic glass flow unit. The y values are in the range of 
from 0.7 to 1.8 and the mean value y = 0.99 lies within the range considered. 
According to the free volume theory the entire specific glass volume moves 
during viscous fl.ow with simultaneous formation and elimination of free 
volume. 

CONCLUSION 

The following conclusicins can be formulated on the basis of the results 
obtained in the present study of viscous flow in alkali silicate glass melts 
having the general formula 1VIe20 . n Si02: 

1. The flow of gl,ass melts is made possible by simultaneous presence of 
mutually inequivalent bonds which are a result of the non-uniform structure 
of the melts. 

2. Alkali ions promote disarrangement in glass melts, because they affect locally
by their electrostatíc field the co_valent bridge oxygen bonds Si-O-Si, 
activating them and thus bringing about their rearrangement during 
viscous fl.ow. Vit3cosity is therefore indil;ectly proportional to the number of
activated bonds formed in I cm3 of glass. 

3. Free activation energy !:1G* is directly proportional to the reciprocal of
electrostatic field force due to the presence of alkali ions in I cm3 of glass. 
The !:iG* can be regarded as the value of the activated bond being rearranged
during viscous flow. 

4. The free volume theory indicates that during viscous flow the glass melt
moves as a whole, and that on the basis of the results obtained no smaller 
elementary units of flow shoulcl be considered. 
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V ISKOZ ITA KŘEM IČITÝCH SKEL 

Ladislav Šašek 

Katedra technologie silikátů Vysoké školy chemicko-technologické, Praha 

Předmětem práce bylo ověření platnosti vztahů (1) a (3) pro vyjádření teplotní zá­
vislosti viskozity jednoduchých binárních al.kalickokřemičitých sklovin obecného 
vzorce Me2O . n SiO2 , kde za Me2O byly postupně dosazovány kysličníky Li2O, Na2O, 
K2O, Rb2O, Cs2O;' koeficient nu SiO2 dosahoval hodnot 2,3 a 4. Naměřené a vypočtené 
•hodnoty včetně chemického složení měřených skel jsou uvedeny v tabulkách I, II a III.
Tabulky obsahují data potřebná k vyhodnocení vztahu (1) a (3), další zpracování
naměřených dat je provedeno grafickou formou .

Z výsledků provedené studie viskozního toku v alkalickokřemičitých sklovinách lze
dospět k následujícím závěrům:

1. Tečení sklovin umožňuje současná pí-ítomnost vzájemně nerovnocenných vazeb,
které jsou důsledkem jejich nepravidelné struktury.

2. Alkalické ionty zvyšují neuspořádanost v křemičitých sklovinách, neboť svým
elektrostatickým polem místně ovlivňují kovalentní můstkové vazby Si-O-Si,
které·aktivují tak, že při viskozním toku snáze dochází k jejich přesmyknutí. Viskozita
je proto nepřímo úměrná počtu vytvořených ·aktivovaných vazeb v 1 cm3 skla.

3. Volná aktivační energie Á.G* je přímo úměrná reciproké hodnotě síty elektro­
statického pole, vyvolaného alkalickými· ionty v l cm3 skla. Pl'.-i tom je možno Á.G*
považovat za hodnotu aktivované vazby, která se pí-i viskozním toku přesmykuje,
. 4. Z teorie volného objemu vyplynulo, že se při viskozním toku sklovina pohybuje
jako celek, a že nelze na základě těchto výsledků uvažovat o nějakých menších samostat­
ných elementárních jednotkách toku.

