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The free volume theory indicates that during viscous flow the glass
melt moves as a whole, and that on the basis of results obtained in the
present study no smaller independent flow units should be considered.
Dynamic viscosity of glass depends on the number of activated bonds in
1 cm3 regardless of the type of alkaline ton that has caused the activation.
The paper further deals with the possibility of calculating the free
enthalpy of activated bonds in binary alkali-silicate glasses.

INTRODUCTION

Viscosity is one of the most significant 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
significance 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 flow. The present study had the aim to verify the
validity of some of the most frequently recommended relations and mechanisms
of viscous flow on simple binary alkali silicate glass melts.

THEORETICAL

All the models employed so far for describing the mechanism of viscous
flow 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 [11] assumes that the melt contains two types of the Si—O0—
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 flow 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

silikaty G. 4, 1977 291



L. Sasek:

and rearrangement of the Si—O-—Si covalent bridge 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 flow 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 Mjuler valency theory of viscous flow and the free volume theory by
Macedo and Litovitz appear the best ones from the point of view of depth of
elaboration and practical applicability, and will therefore be dealt with in
greater detail.

On the basis of his hypothesis of viscous flow, Mjuller recommended the
following relationship for describing the temperature dependence of glass melt

fluidity [17]:
1 0 E,
w T kT P [— RT] M)
where » is the mean frequency at which activated complexes overcome the
energy barrier,
J — the mean distance between two neighbouring Si atoms,

n — the mean number of covalent bonds per 1 cm? of glass shear area,
which can be expressed by relation (2):

n = (7‘;’; NAp)2I3 @)

where g is glass density, m is molecular weight, p is the number of covalent
bonds in the compound formula,
N4 — the Avogadro constant,
k — the Boltzmann constant,
T — thermodynamic temperature,
E; — the activation energy of viscous flow,
R — the gas constant.
As covalent bonds are understood bridge oxygen bonds Si—O—Si (for
instance, there are six of these in the compound Na,O . 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):

n [ B\Y2 (2mk) 1/ Vo E}
7= (&) S |7t + ] @
where E% is the height of the potential barrier between equilibrium positions,
R — the gas constant,
T — thermodynamic temperature,
m — molecular weight of the liquid,
k — the Boltzmann constant,
w3 — a volume roughly equal to that of the molecule,
Vi — mean free molar volume defined by the relation ¥V — ¥, where V
is the molar volume at temperature T,
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Vo — the minimum molar volume at the temperature of densest ar-
rangement below the transformation interval,

y — the free volume overlapping coefficient (0.5 to 1.0), the usual
value considered being 0.7.

The present study was aimed at verifying the relationships (1) and (3)
expressing the temperature dependence of viscosity of simple binary alkali
silicate glass melts; a discussion of the mechamsms of viscous flow in these
glass melts is also plesented

EXPERIMENTAL

Measuring method

The chemical composition of the glass melts in question corresponded to
the general formula Me,O . = SiO;, where Me,O were oxides Li,O, Na,0, K20,
Rb20 and Cs20; the n coefficient for SiO; had the values of 2, 3, 4. The raw
materials for the preparation of the melts were of AR grade. The glasses were
melted and the measurements proper performed in PtRh (80 9%,'Pt, 20 9, Rh)
crucibles. The melt viscosity was measured by the immersion point method
[18]. The melt and glass density values required 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 temperatures..by:
double weighing the glass samples in air and in water.

Processing of the .experimental data, and discussion. of results

The experimental values and the calculated ones, including chemical compo-
sition of the glasses in question are listed in Tables I, IT and III. The Tables
include 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 £, in formula (1) should be considered from the point
of view of the Eyring the01y of absolute reaction rates (4) as a change in free
activation enthalpy AG* defined by formula (4):

AG* = AH* — TAS* (4)

where AH* is the change in.internal energy of the system (deformation energy

‘ during viscous flow),
AS* is the change in entropy of the system, due to deflection of the
system from the state of equilibrium by the effect of viscous

flow.
E3

R
into the pre-exponential term of relation (1) which thus becomes temperature-
dependent and after taking its logarithm it does not comply, within a wider
temperature interval, with a linear relationship which 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 flow.

