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I. Introduction: The Importance of the Viscosity of Glass for its Manufacture 

The viscosity is the property of a glass which dominates its manufacture. 

The change of the viscosity of a molten salt (silicate, borate, phosphate) 

as a function of temperature decides whether or not the melt forms a glass 

on cooling. The economy of glass making is largely determined by its 

viscosity inasmuch as the rate of forming a homogeneous glass free of 

undissolved sand and of gas bubbles determines the speed of this operation. 

In the temperature region of 1400°C. to 1500°C. the viscosity of most com-

mercial glasses is of the order of 10 to 100 poises. After the melt has become 
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sufficiently homogeneous and the gas bubbles have had a chance to rise 
to the surface and to escape, the temperature is lowered in order to raise the 
viscosity to approximately 10

4
 poises. The temperature region in which a 

glass assumes this viscosity is called its working range. When its viscosity 
exceeds 10

7
 poises a glass can hold its shape. The temperature at which a 

glass reaches the viscosity of 10
7
·

6
 poises has been defined as the "softening 

point" of the glass. 

If the glassware after receiving its final shape were cooled without taking 
the proper precautions it would develop an unequally strained condition 
which can be recognized from the birefringence and it might even fracture 
on account of the thermal shock. Most glassware has to be heat-treated 
(annealed) in order to relieve a major part of its stresses. Some glasses 
are heat-treated in order to introduce a desirable stress distribution (com-
pressional stresses in the outer layer) which makes them less sensitive to 
mechanical shock. 

The maximum viscosity of a glass which still can be measured is of the 
order of 10

15
 poises (strain point). Below the strain point (η = 4 Χ 10

14 

poises) a glass may be called a rigid solid. The importance of the viscosity 
of glass for its technology extends, therefore, over the wide range from 10 
to 10

15
 poises. In addition to the absolute viscosity the manufacturer of 

glassware is also interested in the temperature coefficient of its viscosity. 
In the old days of glass making, when all glass forming operations were 
carried out by hand, the skilled workmen could adjust the operation ac-
cording to the viscosity of the glass. Today most glasses are fed into ma-
chines and the speed of these machines is determined by the "rate of set-
ting." Glasses with a low temperature coefficient of viscosity are called 
"long" or "sweet," those with a high coefficient are called "short." The 
temperature coefficient of the viscosity is one of the factors which deter-
mine the rate of setting of a glass. The length of the working range is a 
function of the temperature coefficient of the viscosity, the specific heat, 
the emission spectrum (especially in the infrared), and the absolute tem-
perature at which the glass has to be worked. 

The brittleness of glass, i.e., its inability to flow under stress at room 
temperature, dominates its mechanical properties. It is this lack of flow 
or creep which makes glass suitable for large astronomical mirrors, which 
must have the greatest possible degree of rigidity. 

The fact that a homogeneous system undergoes a viscosity change from 
10 to 10

15
 poises represents a challenge to a physicist who is interested in 

rheological phenomena. Unfortunately, viscosity measurements over this 
whole range are very difficult because they require a variety of methods 
which are not applicable to overlapping temperature regions. It is important 
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for a scientist to be aware of the experimental difficulties in order to judge 
properly the limitations of the data on viscosity and their interpretation. 

II. Methods of Measuring the Viscosity of Glass 

The low temperature viscosity of a glass can be measured by the time 
which is necessary to stretch a glass fiber under a known load. This method 
which is widely used for viscosities exceeding 10

8
 poises has been developed 

by H. R. Lillie.
1
 For this purpose the glass is drawn into a uniform fiber and 

suspended in a vertical furnace. The details of the method can be taken 
from the original work of Lillie

1
 and from later workers

2 -8
 who used and 

modified this method. 
Robinson and Peterson

7
 modified an existing formula for the viscosity 

(η in poises) as follows: 

^ = 1 9 6 0 0 ^ ^ ( ^ - 0 
v(li — h) 

where Z0 is the original length of the glass fiber in centimeters; k , its length 
after the run; v, the volume of the fiber (cm.

3
) in cubic centimeters; ra, 

the load in grams; and t2 — t\, the time of viscous flow in minutes. 
In the temperature region where the viscosity is so high that it can be 

measured by the fiber elongation method, the glass still has a measurable 
elasticity. For this reason the elongation cannot be measured beginning 
with Jo, that is, the time where the load m is applied, but some time (sev-
eral hours in the range of 10

15
 poises) has to elapse until a steady rate of 

flow is observed. The "softening point" of a glass is determined by heating 
the upper part (10 cm.) of a uniform fiber 0.6 mm. in diameter of a stand-
ardized length (22.9 cm.) at a rate of 5°C. per minute. The temperature 
at which this fiber elongates under its own weight at a rate of 1 mm. per 
minute is the "softening temperature" and represents the low temperature 
limit of the working range (see Littleton

9
). For an average soda-lime silicate 

glass of the density 2.5 this temperature indicates a viscosity of approxi-
mately 10

7
·

6
 poises.

10 
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Viscosities which are smaller than 10
7
 poises can be measured by a method 

which was devised originally by Margules.
11
 The molten glass is brought 

between two concentric refractory cylinders, one the crucible, the other a 
spindle. One of the cylinders is rotated under a given torque and the other, 
usually the outer one, remains stationary. The rate of rotation or the 
angular velocity depends upon the viscosity of the liquid and on the dimen-
sions of the apparatus. This method has been used in the high temperature 
viscosity measurements of soda-lime-silicate glasses by Washburn and co-
workers.

12 

Many modifications of the Margules method have been used for measur-
ing the viscosity of glasses. A considerable improvement of this method 
was introduced by English

13
 who used a platinum crucible and a porcelain 

rod with a platinum-iridium shoe as the spindle, thus avoiding corrosion 
of the refractory and the contamination of the glass by alumina. In most 
instances the viscosity was obtained by calibration with standards of 
known viscosities at room temperature rather than by calculations based 
on the dimensions of the cylinders. Lillie

14
 modified this method so that 

absolute values could be obtained and the range of usefulness was extended 
to 10

8
 poises. Lillie

15
 gives the cylindrical container a uniform angular 

motion and measures the torque on an inner cylinder which is suspended 
in the glass by means of a torsion member. By varying the effective length 
of the cylinder it was possible to eliminate the apparatus constant, extra-
polate to cylinders of infinite length and, thus, calculate the absolute 
viscosity without the need of referring to standards. In the high viscosity 
range (10

8
 poises) the outer cylinder is turned through a small angle and 

the time is measured which elapses until the inner cylinder returns to 
its original position. 

Thus the most widely used methods for measuring the viscosity of glass 
are based on two principles, elongation of a fiber under a constant load and 
application of shear forces to glass between two concentric cylinders 
(Margules). Other methods which have been proposed are based on the 
motion of a platinum sphere through the molten glass. It is very cumber-
some to find the precise location of a free falling sphere. X-rays and elec-
trical signals have been suggested for this purpose. Several workers ob-
tained good results by using a suspended platinum sphere, but in all these 
cases the danger exists that gas bubbles form at the platinum sphere which 

1 1
 M. Margules, Süzber. Akad. Wiss. Wien, Math.-naturw. KL, Abt. II 83 , 588 
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12
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ïta. Bull. No. 140 (1924). 
13
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14
 H. R. Lillie, Am. Ceram. Soc. 12, 505 (1929). 
6
 H. R. Lillie, Phys. Rev. 36, 347 (1930). 
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falsify the results. For details, EitePs16 book should be consulted which 
offers a complete survey over the different experimental methods which 
have been used for measuring the viscosities of glasses and slags. 

III. Principles Governing the Polymerization of Ionic Compounds 
and Formation of Viscous Liquids 

1. D E F I N I T I O N OF GLASS 

The word "glass" is used with two different meanings, one referring to 
the material which is used for making bottles, windows, etc., and the other 
referring to an amorphous solid which has characteristic rheological prop-
erties. In physical chemistry all substances which solidify gradually on 
cooling by increasing their viscosity to such an extent that crystallization 
becomes impossible are called "glassy" or "vitreous," provided that this 
solidification on cooling and the softening on heating are reversible proc-
esses.17 In the physicochemical sense "glass" includes a great variety of 
chemically unrelated substances, elements (glassy selenium), salts (sodium 
metaphosphate), oxides (S1O2 , B2O3), sulfides ( A S 2 O 3 ) , and a large number 
of organic substances (sugar and some polymers). All these materials have 
in common that their melt hardens gradually on cooling and that the re-
sulting brittle solid lacks the long range order which is characteristic for 
crystals. The thermosetting resins of the phenol-formaldehyde or urea-
formaldehyde type cannot be considered glasses even if these solids are 
completely amorphous because of the lack of reversibility of the liquid-
solid transition on heating and cooling. 

As far as commercial glasses are concerned, the last decades have wit-
nessed a great increase in the variety of their compositions. For several 
thousand years "glass" was essentially an amorphous soda-lime-silicate. 
The compositions of the antique glasses varied only within narrow limits. 
Glasses containing more alkali hydrolyzed and were not stable. It was not 
possible to increase the silica content because that would have raised the 
melting temperature beyond the accessible range. It was also not possible 
to increase the CaO because that would have caused the melt to crystal-
lize (devitrification). The narrow composition range was extended for the 
first time in the 17th Century with the introduction of lead oxide and the 
development of the flint glasses in England. In the second half of the 19th 
Century Abbe and Schott, that successful team of physicist and glass 
technologist, developed a wide range of optical glasses. For the first time, 
glasses were made commercially which were not based on silica as the 

1 6 W. Eitel, ''Physikalische Chemie der Silikate," 2nd ed., pp. 67-100. Barth, 
Leipzig, 1941. 

17 G. Tammann, "The States of Aggregation." Van Nostrand, New York, 1925. 
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"glass former" but contained borates and phosphates. Today the composi-
tion has been extended to glasses which are not only free of silica but free 
of oxygen (fluoride glasses). 

In the narrower meaning "glass" always refers to inorganic materials. 
Morey

18
 suggested the following definition: "A glass is an inorganic sub-

stance in a condition which is continuous with, and analogous to, the liquid 
state of that substance, but which, as the result of having been cooled 
from a fused condition, has attained so high a degree of viscosity, as to 
be for all practical purposes rigid." 

No precise definition of the "vitreous state of matter," as such, has yet 
been given. A glass can only be defined by the way it has been prepared. 
The gradual softening and melting of glasses as well as their higher energy 
content as compared with the crystalline modification of the substance 
have been emphasized, but none of these features is characteristic. Many 
crystals (for example, Agi) soften gradually and vitreous phosphorus 
pentoxide has a lower free energy (lower vapor pressure) than one of its 
crystalline modifications. 

If a liquid can be cooled below its melting point without crystallization, 
its properties change continuously. The liquid is metastable with respect 
to the crystal but it remains in internal equilibrium as long as its viscosity 
permits structural changes to take place during cooling. However, at a 
certain temperature the viscosity reaches a value which does not permit 
the structural changes to follow within the experimental times. In this 
region (transformation region), the supercooled liquid changes into a glass 
and its physical and chemical properties depend on the equilibrium which 
has peen frozen-in on cooling. For this reason all properties of a glass de-
pend upon the rate of cooling (thermal history). In order to describe the 
structure of the glass which has been "frozen in" on cooling the term 
"Active temperature" has been suggested (see Tool

1 9
) . If a rapidly cooled 

glass is heated to its "Active temperature" its properties assume their 
equilibrium values without delay. Heated rapidly to any other temperature 
but the Active temperature, the properties of a glass drift. 