Obr. 1: Závislost dynamické viskozity na středním počtu mi'í,stkových kyslíkových vazeb 
v 1 cm2 smykové plochy skla (podle Mjullera [17]); 
1 - Li2O. 2 SiO2 , 2 - Li,O. 3 SiO2 , 3 - Li2O .  4 SiO2 , 4 -Na2O. 2 SiO2 , 
5 -Na 2O. 3 SiO2 , 6-Na2O. 4 SiO2 , 7 - K2O. 2 SiO2 , 8 - K2O. 3 SiO2 , 
9 - K2O - 4 SiO2 , 10 - Rb2O. 2 SiO2 , 11- Rb2O. 3 SiO2 , 12 - Rb 2O . 
. 4 SiO2 , 13 - Cs2O. 2 SiOz. 14 - Cs2O. 3 SiO2 , 15 - Cs 2O. 4 SiO2 

Obr. 2. Závislost dynamické viskozity na počtu gramiontů alkalických kovů v 1 cm3 skla; 
1- Li,O. 2 SiO2 , 2- Li2O. 3 SiO2 , 3- Li2O. 4 SiO2 , 4 -Na2O. 2 SiO2,
5 -NazO. 3 SiO-1, 6-'-Na2O. 4 SiO2 , 7 - K2O. 2 SiO2 , 8 - K2O. 3 SiO2 ,
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9- K20. 4 Si02, 10 - Rb20 ,; 2 Si02, 11 � Rb20. 3 Si02; 12-'- Rb20 
. 4 Si02, 13 --cr-"0s20. 2 Si02; 14----, Cs20 .. 3 Si02, 15 - 0s20. 4 Si02 

Ubr. 3. Závislost logaritmit dynamické.viskozity·.na reciproké hodnotě počtu grami.onti 
alkalických kovů v 1 cm 3. skla , 
1- Li20 - 2 Si02, 2- Li20. 3 Si02, 3- Li20. 4 Si02, 4 - Na20. 2 Si02 
5 - Na:20. 3,Si02, 6 - Na20. 4 Si02, 7 - K20. '-2 Si02, 8 __ K20. 3 Si02 
9 � K20; 4 Si02, 10.� Rb20. 2 Si02, 11 - Rb,O . 3 Si02, 12 _;_ Rb20 
. 4 Si02, 14 - Cs20. 3 Si02, 15 - 0s20. 4 Si02 

Obr. 4. Závislost molární volné entalpie na síle elektrostatického pole , vyvolaného alka 
lickými ionty v 1 cm 3 .skla; 
1- Li20, 2 Si02, 2 - Li20. 3 Si02, 3 - Li20. 4 SiO, , 4- Na20. 2 Si02 
5 - Na20., 3 Si02, 6 - Na20. 4 Si02, .7 - K20. 2 Si02, 8 - K20.. 3 SiO, 
9 - K20. 4 Si02, 10 - Rb20. 2 Si02, 11- Rb20. 3 Si02, 12 - Rb,O 

. 4 Si02, 13 - 0s20. 2 Si02, 14- 0s20. 3 SiO,,. 15 - Cs20. 4 Si02, 

BH3ROCTh CHJil1RATHbIX CTEH'.JIO MACC 

JlaJJ:HCJiaB IIIarne1, 

Ha(/Je8pa mex1-1,0J1,oeuu CUJ1,U1.amoe X u,1i,ww-mexHOJ1,0ewuc1.oeo uncmwnyma, _Ilpaea 

IJ;eJibIO npe)l;JiaraeMoií: pa6oTbI flBJifleTcfl rrponepKa cnpaBej]/maocrn OTHO!lle1rnií: (t) n (3)
)];JI/I orrncamrn TeMrrepaTypnoií: 3aBIICIIMOCTl1 Bfl3KOCTl1 rrpocTr,lX 61!Hapm,rx ll.(0JIO'IHO-CIIJl11· 
}{aTHb!X CTermoMacc o6meií: cJ:1opMyJII,J Me20. nSi02, r)l;e 3a Me20 IlOCTeneHHO lIOJ:J;CTaBJI/IJin 
01mcJiu LizO, Na20, K20, Rb20, Cs20; Koacpcp11u:1rnHT n y SiO, JJ:OCTHraJI BeJil1'111H 2 ,  3 u 4. 
Hs�rnpeHHI,Ie H paC'll1TaHHI,{e BeJI11qHHI,l BmIOTh JJ:O XllMM'IeCKOl'O COCTana 113MeplleMhlX CTeJ{OJJ 
rrpHBOJJ:flTCfl B 1·a6Jim .. �ax I ,  II JI III. B Ta6Jiuu;ax rrpHBO/VITCH JWHHbie, HeOÓXOJJ:IIMI,Ie )];JIH 
ou;eHKH OTH0ill0Hllfl (1) II (3); )l;aJibHeií:mafl 06pa60T1rn H3Mepcnm,rx 11;aHHl,[X rrpOBO/(llTCH 
B BIIJJ:0 rpacpHKa. 