Owing to the validity of relationship (4) the entropy term

passes
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After taking its logarithm and rearrangement, relation (1) acquires the form

B
logn=a+ 7 (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 flow 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 i
log’?=“+71_—To (6)

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

B = - By .
—T=7T, 2303R°

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

(7,

AG* = 2.303R — of

T—17, (7)

where R is the gas constant,

Table I

Experimental and calculated values for the evaluation of the mechanism
of viscous flow according to Mjuller [17] (relation 1) at 1400 °C

Glass 5°—
composition g = .
o : )
2% b 5 = R
4 © %D = QII g A =
o = G &0
AL N > — =% i)
Li;0 .2 SiO; 2.120 150.047 1.016 17.79 1.250
Li;0. 3 SiO, 2.144 210.132 1.5567 31.65 1.499
Li0 . 4 SiO; 2.160 270.217 1.656 211.30 2.325
Na;0 . 2 8iO; 2.205 182.149 1.241 30.55 1.485
Na0 . 3 8iO; 2.210 242.233 1.445 80.17 1.904
Na,0 . 4 SiO; 2.213 302.318 1.5662 173.00 2.238
K70 . 2 8i0; 2.132 214.373 1.109 57.94 1.763
K,0 . 3 Si0, 2.166 274.458 1.312 129.70 2.113
K0 . 4 8i0; 2.186 334.543 1.448 279.30 2.446
Rb20 . 2 SiO; 2.856 307.109 1.041 88.11 1.945
Rb,0 . 3 SiO; 2.735 367.194 1.262 244.3 2.388
Rb20 . 4 SiO; 2.650 427.279 1.398 495.5 2.695
Cs;0 . 2 8i0; 3.5620 401.980 1.001 100.0 2.000
Cs;0 . 3 8i0; 3.063 462.064 1.168 368.1 2.566
Cs;0 . 4 8i0; 2.970 522.149 1.320 822.2 2.915
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b, T are constants in equation (6) which can be determined from experi-
mental data.

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

By substituting for AG* from equation (7) and differentiating, AS* can be
expressed by relationship (9):

mw=_«ﬁ¥”).
D

. BT

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

Table I1
Experimental and calculated values for the evaluation of the mechanism

of viscous flow at 1400 °C using the equation log == a + LR

T—1T
3

g, )

= o S

Glass § g8 & . - é g
composition 2 a3 | T -'3 o s

238s & g § 0| oed

B oy 80 ﬂ + . — E s

>CES + 5 2% © T Y

e | b | T ag | 2 | k| 28
Li,0 . 2 Si0O, —2.6673 4950.0 229.0 109.7 35.3 0.23 153.5
Li,0 . 3 Si0, —2.2033 4696.3 405.7 118.6 49.1 0.23 213.0
Li,0 . 4 Si0O, —2.4772 5919.2 1565.4 124.8 62.7 0.23 272.0
Na,0 . 2 Si0, —2.2427 4646.8 426.8 119.3 41.6 0.17 | 245.1
Na,0 . 3 Si0O, —2.0329 4993.8 411.3 126.7 54.8 0.17 322.3
Na,0 . 4 Si0, —2.0200 5438.9 388.5 135.6 68.3 0.17 401.8
K,0 . 2 SiO, —2.3304 4971.1 464.8 131.7 51.2 0.13 394.56
K,0 . 3 S8i0; —2.2231 5148.6 482.2 138.4 63.4 0.13 487.5
K20 . 4 Si0, —2.0179 5682.7 396.9 142.5 76.5 0.13 588.5
Rb,0 . 2 SiO; —2.3127 4669.8 572.2 135.8 52.1 0.12 434.0
Rb,0 . 3 SiO, —2.2259 5607.1 454.7 147.3 67.2 0.12 559.6
Rb;0 . 4 Si0O, —2.0841 6123.2 386.7 152.3 81.2 0.12 676.9
Cs20 . 3 Si0, —2.2988 5873.6 461.8 1565.2 75.4 0.10 754.2
Cs;0 . 4 Si0, —2.2534 6401.5 430.6 164.9 87.9 0.10 878.7