The temperature at which the substance reaches a viscosity of the order 
of 10

14
 poises has been called the "transformation point." Here the super-

cooled liquid changes into a glass and major structural changes cannot 
take place below this temperature. Actually one should speak of a "trans-
formation region" rather than of a "transformation point" because the 
exact temperature depends upon the experimental conditions. Experi-
ments of long duration lead to a lower transformation temperature than 
those in which higher rates of heating or cooling are used. It is amazing, 

18
 G. W. Morey, "Properties of Glass," p. 34. Reinhold, New York, 1938. 

1 9
 A. Q. Tool, J. Am. Ceram. Soc. 29, 240 (1946). 
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however, to see that the chemical composition of the glass has little in-
fluence and that it is primarily the viscosity which determines the trans-
formation point. Glycerol reaches this viscosity at — 100°C, selenium at 
room temperature, most commercial silicate glasses around 500°C., and 
fused quartz well above 1000°C. In all cases the viscosity of 10

13
 to 10

14 

poises marks the temperature below which major structural changes, such 
as flow, are frozen in and only minor structural changes can go on. In an 
alkali-lime-silicate glass, for example, the alkali ions are bonded to the 
silicate framework by much weaker forces than the calcium ions. As a 
result, alkali ions can rearrange themselves in the spacious Si04-network 
at much lower temperature than the more highly charged ions. This gives 
rise to some characteristic phenomena, e.g., "internal friction" and "ice 
point depression." 

2. T H E K INET ICS OF GLASS FORMATION 

If one looks upon the wide variety of substances which form glasses one 
realizes that glass formation cannot be related to the nature of the chemical 
binding forces. Oxygen and selenium can form glasses due to the pairing 
of electrons. Polar organic compounds—for example, alkaloids, sugar, 
glycerol—form glasses in which the molecules are bonded together by 
the sharing of protons (hydrogen bonds). Purely ionic compounds—for 
example, BeF 2 or Na2BeF4—form glasses, and according to the conventional 
classification the bonds in most commercial glasses would be called partly 
ionic and partly covalent. 

The fact that a liquid can be supercooled is no indication that it also 
forms a glass. Small droplets (50μ) of metals, especially of those of the iron 
and platinum group, have been supercooled more than 200°C below their 
melting points. Nevertheless, no metal is known in the glassy state. Pure 
water can be supercooled but on further cooling it does not change into a 
glass but crystallizes. Tammann

20
 and his school demonstrated that a 

large number of organic molecules which are in no way related from a 
constitutional point of view do form glasses when their melts are cooled 
in the absence of nuclei. Most significant is his finding that as far as glass 
formation, nucleation, and crystallization rates are concerned, no dif-
ference exists between the low melting elemental selenium or the organic 
substances on the one side and the high melting ionic silicates, borates, 
or phosphates on the other. 

The importance of the viscosity of glasses and its temperature depend-
ence for glass manufacture has been mentioned in our Introduction. The 
role which the viscosity plays in the "definition of glass" has been discussed 
in the preceding section. The kinetics of glass formation involves questions 

2 0
 G. Tammann, "Der Glaszustand." Voss, Leipzig, 1933. 
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such as: Why does potassium chloride form a melt which is fluid down to 
its freezing point and a potassium silicate one which is so viscous that it 
fails to crystallize on cooling? 

Before we go into the specific case of ionic compounds we shall try to 
answer this question in a very general way. Liquids consist of particles 
which exert attractive forces upon one another. The particles are in thermal 
motion but their positions are not completely random because of the inter-
molecular or interionic forces. The forces in fused KCl and the geometry 
of the melt are essentially the same as in the crystal. Obviously the kinetic 
energy of the ions is greater in the hot melt and the interionic distances 
are larger in the melt than in the cold crystal because of the thermal 
expansion. Such a melt consists of K

+
 ions, each surrounded by approxi-

mately six CI" ions, and CI" ions, each surrounded by approximately six 
K

+
 ions. However, the coordination number of six is not as rigid a condition 

for the melt as it is for the crystal. One may predict from crystal chemical 
considerations that the average coordination number decreases with in-
creasing temperature. However, even if we assume the coordination num-
ber of the ions would remain six, we still have to realize that any ionic 
rearrangement such as nucleation, crystallization, and viscous flow re-
quires that the normal coordination of six changes temporarily to five and 
seven for some cations. 

The rheology of a system is determined by two energy terms, namely, 
the energy which is required for a temporary change of coordination and 
the energy (kT) which is available in the system for such a change. 

Let us dwell for a moment on this fundamental relation which governs 
viscosity and glass formation. Liquids which consist of close-packed parti-
cles, e.g., metals, organic substances such as benzene, and liquefied rare 
gases such as argon, are characterized by relatively large coordination 
numbers which range from 8 to 12. If the coordination number is so high, a 
temporary change of + 1 or —1 does not require much energy. For these 
liquids the activation energy of viscous flow is very small, usually of the 
order of 0.5 to 1.5 kcal./mole. Argon, mercury, or benzene cannot form 
glasses because the high coordination number of these atoms and molecules 
in the liquid state enables them to crystallize easily even at low tempera-
ture. The same applies to molten copper and gold. These metals, too, 
have high coordination numbers but, in addition, the value of k Τ at their 
melting points is high. The latter factor alone would make possible con-
siderable changes in the coordination number and would enable these 
melts to crystallize. 

The geometry of the liquid (coordination) and the value of kT which 
means the absolute temperature of the freezing point of the liquid determine 
the activation energy of viscous flow and the tendency toward glass forma-
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tion. Dipole forces between molecules play only a minor role; they become 
negligible if the kT of the liquid permits free rotation. 

This relation also explains why glass formation becomes a rare event if 
one goes to compounds which melt at very high temperatures. The high 
melting nitrides and carbides are "strengthened models" of oxides in the 
sense of Goldsehmidt's model structures

21
 because the change from O

e
 to 

N
3
~ or to C

4
~ affects certain properties of crystals in the same fashion as 

the change from F~ to 0= ions. However, no glass formation has yet been 
reported among the high melting nitrides and carbides. The high melting 
point of a substance causes the Α:Γ of the liquid phase at the melting point 
to be so high that the system can overcome even relatively high energy 
barriers of nucleation. At high temperatures a system has available the 
energy which is necessary for the temporary unscreening of cations. We 
picture the activation energy of viscous flow of NaCl and similar ionic 
compounds as the energy which is required for temporarily partially un-
screening N a

+
 ions so that two N a

+
 ions become neighbors. Such a constel-

lation of ions introduces a repulsive force which depends upon the field 
strength of the cations, its polarizability and, above all, upon the anion to 
cation ratio. These parameters have been used by Marboe and Weyl

22
 for 

deriving an atomistic picture of the effect of the chemical composition of 
glasses upon their viscosities. 

It is well to keep in mind that glass formation is a rate phenomenon and, 
for this reason, it is not possible to classify substances into those which do 
form glasses and others which do not. Many substances, e.g., sodium meta-
silicate, can be obtained as glasses in small quantities when their melts 
are chilled rapidly. Large quantities of the same substances, however, 
crystallize because they cannot be cooled sufficiently fast to avoid the forma-
tion of crystal nuclei. 

The process of glass formation represents one kind of polymerization 
process, as will be seen in the following discussion of the atomic structure 
of inorganic glasses. 

3. T H E ATOMIC STRUCTURE OF INORGANIC GLASSES 

When V. M. Goldschmidt derived the rules which relate the properties 
and the structures of crystals to their composition he also considered the 
conditions which cause glass formation. He pointed out that the radius 
ratio ßcation" ßanion for glass forming oxides is of the order of 0.3, a value 
which is favorable for tetrahedral coordination. Indeed, most glasses con-
tain tetrahedral groups S1O4, P O 4 , or B 0 4 as the characteristic building 

21
 V. M. Goldschmidt, Geochemische Verteilungsgesetze der Elemente VIII. 

Skrifter Norske Videnskaps-Akad. Oslo, I. Mat.-naturv. Kl. 8, 50, 129-139 (1926). 
2 2
 E. C. Marboe and W. A. Weyl, Soc. Glass Technol. 39, 16 (1955). 
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units. These tetrahedral groups are interlinked by having some of their 
0

=
 ions in common. 
The glass formation of a molten oxide mixture is a function of the "de-

gree of polymerization" and, as such, it depends to a large extent on the 
number of corners of each polyhedron which are shared. In orthosilicates, 
for example, there is no need for the S1O4 tetrahedra to share corners. As 
a result, the melts of most orthosilicates, for example, Na4Si04, have a low 
viscosity and do not form a glass. With increasing acidity of the silicate 
melt, glass formation develops as the average number of shared corners 
increases or the system undergoes polymerization of its polyhedra. Pure 
Si0 2 is the prototype of glass-forming oxides; its melt is extremely viscous 
because the formula demands that all corners of the Si0 4 tetrahedra be 
shared. 

Goldschmidt's idea of "model structures," i.e., of crystals which have 
similar structures but either "weakened" or "strengthened" properties, 
has been extended successfully to glasses. According to Goldschmidt, BeF 2 

is the weakened model of S i 0 2 . Both compounds have the same radius ratio 
but different "valence sums." The lower valence sum of BeF 2 (2 + 2 X 
1 = 4) as compared with Si0 2 (4 + 2 X 2 = 8) causes the fluoride to have 
a much lower melting point than the oxide. Fused BeF 2 has a much lower 
viscosity than fused S i 0 2 . The glass forming property of BeF 2 is extended 
to the complex beryllium fluorides. These weakened models of silicate 
glasses contain BeF4 tetrahedra as the structural elements. These model 
glasses may have the same degree of polymerization as the silicates, but 
their viscosity is low because of the weaker binding forces between Be++ 
and F~~ ions as compared with those between the more highly charged 
Si

4+
 and 0

=
 ions. 

It has been found advantageous to distinguish between (1) cations 
(network-forming cations) which have a high field strength so that they 
form the centers of their own polyhedra, thus dominating the polymeriza-
tion process through their coordination requirements and (2) those cations 
(network-modifying cations) which play a secondary role and which as-
sume interstitial positions. The environment of the latter is less sharply 
defined with respect to the number of the surrounding anions and inter-
nuclear distances. The oxides of sodium and calcium cannot form a glass 
by themselves but their presence modifies the extent of polymerization 
because they increase the anion-to-network-forming cation ratio. The 
fields of these cations are not strong enough to form polyhedra of their 
own, but they influence the polarizability of the anions which, in turn, 
reflects upon the strength of the binding forces within the polyhedron. 

Some technically important groups of glasses contain two or more kinds 
of central cations, for example, B

3
+ + Si

4 +

7 Al
3
+ + Si

4
+, and A l

3 +
 + P

5
+, 
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so that they could be called copolymers of different polyhedra. Obviously, 
the distinction between network-forming and modifying cations is sharp 
only when it refers to extremes, for example, Si

4 +
 and Na+ ions, but it 

cannot be applied rigorously to ions of intermediate field strengths. 

