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I.

General introduetion

1. General Remarks
Glass is a solid material the structure of which has no
long range order, although short range order may be present.
Moreover, glass exhibits long time fluidity, whereas short
time fluidity is absent.
Essentially any substance can be made into a glass by
cooling it fast enough from the liquid state to prevent
crystallisation. The final temperature must be so low that
the molecules have no possibility to rearrange themselves to
the more stable crystalline form. In reaJity, however, glass
formation has been found for a relatively limited number of
substances.
The most important group are the glasses based on inorganic oxides. Multicomponent oxide glasses result from the
melting of certain oxides with the 'glass forming oxides'
such as Si0 2 , B2o3 and P2o5 •
Zachariasen (1) considered the relative glass forming
ability of oxides and he concluded that the ultimate condition for glass formation is that the oxide can form extended threedimensional networks which lack periodicity. From
this condition he derived three rules which must be satisfied
if an oxide has the tendency to farm a glass. These rules
are - although not always - remarkably succesful in predicting whether in practice oxides are glass farmers or not.
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These rules are:
(i)
An oxygen is linked to not more than two glass forming
atoms.
(ii) The coordination number of the glass forming atoms is
small.
(iii) The oxygen polyhedra share corners with each other, not
edges or faces.
From such considerations it can be concluded that for example
Si0 2 , B2o3 and P2o5 are 'network forming oxides', whereas
substances as A2o or AO (A= cation), and in many casesalso
A0 2 , A2o 3 and A2o 5 do not satisfy these rules; they are called
'network modifying oxides'. Mixtures of network forming and
network modifying oxides are called multicomponent glasses.
In the following the structure of some of them will be discussed somewhat more in detail.
2. The structure of some important oxide glasses
Vitreous silica (Si0 2) is the simplest ei~ioate g~aee.
Here the oxygen ions have a tettahedral arrangement around
the silicon ions (2); a threedimensional netwerk without periodicity can be formed by the union of these tetrahedra at
their corners. A simplified twodimensional scheme of the
structure of vitreous silica is illustrated in figure III. 3b.
When'an alkali or alkaline earth oxide reacts with silica
to forma glass, the silicon-oxygen network is braken up, as
evidenced by the much lower viscosity of these glasses compared to fused silica. As long ~s the number of A2o or AO is
less than a one to one .ratio to the number of Sio 2 units, a
threedimensional silicon-oxygen,network is preserved because
each silicon-oxygen tetrahedron is linked to at least two
other tetrahedra, and the glass forming tendency of the mixture is retained.
BoPate g~aesee are of inte~est because their structure
and properties are quite different from those of the silicates.
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In the crystalline oxides boron occurs either in triangular coordination for oxygen atoms or in a tetrabedral coordination. Early X-ray results indicated a triangular coordination in B2o3 glass (3), and this result was confirmed
by nuclear magnetic resonance studies (4). Krogh-Moe deduced
from NMR, infrared and Raman spectra, that the boroxol group
is an important element in vitreous B2o3 (5). These groups
are linked tagether in a threedimensional network by B-0-B
honds, as shown in figure 1.1.
Fig. I,l

Schematic representation of a
boraon o=ide net~ork. Fitled
airales repreeent boron
(from ref. 5)

Many multicomponent borates show wide ranges of glass
formation. The changes in the properties of alkali borates
with increasing alkali contents are different from the
changes in corresponding silicates; this behaviour is somatimes called the baron oxide anomaly. The viscosity of the
silicates decreasas as the alkali content is increased, as
one would expect since the additional alkali oxide breaks up
the network. On the contrary in borates the viscosity at certain temperatures may increase on increasing alkali content
whereas the activatien energy for viseaus flow increases. It
Fig. I.2

Fraation of boron ions in four
aoordinations (N 4 ) after Bray
(6) and Bèekenkamp (8). The
curve N4 + X = lO~-~ is the limit of N 4 ~ ~here X is the traction of boron ions with a nonbriàging o~ygen ion.
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has been pointed out (6. 7. 8) that the ancmalies are at least
partially related to the change of coordination number of the
boron with oxygen as the alkali content is increased. It has
been possible to determine the fraction of three and four
coordinated boron in these alkali borates. as is shown in
figure I.2.
In phosphate glasses the phosphorous-oxygen tetrahedra
are the building units. The structure of alkali metaphosphates
consists of infinitly long ebains of P0 4 tetrahedra which
are essentially crosslinked by the alkali ions. Each P0 4
group ideally contains two non-bridging oxygen ions. as is
illustrated in figure !.3.

Fig. I.3
Schematic representation of
a metaphosphate chain
(M 0.P 0 ).
2
2 5

An X-ray study (9) confirmed the presence of such long chains.
3. Relaxation phenomena known so far
Mechanica! measurements for single alkali glassas indicate a relaxation peak between -100 and +100°C when the
measuring frequency is about 1 cs- 1 • The values of the activation energies of these relaxations are practically equal
to those measured for the diffusion of alkali ions in the
netwerk and to those measured for ionic conduction (both a.c.
and d.c.). The conclusion is that all these observations are
caused by the same phenomenon. namely the migration of alkali
ions.
·When in this system one kind of alkaliionsis gradually
replaced by another one, large deviations from linearity
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occur with respect to the activatien energy for mechanica!
and dielectric relaxation processes, and for diffusion and
conduction processes. In the literature this often is called
the 'mixed alkali effect', 'polycation effect' or 'neutralisation effect'; the phenomenon exists in all the measurements
where the motions of the network modifying cations are essential. In fact,the occurrence of this effect is independent to
the kind of the netwerk in which the ions move: it has been
detected in silicates, borates, phosphates, and even in
crystalline solids such as salt mixtures, e.g. NaN0 3 -KN0 3 .
The characteristic of this mixing effect is a drastical decrease in the cation mobility when one ion is gradually replaced by another one. For example,in a system where approximately one half of the sodium ions is substituted by potassiurn ions the conductivity is minimal and the absolute value
of it may be more than 1000 times smaller than it would be if
no mixing effect were present.
A graphical illustration of the results of mechanica!
relaxation measurements on mixed alkali meta-phosphates is
given in figure 1.4; the lowest temperature peak is due to
SD

110

~ t-------1-------~-------4-

SD--1----J

Fig. I.4
Tan .S ve temperature
at 1 cs- 1 for the
system
0•5[~Li. 0. (l-~)K 0].

0•5P

o

2 5

2

8

(ref. 13)
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the migration of the alkali ions; it is called the single
alkali peak. Upon gradually substituting the lithium ions by
potasslum ions the temperature position of the peak maximum
increases and the relaxation strength decreases, due to the
mixed alkali effect (10).
However, at the same time a mechanica! relaxation peak
arises at higher temperatures. This is called the mixed alkali peak. The characteristics of it are that
1. no analogon of it has been found by dielectric measurements,
2. the strength of this relaxation increases when substituting is continued,
3. the temperature position of the relaxation shifts to lower
values on continued substitution, and
4. the maximum height of it appears to be larger by an order
of magnitude than that for the single alkali peak.
Moreover, besides the relaxation phenomena mentioned,
phosphate glassas (and also silicate glasses) show another
mechanica! relaxation peak which somatimes has been called
the intermediate temperature peak. Experiments in which the
amounts of water in the glass are varied, indicate that the
intermediate temperature peak is a mixed proton-alkali peak
( 11 ) .
A model has been proposed by Va~ Ass et al. (12), which
is based on the coupled motion of two dissimilar alkali ions;
the ion with the larger volume is more susceptible to the
applied mechanica! field, and it will be able to jump in its
direction, leaving an electric counterfield bebind. Simultaneously an ion in its vicinity with a smaller volume will,
because of its larger charge density, be able to jump in the
opposite direction. This model qualitatively explains the observed phenomena, such as: (1) the net charge transport will
be zero, and hence this process cannot be detected by
dielectric relaxation measuremehts; (2) the process is not
restricted by the electric counterfield, because this is
neutralised immediately when it is built up; in this way an
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unrestricted number of coupled motions can occur, giving rise
to a much larger peak than the single alkali peak usually is.
4. Purposes of the present investigations
The relaxatîons described in this chapter and their
characteristîcs have been discussed in detail in the past (13).
However, besides these still other kinds of relaxations can
occur in glass. In this thesis an attempt has been made to
give some characteristics of some mechanica! or dielectric
relaxations which have not been described so far . Mainly
four different subjects have been discussed, namely:
1. An equipment has been developed with which it is possible
to do dielectric relaxation measurements in the temperature
region from 4·2 K up to 300 K and in the frequency range
from 0·1 kcs- 1 up to 100 kcs- 1 •
Measurements have been carried out especially with mixed
alkali borates. A relaxation peak (wHich formerly has been
called 'deformation loss peak') occurs. Here it will be
called 'loss peak due to local motions•. The kind of the
relaxations depends on the quantities and the natures of
the alkali or alkaline earth ions present and on the
defect structure of the vitreous network (chapter III).
An effort to do dynamic mechanica! relaxation experiments
failed, the reason being that the noise, inherent to the
equipment, appeared to be larger than a possible mechanica!
relaxation by an order of magnitude.
2. Dynamic mechanica! relaxation measurements have been
carried out in the temperature range from -100°C up to
about 400°C for mixed alkali and alkali-silver borate
glasses at about 0•5 cs- 1 using a torsion pendulum, and at
about 2,500 cs -1 using a resonance technique.
There appears to be a striking similarity between mixed
cation borate, phosphate and silicate glasses as regarded
to their mechanica! behaviour in the temperature range
mentioned. The observed relaxations seem to be related to
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the stress induced movement of the alkali ions (chapter IV).
3. Experiments of the dielectric relaxation due to the migration of monovalent or diyalent cations have always been
hampered by the fact that the dielectric relaxatión losses
are aften masked by the conduction losses. A mode of
measurement, based on the use of completely blocking electrodes, is proposed which directly gives a dielectric relaxation peak, eliminating the conduction losses.
Measurements have been carried out for mixed alkali metaphosphate and borate glasses. In addition some features
are discussed which may not .he neglected in explaining the
mixed cation effect (chapter V).
4, An apparatus has been developed giving the possibility to
do dynamic mechanica! relaxation measurements in the transition region in the frequency range from 2·5 cs- 1 to
about 10 cs- 1 in a torsion as well as a bending mode.
Experiments have been done,especially for mixed alkali borate systems. A primary relaxation peak is present. These
losses are caused by the relatively large scale motions of
parts of the netwerk, relative to each other. It is concluded that the observed phenomena can be described by
the well known free volume theory of Williams, Lande! and
Ferry, which originally was 'deduced to describe primary
motions in organic glasses ('chapter VI).
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11.

Theoretica! considerattons

1. General
Dynamic experiments - whether dielectric or mechanica! can be defined as experiments in which volume elements are
subjected to a stress which varies with time. In this context
the stress is assumed to vary periodically in magnitude in
a sinosoidal way.
2. Dielectric relaxations
DieZeetria experiments are based on relaxation of electri...
cal charges. The dielectric displacement D is defined as

...

...E

D

...

=

e:E

(11.1)

where
is the applied electric field. The dielectric constant
e: of an insulating material is the ratio of the capacities of
a parallel plate condenser measured with and without the
dielectric material placed between the plates. The difference
is due to the polarisation of the dielectric. If the field
applied to the condenser is time dependent(e.g. alternating
field), the polarisation is time dependent also. However,
because of the resistance to motion of the atoms in the
dielectric, there is a delay between changes in the field and
changes in the polarisation. This delay is often expressed
as a phase difference or loss angle, ö, or as a dissipation
factor, tan ö. This factor is proportional to 6W/W, the energy absorbed per cycle by the dielectric from the field.
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The quantity
constant:

can be written as a complex dielectric

e;

€

:

€:

I

-

ie I

I

(II.Z)

where e:' is an elasticity modulus and e:'' is a loss modulus.
These two moduli can be expressed by the Debye equations:

e'

€:

= €""

(es - e:.,.)un
I I

1 +

and

(11.3)

+

tan ó

€:

wz,z
I I

"E"'"

(!1.4)

(II.S)

where e.,.= dielectric constant at infinite frequency
static dielectric constant (zero frequency)
w = frequency
T = relaxation time
The dielectric moduli have been expressed as a function of
the product wT. This means that the relaxation peak can be
found either by varying wat a constant T, or by varying T
at a constant w. In practica one finds that T is very often
an exponential function of the temperature. Practically always the relaxation time can be expressed by means of the
classica! Arrhenius type equation
(II .6)
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where it is assumed that the relaxation phenomenon results
from a transition between two positions, the potential energies of which are separated by a potential harrier of height
Ea• the activatien energy. It is assumed that any temperature dependenee of the height of the potential ertergy harrier
can be incorporated in the pre-exponential factor T 0 •
When consiclering a relaxation effect, three quantities
are of particular interest:
- the relaxation strength, which determines the peak height,
- the relaxation time, which determines the peak position on
the temperature or frequency scale, and
- the shape of the peak, which often is described by means of
the peak width~.e. the separation in temperature of the
points where the relaxation reaches one half of its maximum value).
The peak height is a measure of the number of relaxing
units present in the specimen, and of the specific contrihutien to the effect by each unit. A detailed discussion, however, will be postponed to later chapters, since it is too
specifically related to each particular case to be dealt with
in this general chapter.
By measuring a relaxation effect at different frequencies,
the temperature dependenee of the relaxation time can be
determined. The quantities T 0 and Ea can be obtained from an
Arrhenius graph, i.e. a plot of ln T (= -ln fmax) as a function of 1/T. An example of such a plot is given in figure 11.1
where the results of dielectric relaxation measurements are
shown for some systems.
When T obeys the type of equation mentioned in formula I I. 6,
such a graph yields a straight line, the slope of which gives
the activatien energy Ea and the interseet with the ln 1' axis
the pre-exponential factor -r 0 • Here it appears that for all
cases log T 0 is about 13·3 ~ 0·5. The large error is caused
by ohe or more of the following sources:
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versus 1/Tmare for
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only two points are available per specimen,
- the positions of the points are very close to each other
in relation to the entire frequency scale,
- sametimes the shape and position of the relaxation peak are
influenced by other relaxations, e.g. network losses.
For such a graph to be more meaningful, it is necessary
to make measurements of the relaxation effect over a wide
range of frequencies, if possible over several orders of
magnitude. Generally speaking however, and specifically when
carrying out dynamic mechanica! measurements, the equipment
available is not adequate to satisfy this requirement.
However, the fundamental relationship between t and T is
such that t is rather insensitive to the exact value of t 0 •
Furthermore, for many relaxation processes the t 0 values are
found to be approximately equal, and consequently, when these
processes are compared at the same frequency, there exists a
proportionality between the activatien energy and the peak
temperature (refs. 1, 2, 3). A discussionleads to
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(I I. 7)

where Tmax is the temperature of the maximum in the tan ö
versus T curve. A conclusion of this is that, presuming T0 to
be a constant, Ea is a linear. function of Tmax· This is illustrated in figure II.2 for metaphosphate systems and in figure
II.3 for borate systems, deduced from our measurements.
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proceaeea in mi~ed alkali borate glaeses as a funation of
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Therefore, if it turns out experimentally to be impossibl~ to
obtain data at sufficiently different frequencies, one may
still obtain a fairly reasanabie estimate of the activatien
energy by assuming a value for T 0 which is representative for
the kind of relaxation under investigation.
3. Mechanica! relaxations
A frequently used metbod for measuring meahaniaaZ reZa~a
tion makes use of a freely asciilating system in a torsional
or bending mode(e.g. the torsion pendulum). Figure 11.4 shows
a typical trace of the amplitude of the vibration as a function of time.

CL

E

0

Fig. II.4

AmpZitude of a freeZy vibrating eyetem as a funation of the time

The amplitude decreasas with increasing time because of vibrational energy losses inside the specimen. These energy
losses are due to internal friction. Three possible cases
will be considered.
First, let us assume that the period of the oscillation
is very small compared to the relaxation time of the material.
Then the stress alternatas so rapidly that it is impossible
for the material to follow these changes.
The anelastic component of the strain can be taken as zero
and the vibration occurs in a completely elastic manner. A

stress-strain diagram for this case (fig. II.SA)is a straight
line with a slope equal to the modulus.