Ha peayJihTaTOB rrpOBOJJ:HMOro HCCJie)l;OBaHHH BHCI{03H0ť0 Te'!e[(llfl D 11.1erro,rno-c11murnTHblX 
CTeKJIOMaccax MOlKHO BI,IBOHJJ:Th CJie11;y10mee: 

1. Bo3MOlKHOCTh Teqe11m1 CTeKJIOMacc )l;aeTCf l OJJ:HOBpeMeHHbnl rrpllC)'TCTBlle�! B3aHMHO 
aepaBHOU:0HH,hIX CBH3eií:, flBJI/IIOmHXC.11 pesyJihTaTOM HX Hepery mpHOU CTPYKT)'pb!. 
2. rneJIO'IIII,Ie HOHI,l IIOBI,IillaIOT Heyrrop.HJJ:0'10HHOCTb B CllJll!l{aTHl,[X CT01{JIOMaCCaX, 
TaH !{al( CDOHM aJieRTpOCTaTH'IeCHHM IIOJieM JIOHaJibHO OKa3h!BalOT BJll[f!Hlle Ha I{OBa­
JieHTHI,Ie CDH31l MOCTIIKOD Si- O-Si, ROTOifI,Ie aRTHBHpy10T Tal{IL\[ o6pa30M, 'ITO npH 
BHCR03HOM TeqeHJUI Jierqe rrpOIICXOJJ:HT HX rreperpynmrponRa, BH31WCTh lI03TOMY 
HaXOJJ:HTC.11 n aerrpHMOM OTIIOillCHHH R I(()JIH'IeCTBY o6pasoBaBITTl[XCH aIUHBHponaHHUX 
CB.H3eií: B 'i CM3 CTerma. 

3. CBo6o)l;HaH aneprH.11 a1u1rnau;11H /1G* rrp.11Mo rrporrop1�1roaam,ua o6paTuoi1: nemFurne 
narrp.HlKeHH.11 3JICRTpOCTaTll'!ec1rnro IlOJIH, DI,J3I,IBaeMoro Il(e.!JO'llll,I�fll l[OHaM\f B 1 CM3 

CT0RJia, npmrnM /1G* MOilrnO cqHTč1Th B0JIJil'HIHOií: Ul{THBl!pOBaHHOU CBH3II, IWTOpaH rrpn 
B11Cl{03HOM TeqeaHH neperpymrnpyeTC.11. 

4. Ha Teopnll CB060)l;HOro o6'heMa CJICJJ:yeT, '!TO 11p11 BHCI<03HO�f Te'!eHIIH CTCRJIOMacca 
)l;BJillKeTC.11 RaK u;eJioe H 'ITO H0Jlh3fl Ha OCHOBaHHH JJ:č1HHl,IX pe3yJibTaTOB rrpCJJ:Q:OJiaraTI, 
cyll(CCTDOBaHHe. orrpe)l;eJieHHhIX M0HhillJilX caMOCTOHTCJibHl,!X arre�rnHrapHb!X e�UHH� 
TeqCHIIH, 