In his valency theory, Mjuller used the assumption that the fluidity of
glass-forming substances was limited by activation and rearrangement of the
Si—O0—=8i covalent bonds. On the basis of this mechanism, viscosity should
be proportional to the mean number of covalent bonds per 1cm? of glass
shear surface area. This conclusion seems logical since both value #» and viscosity

at a given temperature increase with increasing content of the glass-forming
oxide.
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{dPa.s]

n 0"

Fig. 1 Dynamw viscosity vs. the mean number of bridge oxygen bonds in 1 cm3 slip
surface area of glass (after Mjuller [17]);
"1 —-Li0. 2 8i02, 2 — Li;0 . 3 8i02, 3 — Li,O .4 Si0,, 4 — Na,0 . 2 S8i0,,
§ — Na,0 . 3810z, 6 — Na,0 . 4 8i0,, 7 —K;0.28i0,;, § — K;0.38i02,
9 —XK,0.48i0;, 10 — Rb,0 .2 8i0;, 11 — Rb.0.38i0,, 12 — Rb.0O.
24 8102, '13 — Cs20 . 2 Si03, 14 — Cs,0 . 3 8i02, 15 — Cs20 . 4 Si0,.

However, the relationship was found experimentally to hold for a single
type of glass only (e.g. Li,0—SiO,, Na,0—SiO,, K,0—SiO., Rb,0—SiO;
and Cs,0—Si0;) 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 cm? of glass slip surface area (cf. Fig. 1) so that
the general relationship between viscosity and and the n value considered
by Mjuller does not hold in these systems. For example, the viscosity of glass
in the system Li,0-—SiO, is lower by one order of magnitude than that in the
system Cs,—SiO, regardless of the fact that the value » of lithium glasses
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1
[dPa s]

15

o

I
1

800

600 |-

400 -

200 |-

4
0 : 2 —e——{
10 15 20 25
Me*.10% [ mol.cm)

Iig. 2. Dynamic viscosity vs. the number of alkali metal gramions in 1 cm3 of glass;
1—Li0.28i0;, 2—Li,0.38i0;, 3 —Li,0.48i0,, 4 — Na,0 . 2 8i0,,
5 — Na,0 . 38i0,, 6 — Na,0.48i0;, 7—K,0.28i0,, 8§ — K,0.38i0,,
9 — K;0.48i0;, 10 — Rb,0.28i0;, 17 — Rb,0 . 3 8i0;, 12 — Rb.O.
. 4 810;, 13 — Cs,0 . 2 8i0;, 14 — Cs,0 . 3 8i0z, 15 — Cs,0 . 4 Si0,.

is higher than that of cesium ones. All this seems to indicate that viscous flow
will obviously be controlled by some other mechanism.

From the point of view of chemical composition the simplest glass is quartz
glass which is formed from «-cristobalite at 1713 °C. The crystalline structure
of a-cristobalite is destroyed at this temperature and the resulting disarranged-
structure melt solidifies into quartz glass. Quartz glass therefore differs in
principle by its strugture from its precursor, in spite of having the same che-
mical composition. Introduction of.an alkali oxide into quartz glass brings
about formation of local inhomogeneities from the point of view of chemical
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composition, as well as influencing of the 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

log 1
3,0

]
|

25 |-

20 -

1 ' | !
0 . 50 75 100
1/Me [cm3.mol "]