IV. Factors Determining the Rheological Properties of Glass 

1. TEMPERATURE 

In spite of the experimental difficulties, a relatively large body of data 
has been assembled which illustrates the influence of the temperature upon 
the viscosity of commercial and experimental glasses. The pioneering work 
of Washburn and associates

23
 revealed that glasses have a very high tem-

perature coefficient of viscosity, ranging from approximately 10 to 10
15 

poises. 
For the technologically important field of the ternary system Na 20-

CaO-Si02 these authors presented their data in the form of lines of equal 
viscosity (isokoms). Their diagram of the log isokoms for the temperatures 
between 900°C. and 1500°C. are available in many books.

24
 Today Wash-

burn's work, which covers seventeen compositions in the most important 
composition range of industrial glasses, is primarily of historical interest, 
and more reliable data are now available. 

The viscosity of glasses has a very high temperature coefficient. Plotting 
the logarithm of the viscosity against the reciprocal value of the absolute 
temperature gives a curve the slope of which is a measure of the activation 
energy of the flow process. This value increases rapidly with decreasing 
temperature. 

As an example for the influence of the temperature on the viscosity of 
a simple silicate glass we give some data on a sodium silicate glass of the 
approximate composition 80% Si0 2 and 20% Na 20 (Table I) , as measured 
by S. English. 

So far all attempts to derive a meaningful formula which describes the 
viscosity of a silicate glass as a function of the temperature have failed. 
Empirical formulas are plentiful and one of the best fitting expressions 
seems to be that used by Fulcher.

25 

^« = A + W4T0 

2 3
 Ε. W. Washburn, G. R. Shelton, and Ε. E. Libman, Univ. Illinois Eng. Expt. 

Sta. Bull. No. 140 (1924). 
2 4
 G. W. Morey, Am. Chem. Soc. Monograph Ser. 124, 143 (1954); W. Eitel, "The 

Physical Chemistry of Silicates," p. 127 ff. University of Chicago Press, Chicago, 
Illinois, 1954; W. Eitel, M. Pirani and S. Scheel, eds., "Glastechnische Tabellen," 
Springer, Berlin, 1932. 

2 5
 G. S. Fulcher, J, Am. Ceram, Soc. 6, 339 (1925), 
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TABLE I 

INFLUENCE OF TEMPERATURE ON THE VISCOSITY OF A SODIUM SILICATE GLASS 
(20% Na 20, 80% Si02) 

(After S. English) 

Temperature, °C. Viscosity, poises 

505 6.1 Χ 10
12 

555 9.5 Χ 10
10 

598 7.3 Χ 10
9 

650 3.2 Χ 10
8 

992 8.9 Χ 10
3 

1100 1.9 Χ 10
3 

1194 5.5 Χ 10
2 

1315 1.6 Χ 10
2 

1410 7.0 X 10 

in which Τ is the temperature and A, B, and T0 are constants which have 
to be determined experimentally. Robinson and Peterson

26
 published pre-

cision measurements of 16 analyzed commercial container glasses. The 
measurements were made over a viscosity range from 10

2
 to 10

14
 poises by 

means of two pieces of equipment, one using the Margules principle; the 
other, fiber elongation under load. For this group of soda-lime glasses, 
they found that the above formula fitted the experimental data within 
0.5%. 

There can be no question about the desirability of an equation which 
describes the viscosity of a glass as a function of the temperature over a 
wide temperature region. Such an equation can be helpful in checking 
experimental data and assist in interpolations. It might also permit extrapo-
lations into those viscosity ranges which are not easily accessible by direct 
measurements. 

Many unsuccessful attempts have been made to derive a formula which 
has a theoretical basis. This raises an important question concerning the 
viscosity of glasses, namely: Is it solely the complexity of the system which 
is responsible for the failure to find a theoretically sound equation for its 
change with the temperature or is there another more fundamental diffi-
culty involved, namely, the accuracy of existing formulas describing rate 
phenomena? 

Indeed, precision measurements of the activation energies of the sucrose 
inversion by Moelwyn-Hughes

27
 reveal a drift of the "constant" EA from 

27.2 to 20.5 kcal/mole when the temperature is raised from 1°C. to 40°C. 

2 6
 Η. A. Robinson and C. A. Peterson, Am. Ceram. Soc. 27 , 129 (1944). 

27
 Ε. A. Moelwyn-Hughes, ''The Kinetics of Reactions in Solution." Oxford Univ. 

Press, London and New York, 1947. 
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In dealing with fused silicates we extend the temperature range of obser-
vation not 40°C. but 400-1000°C. We are interested in flow of glasses which 
have a temperature of nearly 1500°C. and we follow their flow properties 
to temperatures as low as 500°C. This is a rather rare situation in rheology. 

The failure to find a theoretically well founded formula describing the 
change of the viscosity of glasses with temperature may, therefore, be 
attributed primarily to the tremendous temperature range from 500° to 
1500°C. No equation is valid over such a temperature region and an analy-
sis of the reasons reveals that temperature causes several important param-
eters to change. 

In the following discussion of the effect of the composition of a glass 
upon the viscosity we will see that the strength of the binding forces be-
tween Si and Ο atoms is one of the most important factors. These forces 
decrease as the temperature is raised because of the thermal expansion of 
the glass. 

Increased internuclear distances increases the polarizability of all ions, 
a feature which also lowers the viscosity. Hence, increasing temperature 
not only increases the kT of the glass, that is, the thermal energy which 
becomes available for viscous flow, but it also decreases the energy bar-
riers in several ways. This feature is not unique for glasses but applies 
generally to all rate phenomena. However, it is accentuated for silicate 
glasses by the unusually large temperature range over which the rheologi-
cal properties are of interest and over which measurements can be made. 

2. T I M E 

In the temperature region where glasses are fluid they are Newtonian 
liquids. Their viscosity is defined by the temperature and the composition 
and is independent of the time and the magnitude of the shear. 

With decreasing temperature glasses become more viscous and undergo 
structural changes, the nature of which is not very different from the modi-
fication changes of crystals, i.e., changes of the coordination number or 
the interionic distances and bond angles. The lack of long range order in 
glasses does not impose a restriction upon these changes with respect to 
all ions of the same kind. In crystals the coordination number of a cation 
can change only if all the corresponding ions undergo an identical change 
by means of a cooperative maneuver. Using colored ions as indicators, 
Weyl

28
 showed that in a glass the equilibrium between two coordination 

complexes, for example, between N1O4 groups (purple) and NiOe groups 
(yellow), shifts gradually with the temperature. In contrast to the analogous 
changes in an aqueous solution, these transitions are time consuming so 

2 8
 W. A. Weyl, in "High Polymer Physics" (H. A. Robinson, ed.), pp. 3-27. Tudor, 

New York, 1948. 



312 W. A. WEYL 

that they can be frozen in. One has to look upon a glass as being in a non-
equilibrium not only with respect to the thermodynamically more stable 
crystalline phases but with respect to other possible arrangements of 
its ions having different coordination numbers and different internuclear 
distances. Before these relations were understood, much confusion arose 
from the observation that the properties of glasses depend not only upon 
temperature, pressure, and composition, but, in addition, upon their past 
thermal history.

29 

The viscosity of a glass changes strongly with its atomic structure and 
the temperature. Obviously, the time one can allow for measuring the vis-
cosity of a glass has practical limitations. Hence, only in the high tempera-
ture region where the relaxation times are short does one measure the true 
viscosity as an "equilibrium property." At lower temperature and higher 
viscosities, the properties of glasses are usually measured under conditions 
where their atomic structures do not correspond to an internal equilibrium. 
This phenomenon has been interpreted as a discontinuity of the temperature 
dependence of the properties of glass or as the transition between a super-
cooled liquid and a "fourth state of matter." The temperature where this 
apparent "discontinuity" was observed has been called the "transformation 
point." 

Lillie
30
 made precise measurements of the viscosity of glasses as a func-

tion of the time and of their previous thermal history. In order to reach a 
constant viscosity, a certain time is necessary for establishing the internal 
equilibrium (stabilization) and this time increases with increasing viscosity. 
Lillie's

30
 experiments demonstrate (Fig. 1) that glasses become non-

Newtonian liquids at low temperatures. They do not have a plasticity range 
because they do not have a yield value but they have "structural viscosity." 

The lower the temperature of a certain glass the more pronounced be-
comes the time effect in viscosity measurements. Systematic work on this 
subject was done by G. J. Bair

31
 as well as by Taylor and his collabo-

rators.
32
"

34
 They used the fiber elongation method for measuring the vis-

cosity of glasses and found delayed elastic aftereffects when the fiber was 
loaded, the load changed, or when the load was completely released. 

Time effects are observed even if the glass is for all practical purposes a 
2 9
 W. A. Weyl, in "Phase Transformations in Solids" (R. Smoluchowski, J. E. 

Mayer, and W. A. Weyl, eds.), pp. 296-334. New York, 1951. 
so H. R. Lillie, Am. Ceram. Soc. 16, 619 (1933). 
3 1
 G. J. Bair, J. Am. Ceram. Soc. 19, 347 (1936). 

3 2
 N. W. Taylor, E. P. McNamara, and J. Sherman, J. Soc. Glass Technol. 21, 61 

(1937). 
3 3
 N. W. Taylor and P. S. Dear, Λ Am. Ceram. Soc. 20, 296 (1937). 

3 4
 N. W. Taylor and R. F. Doran, J. Am. Ceram. Soc. 24, 103 (1941). 
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Time ( minutes) 

F IG. 1. Viscosity changes as a function of time. (After Lillie.
3 0
) Key: curve A 

viscosity at 486.7°C. of a freshly drawn fiber increases with time; curve B, viscosity 
at 486.7°C. of a fiber which had been stabilized at 477.8°C. (64 hours) decreases with 
time. 

rigid solid. Taylor considers the elongation of a glass under load as a sum-
mation of "elastic adjustment" and constant viscous flow. 

In the temperature region just above the transformation point even a 
"stabilized" glass, i.e., one which has reached thermal equilibrium, still 
undergoes three distinct changes when a load is applied or when the load 
is increased: (a) an instantaneous elongation which corresponds to the 
elastic deformation of the rigid glass; (b) viscous flow corresponding to 
the Newtonian flow of a liquid which has a viscosity of the order of 10

1 0
-

10
14
 poises; (c) a change of length due to a structural rearrangement, 

which is time-consuming. For this reason the viscous flow reaches a steady 
rate only some time after the load has been applied or its magnitude 
changed. 

3. COMPOSITION OF T H E GLASS 

The influence of glass composition on the viscosity is of practical and 
theoretical interest. The viscosity has always been important for the mold-
ing of glass and its control became one of the main problems when automatic 
glass blowing and pressing machines were introduced. From a theoretical 
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point of view one may say that understanding viscosity is synonymous 
with understanding the principles of the glassy state, in particular the forces 
which are acting between the constituents of the melt and which finally 
lead to the formation of an amorphous brittle solid. 

In the following paragraphs we will discuss the most important structural 
parameters which determine the viscosity of an inorganic glass as a func-
tion of its composition. This analysis, made by Marboe and Weyl 35 is based 
on a large body of viscosity data of glasses, the compositions of which were 
simple but covered a wide range. The available data on the viscosity of 
commercial glasses are not suitable for deriving the structural principles 
which control viscosity. Commercial glasses have to meet many require-
ments (expansion, light transmission, chemical resistivity), so that by 
nature their compositions have to be complex. On the other hand, within a 
certain group, e.g., bottle glass or window glass, only minor variations in 
the composition can be tolerated. For those reasons even the systematic 
work of English36 or of Gehlhoff and Thomas37 is of only limited usefulness 
for our purpose because their glasses did not include cations with sufficient 
variation of size and electronic configuration. 