;
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UI
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Ul---t-----
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___ stro in__.,.
Fig. II. 5

The second possibility corresponds to the other extreme
where the period is much larger than the relaxation time. In
this case, the material has no difficulty in following the
stress alternations and it can be assumed that a state of
equilibrium is constantly maintained. Bath the anelastic and
elastic components of the strain vary directly as the stress.
However, in contrast to the case where the period is very
short, the strain at each value of the stress will now be of
larger magnitude due to the finite value of the anelastic
strain. Fig. II.SB shows the curve having a smaller slope
than the previous one. The smaller modulus, measured under
these conditions, is known as the relaxed modulus.
The third case is the intermediate one where the period
of the oscillation approximately equals the relaxation time.
Here the anelastic strain does not vary linearly with the
stress, and the total strain contains a non-linear component.
The stress-strain curve (fig. II.SC) is an ellipse. The area
inside this ellipse has the dimeosion of work and represents
the energy lost in the specimen per unit volume during a complete cycle.
The logarithmic decrement, À, is usually taken as the
measure of the internal friction and
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where A1 and A2 are the maximum angular displacements in successive cycles (see figure 11.4) and An is the angular displacement in th~ n-th cycle.
When 6 is the phase angle by which the strain lags bebind the stress, then the internal friction, tan ö, is proportional to AW/W. This is in analogy with the energy loss
in an electrical system. It can be shown that
tan ö

= l.'lf

(II .8)

The quantity tan 6 can be expressed as a function of the frequency by use of a Debye like equation:
tan ö

=2

tan ö
(
max 1

+

WT

wz,z )

(II.9)

maximum energy loss
= angular frequency of the oscillation
< = a relaxation time.
The relaxation time is only a function of the temperature,
while the frequency is determined by the geometry of the
specimen. Basically, there are two methods for determining
the point of maximum loss.
Firstly, the frequency is varied while the temperature is
kept constant.
Secondly, the frequency of the oscillation may be kept constant while the temperature is varied. This metbod is used
bere as it is more convenient than the first one.
where tan ömax
w

4. Final remarks
It is obvious that a large number of physical processes
can be described by means of the formal treatment of a standard solid. However, in our cases deviations occur. These deviations may come about in two ways.
On one hand several completely separated relaxation effects may occur, each characterised by a more or less well
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defined relaxation time<, so that the tan o curve presents
a series of loss maxima spread out over the frequency scale.
Such a loss spectrum may be me~sured either as a function of
the frequency, or as a function of the temperature.
On the ether hand, even a single relaxation peak may deviate appreciably from the theoretica! expressions, which are
based upon one well defined value of the relaxation time '·
This is explained by fluctuations in < at different positions
in the solid. Especially in a vitreous solid these fluctuations can be large. As a result, the relaxation effect will
manifest itself macroscopically as the superposition of a
large number of small relaxation peaks, each one corresponding
to a relaxation time distributed about some average value.
The shape of the relaxation peak will yield tnformation about
the width of the distribution of relaxation times which exists
in the specimen.
When the relaxation time is given by some distribution
function ~(ln<), the expression given befere for tan ö is
replaced by
tan ö
(!!.10)

Notice that the distribution is expressed in termsof ln<,
rather than in ' itself. In this way, the symmetry of the
effects when plottedas a function of ln(w<), is conversed
naturally. Furthermore, it is the quantity ln< which derives
directly from the experimental data.
~(ln<) d(ln<) is the number of telaxations having the logarithm of relaxation time comprised between ln< and lnT +
d(lnT). The distribution functi0n is normalised in such a way
that
1.

(II.11)

Vitreous solids are characterised by the absence of long
range order, although short range order will certainly be
present. Consequently, large fluctuations of T as a function
of the positions in the specimen appear. So, in the case of
a glass a broad distribution of the relaxation times can be
expected, in contrast to what is expected for crystalline
solids.
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111. Dielectric relaxation phenomena

at low

temperatures

1. Introduetion
In vitreous silica dielectric losses are observed for
medium frequencies (10 4 - 10 5 cs- 1) at rather low temperatures
(maximum at about 30 K). The origin of these losses has been
ascribed to bendings of bridging oxygens and to deformations
of the immediate surroundings (deformation losses (5,6)).
At low temperatures and for ultrasonic, longitudinal
waves in the kcs- 1 and Mcs- 1 range, an internal friction peak
has been observed by Andersou et al. (7) and by Fine et al.
(8). The peak shifts to higher temperatures with increasing
frequencies, indicating that the mechanica! losses are due
to a relaxation mechanism. The amount of the measured activatien energy of 1.03 kcal/moleis considered by the authors to
be too smal! for a diffusion process or for a molecular rotation. This was a reason to interprete the observed losses as
being due to Si-0-Si bond deformation vibrations.
Strakna et al. (9) and Kurkjian et al. (10) indicated the
preserree of a low temperature internal friction effect for
other oxide glass fermers like Ge0 2 , B2o3 , As 2o3 and sodium
germanates.
In general, a number of structural models has been pro~
posed to explain the mechanica! (7, 9-14) and dielectric
(6, 15, 16, 17) properties of glasses. A common characteristic
of these models is that they describe localised structural
defects which can exist in various configurations. Anderson
and Bömmel (7) discussed a model for vitreous Si0 2 in which
a fraction of the oxygen atoms can perferm a transverse
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motion between bonding silicon atoms for which two potential
minima exist (A in figure 111.1 .b).

(a)

(b)

Fig. III.l
Sahematic, t~o-dimen
sionaL, representation
of the struature of
arystaZtine (a} and
vitreous (b} Sio 2

The position of the oxygen atom in either of these two potential wells represents the two states of these defects. A
similar model has been proposed by Strakna (18) who assumed
that the two potential minima of the oxygen atoms in vitreous
silica occur in the bond directions (B in figure III.1.b).
A third possibility is given by the rotatien of the Si0 4
tetrahedra (C in figure III.1.b) by a small angle in a double
well potential (19).
Apart from vitreous silica these models are equally
plausible for silicate glasses and other vitreous systems,
and also for organic polymers where methyl groups play the
role of the oxygen atoms in vitreous silica (for example
ref. 20).
Stevels et at. (29) have investigated the influence of
the presence of alkali ions on the low temperature losses in
crystalline quarz; they proved that the observed relaxations
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are caused by local motions of the alkali ions ~resent.
In order to account for the influence of the alkali ions
on the low temperature losses in vitreous systems the results
of measurements for single and mixed alkali borate glasses
are reported and discussed here.
2. Sample preparatien and experimental procedure
Series of alkali borate glasses were prepared from B2o
3
(Merck 163), Li 2co 3 (Merck 5671), Na 2co 3 (Merck 6392), K2co
3
(merck 4928) and cs 2co 3 (Merck 2040).
The batches were melted by keeping them in an electric
furnace at about 1000°C for two hour.s. After that discs, 25 mm
in diameter and 2 mm thick, to be used for the dielectric loss
measurements, were cast in graphite molds which were preheated
to about 200°C, and annealed.
The low temperature measurements have been carried out
with an a.c. bridge connected according to the 'Schering
principle'. The bridge consists of a Rhode & Schwarz RC generator type SRM BN 4085, dielectric test bridge type VRB BN
3520 and tunable indicating amplifier type VRB BN 12 121/2.
The principle of the measurements can be explained with
the aid of the following scheme (fig. 11!.2).

Fig. III. 2
Saheme for the e~pZanation
of the measuring prinaipZe

The variabie capacitors c 1 and c 2 are alternatively adjusted
until the detector shows a minimum current. The loss angle
of the specimen x, tan ö, is proportional to the difference
between the readings of c 1 and c2 •
Befare the cammencement of the measurement the disc
specimens are grounded to a thickness of about 2 mm. The
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diameter of the specimens is 22 mm, and of the stainless
steel electrades 18 mm.
The equipment which is used for the measurements at low
temperatures consists of a cryostate (Oxford Instruments)
with a precision temperature controller. A block scheme of
the total system is shown in figure III.3.
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The principle of the measurements is that the specimen is
first allowed to cool from room temperature to 78 K with the
aid of liquid nitrogen. The cooling rate is approximately 3 K
pro minute. The measurement as a function of the temperature
at a fixed frequency is carried out during cooling. When the
temperature has reached the boiling point of nitrogen, liquid
helium is added in such a rate that the cooling rate is
approximately 1 K pro minute. Here again the measurements are
carried out during cooling. The lowest measuring temperature
is 4·2 K. It is essential - especially when the temperature
is below about 35 K - that the cooling rate is smal! enough
for the system to stay in approximate thermal equilibrium. To
accomplish this, it is favourable to firstly cool the system
to 4•2 K and to carry out the measurements below about 35 K
through a series of quasi-equilibrium states.
3. Results
1. Some generat remarka

Because of the small dielectric increment of the low
temperature relaxations, the change of the dielectric constant
with the temperature is small, and the dielectric loss tangent
only is shown in this context.
The measured. systems are mainly single and mixed alkali
borate glasses. Furthermore some measurements have been
carried out for crystalline borates.
The curve of tan éi versus the temperature is always a
superposition of the low temperature tail of the migration
loss peak (see chapter V) and the sum of the losses which are
typical for the low temperature region. The value of the maximum height of the total dielectric losses at low temperatures
appears to be smaller than that for the higher temperature
ion migration peak by a factor 10 2 to 10 3 • As a consequence
of this the low temperature peak can be partly of completely
masked by an 'underground'. Because of the fact that the migration peak is usually much larger in height than the low
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temperature peak, an estimate of the underground can be made
by drawing a straight curve which passes through zero Kelvin
and which is a tangent to the experimental curve. An illustration is given in figure III.4, where this correction has
been carried out for the system 0·4Ca0.0·6Si0 2 .
20
!>'CaO.O·tiSi02

1
'!!

15

tO
t:

!! 10

Fig. III.4
An e~ampte of the evatuation
of the toss peak from the
measured curve
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lt appears that the maximum height as well as the temperature
position of the elaborated curve is lower than in the case of
the peak 'as measured'. It must be remarked that these differences become smaller as the temperature of the measured
maximum moves to lower values. It turns out that in many cases
the contribution of the underground is even negligible and
no correction is necessary.
It is not certain that the losses which remain after
subtraction of the underground are caused by one relaxation
mechanism only; these losses are built up of contributions of
losses which - at the measuring frequency - originate from
all processas which occur between 0 K and approximately 300 K.
It can be deduced from some measurements that at least in
some systems a relaxation is probably present at temperatures
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lower than 4·2 K (see for instanee the figures 111.25 and
III.31). This assumption agrees with very recent investigations at very low temperatures (0·2 K < T < 10 K) by Schickfus et at. (30) who demonstrate the presence of a dielectric
anomaly in these temperature regions in a variety of amorphous dielectrics.
All the measurements have been carried out as functions
of the temperature at a fixed frequency. It is, however,
possible to measure at different frequencies as is illustrated in figure III.S.

20

I
0·2NaKO.O·&B

Fig. III.S
Tan ê versus temperature
for the system
0•2NaK0.0•8B 2 o3 for
different frequenaies
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When i t is assumed that the process is thermally activated,
and that the Arrhenius type equation
(111.1)

is valid, then it is possible to deduce from the shift of
Tmax as a function of the frequency a kind of a mean activ-
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ation energy for the process. In figure III.S and III.6 as
an example the system O•ZNaK0.0·8B 2o3 has been chosen.
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Fig. III.6
Logarithmic pLot of the
frequency, fmaz• versus
l/Tmaz for the system
0•2NaKO.O·BB 20 3
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From this an activatien energy can be deduced as follows:
R.Alnw
ll ( 1/T)

(III. 2)

where the angular frequency w is determined by wt • 1 at the
tempersture T • Tmax·
It appears that E8 = 0•8 kcal/mole and the pre-ex.
f actor t
~
ponentlal
=
10 -12·5 seconds. However, only f our
0
points in a relatively small frequency region in the logarithmic plot of t- 1 (= fmax) versus 1/T are available; in this
way large errors in the estimation of t 0 can be expected.
I. Borate gtasses with the generat formuZa zM 20. (1-zJB 20 3;

M = Na 07' K

1.

!h! ~7'!B!n~e_ot !W~ ~e~k!
Dielectric measurements for the systems xNa 20.(1-x)B 2o3 ,
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xK 20.(1-x)B 2o3 and xNaK0.(1-x)B 2o3 are shown in figures
111.7 to 111.12.
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The rneasuring frequency is 1 kcs- 1 • There are two relaxation
peaks. The first one at about 25 K increases in maximurn
height as a function of x when x< 0•1; for x> 0•1 this
height appears to decrease as a function of x. The second
peak - at about 160 K - decreases in maximurn height when x
increases. In the following these two peaks are discussed
separately.

+

Fig. III.13
Tan ómax as a funation of x fo~
the system x[yNa 2o. (1-yJK 2o].
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As shown in figure 111.13 the peak at about 25 Kincreases linearly with x for values of x < 0•06. Furtherrnore,
the kind of the alkali ions present in the glass is found to
have little influence on the height of the peak as well as
on its position on the ternperature scale (see figure 111.14).

Fig. III.14
Tmax as a funation of x fo~
the system x[yNa 2o. (1-yJK 2o].
(1-xJB 2o
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When in the systern xNaK0.(1-x)B 2o3 the rnole percentage of
alkali oxide, x, exceeds 0•1, then the ternperature position
as well as the peak height pass through a maximum as a
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function of x; this is illustrated in figure III.lS and the
insert of figure III.12.

f
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i
Fig. III.15

Tmax as a funation of x for the
system xNaK0.(1-x)B 2o ; the
3
frequenay is 103oa-1
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--xSuch characteristics are difficult to establish for the
systems xNa 20.(1-x)B 2o3 and xK 20.(1-x)B 2o3 for x> 0·1 because of the large inaccuracy in estimating the maximum
height and the temperature position of the peak, this inaccuracy being caused by the tail of·the migration peak. The
latter peak is very large as compared to that at 25 K and it
is situated ~bove room temperature; with increasing x this
peak shifts to lower temperatures (chapter V) and the contribution of its tail to the total losses at low temperatures
becomes so large that a precise determination of the low temperature peak is impossible. Figures III.S and III.10 illustrate this
•
. .
The contribution of the tail of the migration peak (i.e.
the peak at higher temperatures) to the low temperature
losses is determined by the temperature position of this
migration peak. Due to the mixed alkali effect this peak
shifts to higher temperatures by using a mixture of two different alkali ions. The height of the losses at 273 K - these
losses in fact are part of the low temperature tail of the
migration peak - is related with the temperature position of
this peak; the higher this position is, the lower is the tail
at 2?3 K. In figure III.16 the magnitudes of these losses
are compared to the mole percentages of alkali ions present
in the glass; here the mixing ratio of Na+ and K+ is the
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parameter.
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From this graph two conclusions can be drawn.
(i) In single alkali systems the contribution of the migration peak to the low temperature losses is rather high
when x exceeds 0•1, as compared to the height of the
low temperature peak. On the other hand. the tail of the
migration peak is low for every x when the mixing ratio
is equimolar. i.e. in the system xNaK0.(1-x)B 2o3 •
(ii) No detectible mixed alkali effect would occur for x
smaller than approximately 0•05. This agrees with the
workof Hendrickson et at. (1) and Van Gemert et at.
(2). who proposed the presence of a·threshold cation
concentration below which no mixed cation effect occurs.
3. !_h!!._ .:_l§_O_K_p!f._aJs.'

The measurements for B2o3 show a relaxation at about
160 K when the frequency is 1 kcs- 1 • Figure 111.17 shows
the shift in temperature position when the frequency shifts
from 1 kcs- 1 to 10 kcs- 1 • This corresponds to an activation
energy of about 6 kcal/mole.
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Fi.g. III.l'?
Pan ê versus temperature for
B2o3 at differen,t frequencies

In figure III.18 it is ill~strated that the height of
this peak·in B o strongly depends on the melting conditions;
2 3
the height appears to decrease with increasing melting
temperature and melting time. In figures 111.7, III.9 and
III.11 we have seen that- the melting procedure being unchanged - with increasing content of alkali oxide this relaxation peak decreases in height until it eventually van-
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Fig. III.18
Tan ö versus temperature
for B 2 o3 with different
melting procedures
from H3Bo 3 :
1- 1000°C for 10 minutes
2- 1000°C for ~ hour
3- 1000°C for 5 hours
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ishes at about 10 mole percent of alkali oxide. This is
also illustrated in figure III.19
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--XAs will be clear from the discussion that fellows, the
presence of water in borates may be responsible for the
existence of the 160 K peak. Due to the large water attracting tendency of B2o3 and alkali borates with low alkali content, and due to the relatively strong bonding of water to
B2o3 , it has net been possible to give a direct proof that
the height of this peak is related with the amount of water
that is· present in the glass.
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Therefore, we were campelled to indicate indirectly that it
is very likely that water is responsible for this peak.
L, Shartsis et aZ. (3) carried out viscosity measurements
among others for the systems xNa 2o. (1-x)B 2o3 and xK 2o.
(1-x)B 2o3 in the temperature range from 600°C to 1000°C. Some
results of these investigations are shown in figure III.ZO
and in table III.1.
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Viscosity at 1000°C versus ~
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TabZe III.l

xK 20.(1-x)B 2o3

xNa 20.(1-x)B 2o3
x

T( OC)

log n
poise

x

T ( °C)

0
0.01
0.03
0.062

1000
1000
1000
1000

1 • 81 0
1.419
1.156
0.910

0
0. 011
0.021
G.039
0.084

1000
1000
1000
1000
1000

log n
poise
1.810
1. 566

1. 352
1. 050
0.625

Significant differences in the plot of log n versus x are
not found for the different systems. From the present
measurements it can be deduced that also the maximum height
of the relaxation peak is nearly independent of the nature of
the alkali ions present (see figure 111.19). Soit is possible
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to relate the height of the 160 K peak in the figures III.7,
III.9 and III.11 directly with the viscosity at the melting
temperature, 1000°C. This is shown in table III.Z and in
figure II I. 21
Tabte III.2
-1
x (Na,
log n
( 1kcs ) . 104
tan
0
~ (NaK), K) (T = 1000°C)
max
from fig. 15 Na
! (NaK)
K

12
8.5
7.3
4,5
-0

1. 81

0
0. 01
0.025
0.05
0.10

1. 52

1.27
0.96
0.55
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It is evident that the amount of water that is present
in the glass depends on the degree to which the water is able
to escape at the melting temperature. When the melting time
is constant - in our case 2 hours - the maximum height of
this peak is directly correlated with the Viscosity at the
melting temperature, in our case 1000°C;
These facts are in faveur of the assumpti~ that water
is responsible for the dielectric relaxation, the maximum of
which is found to be at about 160 K.
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w. Poch (31) demonstrated by IR investigations that the
absolute amount of water present in B2o3 , prepared by an
analogue meiting procedure as in our case, is approximately
between 0·1 and 0·25 weight percents.
Kurkjian et at. (4) came to a similar conclusion; they
carried out acoustic relaxation measurements, and found at a
frequency of ZO Mcs- 1 an absorption at room temperature for
'wet' B2o3 • Upon drying the B2o3 melt as thoroughly as possibie they found a reduction of the acoustic loss peak at
room temperature to 5% of its initial value, They found an
activatien energy of about 6•3 kcal/mole; this is in good
agreement with the dielectric relaxation measured by us,
which involves an activatien energy of about 6 kcal/male.
The results of our dielectric measurements are compared
to those of other workers in a semi-logarithmic plot of log f
versus 1/Tmax in figure III.2Z.
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The measurem~nts fulfil the Arrhenius type equation with
Ea ~ 6•0 kcal/mole and T 0 ~ 10- 13 seconds. This is a further
indication that the relaxation phenomena, measured mechani-

cally by others, is the same as that measured dielectrically
in this work.
3. Other vitreous boPates

It is known for a long time that generally speaking a
mixed alkali effect exists in conneetion with the migration
of alkali ions in glass.
In order to investigate if a kind of mixed alkali effect
exists also in the low temperature region, measurements have
been carried out for a mixed alkali system where the mixing
ratio is varied viz. the system O·Z(xNa 20.(1-x)K 0).0·8B o .
2
2 3
The results of these measurements are shown in figure 111.23.
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A negative deviation from additivity as a function of x seems
to be present, as far as the maximum height of tan ö is concerned, However, as has been discussed· in an earlier stage,
the contributions of the low temperature tails of the high
temperature migration peaks influence the shapes of these
low temperature peaks in different ways: in single alkali
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glasses these contributions are larger than in mixed alkali
systems. After subtraction of an estimated underground the
evaluated curves are obtained as shown in figure I I I. 24 ~
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Fig. III.25

2 3

~LiNaO. (1-~)B o

A pronounced mixed effect is still present for the maximum
peak height as well as for the temperature at which the peak
reaches its maximum value.
Figure III.25 shows the results of measurements for the
system xNaLi0.(1-x)B 2o3 • This system qualitatively behaves
in the same way as the system xNaK0.(1-x)B 2o3 •
The measurements for the single alkali glasses of the
system 0•2SM 20.0·7SB 2o3 , where M is Li, Na, K or Cs, show
the low temperature relaxation as a shoulder on the underground (see figure 111.26).