Puc. 1. 3aeucu„uocmb 8u1-1,aMU1J,ec1.oii 1JM1.ocmu om cpe8neao 1.0J1,U>tecmea ..i1ocmu1.oe&1x 1.UCJ1,0-
po81-1,bix ceMeií u 1 cM2 nepeepynnupoeo•inoii noeepxnocmu cnte/ťJl,a (coe.MCHO M10,n,J1,epy 
[17]); 

1 - LizO. 2 Si02, 2 - LhO. 3 Si02, 3 - Li20. 4 Si02, 4 - Na20. 2 Si02, 
5 - Na20. 3 SiŮ2, 6 - Na20. 4 Si02, 7 - K20. 2 Si02, 8 - K20. 3 SiO,, 9 -
K20. 4 Si02, 10 - Rb20. 2 Si02, 11 - Rb20 , 3 Si02, 12 - Rb20. 4 Si02, 
13 - Cs20. 2·Si02, 14 - Cs20. 3 Si02, 15 - Cs20. 4 Si02, 

Puc. 2. 3aoucu..iwcmb 8u1-1,a..itu1J,ec1.oii e11,a,;ocmu om 1.0J1,u,tecmea epa,1i.4HWli0B UfeJl,0'iftbtx ..iie,naJ1,­
J1,01J· e 1 c..ii3 cme1.J1,a· 

1 - LizO. 2 Si02'. 2 - LizO. 3 Si02, 3 - LizO. 4 Si02, 4 - Na20. 2 Si02, 
5 � Na20. 3 Si02, 6 - Na20. 4 Si02, 7 - Rb20. 2 Si02, 11 - Rb20. 3 Si02, 

12 - Rb20. 4 Si02, 13 - Cs20. 2 Si02, 14 - Cs20. 3 Si02, 15 - Cs20. 4 Si02. 
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Puc. 3. 3aoucu.,iwcmb .11,oeapiun,1ia OUHll.,\tU'iec,wi"í, 0Ha1,,ocmu om 06pam1-tou oe11,u1iu1-1&i 1,,0.11,u­
'iecmoa epa.,ii.,iiuoHoo u1e.11,o'iHbix .,iiema.11,.11,00 o 1 c.,ii3 cme1,,.11,a. 
1 - Li,O. 2 SiO,, 2 - Li,O. 3 SiO,, 3 - Li02 . 4 SiO,, 4 - Na2 0. 2 Si02 , 
5 - Na2 0. 3 Si02 , 6 - Na2 0. 4 Si02 , 7 - K2 0. 2 Si02 , 8 - K2 0. 3 Si02 , 
9 - K2 0. 4 Si02 , 10 - Rb2 0. 2 Si02 , 11 - Rb20. 3 Si02 , 12 - Rb20. 4 Si02 ,
14 - Cs,O. 3 Si02 , 15 - Cs2 0. 4 Si02. _ . 

-

Puc. 4. 3aoucu.,iwcmb .,iw.11,1ipHoa coo6ooHot"í, aHnia.11,bnuu om Hanpn.J1ceHuH a11,e1,,mpocmamu­
'iec1,,oeo no.11,H, Ob!BOllHH080 Ufe.11,o•tHbUtU UOHll.,\tU o 1 c.,ii3 cme1,,.11,a. 
1 - Li,O. 2 Si02 , 2 - Li,O. 3 SiO,, 3 - Li,O. 4 Si02 , 4 - Na2 0. 2 Si02 , 
5 - Na20. 3 Si02, 6 - Na,0. 4 Si02 , 7 - K2 0. 2 Si02 , 8 ---:- K2 0. 3 Si02, 
9 - K20. 4 Si02 , 10 - Rb2 0. 2 Si02 , 11 - Rb2 0. 3 Si02 , 12 - Rb2 0. 4 Si02, 
13 - Cs2 0. 2 Si02 , 14 - Cs2 0. 3 Si02 , 15 - Cs2 0. 4 Si02. 
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