The Office of Naval Research made it possible for the author to initiate 
an extensive research program on the viscosity of glasses. Over a period 
of several years, Enright38 and L. C. Hoffman and co-workers38 produced the 
data which formed the basis for an atomistic interpretation of viscosity by 
Marboe and Weyl. 35 The atomistic interpretation is based on the screening 
concept.39 

a. The Anion to Cation Ratio 
The anion to cation ratio is by far the most important single factor which 

affects the degree of screening of a cation and, with it, its tendency to share 
anions, i.e., to polymerize. Pure silica, S i 0 2 , which has an anion to cation 
ratio of only two, can screen its cations only by a three-dimensional poly-
merization. Additional 0 = ions, which are introduced in combination with 
cations of a weaker field strength than that of the Si 4 + ion, improve the 
screening and thus lower the tendency of the system toward polymeriza-
tion. The data given in Table II illustrate the effect of Na 20 on the vis-
cosity at 1400°C. 

The addition of Na 20 to Si0 2 improves the screening of the Si 4 + ions 
in two ways. First, the number of 0 e ions is increased, which produces 

3 5
 E. C. Marboe and W. A. Weyl, / . Soc. Glass Technol. 39, 16 (1955). 

3 6
 S. English, J. Soc. Glass Technol. 7, 25 (1923); 8, 205 (1924); 9, 83 (1925). 

37
 G. Gehlhoff and M.Thomas, Z. tech. Physik 7, 260 (1926). 

3 8
 D. P. Enright, Office Naval Research Tech. Rept. No. 44, Contract No. N6 onr 

269 Task Order 8 NR 032-264, 5. Pennsylvania State Univ., University Park, Penn-
sylvania, 1952; L. C. Hoffman,T. A. Kupinski, R. L. Thakur, and W. A. Weyl, J. Soc. 
Glass Technol. 36, 196 (1952). 

3 9
 W. A. Weyl, J. Phys. Chem. 59, 147 (1955). 
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T A B L E II 

EFFECT OF Na 20 ON THE VISCOSITY OF Si0 2 

Composition 0:Si Ratio 
Viscosity in poises 

(1400° C.) 

Si0 2 
2.0 10

10 

Na 20, 2Si02 2.5 280 
Na 20, Si0 2 3.0 1.6 
2Na 20, Si0 2 4.0 <1.0 

a more favorable anion to network-forming cation ratio and, secondly, 
0 = ions become more polarizable which means that they become better 
screeners. The electron clouds of those 0 = ions which are exposed to two 
Si 4 + ions are strongly tightened and are, therefore, relatively poor screeners. 
Molten sodium orthosilicate is very fluid because each Si 4 + ion can have 
an environment of four polarizable 0 = ions without the necessity of shar-
ing them with another silicon. Such a melt contains independent (SiCU)4-

tetrahedra which are neutralized and linked together by Na"1" ions. 
The anion to S i 4 + ratio of a silicate glass can be increased and the vis-

cosity be lowered in several ways : 
(a) Addition of an oxide which contains a cation of low charge. Li 20, 

Na20, and K2O are similarly effective in lowering the viscosity of S i 0 2 . 
(b) Replacing an oxide by a fluoride, for example, CaO by CaF 2, in-

creases the number of anions. This process accounts for the fluxing action 
of CaF 2 in glasses and metallurgical slags. The German name of the mineral 
CaF 2 is Flusspat, i.e., fluxing spar. 

(c) The presence of water in a silicate melt (volcanic magma) strongly 
increases its fluidity. Water participates in the structure of fused silicates 
in the form of OH~ ions, thus increasing the number of anions, according to : 

0= + H 2 0 = 2(OH)~ 

The depolymerizing action of H 2 0 is utilized in hydrothermal synthesis. 
The role which the anion to cation ratio plays in determining the vis-

cosity of glasses is analogous to its influence upon the melting point of 
simple compounds.39 If the charge of the cation increases, a larger number 
of anions are needed for neutralization which lowers the melting point of 
the compound, as can be seen from the following two series. 

Fluoride 
Melting Point 
Anion:Cation Ratio 

M g
+ + 

1400°C. 
2 

A l
3+ 

1040°C. 
3 

Si
4+ 

-77°C. 
4 

ρ 5+ 

-83°C. 
5 

g6 + 

-55°C. 
6 

Oxide 
Melting Point 
Anion:Cation Ratio 

M g
+ + 

2800°C. 
1.0 

A l
3+ 

2030°C. 
1.5 

Si
4+ 

1713°C. 
2.0 

ρ 5+ 

570°C. 
2.5 

45°C. 
3.0 
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b. Binding Forces within the Polyhedra 
Next to the anion to cation ratio, the strength of the binding forces within 

the polyhedra, for example, between Si4+ and 0 = ions in the Si0 4 groups, 
is important. At high temperature these two factors are the ones which 
primarily determine the viscosity. The complex beryllium fluoride glasses, 
the weakened models of the silicate, provide a good example for the effect 
of binding forces upon viscosity. These glasses soften in a temperature 
range approximately 200-300°C. lower than silicate glasses. 

Aside from the charge of the cation and anions, there are other factors 
which can affect the binding forces within an S1O4 tetrahedron. In order 
to understand these relations we follow the ideas of Fajans40 who treats 
all chemical binding forces as Coulomb forces between cations and anions 
which are modified by the electronic interaction, i.e., the mutual polari-
zation. This is brought out quite clearly in the viscosity relations of the 
alkali silicates. 

From the work of Endell and Hellbruegge41 and Heidtkamp42 we learn 
that the viscosity of alkali ortho- and metasilicates, i.e., of melts with a 
high 0:Si ratio, increases from Κ to Na and Li. This is to be expected 
because the Si0 4 tetrahedra are single in the orthosilicate and held to-
gether only by the alkali ions. According to the field strength of the alkali 
ions, the attractive forces between the Li+ and 0 = ions should be greater 
than those between the larger Na + or K + ions and 0 Œ ions. However, in 
glasses with a higher S1O2 content, i.e., lower anion to cation ration, the 
viscosities may be reversed and the lithium silicates can form the most 
fluid melts. In high silica glasses the binding forces between silicon and 
shared oxygen ions dominate the viscosity because the shared 0 = ions 
are the links between the polyhedra. The stronger field of theLi+ as com-
pared with Na + and K + ions tightens the 0 = to a greater extent and de-
creases the Si-0 interaction. With Fajans40 we describe this effect by stating 
that the Li+ ion deforms the electron cloud of the 0 = ion and thus weakens 
the binding forces between the latter and the central Si 4 + ion. 

This effect has to be considered whenever one of the secondary or net-
work modifying cations is replaced by another one which, due to different 
size, charge, or electronic structure, has a different contrapolarizing effect 
upon the 0 e ions. Even for corresponding compositions, that is, identical 
Si :0 ratio, the Si-0 binding forces are subject to change. 

c. Polarizability of the Cation 
The polarizability of an ion is usually measured as its response to the 

4 0
 K. Fajans, "Chemical Forces and Optical Properties of Substances." McGraw-

Hill, New York, 1931; Ceram. Age 54, 288 (1949). 
41
 K. Endell and H. Hellbruegge, Z. angew. Chem. 53, 271 (1940). 

4 2
 G. Heidtkamp and K. Endell, Glastech. Ber. 14, 99 (1936). 
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alternating electrical field of light (molar refractivity). With respect to 
rheology we are interested in the polarizability of an ion as a measure of 
its ability to adjust its electron cloud to a changing environment and to 
screen its core under conditions where its coordination is lowered tempo-
rarily. According to Fajans40 cations of the noble gas-type have lower 
polarizabilities than ions of similar size but incomplete outer orbitals. 

This response of a nonnoble gas-type ion to an asymmetrical environ-
ment becomes important for all phenomena which involve temporarily 
the formation of asymmetrical groups, in particular for flow and diffusion 
processes. According to Weyl, 43 the polarizability of the A g + ion accounts 
for the plasticity of AgCl and its lower melting point as compared with 
the harder, more brittle, and higher melting NaCl. Both salts have identical 
structures and lattice dimensions. Their compressibilities are of the same 
order of magnitude, because hydrostatic pressure does not change the sym-
metry of a lattice. Plastic deformation under shear forces and melting are 
processes which bring some ions into positions where they are incompletely 
screened. The repulsive force which originates when one A g + ion has to 
pass another A g + ion is smaller than that between two incompletely screened 
Na+ ions passing one another within the same distance. 

Comparing the melting points39 of corresponding compounds, one finds 
that the ones with cations of the nonnoble gas-type have lower melting 
points than those which contain cations with a complete octet shell. A 
P b + + compound can increase its entropy at a lower temperature than the 
corresponding S r + + compound, because the P b + +- P b + + repulsion is de-
creased by the polarization. The Pb++ ion has 18 + 2 outer electrons, the 
Sr++ ion has 8 outer electrons so that its polarizability is lower. 

Figure 2 shows the effect of a substitution of PbO for SrO in a glass of 
the molar composition, Na 20, (1 — x)SrO,:rPbO, 5 S i 0 2 , accordingto D. P. 
Enright.38 

d. Size of the Cation 
As far as the viscosity is concerned a change of the size of a cation pro-

duces antagonistic effects and the predominant factor will determine the 
final result. When the size of a cation increases, the geometry requires a 
larger number of anions for screening it. For a given anion to cation ratio 
this calls for a stronger polymerization or a higher melting point. Replac-
ing some Si 4+ ions by Zr4+ or T h 4 + ions causes the low temperature viscosity 
of the glass to increase because these large ions (having a coordination 
number of 8), so to speak, withdraw anions from the silicate structure and 
force the Si0 4 tetrahedra to share more corners. In spite of the fact that 
the Zr4+ and Th4+ ions are much more polarizable than Si 4+ and that the 
Zr-0 and Th-0 binding forces should be much smaller than Si-O, their 

« W . A. Weyl, Glastech. Ber. 23, 174 (1950). 
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FIG. 2. Substitution of PbO for SrO. Logisokoms for the series of glasses Ν a 2 0 , χ, 
PbO, (1 - z)SrO,5Si02 . (After Enright.

38
) Key: solid line, log η = 13; broken line-

log η = 10. 
large sizes and their higher coordination requirements raise the viscosity 
of a sodium silicate glass. This effect is reflected also in the melting points 
of Si0 2 (cristobalite), Z r 0 2 , and T h 0 2 , which melt at 1740°C., 2700°C., 
and 3500°C, respectively. 

Unfortunately, it is very difficult to test the influence of size and the 
polarizability separately. This would be possible by comparing the effects 
of Z r0 2 and Hf0 2 on the viscosity of glass. On account of the lanthanide 
contraction, these two cations have the same size; but the Hf

4+
 has a larger 

number of electrons, so that its core should be better screened. On this 
basis one would expect a hafnium sodium silicate glass to have a lower 
viscosity than the zirconium analogue. 

V. Interpretation of the Viscosity of Some Simple Experimental Glasses 
of Systematically Varied Compositions 

We shall now use the four structural parameters derived in the preced-
ing chapters for interpreting viscosity data of silicate glasses of rather 
simple but widely different compositions. The parameters which we derived 
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in the previous chapter consider only the interaction between neighboring 
ions but they do not consider long range interactions. This treatment is 
convenient but it is only a first approximation and, consequently, it has 
definite limitations. 