Fi.g. III.26
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Because of the high underground, the estimation of the shape
and the position of the elaborated low temperature peak is
doubtful. In spite of this an estimated underground has been
subtracted and the re sult is shown in figure II I. 27. The
maximum value of the relaxation turns ou·t to be inversely
proportional to the radii of the involved ions; the temperature position of the maximum seems to be hardly a function of
the nature of the alkali ions present. However, one must be
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Fig. III.27
Eva~uated curves of tan ó
versus temP,erature for
the syetem
0·25M 20.0·75B 2o3; the
frequency is 103cs-1
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Tan o versus temperature
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careful in consiclering the characteristics of these peaks
because it is unknown to what extend the possible presence
of a relaxation at temperatures below 4·2 K (ref. 30) contributes to the shape and position of the peak in our considerations.
In the figures III.28 and 111.29 the results are shown
of measurements for the systems 0•25LiM0.0•7SB 2o , where M
3
is Na, Kor Cs, and 0·25CsM0.0·7SB 2o3 , where M is Li, Na or
K, respectively. The maximum peak heights seem to be largest
when the differences in volume of the involved ions are.
largest; the temperature positions of the peaks seem to be
hardly influenced by the natures of the ions involved.
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4. Cryeta'ltine borates

Dielectric relaxation measurements Of some crystallised
systems are reported here; figure III.30 shows a comparison
of measurements for crystalline and vitreous 0·33Li 20.
0•67B 2o3 • The dielectric losses of crystalline lithium di-
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borate turn out to be lower than those of the vitreous analogon by a factor 50 in the entire temperature range measured.
In fact. the absolute values of the losses in the crystalline
case are of the order of magnitude of the accuracy determined
by the available equipment.
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Another example is given in figure 111.31. Here. measurements are shown of dielectric l~sses for a polycrystalline
mixed lithium-sodium triborate. 0•2S(O•SLi 20.0•SNa 2o).
0•7SB 2o3 . Again it appears that the losses in the vitreous
system are larger than those in the crystalline system by
orders of magnitude.
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4. Discussion
1. EvaZuation of the peaks

From the figures 111.7 to 111.12 it can be deduced that
the shapes of the relaxation peaks at about 25 K are the
same for all specimens, especially when x< 0·1. Where
x> 0·1 the shapes will be influenced by the low temperature
tail of the high temperature migration peak. Though it is
impossible to subtract the exact values of these tails from
the measured curves, it seems to be justified to assume· that
also in these regions the shapes of the low temperature peaks
agree with those for x< 0·1.
The value of the relaxation strength, öE, at the loss
peak temperature Tma x can be calculated approximately (ref.
21) from the area under the curve of the loss tangent versus
1/T:
ÖE

where

=Mi .

E'

•

0

/"'((tan ó) - (tan ó)u)d(1/T),

(111.3)

E1

is the dielectric constant at Tmax•
(tan ó)u is the underground loss,
H is the activatien energy, and
R is the gas constant.
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As an example figure III.32 illustrates that a plot of
tan 6 versus 1/T results in a very asymmetrie peak; in practice it turns out to be impossible to estimate a reliable
value for the area under this curve. Having no better alternative, and assuming that the maximum height of the peak is
directly proportional to the peak surface, we will use the
maximum peak height as a quantity which is proportional to Ae.
This relaxation strength is proportional to the number
of relaxing units and to the contribution per relaxing unit
to the total loss. Since the maximum height of the peak
(tan ömax) is assumed to be proportional to Ae, it can be
concluded that tan ömax is proportional to the number of
relaxing units and to the contribution per unit to the total
loss.
2. Some possible

Pela~ation

meahanisms

Low temperature relaxations can be interpreted as a
transition of some units between two or more states. In first
instance, it lies at hand to propose that these relaxations
may be caused by local motions of the alkali ions present, in
the way as it has been described for alkali ions in quarz
crystals by Stevels et al. (29). For instance, it can be
supposed that in alkali borates an ion is positioned near
the centre of gravity of any of the four boundary planes of
the B0 4 tetrahedron, and that it jumps from site to site:

;1

~
Arguments in favour of this conception are that
- the height of tan ömax in first instanee is proportional
to· the concentration of the alkali ions (M+),
- near the tetrahedra there is'a situation that M+ bas the
disposal over more than one approximately equivalent posi-
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tions,
the relaxation is absent when no M+ ions are present.
However, besides these features there are some criteria
which make this concept less probable, such as the following.
- Stevels et al. (29) found that the positions of Tmax of the
relaxations in crystalline quartz are dependent on the nature
of the alkali ions present. Simple geometrie calculations
for the possible transitions near a tetrahedron for the
proposed model indeed indicate that the size of the M+ .ion
determines the tempersture position of the relaxation. Such
a dependenee has never been found in the present measurements. The positions of the relaxations are hardly influenced by the nature of M+. MoreoveT, the shape and magnitude
of the relaxations are quite different from those measured
by Stevels.
The relaxation in our case is broad. In fact it resembles
that described by Stevels (29) where defects are present in
quartz crysta:ls which are partly vitrified.'lgnitude.
A r~laxation of the magnitude found in glass is absent in
crystalline systems.
This is in contradietien with the model which involves that.
the nature of the network - vitreous or crystalline - is
not essential for the alkali ions to perfarm the supposed
local motions.
Soit seems logic to suppose thatrthe observed relaxations are caused by another type of local motions viz. those
of the network. Assuming this there are reasans to suppose
that these relaxations are somehow related to the state of
disorder in the network. These reasans are the following.
- The appearence of a very wide distribution of relaxation
times, evidenced by the fact that all low tempersture peaks
measured by us are very broad as compared to relaxations
with a single relaxation time.
- The systematic absence of any relaxation in crystalline
alkali borates.
- The dependenee of tan ömax on the thermal history of the
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specimen.1t is illustrated in figure 111.33 that the relaxation strength has a considerably lower value when the
specimen bas been sufficiently annealed than in case the ·
specimen has been quenched from about 600°C to room temperature. 1t is believed that in the last case stresses
are frozen in, giving rise to an increase of disorder.
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Combining the experimental results the following conclusion
may be drawn.
The relaxation seems to be intimately connected with the
presence of tetrabedral units (B04) in the disordered network, because the relaxation is absent in
(a) pure B2o3 , which has disorder but lacks tetrabedral
units, and
(b) crystalline borates, which contains the tetrabedral units
but are completely ordered.
Moreover, the strength of tbe relaxation appears to be a
function of the thermal history of tbe specimen.

The relaxation may then be visualised as a jumping to
and fro between two distorted configurations of the tetrahedron. Simultaneously, the M+ ions near the tetrahedron
might change their position. However, since the activption
energy of the relaxation process does not depend on the nature
of M+ ions, it must be the transition of the tetrahedron, and
not that of the M+ ion, which determines this activatien
energy.
In crystalline borates the units are ordered in a regular lattice. The tetrabedral units are not in a deformed position such as has been described before. Since in this case
no transitions will occur under the influence of an external
field, it is not surprising that no relaxation will be observed in crystalline alkali borates.
Apparently, a distinction must bemadebetween two essentially different types of relaxation phenomena.
(1) Local motions which are typical for the crystalline state
are described for quartz crystals by Stevels et al. (29).
They are due to predestined potential wells defined by
the crystalline structure; so they may be called 'inherent local motions'. The corresponding relaxation peaks
are usually narrow and small.
(2) Local motions which are typical for the vitreous state
are due to induced defects in the network and so they
may be called 'induced local motions'. Apart from glasses,
such induced defects can be expected to be present in
quarz crystals which have been damaged by neutron or
X-ray irradiation. The relaxation peaks are usually broad
and much higher than in the case of inherent local motions.

s.

Comparison with the

experimenta~ reau~ts

Adding alkali oxide to B2o3 causes a change in the coordination number of some boron ions from three to four. For
each M20 molecule that is introduced two four-coordinated

55

horons are introduced:
(III.4)

This can be concluded directly from NMR measurements (22).
In this way the network, initially consisting purely of
B0 3 triangles, is disturbed by the presence of B0 4 ~etrahedra.
When such a tetrahedron is present, the cohesion with the
surrounding network increases, and this fact may cause a defect site near the tetrahedron to relax more difficultly at
the annealing temperature as a consequence of the number of
possibilities for relaxation.
This finds a support in other kinds of investigations,
like Raman spectroscopy; Brawer (24) gave a theoretica! deduction of the characteristics of some Raman peaks, and he
compared this with experimental results for crystalline and
vitreous alkali silicates. One of bis conclusions was that
the widths of some peaks are a function of the disorder in
the lattice. Bril (25) applied this knowledge to his Raman
results for vitreous alkali borates; he found that some peaks
exhibit a considerable broadening when alkali oxide is added
to B2o3 . It may be concluded that this broadening is, at
least partially, caused by an increase of the disorder in the
lattice.
Als~ IR experiments have revealed some additional evidence for the assumption that adding alkali oxide to B2o3
influences the state of disorder in the glass. Franz (28) bas
investigated solubilities of water in alkali borate melts.
From the spectra he deduced that the half width of the hydroxyl band at 2·9 ~ of borate glasses increases continuously
up to about 15 mole percents of·alkali oxide, whereas at
higher alkali contents an inverse influence is seen.
Because the number of tetrabedrally surrounded boron
ions _starts to increase linearly with the number of alkali
ions present, x, one can conclude that also the maximum value of tan o, tan omax is a linear function of x (see
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figure III.13).
A rigorous change in the temperature positions of
tan omax (Tmax) as a function of x will not be expected since
the natures of the defect sites can be estimated to be approximately identical, though a large distribution in their
potential energy states can be expected. Furthermore, when
x is not too large, these sites will hardly influence each
other.
However, the entanglement in the network increases upon
the introduetion of alkali ions, due to an increase of the
number of tetrahedra. As a consequence of this the total rigidity of the network increases (as evidenced by an increase
in for example the viscosity (26) or by an increase of the
temperature at which the network relaxation peak, discussed
in chapter VI of this thesis, reaches its maximum value),
possibly giving rise to a slight increase of the harrier
height in the model of the double potential minimum.
The consequence of this in the experiments is that a small
increase in Tmax may be expected (see figure III.15).
When x exceeds, say, 0•15, then it can not be expected
that the defect sites, caused by the presence of the tetrahedra, do not influence .each other; the distance between two
stochastically distributed tetrahedra apparently becomes
small enough that these may interact. This means that the
statement made for smal! values of x, namely that the value
of tan omax is directly proportional to the number of tetrahedra, may not be valid anymore for larger values of x. A
negative deviation from the linear relationship can be expected (see for example figure III.12).
Secondly, Beekenkamp (27) has pointed out that from
x= 0•15, also threefold coordinated boron ions with one nonbridging oxygen ion per triangle appear in detectible quantities
(III.5)
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It is evident that for every nonbridging oxygen a situation
is created with a smaller entanglement. The consequence of
this is that the increase of the rigidity with x will not be
so large as it would have been when no nonbridging oxygen
were formed. An experimental evidence for this has been given
again by viscosity measurements for instanee by Visser (26).
This may cause a decrease of the height of the harrier separating the two minima in the double potential model, and
hence a decrease of Tmax in figure 111.15.
For the sodium and potassium borate systems with x< 0·1
the peak heights (tan omax) as well as Tmax are rather independent of whether sodium, potassium or a mixture of these
is present (see the figures III.13 and 111.14). Further, if
we consider the system xMM'0.(1-x)B 2o3 , the peak height
passes through a maximum as a function of x, irrespective
of the naturesofMand M'. This is illustrated in table III.3.

.

TabZe III 8·, system xMM'O (1-x)B 23
0
M
M'
x(peak height is maxima!)

Li
Na
Na
K

Na
Na
K
K

0·17
0•19
0·10
0•12

The position of the maximum is between x= 0·1 and x= 0·2
in all investigated systems.
In the system 0•2SM 20.0·7SB 2o3 T
is hardly dependent
+
max
on the nature of the M ions. However, if one realises that
the evalustion of the peak for the system 0•25Li 20.0·7SB 2o3
involves large errors so that this line is better left out
of consideration, a smal! increase of Tmax can be detected
in the series cs--.K--.Na (see figure 111.27). An explanation
for this may be found in the consideration that the rigidity
of the network increases in the same direction, due to an

increasing charge density of the alkali ions. Tan ömax in
this series shows a distinct increase; probably this indicates that the number of units in the system that is able to
relax through an applied d:i,.electric field increases in that
direction; this means an increase of the disorder in this
direction. The same conclusion was drawn by Bril (ZS) who
performed Raman experiments for vitreous alkali borates; by
measurements of the half widths of some Rama~ peaks he found
an increase of the degree of disorder in the direction Cs--*
K-Na-Li.
There is a 'mixed alkali effect' when in the system
O•Z[xNa 20.(l-x)K 20].0•SB 2o3 the sodium ions are gradually
replaced by potassium ions (see figures 111.23 and III.24).
The weak minimum of Tmax as a function of x undoubtedly is
related with the minimum of the rigidity of the network as
a function of x (see chapter VI of this thesis).
From measurements for the mixed Li-alkali and alkali-Cs
systems it can be deduced that Tm ax is hardly
influenced by
.
the pature of the alkali ions pr~sent (see figures 1!1.28
and !!!.29). On the other hand, the measurements show an increase of tan ömax when the differences in size of the ions
involved increase. From this and from figure 1!!.34 it is

Fig> III.34
Deviation fPom additivity
(~) as a function of the ion
radius Patio (rM/rM,J
2
--1\4/RM'-
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evident that the presence of alkali ions of different size
may sometimes cause a negative and sametimes a positive mixed
effect, Here ~ is the deviation from additivity and rM/rM' is
the ion radii ratio. The negative deviation gradually changes
into a positive one when the volume differences between the
alkali ions involved are enlarged.
5. Summary and conclusions
Dielectric relaxation measurements have been carried out
for single and mixed alkali borate glasses at temperatures
between 4•2 K and 300 K, and for frequencies between 0•1
kcs- 1 and 100 kcs- 1 •
In vitreous borates a relaxation peak is present at temperatures between 15 K and 30 ,K when the frequency is 1 kcs - 1 ,
It is remarkable that relaxations of comparable sizes are
absent in crystalline borates. It has been found that the
nature of the alkali ions present does not influence the activation energy of the relaxation, or only to a small extend.
At the moment it seems the best .conclusion to ascribe
this peak to local motions of 'defect sites' in the network,
such as B0 4 groups in distorted configurations.
Generally, the relaxations in the vitreous state can be
ascribed to 'induced local motions', caused by induced local
defects in the network. On the contrary, relaxations in the
crystalline state can be ascribed to 'inherent local motions';
predestined potential wells in the crystalline structure may
cause such local motions.
In B2o3 and borates with low alkali contents a relaxation
peak can be observed at about 160 K when the measuring frequency is 10 3cs- 1 • This relaxat.ion is related with water,
present in the glass. Though it can not yet be concluded at
this moment what the exact nature of this relaxation is, it
can generally be proposed that motions in [B-OH+ H:o-Bl
units are involved here.
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IV. Mechanica! relaxation phenomena at medium
temperatures •

1. Introduetion
The study of the mechanica! losses of glasses which contain two kinds of alkali ions has revealed a new relaxation
peak which is called the mixed alkali peak in the literature.
The mixed alkali peak has been studied intensively during the
past few years and it has been found that ether monovalent
cationscan cause similar effects (refs. 1, 2). Systematic
investigations of silicate glasses have shown that the mixed
peak reaches its maximum height in a glass in which the diffusion coefficient of both alkalis is equal and that its magnitude is also related to the difference in size of the alkali
ions involved (3, 4). Investigations on metaphosphate glasses
have shown that even protons can cause a mixed peak and that
the relation between the size differences and the mixed peak
magnitude is also applicable to phosphate glasses (refs. 5, 6).
A systematic investigation of the behaviour of the mixed
alkali peak in borate glasses was still lacking. Therefore
the work described in this chapter was undertaken.
2. Experimental procedure
Series of mixed alkali borate glasses were prepared from
reagent grade B2o3 (Merck 163), Li 2co 3 (Merck 5671), Na 2co 3

...