Fig. 3. Logarithm of dynamic viscosity vs. reciprocal number of alkali metal gramions
wn I cm3 of glass;
1 — Li;0.28i0;, 2 — Li,0.38i02, 3 — Li;0 . 48i0;, ¢ — Na;0.2S8i0,,
5 — Na;O .3 SiO;, 6 —NazO .4 Sio:, 7 — KzO .2 SiOz, 8§ — KzO .3 SiOz,
9 — K,0.48i02, 10 — Rb,0.28i02, 11 — Rb,0.38i0;, 12 — Rb:O .
#4 SiOz, 14 — CSzO .8 SiOz, 15 — CSzO .4 SiOz.
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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 measured 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 of logarithm 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
fluidity of glass melts will be proportional to the number of bonds in 1 cm?3
of the glass which will be capable of rearrangement under the effect of external

AG" T - | |
[kJ.mol™"]
175 i

150

125 -

100 | | |
0o 250 500 750
7016/2125 - Me' [emS.c mol]

Fig. 4. Molar free enthalpy vs. electrostatic field strength due to alkali tons in I cm? of
glass;
1 —Li;O. 2 8i0;, 2 —Li;0.38i0;, 3 — Li;0 .4 8i0,;, 4— Na,0 .2 8i0,,
5 —Na,0.38i0;, 6 —Na;0.48i0,, 7—K,0.28i0;, 8§ —K,;0.38i0,,
9 — K,0.48i0,, 10 — Rb,0 .2 8i0;, 11 — Rb,0. 3 8Si0;, 12 — Rb.O.
. 48i0;, 13 — Cs;0 . 2 Si0,, 14 — Cs;0 . 3 Si0;, 15 — Cs,0 . 4 8i0,.
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Table 111

Experimental and calculated values for the evaluation of the mechanism
of viscous flow according to Macedo and Litovitz [5] (equation 3)
at temperatures of 1100 to 1400 °C

z
<
o™
D G
Glass g 2
composition 2 — =y e |t
’ : N R
& =gy 4 B K i @B
E"“ ) g e - 8 St S %
=) ] (e ~ 0 Ao O 3
|
Li,O . 2 SiO, 1373 —0.84367 2.168 0.0315 | 0.3295 | 0.705
1473 —1.30820 2.152 0.0349
1573 —1.67073 2.136 0.0384
1673 —1.97350 2.120 0.0419
293 2.327
Li;0 . 3 Si@, 1373 —0.49767 2.178 0.0259 | 0.3260 0.702
i 1473 —0.94220 2.168 0.0282
1573 —1.29873 2.155 0.0308
1673 —1.72450 2.144 0.0334
293 © 2.308
Li,O-. 4 Si0, 1373 0.73833 2.194 0.0206 | 0.3014 0.655
1473 0.06280 2.183 0.0229
1573 —0.47073 2.171 0.0255
1673 —0.89850 2.160 0.0278
293 2.298
Na,0 . 2 Si0, 1373 —0.48567 2.268 0.0406 | 0.4946 1.105
: 1473 —0.94520 2.247 0.0447
1573 —1.31173 2.226 0.0489
1673 —1.73850 2.205 0.0532
293 2.498
Na,0 . 3 Si0, 1373 —0.01467 | 2.256 0.0333 | 0.4602 1.028
1473 —0.51320 | 2.241 0.0362 - [
1573 —0.91573 | 2.225 | 0.0394 |
1673 —1.31950 | 2210 0.0425 |
293 | 2439 |
Na,0 . 4 Si0; 1373 0.33033 | 2.250 0.0283 | 0.4123 | 0.920
1473 —0.19220 | 2.238 0.0307 ‘
1573 —0.61673 2.225 0.0333 ‘
1673 —0.98550 2.213 0.0357 .
o 293 | 2.403 |
K,0 . 2 Si0; 1373 —0.01967 | 2.202 0.0546 | 0.8450 @ 1.831
1473 —0.56420 | 2.178 0.0596 |
1573 —0.99673 | 2.155 0.0645 l
1673 | —1.46050 | 2.132 |. 0.0695 |
293 ol 2,603
| |
| |
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cont. table III.