For simplicity's sake we will refer to the four structural parameters by 
the Roman numbers I-IV as follows: 

Parameter I: Anion to network-forming cation ratio. This parameter 
determines the extent to which the S1O4 tetrahedra or other network-
forming polyhedra have to share corners. In alkali silicate glasses, for 
example, the ratio of 0 = to Si44" ions determines the fraction of 0 = ions 
which two neighboring S1O4 tetrahedra must have in common. The smaller 
the 0:Si ratio, the more corners of S1O4 tetrahedra have to be shared, the 
higher is the degree of polymerization and, with it, the viscosity. Vitreous 
silica has the lowest possible ratio of 2.0. 

Parameter II: Binding forces within the polyhedra. The strength of the 
binding forces between the network-forming cations and the surrounding 
anions, as well as the fluctuation of these forces with temperature and time, 
determines the viscosity of the glass. Viscous flow is possible only under 
conditions which permit the polyhedra to rearrange. The temporary un-
screening of network-forming cations during this rearrangement is the 
major energy barrier of the viscous flow of silicates. 

Parameter III: Polarizability of ions. The ability of an ion to adjust its 
force field to a changing environment increases with its polarizability. 
Increasing polarizability lowers the viscosity. 

Paramater IV: Size of cations with high charges. The number of anions 
which is required for screening a cation increases with its size. Hence, 
replacing a fraction of the Si0 2 by T h 0 2 causes a silicate glass to increase 
its degree of polymerization and increases its viscosity. 

The measurements of L. C. Hoffman et al.
u are of particular interest for a 

structural interpretation of the viscosity because they cover a wide variety 
of substitutions. The temperatures are chosen to a viscosity range from 
log η = 9 to 13. 

F IRST SERIES 

In a sodium silicate glass some Si4+ ions are gradually replaced by larger 
ions of the same charge: Si4+, 0.39 Α.; Ge4+, 0.44 Α.; Ti4+, 0.64 Α.; Zr4+, 
0.82 A.;Th 4+, 1.10 A. 

The substitution of G e 4 + ions for Si 4 + ions weakens the binding forces 
between the network-forming cation and its 0 = ions (77). The polariza-
bility is increased (777). At 470°C., however, the substitution does not 

4 4
 L. C. Hoffman, T. A. Kupinski, R. L. Thakur, and W. A. Weyl, J. Soc. Glass 

Technol. 36, 196 (1952). 
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seem to affect the viscosity of the glass Na 20,3Si0 2 (see Fig. 3). As factor 
(I) is not changed in this series one must assume that the effect of size 
and of the coordination requirement (IV) balances the effect of binding 
forces (II) and polarizability (727). 

The stable form of Ge0 2 has the structure of rutile in which each Ge
4
+ 

ion is screened by six 0
=
 ions. This tendency of the G e

4 +
 ion to surround 

itself with more anions than the Si
4 +
 ion affects the viscosity of the glass 

in the same way as a lowering of the anion to cation ratio. 
The substitution of Ge0 2 for Si0 2 produces two antagonistic effects. 

The weaker binding forces decrease the viscosity of the glass, but the large 
size of the Ge

4
+ ion and its higher coordination number increase the vis-

cosity because of the greater degree of polymerization. Such a glass can 
be called a copolymer of S1O4 tetrahedra and Ge0 6 octahedra. As the sub-
stitution did not increase the anion to cation ratio it has to increase the 
fraction of common corners of the polyhedra. 

The substitution of Zr0 2 or Th0 2 for Si0 2 provides additional evidence 
for the importance of the size of a central cation (IV). These ions have a 
coordination number of at least six to eight with respect to 0

=
. Germanium 

dioxide can form a glass by itself, but zirconium and thorium oxide can-
not. Their high coordination numbers enable the melt to form nuclei. The 
oxides should form rather fluid melts because the energy requirements 
for changing a ThOs-group into a TI1O7 or a Th09-group should be relatively 
small in spite of the strong binding forces between T h

4 +
 and 0

=
 ions. In 

addition, the kT which is available for viscous flow at the melting point, 
3500°C., is high. In contrast to Si0 2 and Ge0 2 one cannot expect Th0 2 

to form a glass. 

The Th
4
+ ion is larger (1.10 A.) than the Zr

4
+ ion (0.87 Α.) , but its greater 

polarizability balances the difference in size. As a result, T h 0 2 and Zr0 2 

increase the viscosity to a similar extent when replacing Si0 2 on a molar 
basis. 

Replacing Si0 2 by T i0 2 produces an effect which is somewhere in between 
that of Ge0 2 and Z r 0 2 , as one would expect. T i

4 +
 ions require six 0

= 

ions for screening, as can be learned from the structure of rutile and from 
the tendency of the methyl orthotitanate to polymerize. In contrast to 
G e 0 2 , T i0 2 does not form a modification which has the structure of quartz 
nor can it form a glass by itself. 

SECOND SERIES 

In a sodium silicate glass some Si
4
"

1
" ions are gradually replaced by cations 

which have a lower charge: Al
3
+, Ga

3 +
, and In

3
+. 

The replacement of Si
4 +
 ions by A l

3 +
 ions increases the low temperature 

viscosity of a sodium silicate glass (see Fig. 4 on page 322) because it low-
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F IG. 3. Substitution of Ge0 2 , T i 0 2 , Zr0 2 , and Th0 2 for Si0 2 . Log isokoms for 
the glasses Na 20 ,zR0 2, (3 — x)Si0 2 . (After Thakur.

38
) Key: solid lines, log η = 12; 

broken lines, log η = 9. 

ers the anion to cation ratio ( / ) . This ratio can be kept constant only when 
2 S 1 O 2 would be replaced by a couple such as A I 2 O 3 + CaO or A I 2 O 3 + Na20. 

If one compares the glass Na 2O,0.3Al 2O3,2.7SiO2 with the corresponding 
Ga203 and l n 20 3 glasses, one can see that for the nonnoble-gaslike G a

3 + 

ion the higher polarizability (III) and for In203 the much larger size (IV) 
dominate the influence of these oxides upon the viscosity. In crystals A l

3 + 

ions (0.50 A.) occur in fourfold, fivefold, and sixfold coordination, but both 
Ga

3 +
 (0.62 A.) and In

3
+ (0.81 A.) require sixfold coordination. 

T H I R D SERIES 

In a sodium silicate glass some Si
4+
 ions are gradually replaced by cat-

ions which have a higher charge: P
5
+, S b

5 +
, V

5 +
 and T a

5 +
. 

This group of substitutions leads to a greater anion to cation ratio ( / ) 
which should lower the viscosity. Indeed, this is the case for S b

5 +
 and V

5 + 

ions. With respect to P
5 +

 ions, however, the strengthening of the binding 
forces (II) seems to balance the effect of the greater anion to cation ratio 
(/) (see Fig. 5 on page 323). The substitution of large T a

6 +
 ions for Si

44
" 
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F IG . 4. Substitution of A1 20 3 , Ga 20 3 , and l n 20 3 for Si0 2 . Log isokoms for the 
glasses Na 20 ,xR 20 3, (3 — z)Si0 2 . (After Thakur.
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) Key: solid lines, log η — 12; 

broken lines, log η = 9. 

ions increases the viscosity for the same reason as does Zr
4 +
 or Th

4 +
. 

Their fields are sufficiently strong to form their own polyhedra and, be-
cause of their size, they surround themselves in the alkali silicate glass 
with more than four 0

=
 ions, thus increasing the fraction of shared corners : 

This means a higher degree of polymerization. 

FOURTH SERIES 

In a sodium silicate glass the N a
+
 ions are gradually replaced by the 

larger K
+
 ions. From the work of Gehlhoff and Thomas

45
 it is known that 

the gradual replacement of one kind of alkali by another causes the low 
temperature viscosity of a silicate glass to go through a minimum. They 
also found that this minimum disappears with increasing temperature 
(see Fig. 6 on page 324). 

Poole
46
 confirmed these facts in three series of alkali silicate glasses 

which contained approximately 18, 25, and 35 % total alkali. The viscosities 
of the Na 20 glasses are nearly the same as those of the corresponding K 2 0 

4 5
 G. Gehlhoff and M. Thomas, Z. tech. Physik 7 , 260 (1926). 

4 6
 J. P. Poole, J. Am. Ceram. Soc. 32 , 230 (1949). 
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glasses. The glasses in which 40 mole % of the total alkali was K 2 0 had the 
lowest viscosity (see Fig. 7 on page 325). 

This effect cannot be understood if one considers only the interactions 
between neighboring ions, because it involves the cooperation of a large 
number of ions, a feature which Marboe and Weyl

47
 called the key to the 

understanding of mechanical properties of matter on an atomistic basis. 
The simultaneous presence of two cations which have different size and 

polarization properties makes it easier for the glass to cooperate with the 
mechanical forces and to group its ions in a fashion which lowers the re-
sistance to shear. 

The cooperation of a large number of ions over large distances requires 
anions of fair polarizability. The dependence of the "mixed alkali effect'' 
upon the polarizability of the 0

=
 ions can be seen from the substitution 

of alkali oxides in aluminophosphate glasses. The minimum disappear 
in the aluminophosphate glass and the viscosity is nearly additive if one 

47
 E. C. Marboe and W. A. Weyl, J. Soc. Glass Technol. 39, 16 (1955). 
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4 5
) 

alkali is replaced by another. The phenomenon decreases with decreasing 
polarizability of the base glass, and P 0 4 groups are less polarizable than 
Si0 4 groups. 

F I F T H SERIES 

Some M g
+ +

 ions of a sodium magnesium silicate glass are gradually 
replaced by cations of the same charge, similar size, but different electronic 
configuration:, Cu++, Mn++, Co++, Ni++, and Zn++ (see Fig. 8 on page 326). 

The substitution of a nonnoble-gas type cation for a Mg
+
+ ion in a com-

pound lowers the melting point. For example, MgF 2 melts at 1396°C. 
but ZnF2 at 872°C. A similar effect may be expected for the temperature 
at which a glass reaches a certain viscosity. The effect of a gradual sub-
stitution upon the temperatures at which these glasses (Na 20,a;RO, 
(1 — £)MgO,5Si0 2) reach the viscosities of 10

9
 and 10

13
 poises, respec-

tively, can be seen from Fig. 8. 
The substitution of Zn

+
+ ions for the smaller Mg

+
+ ions has practically 

no effect upon the viscosity, thus indicating antagonistic influences. The 
larger size of the Zn+

+
 ion (IV) increases the viscosity, and its greater 

polarizability (18 outer electrons) decreases it. 
The concepts of ionic size and ionic radius are based on the assumption 

that the ions have spherical symmetry and constant size. This approxi-
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mation is justified only for cations of the noble gas type and perhaps for 
those which have 18 outer electrons. It is not possible, however, to interpret 
quantitatively the viscosity of glasses containing C u

+ +
, Mn++, and C o

+ + 

ions with respect to the contributions of their electronic shells (III) and 
their sizes (IV). 

The group of curves (Fig. 8) reveals the importance of the complexity. 
In all cases the first additions are by far the most effective. This feature 
is related to the viscosity minimum of Na-K silicate glasses (Fourth Series). 