Part of the work described in this chapter has been pub-

lisbed in the Journalof Non-Crystalline Solids

l!

(1974) 281.
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(Merck 6392), K2co 3 (Merck 4928), cs 2co 3 (Merck 2040) and
AgN0 3 (Merck 1510).
The batches were melted into glasses by keeping them in
a platinum crucible in an electric furnace at about 1000°C
for approximately two hours. The silver containing glasses
were melted in porcelain crucibles (Weta 3271). ·
From each batch two different sample types were made:
(1) fibers, approximately 0•5 mm in diameter, (2) rectangular
bars with dimensions 5 x 6 x 103 mm. All specimens were annealed prior to measurement and stared in water free oil. The
internal friction of the fiber specimens was measured with a
torsion pendulum, using a vacuum of 50 x 10- 3 torr, at
0·5 cs- 1 • The internal friction of the bars was measured in
air at approximately 2 kcs- 1 using a resonance technique in
flexure. More detailed information about the sample preparatien and measuring techniques may be obtained elsewhere
(ref.6, 7).
3. Results
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At room temperature sodium borate glasses, containing
30 mole % Na 2o, show a maximum in the internal friction versus
temperature curve at 0·5 cs~ 1 (see figure IV.l). This relaxation peak is caused by the stress induced movement of sodium
ions and is called single alkali peak. It has been shown
(refs. 8-15) that the position of the single alkali peak is
correlated to the diffusion coefficient of the alkali ions
and to the position of the dielectric losses, while the activation energies calculated for these processes are basically
the same.
The gradual substitution of potassium ions for sodium
ions causes an additional internal friction peak to appear
at higher temperatures. This 'mixed alkali peak' bas always
been observed when more than one alkali is present. Further
substitution of the initially present alkali by a secend one
causes the mixed alkali peak to develop rapidly and to shift
to lower temperatures.
Simultaneously, the single alkali peak is reduced in size and
shifted to higher temperatures. The single alkali peak will
soon merge into the low temperature side of the mixed alkali
peak and cannot be observed anymore.
In a composition in which both alkalis are about equally
abundant, the mixed peak reaches its maximum size and it is
usually very large as compared to the size of the single alkali peak. Further addition of the secend alkali causes the
mixed peak to shrink again and to shift tö higher temperatures.
When all of the initially present alkali is replaced by the
second alkali, the mixed peak merges completely into the high
temperature losses which are due to netwerk motions, and a
single alkali peak associated with the secend alkali can be
observed again at room temperature.
If the total amount of alkali oxide is varied without
affecting the mixing ratio of the alkalis, changes in the internal friction can be observed like the ones shown in figure
IV.2. Reducing the total amount of alkali will result in a
reduction of the mixed peak and a shift to higher temperatures.
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In chapter II it has been shown that the peak temperature, at constant frequency, is a direct measure for the
a~tivation energy of the mixed alkali pe~k • Therefore, this
activatien energy increases as the total amount of alkali is
reduced. Karsch and Jenckel (16) have shown that this is also true for the single alkali peaks in borate glasses.
Figures IV.3 and IV.4 show the dependenee of the magnitude of the mixed alkali peak on the composition. It can be
concluded that the occurrence of a mixed alkali peak is unaffected by the total amount of alkali and that the alkali
mixing ratio which will cause the largest peak, remains basically unchanged. A variatien of the total amount of alkali,
at constant mixing ratio, causes a linear change in the magnitude of the mixed alkali peak. The compositional range,
where the total alkali content is less than 15 mole %, could
not be investigated as the increased activatien energy of the
relaxation will cause the peak to appear at a temperature
which is too close to the transformation range of the glass
so that the mixed peak can no langer be resolved from the
network relaxation peak (cf. chapter \I).
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Figure IV.S s~ows the activation energy of the mixed peak
as a function of the mixing ratio. One can see that the ac•
tivation energy reaches a minimum at approximately the same
composition at which the largest mixed peak is found. Here
again, the compositional range accessible to measurement is
restricted by the resolution of the peak from the high temperature losses. Data for glasses containing less than 5
mole \ of the second alkali oxide are lacking.
Figure IV.S shows that the machanical losses, associated
with the mixed alkali peak, lack an electrical analogue: a
comparison of the average activation energies of the dielectric and mechanical losses demonstratas that these two loss
processes must have a different origin •
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Other mixed alkali borate systems, in particular the
Li-Na and K-Cs series, have also been investigated. The results of these experiments are shown in figures IV.6 - IV.11.
As the properties of these glasses appeared to be qualitatively comparable to those of the sodium-potassium glasses,
further investigation was confined to compositions containing
a total amount of 25 mole \ of alkali oxide and a mixing
ratio of 1:1.
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The figures IV.12 and IV.13 show the internal friction
curves of various mixed cation borate glasses as functions
of the temperature .
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Fig. IV.13

Tan o versus the temperature for the
system 0•25AgM0.0·75B 2o3

The effects found in the silver-containing glasses show a
large resemblance to those of the corresponding sodium
glasses. Apparently, silver ions do not behave differently
from alkali ions in this respect, except for the fact that
the silver glasses have lower annealing temperatures. The
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relatively low annealing temperature gives an indication that
the glass network is weakened, probably on account of the
fact that the silver-oxygen bonds are considerably less ionic
than the sodium-oxygen bonds •.
As the single alkali peak varrishes rápidly into the mixed
alkali peak upon adding another alkali ion it is impossible
to study the features of this peak by mechanica! methods.
However, because the mixed peak is believed to be electrically inactive it is possible to detect the single peak for all
mixing ratios by dielectric rélaxation measurements. This is
discussed in chapter V.
4. Discussion
1.

P~opoaed

modet

When a mechanica! field is applied to a single alkali
glass. then the re sult can be a stress induced migration of
the alkali ions. Necessary for this is the preserree of a few
empty sites:

- - - conduction cha nnel____...
~~~~

M•

o-

empty site

This corresponds to the measured single alkali peak.
When cations of different sizes are present, then they
may form an obstruction for this conduction process. The
consequence of this is a shift of the. single alkali peak to
higher temperatures. This 'mixed alkali effect' can be measured by mechanica! as well as dielectric methods.
Wh.en a mechanica! field is applied to a mixed alkali system
then the netwerk will also be defo~med •. The relatively immobile cations
M; (the foreign ions)
can hardly fellow these deformations. They may lose their original bondings and move to another surrounding when they are able to
surpass the energy harrier for this (diffusion). By moving,
these ions lose energy to the surroundings (netwerk) as heat.

7Z

This energy loss can be measured as a relaxation peak.
+
The relatively mobile ions M1 (those in abundance) will
be able to compensate almost immediately the charge displacement which accompanies the volume displacement discussed before, by moving in the opposite direction. No energy loss is
involved with this.

-conduction channel---;;..

€Jöoo

tl1

~

Although the vitreous state would certainly admitt it, this
is not necessarily a change in position of two ions. It can
not be excluded - or perhaps it is probable - that more than
one M1+ ionsin the neighbourhood will move somewhat in order
to compensate the field.
A mechanica! field imposes deformation on the netwerk,
and it can in this way influence the alkali ions because of
their volume. This can be the origin of the mechanically
measûred mixed alkali peak.
An electric field affects local charges. In the proposed
model nonet charge transport results, and so such relaxations
are found to be electrically inactive.
In a qualitative way this model explains the measured
characteristics. These are the following.
- The magnitude of the peak is related to the concentratien
of both alkalis and the peak should be attributed to a
mechanism in which both dissimilar alkali ions participate.
- The occurrence of the mixed alkali peak does not depend on
which of the two alkalis is considered to be foreign. This
second alkali ion may be larger or smaller than the initially present alkali ions.
- Combined diffusion and internal friction studies have shown
that this relaxation is controlled by the diffusion coefficient of the slowest moving species.
·- The widths of the distribution functions of the relaxation
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times do not differ significantly in the single and mixed
alkali peaks, Therefore, it is likely that both peaks are
related to the same process, i.e. alkali diffusion.
- From the comparison of the dielectric and mechanica! losses
one can conclude that the associated ions can move under
the influence of a mechanica! force in such a way that no
net electric charge transport results.
- One of the alkali ions (the smaller one) can always prevent
the build-up of an electricj counterfield, by jumping in the
opposite direction and it can act as a kind of 'short circuit'. The main result of this is that the number of jumps
is no longer restricted by electrical forces and a much
larger relaxation than in the case of single alkali diffusion can be expected.
The proposed mechanism for the mixed alkali peak does not
explain the reduction of the alkali ion mobility upon introduetion of a second alkali ion ('mixed alkali effect'). It
merely explains how the mixed peak is related to the properties of the individual alkali ions.
2. Comparison of the present resuZts with the data for
siZiaate and phosphate gZasses

Shelby et aZ. (4) have stuclied the mixed alkali peak in
glasses wiih the general formula (1-x)R 20.xRz0.3Si0 2 and found
that the size of the mixed alkali peak for glasses containing
equal amounts of both alkalis is related to the size of the
alkali ions. They assumed that the magnitude of the mixed
alkali peak is a function of the ionic radius ratio and obtained a curve as given in figure IV.14.
Here again, one can see that the largest mixed alkali
peak is obtained by combining sodium with potassium. This
figure also shows the curves for the metaphosphate glasses
(ref. 6) together with those for the borate glasses from this
study. For all three glass formers the same basic relationship between peak height and ion size ratio is observed.

74

Fig. IV. 14
Tan oma~ for the mi~ed peak
as a tunetion of the ionic
radius ratio. The mi~ing
ratio is O•S

In the literature several values have been reported for
the ion radius of silver. In order to obtain a reliable value
of this ionic radius in glass density measurements have been
carried out.
The molar volume of oxygen (MVO) can be calculated from
the density , n. according to the equation:
x.MR 0
MVO

2

+

(1-x). MR'O
.2

+

y.MNWF

D.(O•S + y.z}
where the glass composition is represented by xR 20.(1-x)RzO•
yNWF; MR 0 , MR'O and MNWF are the molar weights of the oxides
2
z
(g/mole), 2z is the number of oxygen ionsper mole of network
formi~g oxide (NWF).
The relation between the molar volume of oxygen and the
third power of the alkali radius in borate glasses, is qualitatively identical to the corresponding relation in metaphosphate glasses (ref. 6). The MVO data of the present glasses are given in table IV.l.
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Fig. IV.15 shows that the molar volume of oxygen in borate glasses is a function of the cation volume (Goldschmidt
radii are used). In this respect silver behaves like an alkali ion .with about the size of. a sodium ion. According to
this in figure IV.14 anion radius of 1.04 X for silver is
chosen for the calculation of the ionic radius ratio.
The silver containing glasses do not fall into line with
the alkali glasses, probably as a result of the different
nature of the silver-oxygen bond. The large differences in
the magnitudes of the mixed peaks in the three vitreous systems can be explained in terms of concentratien and mobility
effects. The alkali concent ration (in mole R20/unit volume)
is largest in the metaphosphates. Here four alkali ion.s are
present for each six pairs of oxygen ions. The trisilicate
glasses with four alkali ions per seven molecules of oxygen
come next. The alkali concentratien is lowest in the borate
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glasses; bere four alkali ions are present per ten molecules
of oxygen. The difference between the three systems is further influenced by the relative order of the diffusion coefficients of the alkali ions. Metaphosphate glasses are relatively soft glasses with large alkali diffusivities. The
borate glasses occupy an intermediate position and the silicate glasses are rigid and have relatively high softening
points and low diffusivities.
Silicate and phosphate glasses show a third internal
friction peak at intermediate temperatures. This intermediate
tempersture peak bas been attributed to the same basic effect
which causes the mixed alkali peak. In this particular case,
protons play the role of alkali ions and the magnitude of
this mixed alkali-proton peak depends on the amount of dissolved water in the same way as the mixed alkali peak depends
on the concentration of a second alkali oxide.
In the presently investigated borate glasses, no indication has been found for the presence of a mixed alkaliprot,on peak. The reason for this is not yet fully understood.
It is possibly due to a different bonding state of the protons in the borate glasses (ref. 17) or a result of a relatively low solubility of water in borate glasses.
S. Summary and Conclusions
The internal friction of mixed alkali borate glasses is
characterised by the presence of a second relaxation peak,
located at elevated temperatures. The introduetion of dissimilar alkali ions causes the single alkali peak to be reduced
in size and to shift to higher temperatures. The new peak
which merges from the network peak attains its largest height
at approximately equal concentrations of both alkalis.
The magnitude of the mixed alkali peak depends on the
size of the alkali ions in a similar way as in silicate and
phosphate glasses.
To a first approximation, the magnitude of this mixed alkali
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peak is proportional to the total alkali content.
The alkali-proton peak which is commonly observed in silicate and phosphate glasses, is absent in the presently
studied borate glasses.
Generally Jpeaking, the conclusion is that there is a
striking similarity in the mechanica! and dielectric behaviour of mixed alkali silicates, p~osphates and borates in the
range of medium temperatures. The magnitudes of the average
activatien energies of the single alkali peaks are about
equal to those for the dielectric loss peaks, giving furtber
support to the ássumption that these phenomena are associated
with the same phenomenon, i.e. the migration of alkali ions
(see also chapter V). The data on the mi~ed alkali peaks are
in agreement with a model which attributes the mixed alkali
peak to stress induçed diffusion processas of dissimilar al~
kali ions, coupled by electric forces. The size of the mixed
peak seems to be controlled by the volume difference of the
participating ions, their concentratien and their diffusivity.
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V.

Dielectric relaxation phenomena at medium
temperatures

1. Introduetion
The ions present in glass can be considered to be network
formers or network modifiers. When an electric field is applied to the glass certain modifiers are the electric charge
carriers. Especially, the monovalent cations (alkali ions,
Ag+) are responsible for electric conduction. These ions are.
positioned in the interstices of the network and they are
bonded with oxygen in the neighbourhood. Normally, the M+
ions occupy sites of the lowest potential energy. However,
because of the fact that the thermal energy is not constant
in time and position, M+ ions may surpass the energy harrier
and move to an interstice in the neighbourhood. This effect
is responsible for the self-diffusion of the M+ ions.
When an electric field is applied the probability of a
jump in the direction of the field is enlarged and in the
opposite direction it is decreased. It is assumed that in
this way migration of alkali ions is possible under the influence of an electric field (see for instanee ref. 1).
It has been known for a long time that a mixed alkali
effect occurs when in a system alkali ions of different sizes
are present. This effect means a large decrease in the mobilities of the ions with respect to the non-mixed states.
It can be found by all kinds o:l; measurements where the motions
of cations are essential, for instanee by conductivity and
diffusion measurements. The occurrence of the effect appears
to be independent of the kind of the netwerk involved: it
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can be found in all kinds of oxide glasses.
In this chapter the mixed alkali effect is studied by
means of dielectric relaxation measurements for mixed cation
metaphosphate and borate glasses, the cations being Li+, Na+,
K+ , Cs + and Ag + .
2. Theory
In an alternating electric field of fairly high frequency,
or at fairly low temperatures, the ions in the matrix may
oscillate with a short jump distance. On the other hand, the
oscillation of the ions at lower frequencies, or at higher
temperatures, shows larger jump distances which eventually
allow them to migrate to the electrode surfaces. Since they
will not necessarily be discharged at the electrodes. they
will build up space charges. The nature of the boundary between dielectric medium and metal (in this case between glass
and electrode) is decisive for the extend to which an ion
will pass through this boundary and become discharged. Such
an electrode polarisation influences the apparent dielectric
constant.
The a.c. dielectric behaviour can be described by the
complex dielectric constante := e' -ie'', where e' is the
dielectric constant and e'' is the loss factor. When an alternating voltage is applied to a capacitor with a dielectric
medium filling the space between the plates, the resultant
alternating current is given by

A graphical representation of this is given in figure V.1.
When the polarisation of the material cannot keep in phase
with the applied field, the current bas a component i 1 out
of phase with the applied voltage which causes dissipation
of ehergy in the formof heat. The lo•s current i 1 will also
contain a component due to d.c. conductivity (iÎC), This can
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Fig. V.l

ia
iz.

=charging
= Zoss

aurrent

curl'ent~

due to

ac-conduativity (i~c)
or da-aonduativity (ida)
z

Veatol' notation for the aZternating aurrent in a
capacitor ~ith a dieZeetria medium

be made plausible by the following considerations (ref. 2).
Consider a configuration in which a large number of interstices for the charge carriers are uniformly distributed
as shown in figure V.Za
Fig. V. 3
Carrier transport aZong
uniformZy distributed
sites

o o

-E.,.

o o o

(a)

[r,,,
time

Each potential barrier between the adjacent sites is assumed
to be the same, so that the jump probability of the charge
carriers is the same in all directions under zero electric
field. Under the influence of an electric field, however, the
potential curves along the paths parallel to the field direction. This carrier transport is assumed to be the most likely
mechanism for ionic conduction. Only a conduction current
i~ is induced (figure V.2c).
When the spatial distribution of the interstices deviates
from the uniform distribution to a degree that not all the
continuous paths are destroyed, the charge carriers are compelled to jump along a winding continuous path as shown in
figure V.3a.
Under the influence of an electric field, the potential
curves along the winding paths are irregularly deformed as
is shown in figure V.3b because they are not deformed in the.
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portions of the winding paths perpendicular to the electric
field. Accordingly, the electric field càuses a local charge
accumulation in the corners of the winding paths as well as
a charge transport along the winding paths. This means that
a polarisation current i(t) is induced in conjunction with
the conduction current i 00 (see figure V.3c).
lf the electrades are 'blocking' no long-range diffusion
occurs due to charge build-up when the charge carriers have
been displaced somewhat. If in this way a continuous path
cannot be found at all as shown in figure V.4a, an electric
field only induces a polarisation current i(t) based on short
range diffusion of charge carriers (figure V.4c).
Fig. V. 4
Carrier transfer
bet~een t~o sites
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In this context, i 00 causes the conduction losses, and
i(t) the polarisation losses! When the electrades are •nonblocking', then the polarisation losses are masked by the
conduction losses. 'Blocking' electredes shift the occurrence

...

In early publications the polarisation losses have often

been called migration losses, whereas in some recent publications conduction losses and polarisation losses taken
together have been called migration losses.
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of the conduction losses to higher temperatures or lower
frequencies. In this context electrades are called:
- Completely blocking when no charge transfer occurs at the
boundary dielectric-electrode;
- completely non-blocking when the boundary dielectric-electrode does not contain an energy harrier for charge transfer.
The behaviour of real electrades is always somewhere between
these two extreme electrode characteristics.
Therefore a dielectric response to step voltage generally
gives rise to a transient charging current through the sample.
This decays to a time independent value which is the steady
state conduction current. Discharging the sample produces a
negative discharge current. lf we subtract the steady conduction current from the observed charging current, we find
that the net charging and discharging current are identical
in magnitude and form. Assuming that the superposition principle holds, the time dependent charge-discharge current can
be related to the frequency dependenee of the complex dielectric constant:
e(w) = e'(w)- ie''(w)

(V. 1)

a(w)

e' '(w)

(V. 2)

where a(w)

the conductivity of the sample for frequency w
the static or 'relaxed'conductivity
as
at(w) = the transient conductivity for frequency w
8.85 10- 12 farad m- 1 •
eo
In a graphical representation (figure V.S):
Fig.

V. 6

Graphiaat representation of
e'' as a funation of w
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Since the losstangent tan ó: • e''/e', the measurements
of tan ó versus the temperature or frequency correspond to
the dashed curve in the picture, giving the total loss factor
due to both the transient current (a.c. conductivity) and
the steady state current (d.c. conductivity).
3. Sample preparatien and experimental procedure
Metaphosphate glasses were prepared from commercially
available NaH 2Po 4 .H 2o (Merck 6346) and KH 2Po 4 (Merck 4873),
and from specially prepared LiH 2Po 4 , CsH 2Po 4 and AgP0 3 • Details about the preparatien of the alkali and silver metaphosphates have been reported in an earlier paper by Van Ass
et at.. (3).
Series of mixed alkali borate glasses were prepared from
reagent grade B2o 3 (Merck 163), Li 2co 3 (Merck 5671), K2co 3
(Merck 4928), cs 2so 3 (Merck 2040), Na 2co 3 (Merck 6392) and
AgN0 3 (Merck 1510) (ref. 4).
The glasses were melted in an electric furnace at about
1000°C. Because silver containing systems are able to react
with platinum at higher temperatures, these glasses were prepared in porcelain crucibles (Weta 3271). The glass melts
were bubbled with oxygen, which had been dried with sodaasbestos and drierite for 1 hour at about 1000°C.
Discs, 25 mm in diameter and 2 mm thick, to be used for
the dielectric loss measurements, were cast in graphite
molds which were preheated toabout 200°C, and annealed. In
this manner metaphosphate as well as borate glasses were
prepared.
The dielectric measurements were carried out with a
General Radio Impedance Bridge, Type 1656, Tuned Amplifier
and Null Detector, Type 1232-A, Preamplifier, Type 1232-PZ
and Oscillator, Type 1310-B. For measurement, a disc with a
diameter of 25 mm and 1 to 2 mm thick, was placed in an electrically heated furnace under atmospheric circumstances.
When the measurements were carried out as functions of the
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temperature, a continuous heating rate of about 3°C per minute was employed. When the measurements were carried out as
functions of the frequency, the temperature was kept constant
within 2°C.
4. Proposed theories of the

mi~ed

alkali effect

For a long time the mixed alkali effect in glass has
been a subject of much controversy and several theories have
been developed. As yet, no theory has received universa!
acceptance. Some of them - each characterised by some key
words - are mentioned bere.
(i)
Independent structures (ref. 5). The two alkali ions
may have no mutual interaction, and the conductivity of
a mixed alkali glass could be represented as the sum of
the conductivities of two single alkali glasses. This
model might have specific validity for the case of a
mixed alkali glass composed of two interconnected phases
each corresponding to a single alkali glass. The model
was inadequate for descrihing the effect in mixed Na-K
silicates (ref. 6).
(ii) Blocked and reactivated ions (ref. 7). A large migrating
ion can be blocked in its motion by an empty site vacated
by an ion of smaller size. To account for the observed
conductivity, it is assumed that these blocked ions are
reactivated. The physical basis of this model has been
strongly critisized (ref~ 8).
(iii) Distribution of sites (ref. 9). When Na+ ions in a glass
are replaced by K+ ions, the least strongly bonded Na+
ions are most readily replaced. The remaining Na+ ions
should on the average be more rigidly bonded, and the
activatien energy for conduction would be higher. This
argument implies (ref. 10) that the replacement' of one
alkali ion by another ene takes place in a network
which is already formed. An alternative is the assumption that the ions will, to a large extend, determine
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their own environment as the netwerk forms around them.
(iv) Changes in volume (ref. 11). When one alkali ion is
partially replaced by another mie, the specific volume
may be less than in the case that mixing were ideal,
causing a decrease in the mobility of the ions. It has
been demonstrated (ref. 12), however, that the mixed alkali effect can occur in absence of such densifications.
(v) Phase separation {ref. 13). Partial alkali substitution
may enhance metastable phase separation, forming a discontinuous phase, rich in the more mobile ions, dispersed
in a continuous phase deficient in these ions. However,
it has been pointed our (ref. 14) that phase separation
is not a prerequisite for the occurrence of the mixed
alkali effect.
(vi) Resonance frequency (ref. 15). The effect should be
caused by a short-range electrodynamic interaction, arising from the differences in resonance frequences between dissimilar alkali ions. This theory prediets a
relation between the magnitude of the interaction and the
mass differences· of the ions involved. A mobility reducing association between dissimilar alkali ions is
assumed, located within an 'interaction range' of approximately 6 ft. This model is very succesful in descrihing
transport phenomena as each dissimilar ion can interact
with more than one alkali ion of the initially present
type.
In the present paper a few features in mixed alkali glasses
are discussed which certainly may not be neglected in explaining the phenomenon of the mixed alkali effect.
S. Electredes
The dielectric measurements have been carried out by
placing the dielectric medium between electrodes. Two different kinds of electredes were used, namely:
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(1) Non-blocking electrodes.
A platinum or silver suspension is painted on the surface
of the specimen. After drying there is a true contact
between the dielectric and the electrodes. See figure V.6.
/dietectric:

Fig. V. 6
Dieteatria medium with nonbtoaking eteatrodes