| :
| Q:,EP
| B
Glass o | — Ai’
composition Aé ! - 11) = *g ..C:Eo
5] | 3” : & R
2, . EY =8 o g = B
£ to g . ’E" g E
=) B A X8 S, S §
|
K;0 . 3 Si0O, 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 —1.11050 2.166 0.0512
293 2.436
K;0 .4 Si0, 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 —0.77750 2.186 0.0366
293 | 2.376
Rb,0. 2 SiO; 1373 0.26833 l 2.971 0.0270 0.2610 0.754
1473 —0.31620 | 2.927 0.0321
1573 —0.83473 | 2.881 0.0375
1673 —1.27850 ‘ 2.836 0.0430
293 | 3.230
|
Rb,0 . 3 SiO; 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
| 203 ‘ 3.060

forces at the given temperture. With 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 expenmentally

In order to determine the mechanism of viscous flow it was further necessar y
to find the value of free activation enthalpy AG* and the value of V, from
equation (3). The calculated AG* values are listed for the individual glasses
in Table II. Fig. 4 shows a plot of viscous flow free activation enthalpy AG* vs.
reciprocal electrostatic field strength due to the presence of alkali ions in 1 cm3
of glass. This dependence has a linear course 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 Me+ value, this
bringing about an increase in the value of viscous flow free activation enthalpy
AG*. In view of this relationship the value of AG* 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 flow requires finally the determina-
tion (or at least estimation) of the volume of the basic flow 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 1g

of glass. The activation energy E, decreases at a constant volume with increas-
*

ing thermal expansion of glass, and the term &z, in relationship (3) can

RT

be neglected with respect to the value of sz‘l in the region of the glasses in

question [5].

This simplification results in an error of approximately 5 to 10 9, [5] which
is not substantial in the determination of the approximate value of the basic
flow unit volume. Table III lists the computed values of p ¥, and V; for the
individual alkali silicate glass meltsin the temperature range of 1400 to 1100 °C.
According to the free volume theory for liquids the overlapping coefficient y
should have the value of 0.5 to 1.0. The values of this coefficient are calculated
in the last column of Table III for the case when the entire specific volume of
1 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 flow with simultaneous formation and elimination of free
volume.

CONCLUSION

The following conclusions 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 Me,O . n SiO;:

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

2. Alkaliions promote disarrangement in glass melts, because they affect locally
by their electrostatic field the covalent bridge oxygen bonds Si—O0—S§i,
activating them and thus bringing about their rearrangement during
viscous flow. Viscosity is therefore indirectly proportional to the number of
activated bonds formed in 1 em3 of glass.

3. Free activation energy AG* is directly proportional to the reciprocal of
electrostatic field force due to the presence of alkali ions in 1 em3 of glass.
The AG* 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 should be considered.
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VISKOZITA KREMICITYCH SKEL

Ladislav Sagek
Katedra technologie silikdte Vysoké skoly chemicko-technologické, Praha

Predmétem préce bylo ovéreni platnosti vztahti (1) a (3) pro vyjddreni teplotni zd-
vislosti viskozity jednoduchych bindrnich alkalickokfemiditych sklovin obecného
vzorce Me,O . n Si0,, kde za Me,O byly postupné dosazovédny kysliéniky Li,O, Na.O,
K:0, Rb,0, Cs;0; koeficient # u SiO, dosahoval hodnot 2,3 a 4. Namérené a vypoétend
‘hodnoty véetné chemického slozeni mérenych skel jsou uvedeny v tabulkéch I, IT a III.
Tabulky obsahuji data potifebnd k vyhodnoceni vztahu (1) a (3), dalsi zpracovéani
naméienych dat je provedeno grafickou formou.

Z vysledkt provedené studie viskozniho toku v alkalickokfemi¢itych sklovinach lze
dospét k nédsledujicim zdvértim:

1. Tedeni sklovin umoznuje soudasnd pritomnost vzajemné nerovnocennych vazeb,
které jsou dusledkem jejich nepravidelné struktury.