S I X T H SERIES 

The "complexity effect'' which can be observed when Na+ ions are re-
placed by K+ ions or M g

+ +
 ions are replaced by C u

+ +
 ions increases with 

increasing polarizability of the parent glass. 
The response of a complex glass to a shear force can be attributed to 

the temporary formation of groups ("flow units") which due to mechanical 
forces, assume asymmetrical force fields. These "flow units" do not rep-
resent permanent groups but must be looked upon as chance configura-
tions, the lifetimes of which are prolonged over that expected from statistical 
considerations as the result of the presence of a force field from stress or an 
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interface. Formation of these groups requires a change both of the geom-
etry and of the state of polarization of the ions. If all ions were rigid 
spheres and their interactions were limited to Coulomb forces between 
neighbors, this effect would not exist; in other words, the physical properties 
of a random array of ions would be "additive." 

For this reason the degree of deviation from additivity becomes a func-
tion of the polarizability of the glass, in particular of its 0

=
 ions. It is 

greater in alkali silicates than in aluminophosphates and it is greater in 
an alkali barium silicate glass than in a corresponding alkali magnesium 
silicate. As it was desirable to obtain additional information on the effect 
which a certain substitution—for example, K+ for Na+ or C u

+ +
 for M g

+ + 

ions—has in different base glasses, Hoffman
48
 examined the viscosity of 

the following series: 

4 8
 L. C. Hoffman, Office Naval Research Tech. Rept. No. 34, Contract No. N6 

onr 269 Task Order 8 NR 032-264, 5. Pennsylvania State Univ., University Park, 
Pennsylvania, 1951. 

Na 20,xCuO,(l - *)MgO,5B203; 

Na 20,zCoO,(l - z)MgO,5B203; 

xNa 20,(l - riK20,MgO,3SiO£; 

zNa 20,(l - *)K 20,BaO,3Si0 2; 

zNa 20,(l - *)K 20,CuO,3Si0 2. 
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These series show that the "mixed alkali effect" is negligible in the alkali 
magnesium silicate glass but becomes evident as soon as the small M g + + 

ion is replaced by the much larger B a + + ion or by one which has an in-
complete outer electronic shell ( C u + +) . 

The deviation from additivity caused by the replacement of Mg+ + 

ions by C u + + was found to be strong in silicates but weak or practically 
nonexisting in phosphates and borates. 

VI. Viscosities of Some Commercial Glasses 

As far as tonnage is concerned, by far the most important glass is based 
upon the ternary system Na 20-CaO-Si0 2. However, all commercial glasses 
contain some alumina, most of them also contain magnesia, and many 
of them contain K 2 0 and BaO. These minor constituents are partly un-
avoidable as they stem from the refractory material (A1 20 3) or the raw 
materials (dolomitic limestone). However, some are added on purpose 
(potash feldspar). These constituents are important as they control the 
chemical resistivity of the glass and they also affect its viscosity so that 
their quantities have to be known and controlled. The most reliable 
systematic work on the viscosity of technical glasses containing these 
constituents has been published by Poole. 49 

We can present here only the highlights of these very extensive investi-
gations. For details—for example, the melting of the glasses, their chemical 
analyses, the methods for measuring their viscosities, and the analytical 
evaluation of the results—the original work should be consulted. 

In contrast to the glasses discussed in the preceding Section the com-
mercial compositions are too complex to lend themselves to a theoretical 
interpretation of their viscosities. Plotting the viscosity data into ternary 
diagrams, however, allows one to make interpolations and extrapolations 
to a limited extent. This in itself is very useful because the different glass 
industries manufacturing plate glass, window glass, container glass, as 
well as structural glasses (building blocks), are not interested in drastic 
changes of the composition but have to consider minor changes which are 
dictated by the economy and the properties. 

Table III gives the composition of forty-five glasses in weight per cent 
and the two constants a and b which describe their viscosity as a function 
of the temperature by the following equation: 

log 77 = a + b{W/T) 

in which η is the viscosity in poises, and Τ is the absolute temperature. 
The constants a and b are derived from the experimental data by the method 
of least squares. 

4 9
 J. P. Poole, Ph.D Thesis, Pennsylvania State Univ., University Park, Pennsyl-

vania, 1947; J. P. Poole and M. Gensamer, / . Am. Ceram. Soc. 32, 220 (1949). 
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T A B L E III 

CONSTANTS FOR THE VISCOSITY VERSUS TEMPERATURE AS A FUNCTION 
OF THE COMPOSITION OF GLASSES 

No. 

Composition in Weight Per Cent Constants for the equation 
log η = α + bUO'/T) 

SiO* NatO KiO CaO MgO SrO BaO AhOi a b 

1 74.61 25.39 -17.848 22.759 
2 75.73 20.50 3.77 -19.738 25.304 
3 77.23 14.22 8.55 -26.462 32.525 
4 76.21 9.66 14.13 -24.434 32.665 
5 70.43 24.72 4.85 -19.664 24.781 
6 66.23 24.17 9.60 -26.269 30.523 
7 
8 

61.51 
69.06 

24.23 
21.18 

14.26 
8.76 

-30.500 
-26.337 

34.115 
31.055 

9 65.37 20.61 14.02 -29.384 34.262 
10 61.69 19.80 18.51 -31.139 6.080 
11 76.02 20.85 3.13 -16.026 21.694 
12 79.11 14.98 5.91 -17.736 24.237 
13 80.25 10.99 8.76 -17.6394 26.5915 
14 70.13 26.55 3.27 -18.7674 23.2986 
15 68.90 25.23 5.87 -21.2533 25.2667 
16 62.65 27.80 9.55 -21.8421 25.7895 
17 71.15 22.89 5.96 -20.4307 25.0437 
18 67.14 23.94 8.92 -21.3105 26.2326 
19 65.35 22.94 11.71 -23.1862 28.3259 
20 72.51 22.42 5 07 -18.4094 23.9588 
21 70.42 19.79 9 79 -17.7776 24.4804 
22 69.96 24.53 5 51 -18.7333 24.0593 
23 64.95 24.87 10 18 -20.1979 25.8912 
24 72.38 13.81 9.41 4 40 -21.3265 29.4406 
25 70.20 10.59 10.06 9 15 -20.1148 30.1180 
26 72.00 15.16 6.99 5 98 -19.9947 27.3730 
27 70.16 14.81 4.51 10 52 -18.5155 26.6399 
28 69.54 14.93 9.37 6 16 -23.0143 30.2143 
29 64.55 15.37 9.43 10 65 -23.3992 30.5806 
30 68.97 20.17 4.69 6 17 -21.7770 27.6468 
31 64.24 20.12 9.87 5 77 -25.1484 30.9835 
32 59.68 25.10 9.45 5 77 -26.9735 31.5619 
33 73.84 15.33 5.10 5 73 -18.5813 25.8813 
34 64.01 15.52 14.37 6 10 -24.5450 32.0608 
35 76.02 16.01 4.92 3.05 -20.6695 26.8568 
36 65.60 26.39 4.92 3.09 -21.3784 25.9595 
37 70.61 15.90 10.06 3 43 -22.4303 29.3873 
38 63.12 22.89 13.99 -24.2300 28.1613 
39 58.18 20.44 21.38 -25.6176 29.5204 
40 53.67 19.01 27.32 -29.2553 32.6096 
41 58.22 19.71 22.07 -24.7299 27.6905 
42 51.47 18.58 29.95 -26.6151 29.1132 
43 46.19 16.24 37.57 -25.8052 28.3799 
44 73.83 12.42 13.75 -16.2244 20.5714 
45 73.68 26.32 -16.3025 22.6022 
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Based on these data Poole
50
 developed a graph which made it possible 

to read the viscosity of a container glass over a wide temperature range, 
namely, from the molding to its annealing. The use of the Fulcher equation 
involves the measuring of the viscosity of the glass at several widely dif-
ferent temperatures, which means the use of at least two types of equip-
ment. He discovered that an approximately logarithmic plot can be used 
in which the viscosity temperature curve goes through the zero point if 
the log η is plotted versus the reciprocal value of the absolute temperature 
on an arc hyperbolic sine graph paper. As log η values are plotted along 
the sinh"

1
 ordinate versus 1/T he obtained for each glass a nearly straight 

line which goes through the zero point of the system. One precise viscos-
ity measurement—for example, that of the transformation point (10

13 

poises) or that of the arbitrary softening point (10
7
*

6
 poises), so to speak— 

would then be sufficient to characterize the rheological properties of this 
glass over a temperature range of several hundred degrees centigrade. 

This graphical method has been used with very satisfactory results in 
the container glass industry. Poole points out, however, that this graphical 
method cannot be used for borosilicate glasses or for lead glasses. As 
mentioned above, container glasses in different plants vary relatively little 
in chemical composition, but the glass blowing operation is very sensitive 
to any minor changes which are made. 

VII. Flow Processes within α Rigid Glass 

A glass rod fractured under tension shows no sign of flow, the "necking 
down" which is characteristic for metal rods is absent in glasses. The 
brittleness of a silicate glass is the result of its inability to dissipate local 
stresses under impact by flow or plastic deformation. It is this rigidity of 
glass at room temperature which makes it the best material for supporting 
the metal films of astronomical telescopes. 

In apparent contradiction to this behavior, certain observations seem 
to indicate flow in a temperature range where the glasses are rigid solids. 

1. Low TEMPERATURE B E N D I N G OF GLASSES 

A glass fiber which has been kept wound around a mandrel for some time 
develops a curvature when it is taken off the mandrel and allowed to move 
freely, e.g., to float on a pool of mercury. 

A glass rod 110 cm. long, clamped at one end in horizontal position over 
a period of five years, was found to have sagged 9 mm. at the other end 
under its own weight. Houwink

51
 quotes this observation as proof for the 

6 0
 J. P. Poole, Glass Ind. 30, 19 (1949). 

6 1
 R. Houwink, "Elasticity, Plasticity and Structure of Matter," p.133. Cambridge 

Univ. Press, London and New York, 1937. 
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ability of a silicate glass to flow at an ordinary temperature, analogous to 
certain organic polymers. 

The author prefers to explain these two phenomena on a different basis. 
Physicists working with high vacua know that the chemisorbed water 
of their glass vessels is located not only at the surface but that its concentra-
tion is highest at the surface and tapers off toward the interior of the glass. 
Hence, it takes long times to completely remove it and to obtain a good 
vacuum. 

A soda-lime silicate glass is not in chemical equilibrium with the humid-
ity of the atmosphere. Water penetrates into the glass, forming OH~ 
ions, and causes the glass to swell. The rate of diffusion is determined by 
the polarizability of the 0

=
 ions of the glass. Protons can diffuse through 

certain systems by moving within the electron clouds of anions, i.e., 
they remain screened. By selecting a glass composition which contains 
highly polarizable 0

=
 ions (cesium disilicate glass), Enright,

52
 in the author's 

laboratory, performed an experiment in which 15 wt. % H2O diffused into 
a glass at room temperature over a period of several months producing a 
uniform gel. 

This diffusion process is accelerated if the glass is brought under tension 
because the increased internuclear distance in the stretched surface in-
creases the polarizability of the 0

=
 ions. Analogous to the "stress corro-

sion" of metals, a glass surface under tension is more reactive than one 
under compression. 

If a glass is stressed close to the breaking point, the diffusion of water 
into its interior causes "delayed fracture." This penetration of water into 
a glass is one of the reasons why the strength of a glass under load decreases 
with time and why it depends on the humidity of the atmosphere. On the 
basis of these facts, the author assumes that a glass rod bent under a load 
reacts with the water vapor more strongly at that surface which is under 
tension than with that which is under compression. As a result, the unequal 
hydration of the two sides produces unequal swelling which, in turn, causes 
the glass to remain bent. In addition to the migration of water into the 
glass one must also expect a shift of alkali toward those volume elements 
which are under tension. 