~~~~
l~~~

~ electrades

No energy harrier exists to transfer charge carriers
across the boundary, as each charge carrier arriving at t
the boundary is neutralised. Thus, when the charge carriers in th~ dielectric become mobile, the system becomes
a 'short circuited' one. In this case the behaviour of
e'' versus the temperature is given by the following
schematic representation (figure V.7):

Fig. V. 7
Graphiaat representation of
a measurement of E 11 versus
w using non-btoaking
eteatrodes

The dasbed curve corresponds to the experimentally measured tan ó (: = e''/e').e' can be calculated from capacitance measurements by the following relation:
EI

= d

x·c

(V. 3)

thickness of the sample
A
area of the electrades
C = capacitance of the dielectric medium filling
the space between the electrodes.

where d
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An example of such measurements for the system
0·5[xNa 20.(1-x)K 2o].0·5P 2o5 is shown in figures V.S and
V.9. In figure V.S the measurements of tan ö as a function of the temperature at a fixed frequency of 3,000
es -1 are illustrated for metaphosphates with different
alkali contents. The electrades consist of a platinum
coating. Figure V.9 shows a maasurement for one system
at four different frequencies. There is a clear frequency
dependenee of temperature positions of the curves.
It is evident from these examples that tan ö increases monotoneously as a function of the temperature.
(2) Blocking electrodes.
The specimen is clamped in between two stainless steel
electrodes. It is assumed that a very thin layer of oxide and a thin air gap (a few ftngströms) exist at the
boundary (ref. 16), and the contact dielectric-electrode
is not as direct as in case (1) ('blocking electrodes')
(figure v.:ro)
Fig. V.lO
D~eZectr~a

medium ~~th
bZooking eteotrodee
electrades

Here a non-conducting layer exists between the electrades and the dielectric. So a potential barrier is present between the metal and the dielectric medium. The
system is 'short circuited' when the mobilities of the
charge carriers are large enough to surpass this energy
barrier.
As a consequence, the 'short circuit frequency' at
a given temperature is lower in this case than in case
(1), or: at a given frequency of the applied field the
'short circuit temperature' is higher in this case than
in case (1) (see figure V. 11).
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Fig. V.11
representation of a
measurement of e'' versus w
using b~oaking e~eatrodes
Graphiaa~

Examples of tan ö measurements using stainless steel
electredes are shown in figures V.12 and V.13. Here the
the results are illustrated for the system 0·5(0•84Na 2o.
0·16K 20).0•SP 2o5 as a function pf the temperature and of
the frequency respectively.
Due to the higher temperature position of the static
conductivity as the dielectric relaxation caused by the
transient conductivity at(w) is directly distinguishable.
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6, Results
The complex dielectric constant can he expressed as
€

:

€

I

-

ie: I

I •

Theoretica! analysis leads to the equation (cf. ref. 17)
(V.4)
which can he written as
e:' - e:oo

(V. 5)

and
e:''
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(V.6)

where

dielectric constant at zero frequency
dielectric constant at infinite
frequency.
It is possible toplot (1) e'' versus e', or (2) tan
o(= e''/e') versus frequency or temperature.
The first case is a complex plane locus in which the imaginary part of the complex dielectric constant is plotted
against the real part, each point being characteristic of one
frequency - or tempetature - of measurement. The locus of the
above described equations in this representation is a semieirele with its centre on the real e' axis and intercepts at
e0 and e 00 on this axis. Theoretica! complex plane loci of the
complex dielectric constant are shown in figure V.j4.
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Fig. V.16
CoZe-CoZe diagram for
0•5(0•84Na 2 0.0•16K 0J.0•6P o5
8
2

for constant temperature

Such a diagram is often called a Cole-Cole plot. Such
plots, measured on glasses, show a deviation from the usual
circular curve which would he expected for relaxation phenomena. Figure V.15 shows an example of this for the system
0·5(0•84Na 2o.0·16K 20).0•SP 2o 5 • The centre lies below the e'
axis. An explanation for this is that, especially in a glass,
the Telaxation phenomenon cannot be described by one single
relaxation time, but rather by a spectrum of relaxation times.
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The departure at low frequencies from the circular plot
can be explained as a consequence of a leakage current and
its influence on the measurements. Electrode reactions at
low frequencies, which have been discussed before, may partly
cause the sudden deviations of the measurements from the
circular plot in these regions (cf. ref. 18).
Some systems, for which the migration losses in the frequency ranges which are experimentally accessible in our
laboratory occur near the glass transition temperature, show
a Cole-Cole plot which may be masked by the plot which is
due to the network losses. An example of such an experiment
is shown in figure V.16 for the system 0•3(0·5Na 20.0•SK 20).
0·7B 2o3 • The added scheme illustrates in what way the messured curve can be composed of several Cole-Cole plots, each
one originating from a different relaxation phenomenon.
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Fig. V.16 Co~e-Co~e diagram for 0•3NaKO.O:?B o ; this aan be
2 3
a sum of more than one Co~e-Cole plots

Secondly, it is possible toplot tan o versus the temperature or frequency. The curves thus obtained exhibit important
differences with the theoretica! curves, in that the frequency range - or tempersture range - of dissipstion is broader
and that the peak absorption is smaller (see figure V.17).
The reason for these discrepancies must be again the consideration that especially in vitreous systems not one distinct
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relaxation time is involved in a relaxation, but rather a
distribution of relaxation times (see also chapter 11).

Fig. V.l?
GPaphioaZ PepPesentation of
the Debye e~pressione

The best thing to do would be measuring tan o as a function of frequency at a constant temperature. The viscosity of
the network would be constant all over the measurement range
and, consequently, it would not influence the process causing
migration losses. In practice, however, the frequency range
accessible turns out to be much narrower than the temperature
range. For this reason, and to make comparison with measurements in other temperature regions more easy, we mainly have
measured tan o as a function of temperature at a constant
frequency.
Perhaps it is for the reason that the viscosity of the
system does not remain constant over the entire maasurement
range, that the Cole-Cole plots, resulting from such measurements, deviate somewhat from the circular form, as is shown
in figure V.18 for the system 0·3K 20.0•7B 2o3 •
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Fig. V.lB
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Figures V.19 to V.2S show the results of dielectric loss
measurements at 1000 cs- 1 as functions of the temperature
for the following mixed systems:
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0·5(xCs 2o. (1-x)LizO).O·SP 2o5
O·S(xcs 20.(1-x)Na 2o).O·SP 2o5
O·S(x K20.(1-x)Li 20).0•SP 2o5
O·S(xLi 20.(l.x)Na 20).0·SP 2o5
O•S(x K20.(1-x)Na 20).0•SP 2o5
O·S(xAg 20.(1-x)Na 20).0·SP 2o5
O•S(xAg 20.(1-x)Li 20).0•SP 2o5
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When the relaxation occurs at rather high temperatures,
it may be influenced by losses due to netwerk motions. The
dasbed curves in figures V.19 to V.25 represent the temperatures at which tan ê, caused by netwerk motions and measured
mechanically with a torsion pendulum at a frequency of about
1 cs- 1 , reaches a value of 30 x 10- 3 • In fact, this value
corresponds with a point on the tail of the primary relaxation peak, which appears somewhat above the glass transition
temperature. Therefore, this curve may be called an 'isofriction curve•. So the differences in temperature positions
of the dashed curve and the dielectric relaxation is a measure for the degree to which netwerk losses can influence the
measured relaxations.
Figure V.26 illustrates that a mixed alkali effect always occurs when cations of different dimensions are mixed
in the glass.
231
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Fig V.26
T
ma x as a funetion
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for the aombinations
Li 20-M 20
and Na 2o-M 20
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This effect manifests itself as a deviation of the temperature at which tan ê reaches a maximum value from a linear
dependenee on the mixing ratio, x. Furthermore, the magnitude
of the effect appears to be dependent on the differences in
sizes of the different ions involved.
In an earlier paper it has been discussed that protons
in a glass act like alkali ions in that sense that they may
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cause a mechanica! mixed proton-alkali peak when they occur
in combination withalkali ions (ref. 19). From figure V.27
and table V.1 it can beseen that the alkali ion migration
peak shifts to higher temperatures when protons are added.
This means that with respect to the occurrence of the dielectric mixed alkali effect protons also behave like alkali ions.

1
j

Î

120

i?

. 100

"'

E 80

ï
100
200
--TI'CI-

Fig. V.27

Pan o Ve!'sus the tempe!'atu!'e fo!' 0•5(0·99Li o.
2
0•01K 20).0·5P 2o5 aontaining different amounts of
~ate!'; f!'equenay is 10 3as- 1

TabZe V.l

System: ~ate!' containing 0·5(0·99Li 20.0·01K 0J.
2
0•5P 2 o 5 (the wate!' content has been determined by
DTA experiments)

Glass
no.