2. Alkalické ionty zvySuji neuspofddanost v kremiditych sklovindch, nebot svym
elektrostatickym polem mistné ovliviiuji kovalentni mustkové vazby Si—0—Si,
které aktivuji tak, Ze pfi viskoznim toku sndze dochdzi k jejich pfesmyknuti. Viskozita
je proto neprimo imeérnd poétu vytvorenych aktivovanych vazeb v 1 em? skla.

3. Volna aktivadéni energie AG* je pifimo Umérnd reciproké hodnoté sily elektro-
statického pole, vyvolaného alkalickymi ionty v 1 ecm3 skla. P#i tom je moZno AG*
povazovat za hodnotu aktivované vazby, kterd se pri viskoznim toku piesmykuje.

4. Z teorie volného objemu vyplynulo, Ze se pfi viskoznim toku sklovina pohybuje
jako celek, a Ze nelze na zédkladé téchto vysledkt uvazovat onéjakych mensichsamostat-
nych elementédrnich jednotkach toku.

Obr. 1: Zawislost dynamické viskozity na stiednim poétu maustkovych kyslikovych vazeb
v 1 em? smykové plochy skla (podle Mjullera [17]);
1 —Li;0.28i0;, 2 — Li,0.38i0;, 3 — Li,0.48i0;, 4 — Na,0. 2 8i0,,
5 — Naz0 . 3 8i02, 6 — Na,0 .4 8i0;, 7 — K;0.28i0,, 8§ —K,;0.38i0.,
9 — K20 — 4 8i0,, 10 — Rb,0 . 2 8i0;, 11 — Rb,0 . 3 Si0,, 12 — Rb.O .
.4 810, 13 — Cs,0 . 2 8i0,, 14 — Cs,0 . 3 8102, 15 — Cs20 . 4 Si0;

Obr. 2. Zavislost dynamické viskozity na poétu gramionty alkalickych kovit v 1 cm3 skla;
1—Li,0.28i0;, 2 —Li,0.38i0,, 3 — Li,0.48i0;, 4 — Na0.2 S8iOq,
5 — Na0. 3 8i02, 6 — Na,0 .48i0,, 77— K,0.28i0,, 8§ — K:0.3S8i0:,
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9 —XK,0.48i0,2, 10 — Rb,0 .2 8i0,, 11 — Rb,0.38i0;, 12 — Rb20
. 4 8i0,, 13 —Cs;0 . 2 8i0,, 14 — Cs;,0. 3 Si02, 15 — Cs,0 . £ 810,

3. Zavislost logaritmu dynamické viskozity na reciproké hodnoté podtw gramionti
alkalickych kovi v 1 cm? skla,
1 — Li,O — 2 8i0;, 2 — Li,0 . 3 Si02, 3 — Li,O . 4 Si02, 4 — Na,0 . 2 SiO,
§ — Na30 . 3.8i0;, 6 — Na,0 .4 8i0,, 7 — K;0.28i0;, 8§ —K,;0. 3 8i0,
9 —K;0.48i0,, 10— Rb;0.28i0,, 11— Rb,0.38i0;, 12 -— Rb,0
. 4810, 14 — Cs,0 . 3 Si03, 16 — Cs;0 . 4 Si0,

4. Zavislost moldrni volné entalpie na sile elektrostatického pole, vyvolaného alka
lickymi ionty v 1 cm3 skla;
1 —Li;0.28i0;, 2 —Li,0.38i0;, 3 — Li.O. 48Si0,, 4— Na,0 .2 Si0,
5 — Na;0 . 38i0;, 6 — Na,0.48i0;, 7 — K;0.28i0;, 8§ —XK;0.38i0,
9 —K;0.48i0;2, 10 —Rb;0.28i0;, 11 — Rh,0.38i0;, 12— Rb,0
. 4 810,, 13 — Cs;0 . 2 8102, 14 — Cs,0 . 3 Si0;, 15 — Cs,0 . 4 Si0..