The bending which results from these diffusion processes should not be 
called viscous flow. The effect, however, is the same as that of a partial 
release of the mechanical stress through flow. 

2. A G I N G AND COMPACTING OF GLASSES 

In addition to the apparent flow of a glass under its own weight at room 
temperature, other phenomena have been observed which were attributed 

62
 D . P. Enright, Absorption of water by cesium-disilicate glass. Office Naval 
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to "flow." It was found that precision optical instruments, e.g., prisms, 
could change their shapes over a period of decades. Precision thermom-
eters revealed that the volume of the glass bulb decreased over decades 
and caused a "secular rise" of the ice point. When the thermometer was 
heated and cooled another effect was observed: for some glasses the volume 
on cooling lagged behind the temperature. A thermometer exposed to 
boiling water and subsequently immersed in melting ice shows an "ice 
point depression." AVhen the Jena Glass Works developed their precision 
thermometer glasses, Weber

53
 learned to minimize the secular drift by 

proper heat treatment and the ice point depression by selecting a suitable 
glass composition. Weber found that for a silicate glass the presence of 
more than one kind of alkali increased its ice point depression. At this time 
good thermometers could be manufactured from potash glasses as well 
as from soda glasses, but mixtures of soda and potash in the same glass 
had to be avoided. 

All these phenomena seem to indicate that in a complex glass there must 
be particles which flow even at ordinary temperature. When the structure 
of glasses became better known it was realized that it must be the alkali 
ions which are "mobile" because they are the most weakly bonded parti-
cles in the glass structure. 

Today one has learned to control these phenomena. A glass to be used 
for precision instruments not only has to be properly annealed but also 
must be "compacted" or "aged." Removal of the stress birefringence alone 
is not sufficient to guarantee constancy of its properties. 

It is very likely that these phenomena are the result of a gradual change 
of the most mobile particles into energetically more suitable positions. 
This adjustment of a structure toward an equilibrium should not be called 
viscous flow. The effect which the redistribution of alkali ions with time 
exerts upon the volume of a glass is important for precision instruments 
but its magnitude is very small. 

A much stronger effect of a similar nature is observed in the manufacture 
of the Vycor brand glass. The Vycor brand glass, a 96% silica glass, has 
a softening point of 1500°C. which is close to that of pure S 1 O 2 . The an-
nealing point of the Vycor brand glass is 900°C. and that of fused S1O2 is 
1150°C. Nevertheless, the silica sponge which is obtained by leaching out a 
partly devitrified sodium borosilicate glass shrinks at a temperature as 
low as 700°C., according to the observations of Nordberg.

54 

Research Tech. Rept. No. 42, Contract No. N6 onr 269 Task Order 8 NR 032-264, 
265. Pennsylvania State Univ., University Park, Pennsylvania, 1952. 

6 3
 R. Weber, Sitzber. deal. Akad. Wiss. Berlin, Math.-naturw. Kl. Abt. II, 1232 

(1883); Verhandl. deut. chem. Ges. 21, 1086 (1888). 
54
 Μ. Ε. Nordberg, / . Am. Ceram. Soc. 27, 299 (1944). 
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It is against all definitions of the fixed viscosity points that a glass with a 
softening point of 1500°C, can show considerable flow at 700°C. within a 
few hours. The shrinking of Vycor is not a reversible flow process, but is 
analogous to the compacting where the glassware decreases its volume with-
out losing its shape. 

3. INTERNAL FRICTION 

A perfectly elastic material obeys Hooke's Law. There are several factors 
such as the thermal conductivity (metal) which may cause a solid to deviate 
from the ideal behavior and to show "anelasticity." Glasses are poor 
conductors of heat. Hence, vitreous silica comes close to being perfect in 
its elastic response; stress and strain are directly proportional. The more 
complex silicate glasses, however, show deviations from Hooke's Law. 
Because of structural changes, in particular because of the mobility of 
the alkali ions, the strain lags behind the stress. This phenomenon, which 
for glasses involves the diffusion of weakly bonded particles, often called 
"internal friction," can be measured by several methods. 

Guye and Vasileff
55
 studied the damping of torsional oscillations of 

glass fibers. When the logarithmic decrement of damping was plotted 
against the temperature, the curves showed maxima around 100°C., 
that is, in a temperature region where the glass is still completely rigid. 
The marimum could be reproduced on heating or cooling. At this time, 
when little was known about the constitution of glasses, the phenomenon 
was attributed to a modification change of the glass, similar to the low-
high inversion of quartz. 

König
56
 obtained precision data on the elastic aftereffect of a Thüringian 

glass for different temperatures. A glass rod 2 mm. in diameter and 380 
mm. long was clamped in horizontal position at one end. The other end 
was loaded. The instantaneous deflection and the "elastic aftereffects" 
were measured for different times and temperatures. Bennewitz and 
Rötger

5 7, 58
 made systematic studies of the internal friction of glasses and 

metals and they were the first ones to offer an acceptable explanation for 
the origin of the internal friction of glasses where the thermal conductivity 
is too low to be the cause. They found for vibrating reeds that the damping 
of the vibration goes through a distinct maximum if the frequency is changed 
over a wide range. In a particular frequency band the damping constant 
was found to be as much as ten times larger than the damping constants 

6 5
 C. E. Guye and S. Vasileff, Arch. sei. phys. et nat. 37, 214, 301 (1914). 

6 β
 H. König, Physik, Ζ. 26, 797 (1925). 

57
 Κ. Bennewitz and Η. Rötger, Physik. Ζ. 37 , 578 (1936); Ζ. tech. Physik 19, 521 

(1938). 
6 8
 Η. Rötger, Glastech. Ber. 19, 192 (1941). 
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for higher and lower frequencies which were sufficiently far removed. They 
interpreted the phenomenon by assuming that a glass consists of a rigid 
elastic network which contains particles of limited mobility. They derived 
the height of the energy barrier which separates two adjacent possible 
positions of the moving particle from the effect which the temperature 
exerted upon the damping. The magnitude of this activation energy 
(10-20 kcal.) suggests that it is the N a

+
 ion which causes the damping. 

Under stresses these ions can move from one position into another position 
which, because of the mechanical deformation of the glass structure, has 
become energetically more suitable. 

Fitzgerald and co-workers
59
 made a comprehensive study of the internal 

friction of a plate glass as a function of frequency and temperature. They 
recommended this method as a tool for exploring the structure of glass. The 
internal friction of a glass represents its acoustical absorption spectrum 
inasmuch as it describes its ability to absorb mechanical energy at different 
frequencies of vibration. Measuring the internal friction as a function of 
the frequency at a constant temperature provides the characteristic 
acoustic absorption spectrum of this glass. The activation energy of the 
diffusion processes can be derived by applying the Arrhenius' equation to 
the temperature dependence of absorption maxima. 

According to Horton
60
 the damping of the mechanical vibrations of pure 

silica increases steadily from room temperature to 500°C. without an in-
dication of a maximum. This makes it very probable that it is the introduc-
tion of alkali into the glass which is responsible for the appearance of one 
or more peaks. 

In order to understand the internal friction of a silicate glass one has to 
consider that even the simplest change of the composition, namely, the 
addition of an alkali oxide to silica, produces three major structural changes: 
(1) the formation of "single-bonded oxygens," (2) the addition of alkali 
ions, and (3) a general increase in the polarizability of all anions. The 
polarizability of all anions is increased or all "bonds" become more "flexi-
ble" if the anion to cation ratio is raised. 

Even a "pure silica" glass may contain protons or OH~ ions in quantities 
which will depend upon the way it was manufactured. Anderson and 
Bommel

61
 observed an absorption maximum for high frequency sound 

waves (60 kc. to 20 Mc. per second) in vitreous silica at very low tempera-
ture (30°-50°K.). This absorption maximum does not appear in quartz 
but only in vitreous silica. It might be the result of protons moving from 

5 9
 J. V. Fitzgerald, Κ. M. Laing, and G. S. Bachman, / . Soc. Glass Technol. 36, 

90 (1952). 
6 0
 F. Horton, Phil. Trans. Roy. Soc. London, Ser. A. 204, 407 (1905). 

61
 O. L. Anderson and H. E. Bommel, / . Am. Ceram. Soc. 38, 125 (1955). 
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one 0
=
 ion into a neighboring 0

=
 ion. The alternating compression and 

dilation of the silica under mechanical vibrations cause the internuclear 
distances and, with them, the polarizabilities of the 0

=
 ions to fluctuate. 

The protons enter the electron clouds of the most polarizable 0
=
 ion or 

of that 0
=
 ion which links together two Si

4
+ ions which are stretched 

apart during the vibrations. 
The internal friction as a function of frequency and temperature was 

measured mostly for commercial glasses. In order to provide a more suitable 
basis for a theoretical treatment, Hoffman and Weyl

62
 measured the in-

ternal friction of glasses which had widely different but very simple com-
positions. 

As anticipated, it was found that the addition of an alkali oxide to a 
glass affects its internal friction in several ways. Forry

63
 was able to resolve 

the effect of sodium oxide into two distinct peaks, which he considered to 
be related energetically because their activation energies differed by a 
factor of 2.0. 

The latest work on the internal friction of alkali silicate glasses by 
Rötger

64
 is suited for elucidating its mechanism. We shall interpret his 

data on the same basis as that used for explaining the viscosity of glasses. 
The addition of Na 20 to silica introduces two new structural units, 

namely, Na
+
 ions surrounded by 0

=
 ions and 0

=
 ions which are more 

polarizable than those in the pure S i 0 2 . Each of these units has a charac-
teristic vibration which can be detected by the temperatures at which 
this frequency has its maximum. One may assume that the vibration of 
the Na

+
 ion with respect to its surrounding 0

=
 ions requires the least 

energy and that it corresponds to what Rötger
64
 calls the "weak" R

+ 

group. The value of the activation energies for this group increases from 
the value 11.9 kcal, for the large K

+
 ion to 12.2 kcal, for the Na+ ion and 

reaches 14.8 kcal, for the small Li+ ion. The stronger the electrical field of 
the ion, the greater will be the energy barrier which has to be overcome in 
order to move from one position into another. The activation energies 
refer to glasses of approximately the same molar composition 1R 20 ,2S i0 2. 

As the 0:Si ratio increases, the structure as a whole becomes more 
flexible, i.e., the polarizability of all 0

=
 ions increases. This expresses itself 

in the lowering of the activation energies of all diffusion mechanisms. 
With increasing Na 20 content the over-all absorption of the glass increases. 
Raising the Na 20 content from 15 to 30 mole % lowers the activation 
energy of the weak group from 13.2 to 12.2 kcal. 

The values for the more strongly bonded groups drop from 28.4 kcal. 
62
 L. C. Hoffman and W. A. Weyl, Glass Ind. 38, 81 (1957). 

6 3
 Κ. Ε. Forry, / . Am. Ceram. Soc. 40, 90 (1957). 

8 4
 H. Rötger, Glastech. Ber. 31, 54 (1958). 
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to 26.1 kcal, if the Na 20 content is increased from 15 to 30 mole %. This 
absorption process is attributed to the motion of R 2 0 groups by H. Rötger, 
but it might be better to attribute it to the diffusion of a single-bonded 
0

=
 ion. In order to establish electroneutrality in the smallest possible 

volume the Na+ ions would have to follow the anion. The two processes 
amount to the flow of a neutral Na 20 molecule. It is unlikely, however, 
that the latter migrates as a unit. 