T(tan o=max)°C Ea(kcal/
1kcps 10kcps
mole)

LK3H1
LK3HZ
LK3H3
LK3H6

103
97
85
70

100

140
134
123
106

19.20
18.65
17.05
16.50

X:H 20/H 0+
2
K20+Liz0
0.073
0.058
0.035
0.008

Special
treatment
15 min/800°C
15 min/850°C
30 min/900°C
3 hours/
950°C/bubbled
with o2

In figures V.28 and V.29 the results are shown of measurements for borate systems with the general formula y(xNa 2o.
(1-x)K 20J.(1-y)B 2o3 • Here also a mixed alkali effect is present. As is seen from figure V. 29, this effect seems to vanish
at low alkali oxide contents.
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7. Discussion
1. A modet

When all the cations are the same, the environment of
the anionic group is on the average identical (ref. 20). When
cations of unequal sizes are mixed, however~ the electric
fields around the anionic groups will vary. In such circumstances the electron cloud of the large anionic group tends
to become polarised in the direction of the smaller of the
two cations. As we will see later this effect gives a net
stability to the mixture.
In this study an attempt is made to point out that,
owing to the difference in size of the cations, there is a
change in potential energy on mixing, mainly due to interaction between cations and anions.
If changes in relative mobility are to be attributed to
changes in the cation-anion or cation-cation bond energies,
it is reasonable to expect a corresponding chage in the activation energy for conductance and dielectric loss.
In a mixture, generally depicted as A+X- and B+X-, each
cation is surrounded by a number of anionic groups, at distauces dAX and dBX respectively. That is to say, the immediate
environment of each cation in the matrix is the same as in
the unmixed states. There is no change of potential energy on
mixin~ due to simple interaction between nearest neighbours.
Interactions between next nearest neighbours can be of three
types. These are the following.
(1) The London dispersion interactions: all atoms, including
those without a permanent dipole, attract each other. The
effect can be treated only quanturn mechanically, being
dependent on the detailed motions of the electrous in the
neighbouring atoms. Detailed treatments of the quantitative aspects of this interaction yield results that can
be variously expressed but are in agreement in that the
potential energy is inversely proportional to the sixth
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power of the interatomie distance:
ULondon

=-

c

----6 •

(V. 7)

r

Due to the inverse proportionality of ULondon to the
sixth power of the distance these contributions to the
mixing effects can be neglected.
(2) The Coulombic cation-cation interaction. The potential
energy of two point charges of magnitude +z and +z 2
1
respectively, and at distance r from each other, can
generally be expressed as:
(V. 8)

(3) Polarising forces due to dissimilar cations being in contact with the same anion.
Let us consider now a mixture of AX and BX where A and B are
the cations and X is the anionic group. This situation may
be seen as a matrix of anionic groups x- neutralised by A+
and B+ cations. The signs of the ions are omitted for brevity
in the following considerations.
Consider two adjacent sites 1 and 2 in the mixture. In
accordance with the assumption of randomness the probability
of an A ion being on site 1 is equal to the mole fraction
NA/(NA +·NB). Similarly, the probability that a B ion is on
site 2 is NB/(NA + NB. The probability that an A ion is on
site 1 and simultaneously a B ion is on site 2 is therefore:

(NA + NB)2 •

This is also the probability for the reverse arrangement.
Therefore, the probability that a particular pair of sites
is occupied by an A-B pair is
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The system contains a total of NA + NB cation and, if the
average number of pairs of adjacent sites is z, there are a
total of !z.(NA +NB) pairs of neighbouring sites in the whole
mixture. So the number of A-B pairs in the mixture is

Similarly, the numbers of A-A and B-B pairs are

and
NB-B -- iz.

N2
B
NA + NB

respectively.

In the two unmixed substances the number of A-A pairs is
~zNA and the number of B-B pairs is izNB.
Let wA-A be the increase in potential energy when a pair
of A-ions is brought tagether from infinity into a pair of
adjacent sites in the unmixed lattice. Similarly, let wA-B
and wB-B be the corresponding potential energies for A-B
and B-B pairs. Assuming for simplicity that only nearest
neighbour interactions are appreciable, then
(V.9)

is the increase in potential energy when on A and one B are
transferred from their corresponding unmixed states into the
mixed state.
We have seen that the number of A-B pairs in the mixture
is z.NANB/(NA +NB), so that the potential energy change by
mixing, l.iU, is:
LiU
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(V. 1 O)

In a mixed alkali glass containing A and B ions each cation
is surrounded by a number of anionic groups, at distances dA
and dB, respectively. The immediate environment of each cation
in the matrix is the same as in the unmixed states. There is
no change of energy due to simple interaction between nearest
neighbours. However, between next-nearest neighbours there
may be expected to be a potential energy change due to
Coulombic cation-cation interaction. For simplicity it will
be assumed in the following that the mixture can be visualized as A+X-B+x- ..•• chains and that the angles of the A-X-A,
B-X-B and A-X-B bonds are equal to n. It is further supposed
that the anionic group, X, is of spherical shape. Let ZdA•
ZdB and dA + dB be the distances A-A, B-B and A-B, respectively:

---- ~
x l~ +

site 1

silï2"- Ä

.J

~-·l
x 2dg-+2• ~-··t
x ~+d
B

J

A ·---'

1

.,J_) .eZ

8

Then:
(V. 11)

ldA - .:.uB

< 0

V

dA, dB

> 0

This implicates that the magnitude of the Coulombic cationcation repulsion energy always decreases on mixing A and B,
when dA ;. dB.
When there are z.NANB/(NA + NB) pairs of A-B, then
-ez.z.

z

NANB • (dA- dB)
NA + NB 4dAdB(dA + dB)

(V.1Z)
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Another kind of interaction are the polarising farces
(ref. 21). When an anion is in contact with A and B cations
at diametrically opposite positions, it is subjected to an
electric field E0 :
1
d~

1

-e. (--"- - -2) .

A

·

d

B

It will also have anions at distances 2dA and 2dB, these
producing an electric field E 1 :

The contributions of other ions at larger distances from the
central anion will be neglected since they decrease rapidly
with increasing distance. The electric field at the central
anion can then be approximated by

When a is the polarisability of the anion, the resultant
polarisation energy is:
1
1 2
-0·28.a.e 2 .(-:z--:z-)
.
. dA
dB

(V. 1 3)

NANB
+ N pairs of unlike
A
B
cations on opposite sides of an anion, so that the polarisation energy change by mixing, bUpol.' is:
In a random mixture there are

z.N

(V. 1 4)

< 0

V dA, dB > 0

0 when dA
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= dB'

When the Born repulsion energy and the London interactions are neglected, the total potential energy change by
mixing, 6Utot,• is

2.

Prob~ema

in

app~ying

the propoaed

mode~

quantitative~y

It would be possible to develop and check an analogous
formula for, e.g. a NaCl crystal, which possesses a simple
regular lattice, .filled with Na+ cations and Cl- anions,
The measurements in this context, however, refer mainly
to vitreous borates and metaphosphates, the structure of which
is much more complicated than in the case of a NaCl crystal.
Furthermore, there is a lack of long range order. As an example, the structure of metaphosphates very often consists
of continuous chain anions of composition (P0 3 )~- (refs. 22,
23, 24). The chain anions are held laterally by alkali ions,
each of which is coordinated by seven oxygen atoms.
This unsymmetrical configuration may be regarcled as a
distorted octahedral arrangement with a mean bond length
rM + r 0 (sum of the ionic radii) and with a seventh slightly
longer arm. Moreover, it is difficult to express the oxygen
polarisability quantitatively as it depends on its surrounding
and on the kinds of the cations in the neighbourhood.
Though quantitavive evaluation of this model in the case
of vitreous mixed cation metaphosphates is complicated, it
can be concluded from the dependenee of ~Utot, on dA and dB
that 'the combination A-X-B is always more advantageous than
A-X-A or B-X-B, causing an additional stabilisation of the
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glass upon mixing, It is stated that the mixed cation effect
is, at least partially, caused by thii stabilisation effect.
Mazurin (25) has given some characteristics of the mixed
cation effect in silicate glasses, and his statement that the
interactions of alkali ions with non-bridging oxygen plays an
important role in explaining this effect has retained its
validity until the present. Later investigators, particularly
Sakurai et al. (26) and Terai (27), pointed out the importance
of the influence of the energy of interaction of pairwise
associations of various cations on the conductivity of glass.
3. Comparison with the experiments

When it is assumed that these interactions make an important contribution to the mixing behaviour in glass, then
the consequences of such a model must be in agreement with
expertmental evidence. In the following some experimental
results, obtained by the present author as well as by other
investigators, are mentioned and compared to the proposed
model.
- The potentlal energy difference, upon mixing cations in a
glass, bU, is closely related to the dimensions of the ions,
dA and dB. In fact, ~U shou1d increase with increasing differences of the diameters of the ions A and B. Regarding
our own measurements it is clear from figure V.26 that in
mixed cation metaphosphates the magnitude of the mixing
effect is indeed directly related to the dimensions of the
cations.
- In an earlier paper by Van Ass et al, (3) it has been pointed out that metaphosphate glassas do not exhibit a mixing
effect so far as the densities of the systems are concerned.
In the present chapter it is made clear that densification
is not a necessary condition for the appearence of the mixed alkali effect. The proposed model prediets that no relation exists between the observed reduction in ion mobility
and densification.
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- It has been proposed some time ago (ref. 13) that the effect
could be explained by assuming a phase separation to occur
upon partlal alkali substitution. However, from other investigations (ref. 14) it was clear that phase separation
is not a prerequisite for the occurrence of the mixed alkali effect. Additional evidence for this is given by the
present considerations, which assume no relation between
the effect and phase separation phenomena.
- In reality our model is too simple. A cation is not only
able to affect its nearest-neighbour anionic groups, but it
also influences next-nearest anions and th~se at still further distances. On the other hand, a cation is surrounded
by a number of cations which can be identical or different
from each other. All these cations interact and the result
is a compiicated total of combinatlans of polarisation and
Coulombic energies. In this way a cation can be considered
to he positioned within an 'interaction range' as has been
proposed by Hendrickson et a~. (15), Such an interaction
range is fabourable for transport phenomena, as each dissimular ion can interact with more than one alkali ion of
the initially present type.
- An important feature of the proposed model is the intercationic distance. Assuming that the cations are stochastically distributed in the network, these distances decrease
with increasing cation content in the glass, and so does
öU. As a consequence, the magnitude of the mixed alkali
effect increases with increasing content of alkali ions.
Experimental evidence for this is found in the inset of
figure V.29. Here the temperature position of the maximum
of the tan o peak for xNaK0.(1-x)B 2o3 is definitly higher
than for xNa 20.(1-x)B 2o3 and xK 20.(1-x)B 2o3 for all x larger than approximately 0•1, However, with decreasing x the
temperature positions of the peaks in the mixed and unmixed
states seem to converge. It is even possible that for cation
concentrations lower than, say, 10 mole percent no detectible mixed cation effect is present. This supposition is
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in agreement with the workof Hendrickson et at. (15) who
assume the existence of a threshold concentratien of cations
for the occurrence of the mixed cation effect. An explanation for this could be that below a certain cation concen·
tration the distance between two dissimilar cations is too
large for them to interact to a detectible extend.
- If the validity of the proposed model is assumed. then the
mixed effect must be common for all materials where the
cation-anion bond has an ionic character. If this condition
is satisfied. the exact nature of the medium in which this
effect occurs is not essential: it has indeed been found
in all vitreous inorganic oxide systems. as well as in
crystalline ionic salt mixtures.
8. Summary and Conclusions
Although the mechanica! single alkali peak rapidly merges
into the relatively large mixed alkali peak upon a gradual
substitution of one kind of alkali ions by another. it is
beyond doubt that the absolute values of the activatien ener·
gies of both dielectric and mechanica! relaxation as well as
their dependenee on the mixing ratio are the same within experimental error. This is convincing evidence for the fact
that both phenomena must originate from one and the same
mechanism. i.e. the migration of alkali ions.
The mixed alkali peak cannot be found by means of dielectric measurements. Therefore. it is advantageous to study
the characteristics of the single alkali peak by means of
dielectric relaxation.
By using blocking electrades it is possible to measure
dielectric relaxation phenomena in glass in a direct way in
the temperature range from room temperature up to the transition region. These relaxations are fairly well separated from
the losses which are due to conduction of cations in the
glass.
The observed dielectric relaxation is ascribed to the
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migration of monovalent cations from site to site.
A mixed cation effect is present, i.e. an unproportional·
ly large reduction in the cation mobility when two or more
dissimilar cations are present in a glass. The occurrence and
magnitude of this effect depend strongly on the size differ·
ences of the cations involved, and weakly on the kind of the
matrix in which these cations migrate.
Two kinds of interionic interactions are discussed which
may at least partly explain the occurrence of the mixed cation
effect. There are, firstly, the intercationic Coulombic inter·
actions and, secondly, the polarisation forces when cations
of dissimilar sizes affect the same anionic group. Both inter·
actions cause a stabilisation effect, which means that the
combination A+·X··B+ is energetically more stable than A+.x-.
A+ or B+-X - -B + , where A+ and B+ are the cat1ons
and X- is the
anionic group.
This model is compared to some experimentally found
characteristics concerning the mixed cation effect.
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Vl. Mechanical relaxation

phenomena

in the

transition range

1. Introduetion
Several mechanica! relaxation measurements on vitreous
systems in the temperature range from -100°C up to the glass
transition range have been presented in the literature (refs.
15, 16, 17) and in this thesis.
These relaxation phenomena are sometimes called the secondary relaxations. They are related to the diffusion of netwerk modifying ions, and cause, for example, the single alkali
peak, the mixed alkali peak and the mixed proton-alkali peak.
All these experiments show an abrupt increase of the
mechanica! losses when the tempersture approaches the transition range. These, relatively high, losses occur in the softening region, and thus it lies at hand to ascribe them to
motions of the network,
and call them the primary relaxations.
Dynamic mechanica! measurements in the transition range
have been carried out by Coenen et al. (1~). He presented
bending and torsion experiments at low frequencies {between
5 and 15 cs- 1 ) on some borates, silicates and some technica!
glasses. These measurements revealed the presence of a relaxation peak in the softening region. Analoguous measurements are presented in this thesis, and an attempt is made
to elucidate the influence tha~ the presence ofaalkali ions
has on the shape and position of the netwerk relaxation peak.
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2. Experimental procedure and sample. preparatien

Fig. VI.l

Equipment for bending experiments;
1. 3 vitreous sitica bar
2
carrier with specimen
4
furnace
5
thermocoupte
6
metaZ disc with two grooves
7
a pair of photodiodes
8
souree of Zight (DC 12V)
9
detector
10
etectronic counter
11
rait

Essentially, the damping of a material can be determined
in several ways. Probably the most commonly used method is
the maasurement of the rate at which the amplitude of a freely

vibrating system decays with time. The damping can also be
determined from the increase in amplitude of a system passing
through resonance as the excitation frequency is varied. In
a third method, the energy dissipation is obtained by measureing the power necessary to maintain the vibration at a given
amplitude.
In the present work energy dissipation has been measured
by determining the decay rate of a freely vibrating system.
A major difference from the investigations on the secondary
relaxation phenomena is that the material under test had to
be measured in the form of a surface layer on a carrier; this
was necessary because the measurements were performed in the
glass transition range.
The measurements described here have been carried out in
a bending as well as in a torsion mode. The equipment for
these experiments is discussed shortly in the following.
(a) Bending experiments.
Figure VI.1 gives a simplified drawing of the apparatus
for bending experiments. A carrier of fused silica turns
out to be adequate, since
- it is chemically inert in the temperature range involved,
- the energy dissipation in fused silica ~s very low at
temperatures up to 1000°C (see figure VI.2), and
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Fig. VI, 2
Tan o as a funation of
the temperatuPe for the
eitiaa aaPrier. The line
~ith airatee repPesents
the eigenfrequenay of
the sampte

- the physical adhesion of borates to fused silica is
good.
The dimensions of the carriers to which the glass specimens are attached are 60 x 5 x 1 mm OT 60 X 5 x z mm. On
these carriers experiments can be performed at approximately 4 cs- 1 and 9 cs- 1 , respectively.
{b) Torsion experiments.
These are performed on a Pt-Rh (9:1) carrier. Figure VI.3
shows a scheme of the equipment for this method.
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Platinum is chemically rat,her inert at temperatures up
to 1000°C and the adhesion of the glass specimen is good.
A disadvantage op platinum is.that it has rather high
losses at higher temperatures, as is shown in figure VI.4.
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Fig. VI. 4

Tan ö as a funation of
the tempe~atu~e fo~ the
platinum aa~~iE~. The Zine
with the oi~ales represents
the eigenfrequenoy of the
sample

A measure for the damping is tan ö, which can be calculated from
tan

o~

1
tn
---.ln
-mr
t

(VI. I)

0

where ö
n
· t 0 ,tn

a

loss angle
number of passages of the light beam across the
two photo-diodes between t = t 0 and t = tn,
the time at which the light beam crosses the
photo-diodes in the zeroth and n-th cycle~
respectively.

Discs are cast after melting mixtures of B2o3 and alkali carbonates in a platinum c.rucible for two hours at 1000 °C in an
electrically heated furnace. In order to prevent reaction
with water from the air the discs are stored under dry oil.
Immediately before measurement the discs are grinded and
applied to the carrier as smoothly as possible. When the tempcrature is raised to a value high enough above the glass
temperature the layer becomes fairly uniform. Then the system
is caoled and the measurements are performed sirnultaneously.
The experiment finishes when the ternperature is reached where
the glass becornes rigid and crashes arise due to the difference in volurne expansion between the specimen layer and the
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carrier.
3. Interpretation of the measured loss peak
For the interpretation of the loss peak it is supposed
that the elastic properties of the carrier and the glass
specimen add up linearly. Then the total energy dissipated in
the system is the sum of the contribution of the volume fraction of the carrier and of that of the volume fraction of the
specimen. This leads to a relation which correlates the measured damping (tan ótotal) with the damping of the specimen
(tan óspec):
tan °total
(VI. Z)

or

vtotal • tan 6total.- .vcarr tan (\arr
vspec

tan óspec

damping of the carrier
volume of the specimen and that of the
I
carrier, respectively
I
I
vtotal = volume of carrier and specimen together.
When vcar~·tan ocarr << vtotal'tan ötotal• the relation may
be approximated by
in which tan ócarr
vspec• vcarr

I

tan

°spee.

vtotal
!;pee

= V

•

tan °total •

(VI. 3

For simplicity the room temperature values for vtotal and
·vspec wil! be substituted into this formula (refs. 17, 19).
It is assumed that neglecting the temperature dependenee of
the densities causes an error which is within the error of
the measurement.
Figure VI.S shows an experiment for the glass 0·15Na 2o.
0·8SB 2o3 • The specimen has been measured on gradually cooling

119

100
f\

I

f\

4 cs.·1

80

...~
10

.!