BA3KOCTb CHJIUNKATHBLIX CTER O MACC

Jlagucnas Ilamer

Hagpedpa mexrnonozuu cuaur amos Xumuro-mexnonozuveckozo uncmumyma, Ilpaza
< '

[eJsblo mpenJiaraeMoii padoTHI SIBJISIETCA NPOBEPKa ClipaBe11BoCcTi oTHomenmt (1) i (3)
JUL ONMCAHUA TeMIepaTypPHOUl 3aBHCHMOCTH BSIBKOCTH IIPOCTLIX OHHAPHBLIX LIEIIOYHO-CIHIIIL-
KaTHHIX crexsioMacc obmrelt gopmyisr MeO . nSiO;, ryie 3a Me.O mocTeneHHO 110gCTaBIISLIIN
oxucinl Li,O, NazO, K0, Rb,0, Cs;0; roa(huuuent n y SiO, joctura:1 Be;nuns 2, 3 u 4.
M3mepeHHBbIe M pacYUTAHHEE BeJIMYHHBI BINIOTH 10 XAMIYECKOI'0 COCTABA 13MEPSIeMBIX CTeKOJI
npusoystest B Tadimmax I, IT 1 III. B radaumax nmpuBOAATCH ;[aHHLIC, HEOOXOMIMBIE I
oleHKH orHommenust (1) m (3); masbHeidlmas 00paboTKa M3MEPEHHLIX TAHHHIX IIPOBOMTCH
B BHJe TpagHuKa.

M3 pe3ysIbTaTOB MPOBOAMMOrO HCCIIEZOBAHHA BHCKO3HOI'O TEYCHIISI B NI T0YHO-CITIKATHBIX
CTEKJIOMACCaX MOKHO BBIBOMATH ClIefyIollee:

Puc.

1. B03MOIKHOCT TeyeHHsI CTEKJIOMACC JAeTCsI OMHOBPEMEeHHLIM MpICYTCTBIEM B3aHMHO
HEPaBHOLEHHBIX CBs3el, ABJISIOUIMXCA Pe3yJIbTaTOM HX HCPery/IsipHOil CTPYKTYPBL
2. IIesnowinle HOHLI IIOBLIMAIOT HEYIOPAJXOYEHHOCTL B CHJIMKATHBRIX CTERJIOMAcCAX,
TaK KaK CBOMM 3JIEKTPOCTATHYECKHUM IOJIeM JIOKAJILHO ORA3LIBAIOT B/UISHiE HA KOBa-
JIEHTHBIe CBfI3H MOCTHKOB Si—O—Si, KOTOpBe aKTHBHPYIOT TaKilM 00pa3oM, UTO HPH
BHCKO3HOM Te4YeHHH Jierde HPOMCXO[HT MX IeperpymmipoBka. BasrocTb I[oaroMy
HAXO/HUTCA B HEIPSMOM OTHOMICHHH K KOJIHYECTBY 00pa30BaBIIIINCA aKTHBHPOBAHHLIX
cBA3eil B 1 cM3 cTewsa.

3. CobopHas sHeprusa antuBamuu AG* IMpAMO IPOMNOPILIOHATLHHA 00PATHOII BeTHTIiHe
HAIPAKEeHUA 2JIEKTPOCTATUYECKOI'0 IOJIfA, BHIBLIBAEMOro HIC.IOMHLIMII [OHaMi B 1 cu3
cTeKJia, mpuyeM AG* MOJKHO CUMTATH BeJMUMHOH AKTHBHPOBAHHOIT CBSA3Y, KOTOPA NP
BUCKO3HOM TeYEHHH HeperpynuHpyercs.