The activation energy of a diffusing 0
=
 ion is higher than that of a singly 

charged N a
+
 ion. However, the findings of Forry

63
 that the two peaks cor-

respond to activation energies having a ratio of 1:2 is very likely a mere 
coincidence. Treating an 0

=
 ion as a doubly charged rigid particle is an 

oversimplification. Its electron density distribution and, with it, its binding 
forces to the Si

4+
 ion are determined by the nature of the neighboring alkali 

ion. Thus, Rötger
64
 finds that the activation energy of the strongly bonded 

group is 28.5 kcal in the K 2 0 silicate but only 23.7 in the Li 20 silicate 
glass. For the Na 20 silicate the value is intermediate, 26.1 kcal., as one 
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FIG. 10. Internal friction of mixed alkali silicate glasses. (After L . C . Hoffman.
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would expect. These data indicate that the binding forces of the 0
e
 ion 

to the Si
4+
 ion are weakest when the anion is polarized by the strong field 

of Li+ ions and strongest when it is exposed to the weaker fields of the large 
K

+
 ions. This is precisely what one would expect from the analogy between 

the internal friction and the viscosities of the alkali silicate glasses. 
Figures 9 and 10 are representative curves giving the internal friction 

of some alkali silicates as functions of the temperature. 

4. C UTTING OF GLASS W I T H A D IAMOND 

During the cutting of glass with a diamond or a steel cutter, phenomena 
have been observed which seem to indicate flow at room temperature. It is 
common knowledge among glass cutters that the glass has to be broken 
shortly after the diamond scratch has been made, otherwise the scratch 
"heals" and the fracture does not follow the line of the scratch. 

This phenomenon is closely related to that associated with internal 
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friction, where a mechanical force produces a state of polarization in the 
glass which can be formally described as the formation of a volume ele-
ment which has a dipole moment. The dipole moment is the result of the 
flow of alkali ions in one direction. Parts of the glass which are thousands 
of atoms removed from the scratch have become biréfringent and are 
temporarily weakened. When given sufficient time, however, the induced 
state of polarization disappears (healing of the glass). 

A diamond scratch produces this state of polarization to a considerable 
depth, but the same phenomenon can be achieved by gently rubbing a 
glass surface with a piece of cloth. This treatment affects the orientation 
of the glass to a depth which is far too small to be detected by its bire-
fringence but which is sufficient to induce oriented overgrowth. Zocher 
and Coper

65
 found that a clean sheet of glass which has been rubbed in one 

direction induces methylene blue to crystallize on its surface in an oriented 
fashion. The orientation can be made visible by withdrawing such a glass 
slowly from a solution of methylene blue in methyl alcohol. Such a glass 
is then pleochroic and can be used as a Nichol prism. 

VIII. Summary and Conclusions 

The rheology of glass is unique when one considers the wide range which 
it covers both with respect to temperature and to mobility. Glasses are 
Newtonian liquids, they do not have a yield value even in the low tempera-
ture range where the viscosity reaches 10

15
 poises. However, in the high 

viscosity range, additional effects become noticeable which obscure the 
Newtonian flow unless special precautions are taken to separate them. 

In the high temperature range (1400-1500°C.) the silicate glasses are 
fluid like other fused salts. Frequently fluidity or, generally speaking, 
mobility has been mistaken for an indication of weak binding forces. There 
is no relation between these two parameters. Mercury is a fluid metal and 
the high vapor pressure indicates that the binding forces between the mer-
cury atoms are weak, at least when compared with other metals, e.g., 
gold and copper. Gallium, too, has a high mobility, it is plastic and melts 
at 29°C. This metal, however, boils at 2064°C. as compared with 357°C., 
the boiling point of mercury. 

The electronic conductivity of copper or silver is much greater than that 
of the alkali metals. Nevertheless, the electrons are more tightly bound 
in copper or silver than in sodium or potassium. 

The hydration energy of the proton has been estimated to be of the order 
of 250 kcal., a value which exceeds that of other cations. Nevertheless, 
its strong binding forces in an aqueous solution do not prevent it from 
moving much faster than other cations. 

6 5
 H. Zocher and K. Coper, Z. Physik. Chem. (Leipzig) 132, 295 (1928). 
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The low melting point (457°C.) and the softness of AgCl as compared 
with the higher melting (800°C.) and harder NaCl is not the result of weaker 
binding of the ions within the AgCl lattice but of the higher polarizability 
of the Ag+ ions as compared with the N a

+
 ions. AgCl and NaCl crystallize 

in the same structure and the internuclear distances are the same. The 
lattice energy of the AgCl, however, is considerably greater (214 kcal.) 
than that of NaCl (180 kcal.) because of the greater energy of deformation. 

In order to clarify the factors which determine the viscosity of ionic 
systems, the principles of glass formation are discussed. Why do certain 
fused salts (silicates, borates, and phosphates) polymerize gradually and 
form a melt whose viscosity increases rapidly, whereas others (NaCl, 
NaN0 3) do not? 

The anion to cation ratio and the coordination requirement of the central 
cation were found to be the most important factors which determine poly-
merization and glass formation. Fused oxides which contain large cations 
of high coordination numbers, for example, ZK>2 and S n 0 2 , cannot form 
glasses in spite of the very strong forces acting in these fused oxides (low 
vapor pressure). The binding forces as determined by the charges and the 
polarization properties of the ions have an important modifying influence 
on the polymerization. 

These factors are discussed on the basis of the viscosity of simple glasses 
of widely different compositions. The atomistic explanation of Marboe and 
Weyl

47
 is based on the electrostatic interaction between close neighbors. 

The application of crystal chemical concepts to the short range order 
in glasses and the interpretation of their diffuse X-ray diffraction pattern 
leads necessarily to a static picture of its structure. One cannot expect 
that such a picture is suitable for completely understanding viscous flow 
of glasses. The rheological properties of glass can be explained only when 
we know how the atomic structure of a glass changes if a mechanical force 
is applied. This question is answered in a general way by the principle of 
Le Chatelier, which states that a system under a constraint undergoes, 
if possible, a change which will minimize the constraint. According to this 
principle, a shear force which pushes one plane of ions so that it would pass 
over another plane changes the atomic structure into "flow units" with a 
minimum cohesive force between the two hypothetical planes. The greater 
the variety of ions, the greater is the probability of forming groups which 
exert minimum forces in the direction perpendicular to the hypothetical 
planes. For this reason the viscosity of glasses is not an additive property. 
Even the replacement of a weak sodium ion by a potassium ion in a silicate 
glass causes the viscosity to go through a minimum. The empirical knowl-
edge that low melting glasses of a good chemical resistivity must have 
a complex composition can be understood on the basis of "flow units" 
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with strongly asymmetrical force fields. Low melting glazes and enamels 
contain a large number of constituents, oxides and fluorides, because the 
presence of ions with a great variety of sizes, charges, and polarizabilities 
makes it possible for the system to form "flow units" with strongly direc-
tional forces which can adjust themselves under shear. 

Commercial glasses have a complex composition because they have to 
meet a large number of requirements with respect to their chemical and 
physical properties. For this reason no attempt has been made to interpret 
the viscosity data of technical glasses. 

J. P. Poole studied glasses of the soda-lime silica type which contain 
common constituents such as MgO, A1 20 3 , etc. These data are presented 
in tabular form giving the chemical composition in weight per cent and 
the constants a and b of the equation. 

log η = a + &(10
8
/T) 

which correlates viscosities as a function of the absolute temperature. 
The internal friction of glasses are discussed in order to include one of 

many phenomena in which particles move in the rigid glass. Mechanical 
stresses either due to binding or torque produce strains which are conducive 
to the migration of alkali, ions. This is exactly what one would expect 
from the fact that a flow of alkali ions in one direction causes the volume 
of the glass to change. This phenomenon has been observed by Quincke 
(1880) and later by Wüllner and Wien (1902) when they exposed a glass 
to an electrical field. Especially soda-lime silicate glasses show a volume 
change with time (électrostriction) which is the result of the alkali ion 
flowing toward the negative electrode. Migration of alkali ions is also 
responsible for the volume changes of thermometers (secular drift and ice-
point depression). However, it was the internal friction measurements 
which gave us a better picture of the energy relations of the ions moving 
within the rigid framework of the silicate structure. 

It is not possible to draw a sharp line between those phenomena which 
constitute the rheology of a glass and others which do not belong in this 
category. Some readers, for example, may question the author's attitude 
toward the rigidity of glass at ordinary temperature and point to the flow of 
glasses under very high pressures which arise during scratching with a 
diamond or during polishing. 

Normally a glass fractures when it is stressed beyond a certain limit. 
Under certain conditions, however, fracture can be prevented so that the 
stresses can be increased to such an extent that they can overcome the 
chemical binding forces and the glass will yield. Bridgman

66
 found that 

under very high pressures a soda-lime glass can be deformed at ordinary 
6 6
 P. W. Bridgman, Proc. Am. Acad. Arts Set. 81, 170 (1952). 
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temperature. He subjected a flat disc, 0.25 inches in diameter and 0.006 
inches thick, placed between two flat carboloy blocks to a pressure of 
100,000 kg./cm.

2
. Under the uniaxial pressure the thickness of the disc 

decreased permanently by 22%. Prolonged exposure of the glass to this 
pressure, however, did not change the shape any further. This means that 
the glass did not behave as a liquid which has a very high but measurable 
viscosity at ordinary temperature, but it behaved like a crystal which under-
goes a structural change. 

Pure silica formed by a chemical reaction under very high pressure forms 
a distinct new crystalline modification, "coesite," named after its dis-
coverer, Coes.

67
 The observation of Bridgman and other similar ones 

indicate structural changes under pressure rather than viscous flow. In 
Bridgman's experiment the density of the glass had permanently changed 
from 2.497 to 2.617. 

A glass is an elastic solid up to pressures of 10,000 atm. However, if 
the pressure is raised to the order of 100,000 atm. the forces reach the magni-
tude of chemical binding forces and the glass undergoes a structural 
change during which it can flow temporarily. Pressures of this magnitude 
are not at all uncommon. A diamond point, when used for writing on glass, 
exerts a pressure of the magnitude which corresponds to approximately 
1 gm./μ

2
. Brüche and Schimmel

68
 made a careful study of the effect of 

localized pressures on the behavior of glass. With their instrumentation 
they obtained truly elastic deformation of the glass if the diamond point 
was loaded with 10 mg. corresponding to a pressure of less than 500 kg./ 
mm.

2
. Loads above 1 gm. produced fracture: the diamond scratches the 

glass in the same manner as that which occurs when glass is cut. Between 
these two extremes there is a pressure range in which the diamond point 
causes the glass to "flow." It produces a groove and two parapets. 

These facts were known for quite some time and the development of 
phase microscopy contributed much to their elucidation. Some observers 
attribute the flow phenomena to local heating but there is no evidence to 
substantiate this. The work of Bridgman eliminates temperature as an 
essential factor. 

Very similar situations arise during the polishing of glass. It is well 
established that polishing is not merely an abrasion. There is evidence 
that polishing involves "flow." Here, too, the author prefers to speak about 
a structural change under the directed forces which permit transport of 
matter temporarily. 

6 7
 L. Coes, Science 118, 131 (1953). 

68
 E. Brüche and G. Schimmel, Glastech. Ber. 27, 239 (1954). 