60

I

c:

.!

Fig. VI. S

::

.\

40 -

Reprodueability test for
the system 0•15Na 2o.
0·85B 2 o3 ; bending

:
20

- - cooling

~~00~----~----~~~~80~0~~
----.-T

I"CI-

from high temperatures to about the transformation temperature.' Thereupon, the measurement has been repeated by gradually raising the temperature again to higher values. From
this graph it may be concluded that the experiments are sufficiently reversible.
A test of the validity of the assumption that the damping of carrier and. specimen add up linearly is shown in fig.
VI.6 and in table VI.1.

Fig. VI. 6
Ve:r!'ifiaation of the assumptio.n
of additivity (formula (VI-3))
for the system 0• 25NaKO.
0•75B 2o ; bending
3

...::r 80
",. 60

-~
10

c: 40

:!·

20
0
0

120

02
0.4
---specimen wlight l g l -

Tabte VI.l

System 0•25NaK0.0•75B 2o ; bending
3

feight [ g] tan
i

ó

total
0. 131
0·211
0·232
0•280
0•300
0·322

30
50
50
60

3
ma x x 10

fmax [es

specimen

61

340
373
344
352
338

70

366

9·0
8·6
9·0
8·8
8·9
9 •1

-I

)

0
Tmax [ CJ liW!(°C)
= half
width

490
490
485
485
485
485

40
42
44
40
40
42

Here a linear relationship exists between the measured peak
height and the weight of the specimen which is added. Conclusion is that the assumption of the additivity mentioned
above is valid. For the same system the measured curves have
been evaluated with the aid of relation VI.3. The fact that,
within experimental error, the maximum values of the curves
are the same for each amount of specimen (see table VI.1)
justifies the use of that relation.
4. Results
Bending as well as torsion experiments have been carried
out. Examples of such measurements are shown in figures VI.7
and VI.8. in Both cases a damping peak arises which is caused
by the losses of both carrier and specimen. For comparison
the losses of the carriers are given together with the experimental measurements. The Pt-Rh carrier in the case of
the torsion experiments appears to posses rather high loss
values at higher temperatures. Consequently, the measurements
at temperatures somewhat above the peak tempetature become
relatively inaccurate.
In the temperature region where the peaks occur the
assumption
vcarr • tan °carr

<<

vtotal · tan °total
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is valid.
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An e:x:ample of a bending
measurement of the system
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Fig. VI.B
An e:x:ampZe of a torsion
measurement of the system
0•05NaK0.0•95B 2o3 the
upper aurve represents
the eigenfrequenay of
the system.

Here, the measured peaks may be converted into the peaks for
the pure specimens with the aid of the relation
tan ospec
and

c =

= c.tan

êtotal

vtotal
vspec '

The half width of the peaks (àW 1 ) is between 40° and
50°C. This is much smaller than the half width of the secondary mixed alkali peaks measured at temperatures below the
glass transition range (chapter IV). In figure VI.9 the
general form of the primary relaxation peak, measured with
torsion experiments, is compared with that of the mixed alkali peak.

Fig. VI.B
Gomparieon of the generat
ehape of the net~ork peak
~ith that of the mi~ed
atkati peak

1~+-1- -· · · -

J
...
!

--t-t. lOCI-

Results of bending and torsion experiments for the system
xNaK9.(1-x)B 2o3 are shown in figures VI.10 and VI.11. Similar
measurements on the systems xNa 20.(1-x)B 2o3 and xK20.(1-x)B 2o3
are shown in figures VI.12 to VI.15.
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Fig. VI.10
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Tan o as a function of the
temperature for the system
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Tan o as a funation of the temperature for the
system xNa 2 o. (1-xJB 2o ; bending
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Fig. VI.l3
Tan o as a funation of the
temperature for the system
xNa o. (1-x)B o ; torsion
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Fig. VI.14
Tan ö as a funation of the
temperature for the system
xK 2o. (1-xJB o ; bending
2 3
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Fig. VI.15
Tan ö as a funation of the
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From these figures and from figures VI.16 and VI.17 it is
apparent that the temperature at which tan o is maximal (Tmax)
passes through a maximum as a function of x.
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Fig. VI.17
Temperature of maximum toss
as a function of the atkati
content for severaZ systems;
, torsion

In all cases this maximum seems to be situated between 20
· and 30 molepercent of alkali oxide. Figure VI.18 shows that
the maximum value of tan ó also passes through a maximum.
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Fig. VI.18
vaZue of tan ö as a
function of the atkati content
for aeveraZ systems; bending

Ma~imum
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The position of this maximum is also between 20 and 30 mole
percent of alkali oxide.
Table VI.Z and figure VI.19 show the experimental results
of the mixed alkali system 0·25(xNa 20.(1-x)K 20).0•75B 2o3

x

3
tan ömax x 10
total

~·00

0•96
0·80
0•60
10·40
~·ZO

p·04
10·00

60
66
60
52
56
56
53
56

fmax (es -1 I

Tmax (oe I

AWI ( 0 e I

s
474
412
376
333
356
356
331
356

9·0
10 ·1
9•5
8·5
9·0
8•9
9•3
8'9

520
515
498
482
480
475
485
490

40
40
42
40
40
40
40
40

In figure VI.ZO the temperatures at which tan ö is maximal
are shown as a function of x= Na 20/(Na 2o + K20). It is
evident that a mixing effect is present, although it is a
small one.
Figure VI.21 shows that the maximum value of tan ö increases
when x approaches one.
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Measurements on the mixed 'silver-alkali system are given
in figure VI.22. At the sametime it is illustrated that the
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relaxation curves for the region above the glass transition
temperature are the extension of the curves measured at
approximately lcs-l with a torsion pendulum below the glass
transition temperature (ref. 17, chapter IV). Moreover, the
figure shows the large difference in height of the mixed alkali peaks and the network peaks.

li
II-25AgMO.Cl'7S~03

Fig. VI.22
Tan ó as a funation of the
temperature for siZver
aontaining mixed atkaZi
borates; bending; dashed
aurves refer to torsion
measurements desaribed in
ahapter IV of this thesis.
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5. Discussion
1. CorreZation of the
vitreous borates

e~periments ~ith

the struature of

According to Warren (ZO) the boron atoms in vitreous B2o3
have a triangular coordination of oxygen atoms.
In the systems xM 20.(1-x)B 2o3 the oxygen atoms introduced
by the alkali oxide can form 'a tetrabedral arrangement with
the boron ions, or can be taken up in the form of nonbridging
oxygen atoms. According to Beekenkamp (ZZ) there are three
stable types of structural units present. These are
I

-o-{

-0-~
x

ÇM+

-0-B-0-

~

(VI.4)

N4
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Bray et al. (21) assume that the introduetion of alkali oxide
up to a content of about 30 male percent causes the formation of merely
Only beyond this composition also X will
be formed by the introduetion of alkali oxide (see figure

N;.

I. 2).

Beekenkamp (22) however, stated that the formation of nonbridging oxygen (X) already cammences beyond 15 mole percent
of alkali oxide.
N4 groups increase the rigidity of the network and X
groups decrease it. Visser (14) made it plausible that the
rigidity decreasing influence of an X group is as large as
the rigidity increasing influence of an N4 group. So he came
to a simple correlation between physical properties which are
related to the network rigidity and N4-x {see also figure
I. 2).

One may consider network relaxations to be a process of
breaking and restoring of bands between vibrating units.
Necessary for this process is a continuous reorientation in
the ~etwork. The number of possibilities for orientation in
a system like xM 20.(1-x)B 2o3 depends on the temperature and
on the number of bands of a netwerk forming ion with the
surrounding network; this number of bands is equal to the
number of bridging oxygen ions per network forming ion.
The relaxation time of the orientation is determined by
the number of possibilities for orientation, and so by the
number of bridging oxygen ions per network forming ion: the
larger this number is, the larger is the relaxation time T.
The loss peak reaches its maximum value when w; = 1, where
w is the almast constant measuring frequency. The relaxation
time T is a function of the temperature. The conclusion is
that the number of bridging oxygen ions in the network deter~X and N

are used for the molecular groups as given in
4
(Vl.4) as well as for the fractions in which these occur

in the glass.
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mines the temperature at which tan 6 reaches its maximum value.
Upon adding M2o to B2o3 an increase of the number of
bridging oxygen ions can be expected as triangles change into tetrahedra. The ratio of the number of tetrahedra formed
to the number of triangles is equal to M20/B 2o3 = x/(1-x) =
N4 -x when x is smaller than approximately 0•16. The quantity
N4 -x < x/(1-x) for x > 0•16. For torsion experiments on
xNaKO. (1-x)B 2o3 the peak temperatures are compared with x and
N4 -x in table VI.3.
Tab~e

System :x:NaKO. (1-:x:JB 2o ; torsion
3

VI.3

x

N4 -X

Tma x K

0
0·025
0•05
0'10
0•15
0·20
0•25
0·30

0
0•025
0•05
0 '11
0•17
0·22
0•26
0·26

578
598
648
678
733
763
768
7 51

This table and figure VI.23 illustrate that the relation between Tma~ and N4 -X is approximately linear; deviations occur
when N4 -x comes to a maximum.

VI.23
Temperature of maximum ~oss
as a funation of N4 -x for the
system :x:NaK0.(1-:x:JB 2o ; torsion
3
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2. The effeat of the nature of the aLkali ions present on
the position of the Zoss maximum

As a hypothesis we now state that the measured relaxations in the glass transition range are caused by network
motions. The ahapee of the loss peaks are then hardly expected to be influenced by the nature of the netwerk modifying ions present in the glass. However, the temperature
positions of the netwerk relaxations can be weakly influenced
by the nature of the network modifying ions. In the system
0·25M 20.0·7SB 2o3 netwerk motions will by preferenee occur via
-0-M-0- bonds. The degree to which network motions occur depends on the strength of these bonds. This strength is determined by the ionic character of the bond, which in turn depends on the volumes of the cations. Figure VI.24 and table
VI.4 show that in the system 0·25M 20.0·75B 2o3 the tendency of
the network motions to occur is larger as the volume of the
ion M+ is larger.
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Fig. VI.24
Temperature of maximum loss
as a funation of the volume of
M+ for the system
0•25M 20.0•?5B 20 3; torsion

In the system o·zs!xNa 20.(1-x)K 2ol .0·7SB 2o 3 a weak
negative deviation occurs from a linear dependenee of the temparature of the peak maximum on x (see figure VI.ZO).This can
be understood qualitatively in the following way.
Viscous flow will mainly occur via the weakest bonds in
the network. These are the 0-K-0 bonds rather than the 0-Na-0
bonds.
Further, Na+ ions have a larger field strength than K+
ions, due to their smaller radius. Therefore, the fermer ions
will attract the electron clouds of the latter ions if they
occur tagether in the netwerk. This results in a weaker-thannormal bond for the K+ ions.
For x ~ 1, the mere presence of the K+ ions facilitates
the viscous flow in a linear way, but the partial depletion of
their electron clouds by the polarising influence of the Na+
ions will cause a further decrease in Tmax·
For x = O, Tmax would be increased by the presence of
the Na+ ions but, in fact, is decreased by the weakening of
all those 0-K-0 bonds which are in the neighbourhood of the
Na+ ions.
In this way it can be qualitatively understood that in
the system 0·25(xNa 20.(1-x)K 2ol.0·7SB 2o 3 a weak mixing effect
is measured on variatien of x. This mixing effect is the consequence of the difference of the radii of the ions involved.
The effect will increase with increasing difference in ion
radii. In order to confirm this, torsion measurements have
been carried out for several mixed alkali systems, such as
Li-Li, Li-Na, Li-K, Li-Cs, Na-Na, Na-K, Na-Cs, K-Cs, with the
general formula O•ZS(O·SM 20.0•SMz0).0·7SB 20 3 • In table VI.S
and figure VI.ZS the temperatures at which tan ö is maximal
for the various systems are given as a function of the differences in ion radii. The discontinuities which appear in
the curves at Ar • 0 (these are the points Li-Li, Na-Na and
K-K) ~re caused by the mixing effect.

Tab~e

VI.5

System 0•25(0·5M 20.0·5M20).0·75B 2o3;
torsion; f maro = 2·5 as-1

M

M'

rlR1

Tmax[OC]

Li
Li
Li
Li

Li
Na

0
+0•33
+0•68
+1•04

530
500
492
465

-0·33
0
+0•35
+0. 71

500
525
495
490

-0•68
-0·35
0
+0•36

492
495
500
465
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Fig. VI. 25
Temperature of maximum toss
as a funation of the differences of the radii of the a~
kali ions in several mixed
alkali systems; torsion
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3, Glass transition

The glass transition range is a very narrow temperature
range where the thermal expansion coeffi.cient a undergoes a
discontinuous change and below which configurational rearrangements of the network are very slow. This corresponds to a
change in the slope of a plot of the specific volume against
the temperature, as can be seen in figure VI.26
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Above Tg(t), the temperature coefficient is given by the
tangent of a 1 ; below Tg, it is smaller (tan ag). This decrease
in magnitude is characteristic for any liquid which can be
supercaoled to a sufficiently low temperature without crystallysing. Many properties of liquids point out the presence of
a substantial amount of free volume, which may be present as
interstices (of the order of molecular dimensions) associated
with packing irregularities. The thermal expansion coefficient
of liquids represents primarily the creation of additional
free volume with rising temperature. The smaller magnitudes
characteristic of cyrstalline solids and glasses arise from
anharmonicity in the dependenee of the potentlal energy on
interatomie or intermolecular distances.
The total volume, v, is the sum of vf, the free volume,
and an occupied volume v~, which includes not only the volumes
of the molecules, but also the volumes associated with vibrational motions. In figure VI.26 the specific volumes are
normalised by the volume vg. Thus, the fractional free volume,
f = vf/v g , is dimensionless. Generally,
f may be defined as
.
vf/v, which is nearly equivalent since v varies by only a
few percent in the temperature range involved •
. At sufficiently high temperature, a lowering of temperature is accompanied by a collapse of free volume as the molecular adjustments take place within a normal experimental
time scale of cooling. In figure VI.26 this is the temperature . above Tg (t). When the temperature is lower, the adjustments are slower, and, if crystallisation does nat occur, a
temperature is reached where collapsing is no longer possible
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within experimental cooling times. Then, the contraction has
a solidlike character, as in figure VI.26 below Tg(T). Here,
ag is only a little or possibly not larger than a 0 •
4, DeaaPiption of the kinetia proaesses by means of the

free vo'Lume

One may attempt to represent the thermal motions of
atoms and molecules in a liquid as the jumping- of particles
from certain momentary equilibrium states into other ones
(ref. 2) •
The time necessary for the partiele to jump, i.e. the
relaxation time for this process, is determined by the
equation
(VI. 5)
T = T0 exp(U/kT)
where U

activatien energy for the transition of the kinetic
unit (atom, segment) from one equilibrium position
into another one.
This formula holds for many liquids. However, it is not surprising that the relaxation time, the viscosity and other
kinetic properties of many liquids at relatively low temperatures do not exhibit the temperature dependenee given by
equation (VI. 5); many investig,ators found that this formula
does not holdanymore in the transformation range (refs. 3-10).
As an examp!'e, we consider the viscosity values for molten
B2o3 reported by Napolitano et aZ. (23).
Figure VI.27 shows the results of their measurements. From
these data the following conclusions can be drawn.
(i) From 800°C upward the temperature dependenee of the viscosity is of the Arrhenius type with an activatien energy of 17·2 kcal/mole.
(ii) A careful examinatien of the low temperature data shows
that the viscosity curve cannot be considered to be of
the Arrhenius type in this temperature range. The activatien energy increases with decreasing temperature.
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In order to explain the behaviour of the material in
these temperature ranges it is possible, or even necessary,
to assume that the activatien energy U is temperature dependent. The size of the kinetic unit is a function of the
temperature, and the activatien energy may correlate with this
size.To get round this problem it may be supposed that the
mobility of the molecules at some temperature depends on the
free volume in the network (ref. 5). In this view the time
necessary for the molecules to rearrange is not determined by
the probability of a jump of a particle, but rather by the
probability that a sufficiently large free volume exists
in the neighbourhood of that partiele (refs. 3-7, 9, 10).
The.kinetic units in a liquid at sufficiently high temperatures may change their positions more or less independently of each other (this means that the activatien energy in
equation (VI.S) is constant). However, the change of position
of each partiele at low temperatures (transition range) is
related to rearrangements of its direct surroundings or perhaps at a further distance. A change in the arrangement is
considered as a change in the number of vacancies in _the
neighbourhood of a particle. The probability of a kinetic
unit_to leave its position depends on the number of vacancies
in its neighbourhood. Appearance and disappearance of vacancies ani determined by heat fluctuatións ·.
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Eaeh tempersture is eorrelated to a certain equilibrium
number of vaeaneies, n, per kinetic unit:
Nh(T)
n(T) = - N -

total number of vacancies
total number of kinetic units. In simple liquids
N is the nurnber of atorns; in rnelts of glasses
N is the number of molecules or segments.
All vacancies are supposed to be identical. The dependenee of
the nurnber of vacancies on the temperature can be deduced
frorn thermadynamie considerations (ref. 11):
Nh

Eh+ vp) - 1)-1

N = (exp( kT
where Eh

(VI.6)

the energy necessary to make a vaeancy with volume
v at a pressure p.
In the neighbourhood of an arbitrary particle, the actual
numb~r of vacancies, n, may be larger or smaller than
This
is a consequence of thermal motions. It is obvious (ref. 7,
12, 13) that a kinetic unit may move from one position into
another one in its environment only when the nurnber of vacancies in its neighbourhood exceeds a certain minimum value n* •
..
It is important to know the probability, W(n ) , that a partiele
is in a position, where the number of vacancies in the neighbourhood is larger than or equal to n•. This probability can
be caleulated with the aid of molecular and statistica!
physics (refs. 12, 13):
=

n.