4. W3 Teopuu cBOOOJHOrO 0OBEMa CJIEAYeT, YTO LPH BHCKOZHOM TeYeHIH CTEeKJIoMacca
ABIDKETCA KaK IeJloe M UTO HeJIb3d Ha OCHOBAHMH MAHHLIX Pe3Y.ILTATOB MPERmoJIaraTh
CYIIECTBOBAHHE OIpe[e/IeHHbIX MEeHBIIMX CaMOCTOATENLHLIX 3IeMEHTAPHLIX eIHHHIL
TeJeHN 1.

1. 3agucusocmd duHamuueckoli ea3ocmu om cpeditezo k 0.1UN LCIMBAILOCIUE 08bL T KEUCA0-
poa];)tbw ceaseti ¢ 1 cm? nepezpynnupogow 1ot nogepriocmu cmexaa (coecacro Mioanepy
17]);
.[l — Li,0.28i02, 2 — Li;0.38Si0;, 3 — Li,0. 4Si0;, 4 — Na,0. 2 SiO,,
5 — Na,0.38i0;, 6 — Na,0. 4 SiO,, 7 — K,0. 2 Si0,, 8§ — K»0.3 Si0O,;, 9 —
K,0 .4 Si0,, 10 — Rb,0.28Si0;, 11 — Rb,O. 3 Si0;, 12 — Rb,0. 4 Si0O,,
13 — Gs20. 2:Si02, 14 — Cs;0 . 3 SiO2, 15 — Cs20 . 4 SiO,.

Puc. 2. Basucumocmd QuHam ULECKOL GAIKOCINU OM KOL UL ecmeaz paststIiloH08 eaoy Holtrsteman-

304

a06 6 1 cm3 cmer na,

1 — Li0.28i0,, 2 — Li0.38i0,, 3 — Li;0. 4 Si0,, 4 — Na,0. 2 SiO,,
5§ — Na,0. 3 Si02, 6 — Na20.4Si02, 7 — Rb,0. 2 Si0,, 11 — Rb,0. 3 SiO,,
12 — Rb,0. 4 Si0;, 13 — Cs;0. 2 Si0,, 14 — Cs,0 . 3 Si0,, 15 — (Cs20 . 4 SiO,.
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Puc. 3.

Puc. 4.

The Viscosity of Stilicate Qlass Melts

3agucumocmv sozapumma OUHAMUNECKOU GAZKOCMU 0M 06pAMHOU GEAUNUHbL KOAU-
YECMBA 2PAMMUOHOE WEAOUHBIT Memaanos ¢ 1 cm® cmekaa.

1 — Li20.28i0;, 2 — Li20.3 Si02, 3 — LiO;. 4 Si0;, 4 — Naz0. 2 SiOg,
5 — Nax0.3S8i02, 6 — Nay0.4 SiO,;, 7 — K;0.28i0,, 8§ — K,0. 3 SiO,,
9 — K20. 4 SiOz, 10 — Rby0. 2 SiO;, 11 — Rb,0. 3 SiOz, 12 — Rbz20. 4 SiO,
14 — Cs;0 . 3 Si0z, 15 — Cs20 . 4 SiOa.

Bagucusocmv smoaapHOlL CGOG0OHOUE IHINAALAUL OM HANPAICEHUS IAEKMPOCMAMU-
ECK020 NOAR, GbIBGAHHO020 WeA0UHbBIAU UoHamu ¢ 1 cm® cmekaa.

1 — Li,0.28i0,, 2 — Li;0.38i0,, 3 — Li,0.4 SiO,2, 4 — Naz0. 2 Si0,,
5 — Na,0.38i0,, 6 — Naz0.4Si0, 7 — K,0.28i0,, 8 — K,0.3 SiO,,
9 — K;0. 4 Si0;, 10 — Rb30. 2 SiO,, 11 — Rb,0. 3 SiO,, 12 — Rb20 . 4 SiO,,
13 — Cs,0. 2 Si02, 14 — Cs,0. 3 Si0,;, 15 — Cs20 . 4 SiO:2.
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