W(n .. )

= exp(-n .. /n)

(VI.7)

The probability of the transition of a partiele frorn one positien into another one, is proportional to the probability that
there are n*or more vacanci~ in its neighbourhood, and to
the inverse of the time that the partiele needs for the transition, t.e. the relaxation time T:
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T = T0 exp(n*/n).

(VI. 8)

From (VI.6) and (VI.8):
T

0

exp(n*(exp(

Eh

+

kT

vp

(VI. 9)

) - 1)).

Now the transition from the liquid into the solid (vitreous)
state is considered.
Relation (VI.9) shows that with decreasing temperature
the relaxation time of the transition of a kinetic unit increases very rapidly (exponential exponent). This explains
why, in the region around the glass transition temperature
T , the relaxation time T substantially exceeds the time of
g
observation. In this view Tg is the temperature"below which
the number of vacancies in the neighbourhood of a kinetic
unit becomes to smal.l for a jump to occur.
The transition is determined by the relation between the
energy for the formation of the vacancies, the energy of the
thermal motions and the observation time. In this context
the 'standard temperature of the transformation', T~t, is
introduced. By defintion, T~t is the temperature for which
T = Tg = 100 sec.
The fraction f of the free volume can be defined as:

and

f

when T > Tg

f

when T

<

(VI. 9)

Tg

Thus, f is constant for all temperatures below Tg. In these
regions the volume expansion coefficient a is the result of
the increase in amplitude of the molecular vibrations with
temperature. Above Tg a new free volume is created; this
gives rise to an increase öa in the volume expansion coefficient.
~illiams, Landel and Ferry (3) have proposed that the
logarithm of the relaxation times of the kinetic units should
vary linearly with 1/f, when the temperature is above Tg,
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according to the relation
ln

!__ ..

tg

t- t.

(VI.lO)

g

From equations (VI.9) and (VI.10) follows the socalied WLF
equation:
ln

f-g • -A.T

T - T
- T ~ B .

(VI. 11)

g

Here A and B are empirica! constants. A is a virtually universa! constant with a value of about 40; B depends on the
kind of material.
Sanditow (10) has pointed out that B can be converted into a dimensionless universa! constant B0 by the empirica!
relation
(1 - .}-)
g

= 0·66

for many glass forming liquids. Therefore, equation (VI. 11)
can He rewritten as

T - T
-A.T - B0 ' g '

(VI.12)

Tg may bedefinedas r;t, i.e. the temperature at which t =
100 seconds. After substitution of the numerical values into
equation (VI.12) one finds

T - T
logt • 2 -17•4t _ 0 . 61Tg
Substitution of (VI.13) into
tan

o = c.
1 +

yields the expression
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wt
w2t 2

(VI.13)

w

tan 8 •

c.

exp(2

- 17·4r

T - T
_ lH)~ T )

f

'I' 2 exp
2(2 - 17•4t - 0·6~ T )

+ w

g

Introducing
A=

tan ö
tan ömax

and tan ömax

O•SC

we obtain

w exp(2 - 17•4r
A

T - T
0 • 6~ T )

2.--------------------~r~-~g~Tr--
2
+ w exp 2(2 - 17·4r _ • ~ T )
0 6

(VI.14)

g

The maximum value of A is unity and the position of this
maximum, Tm, is determined by the relation
WT •

1.

So
-lnw
or
(VI. 15)
The measuring frequency of the torsion experiments is about
2·5 cs- 1 ; this leads to T!or • 1·06 Tg. Bending experiments
have been carried out at a frequency of about 10 cs- 1 ; this
leads to T~en = 1•10 Tg.
In table VI.6 the theoretica! and experimental results
for B2o3 are compared.
In figure VI.28 A is plotted against T for a B2o3 glass. It
is s~en that the curves calculated theoretically from equation
(VI.14) are in good agreement with the experimentally measured
ones with respect to their shapes as well as to their tempera-
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ture positions. From this it can be concluded that the WLF
theory, mentioned before, is suitable to explain the observed
phenomena.
Table VI. 6

rst IKI
g

533

System B2 o3

Tm!K) (bending;
f = 10 cs- 1 )

Tm!Kl (torsion;
f = z·s cs- 1)
theor.

exper.

theor.

exper.

565

573

587

603

l

i~--~~~~~~

00

-.....
c

c

!

Fig. VI. 28
Comparison of the theoretiaaZ
curves of tan 6 as a function
of the temperature with the
ezperimentaZ ones for B2o3

6. Summary and Conclusions
The mechanica! losses of vitreous borates at high temperatures are characterised by the presence of a relatively high
loss peak in the transition range. This relaxation is ascribed
to network motions.
The temperature position of the peak is a function of
the amount as well as of the nature of the alkali ions present. This can be accounted for by considering that the struc-
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ture changes by the introduetion of alkali ions in B2o3 •
The maximum values of the losses also are a function of
the amount and nature of the alkali ions present. At present
we have no acceptable explanation for these observations.
Measuring mixed alkali glasses with varying mixing
ratios reveals that there is a weak negative deviation from
additivity as regarded to the temperature of the peak maxi~
mum. This can be explained by assuming that a polarisation
in the network is introduced by the presence of alkali ions
with unequal sizes.
In the case of B2o3 it bas been shown thàt the measurements are in good agreement with the free volume theory,
which results in the WLF equation.
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VIl. General conclusion

Generally speaking, there are many possible mechanisms
for mechanica! or dielectric relaxation phenomena in vitreous
systems. Both the netwerk and the netwerk modifying ions may
cause relaxation.
These relaxations reveal themselves by energy losses.
Such losses are usually measured either as a function of the
temperature for a constant frequency, or as a function of the
frequency for a constant temperature. Essentially, these
losses can be brought about by a mechanica! field as well as
by an electric field. For a given frequency, each relaxation
occurs in a characteristic temperature range determined by
the activatien energy for the effect.
In this thesis, the losses are studied as a function
of the temperature. In order to reveal as many relaxations
as possible, the variatien in tempersture is desired to be
as large as possible. Here measurements of relaxation effects
accuring between 4·2 K and 1000 K are presented. The latter
temperature is much higher than the transformation temperature of the systems considered here.
For alkali borate glasses, the relaxations studied
and presented in this thesis are listed in the following
table, tagether with some of their features.
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TabZ-e
T[KJ

20-30

Rel-axations measured in al-kal-i borate gl-asses
f[cs- 1 ] Ea[kcal/mole] kind of relaxation
~ectric
mechanica!
10 2 -1o 5

0·8-1·2

loc al moticins
i

140-180

10 3 -10 4

250-500

1-10 5

350-600

1-10 3

400-600

10 2-10 5

550-800

1-10

6
15-30

I

no mechanica!
analogon has
been detected

'water'
migration
of alkali
ions; analoguous to
mechanica!
single alkali peak
2
(f "" 10 5
1
10 cs- )

25-35

'single alka1i peak'; mi-

gration of
alkali ions
(f = 1 10 3 cs- 1 )

'mixed alkali
peak'; cooperative motions
of dissimilar
alkali i ons
no electric
analogon of
mechanica!
'mixed alka1i peak' can
be detected

Ea=f(T)

primary network relaxation
(viscous flow)
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The dielectric loss peaks at low temperatures (20-30 K)
are tentatively ascribed to relaxational motlans of tetrabedral (B04M+) units, where it seems to be essential that
they are located in a non-crystalline medium. In order to
get more insight in the quantitative aspects of these kinds
of relaxations it is desirabie that more experimental data
are collected, especially for other classes of vitreous systems such as phosphates and silicates.
Although efforts to reveal this relaxation by mechanica!
measurements failed so far, such experiments should certainly
offer additional information about the exact nature of the
relaxation in consideration.
The dielectric relaxation measured at about 160 K is
related with the presence of water in the glass. The value
of the activatien energy (6 kcal/male} suggests a type of
relaxation by which a proton in the neighbourhood of two nonbridging oxygen ions can change lts position.
At higher temperatures(i.e. somewhat above room temperature) the increasing mobilities of alkali ions present cause
them to migrate under the influence of an external force. The
corresponding energy lasses can be measured by mechanica! as
wellas by dielectric methods. A 'mixed alkali effect' is
present which means a negative departure from additivity of
the alkali ion mobilitieswhen ions of different sizes are
present simultaneously in the system. This effect can - at
least partly - be explained qualitatively by changes in the
potentlal energy states upon mixing, due to changes in electrastatic cation-cation interaction farces and polarisation
farces.
At somewhat higher temperatures, generally just beneath
the transformation temperature, a mechanica! relaxation is
measured in mixed alkali systems, the temperature position
of which is determined by the activatien energy for migration
of the ion with the lower mobility. This 'mixed alkali peak'
cannot be detected by dielectric experiments. A model is pro-

posed which is based on the cooperative motions of dissimilar
alkali ions in the sense that no net electric transport is
involved.
For temperatures in the neighbourhood of or exceeding
the transformation temperature a mechanica! relaxation with
a relatively large intensity (strength) is measured. It is
assumed that in these temperature regions relatively large
units of the network are able to perform relaxational motions
by a continuous breaking and re-establishing of bonds in the
borate chains. This mechanism is similar to that for viscous flow. The principle is that a transition only then
occurs when a sufficient amount of free volume is present.
Measuring this 'network peak' may be an excellent tool
in investigating systems in which the network itself undergoes changes as function of temperature and time (for instance systems which tend to separate into different phases).
This suggestion should be taken into a serious consideration
when a continuation of the present experiments is envisaged.

Summary
Dynamic mechanica! and dielectric relaxation measurements
have been carried out in a la;rge tempersture range for vitreous borates and metaphosphates. Por frequencies varying
between 1 and 10 5 cs- 1 a variety of relaxations has been detected, each occurring in a characteristic tempersture region
which is determined by the activation energy of the particular
effect.
Por frequencies ranging between 10 2 and 10 5 cs- 1 a dielee
tric relaxation has been measured between 20 and 30 K for
vitreous alkali borates; the corresponding activation energy
is about 1 kcal/mole (0•05 eV). The effect is typical for the
vitreous state, and it has been proposed that relaxational
motions of tetrabedral units ( B0 4 ) in deformed positions
are involved here.
The strength of a dielectric relaxation at about 160 K
(10 3 cs- 1 ) is related to the melting conditions of the messured systems, and it is proposed that the effect is coupled
with.the presence of water in the glass. The activation energy for the effect is about 6 kcal/mole (0·25 eV).
At higher temperatures, i.e. between 250 and 500 K, a
relaxation can be detected by mechanical('single alkali peak')
as well as by dielectric methods, using 'blocking electrodes'.
The value of the activation energy (15-30 kcal/mole or 0·71·3 eV) suggests that these energy losse~ are caused by stress
induced migrations of alkali ions.
By mechanica! methods a relaxation has been detected in
mixed alkali glasses between 350 K and the transformation
region (the activation energy is between 25 and 35 kcal/mole,
i.e. 1-1•5 eV). This relaxation lacks a dielectric analogue
and a mechanism has been suggested by which cooperative motions of dissimilar alkali ions are possible in such a way
that no net electrical charge ,transport is involved.
In the transformation region a mechanica! relaxation has
been detected at frequencies ranging from 1 to 10 cs- 1 • This
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loss peak is assumed to be caused by large scale network motions (viscous flow). The corresponding activation energy is
a function of the temperature; in order of magnitude this
varies from ZO kcal/mole (~ 1 eV) to 40 kcal/mole (~ Z eV).
The mechanism can be described with the aid of a 'free
volume theory'.

1~

Samenvatting
Dynamische mechanische en dielectrische relaxatie-experimenten werden uitgevoerd aan glasachtige boraten en metafosfaten in een groot temperatuurgebied. Voor frekwenties van
1 tot 10 5 cs- 1 is een aantal relaxaties aangetoond; ieder van
deze relaxaties treedt op in een karakteristiek temperatuurgebied, dat bepaald wordt door de aktiveringsenergie van de
relaxatie in kwestie.
Voor frekwenties tussen 10 2 en 10 5 cs- 1 is bij glasachtige
alkali boraten een dielectrische relaxatie gemeten tussen
20 en 30 K; de hiermee korresponderende aktiveringsenergie
bedraagt ongeveer 1 kcal/mol (0·05 eV). De relaxatie is eigen
aan de glasachtige toestand; ze wordt toegeschreven aan overgangen van tetraêdrische B0 4 eenheden in een dubbel potentiaal minimum dat ontstaat doordat de tetraëdrische eenheden
in vervormde toestand aanwezig zijn.
Bij ongeveer 160 K (10 3 cs- 1 ) is een dielectrische relaxatie gemeten waarvan de sterkte afhankelijk is van de voorwaarden waaronder het monster bereid is (temperatuur, tijd).
Verondersteld is dat de relaxatie gepaard gaat met de aanwezigheid van water in het glas. De aktiveringsenergie bedraagt
ongeveer 6 kcal/mol (0·25 eV).
Bij hogere temperaturen, ongeveer tussen 250 en 500 K,
is een relaxatie mogelijk die zowel door mechanische experimenten ("single alkali peak") als door dielectrische experimenten (met gebruikmaking van blokkerende elektroden) gemeten kan worden. Uit de waarde van de aktiveringsenergie (1530 kcal/mol of 0.7-1.3 eV) kan afgeleid worden dat deze energieverliezen veroorzaakt worden door het springen van alkaliionen van holte naar holtè.
Een mechanische relaxatie is aangetoond in glasachtige
systemen, die 2 verschillende alkali ionen bevatten in een
temperatuurgebied tussen 350 K en het transformatiegebie~
(de aktiveringsenergie ligt tussen 25 en 35 kcal/mol of tussen 1 en 1.5 eV). Een dielectrisch analogon voor deze relaxa-
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tie ontbreekt. Een model is voorgesteld dat cooperatieve bewegingen van verschillende alkali ionen beschrijft, zodanig
dat netto geen electrische lading getransporteerd wordt.
In het transformatiegebied is een relaxatie mogelijk die
gemeten is met mechanische frekwentles tussen 1 en 10 cs- 1 •
Verondersteld wordt dat deze verliespiek veroorzaakt wordt
door netwerkbewegingen op grote schaal (visceuze vloei).
De hiermee korresponderende aktiveringsenergie is een funktie
van de temperatuur; in grootteorde ligt deze tussen 20 en
40 kcal/mol (1-2 eV).
Het mechanisme kan beschreven worden met behulp van een
"vrij volume theorie".
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STELLINGEN
bij het proefschrift van
W.J.Th. van Gemert

Eindhoven, 28 juni 1977

Karsch et at. schrijven de mechanische relaxatie, die zij gemeten hebben bij lcs- 1 en -150°C aan alkali boraten, ten on•
rechte toe aan vibraties van het B-0 rooster.
K.H. Karsch enE. Jenckel, Glastechn. Ber.

1i

(1961) 397

II

De struktuureenheden in kristallijn B2o3 zijn andere dan die
in glasachtig B2o3 ; in het eerste geval is een ketenstruktuur
aanwezig terwijl in het tweede geval hoofdzakelijk boroxolringen aanwezig zijn.

III
Voor glasachtige systemen waarin verschillende alkali-ionen
tegelijkertijd aanwezig zijn, Wordt het ionengeleidingsvermogen niet uitsluitend bepaald door de kleinst aanwezige ionen,
maar door alle aanwezige ionen.

IV
De treffende gelijkenis tussen de relaxatiecurven, door
Goldstein gemeten aan glasachtige s ystemen die uit eenvoudige
molekulen zijn opgebouwd, en de curven van a-relaxaties zoals die aan polymeren vaak gemeten kunnen worden is moeilijk
te begrijpen.
1

M. Goldstein in Amorphous Materials, uitgegeven door R.W.
Deuglas en B. Ellis, Wiley Interscience London (1970),
pp. 23-28.

V

Het is niet verantwoord de diffusiemechanismen in glas te beschrijven met behulp van modellen zoals die gebruikelijk zijn
bij de beschrijving van beweeglijkheden in kristallijne vaste
stoffen.

VI
Het zou rechtvaardig zijn de geldelijke straf voor een verkeersovertreding te toetsen aan het salaris van de overtreder.
VII
Voor een betere interpretatie van gemeten relaxatiepieken kan
het vaak van nut zijn de meetfrekwentie te verlagen.
VIII
De Hittieten, een machtig volk dat in het tweede millennium
voor Christus in het Nabije Oosten leefde, krijgen minder aandacht dan ze verdienen.
J, Hicks, De Eerste Imperiumbouwers, uitgegeven door Time

Life International (1974).

IX
Het is ongepast dat bij de aankondigingen van vakatures in
dag- en weekbladen steeds meer een Engelse terminologie wordt
gebruikt bij de omschrijving daarvan.

x
De betekenissen die doorgaans toegekend worden aan de begrippen "luizeleven" respektievelijk "hondeleven" zijn niet met
de tijd meegegroeid; het verdient aanbeveling deze betekenissen aan de moderne omstandigheden aan te passen door ze te
verwisselen.

