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The internal friction and DC electrical resistivity of amorphously decomposed binary 
sodium silicate glasses containing from 4.0 to 18.4 mole % Na~O have been measured. 
The observed phase separation has little effect upon the internal friction of these glasses. 
The magnitude and temperature behaviour of the DC electrical resistivity is affected by the 
degree and type of amorphous decomposition. 

1. Introduction 
This report presents the data obtained from the 
study of acoustic absorption (internal friction) 
and DC electrical conductivity in amorphously 
decomposed sodium silicate glasses. The phase 
separated sodium silicate glasses have been 
studied in detail using a variety of methods [1 ]; 
in particular, three previous investigations of the 
internal friction of these glasses have been 
published [2-4]. 

The aim of the work reported here was to 
study the effects of a two-phase microstructure 
upon the transport properties. Transport is used 
here in the general sense of motion of ions. The 
DC electrical conductivity and internal friction 
represent two limiting cases: the electrical 
conductivity involves the transport of charge, in 
this instance Na + ions, over gross distances 
from one electrode to the other; the internal 
friction may involve only transfers of ions 
between nearest neighbours. It was our aim to 
determine the effects, if any, that the presence 
and arrangement of two dissimilar phases would 
have upon these transport mechanisms. 

An earlier report [1] presents the background 
and information about microstructure germane 
to this system. To summarise, binary sodium 
silicate glasses in the composition range ~ 20 to 
4 mole ~ Na20 may sPontaneously decompose 
upon cooling from a melt. The miscibility dome 
of this system is characterised by two regions: 
thermodynamically metastable and thermo- 

dynamically unstable. The glasses in either 
of these regions have characteristic micro- 
structures as determined by electron microscopy. 
Metastable glasses contain one continuous phase 
with more or less spherical inclusions of another 
phase randomly arranged throughout. For 
example, in the 12.6 mole % Na20 composition, 
the spheroids are ~-~ 0.3 Fm in diameter, as seen 
on an electron micrograph, and have a sizes 
distribution of ~ 0.I Fm to 0.5 Fm. The unstable 
morphology is that of two three-dimensionally 
interconnected phases. The unstable samples of 
the 12.6 mole % Na20 composition exhibit 
elongated channels ~ 0.1 ~m to ~ 0.3 Fm wide 
distributed throughout the volume. Certain 
compositions can be produced by quenching 
and subsequent heat-treatment and have any of 
the three morphologies: homogeneous, meta- 
stable, or unstable. 

Internal friction and DC electrical conductivity 
data for seven glass compositions in the immis- 
cible region of the sodium silicate system are 
presented here. The data are examined to 
determine the effect of microstructural features 
on these transport properties. 

2. Experimental Procedure 
Melting and preparation techniques have been 
reported [1 ]. Table I lists the analysed composi- 
tions and annealing histories of the experimental 
glasses reported here. These glasses have a 
tendency to decompose upon annealing. It was 
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T A B L E  I Analysed compositions (mole %) and anneal- 
ing histories of sodium silicate g lasses  

Composition 
number Na20 SiO2 Annealing history 

1 18.4 81.6 525 ~ c for 15 rain 
2 17.6 82.4 525 ~ C for 15 rain 
3 14.8 85.2 480 ~ C for 15 rain 
4 12.6 87.3 500 ~ C for 15 rain 
5 10.3 89.7 505 ~ C for 45 rain 
6 7.2 92.8 515 ~ C for 15 rain 
7 4.0 96.0 649 ~ C for 60 min 

not possible to obtain homogeneous glasses in 
all cases (by homogeneous is meant the absence 
of any noticeable structure in electron micro- 
graphs). 

Internal friction measurements were performed 
on rough-sawn bars in the kHz frequency region. 
The technique entails measuring the free decay 
of vibrations at the natural resonant frequency 
of a bar [5]. Data  will be presented as plots of 
3, the logarithmic decrement, versus temperature. 
All measurements were taken with the bar hang- 
ing in the centre of a split tube furnace. The 
heating rate was controlled at 3 ~ C/rain and the 
furnace had a uniform temperature zone of 

0.5 ~ C over the length of the bar. 
Direct current electrical conductivity measure- 

ments were performed on polished squares cut 
from the internal friction samples. Evaporated 
gold electrodes were vacuum-deposited onto the 
squares in a three-terminal configuration. A 
constant voltage method was used in which 1 to 
400 V were applied across the sample and the 
current recorded with a Keithley pico ammeter. 
These glasses have a propensity for absorbing 
water on their surfaces. To obtain representative 
data, both heating and cooling curves were 
analysed in some instances. 

3. Results 
3.1. I n te rna l  F r i c t i on  - L o w  T e m p e r a t u r e  

( S o d i u m )  P e a k  

Internal friction data were obtained, usually, for 
at least three heat-treatments and two morpho- 
logies in each composition. Only selected por- 
tions of the data will be discussed in this report. 

Fig. 1 is the (reduced) internal friction versus 
temperature data for a typical, amorphously 
decomposed sodium silicate glass. Graphs such 
as this are generated by subtracting a computer- 
calculated "background" loss from the raw 
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data [6]. As shown in fig. 1, the result is usually 
a pair of  symmetrical maxima at ~-~ 360 ~ K and 
620 ~ K, respectively. The question of background 
and peak symmetry will be discussed in a later 
section of this paper. 
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Figure I Reduced internal friction data of a 12.6 Na20 glass 
heated 8 h at 600 ~ C. 

Considerable indirect evidence has led to the 
identification of the lowest temperature peak as 
being caused by the stress-induced diffusion of 
mobile sodium ions [2-4, 7, 9, 10]. In a similar 
manner the high temperature internal friction 
peak is ascribed to the motion of "non-bridging" 
singly ionised oxygen atoms [4, 8, 9, 10], though 
this conclusion is still being debated. 

The reduced data of fig. 1 can be further 
analysed by obtaining peak heights, peak 
frequencies, and temperatures, and the widths of  
the peaks at half-maximum. Table I I  lists such 
data for all compositions heat-treated 8 h at 
600 ~ C. Two general types of microstructures 
were observed throughout the region of immisci- 
bility. Within the metastable region the micro- 
structure was characterised by discrete particles 
of  a second phase dispersed in a continuous 
matrix case. Microstructures characteristic of the 
unstable region consisted of two independently 
connected phases. The morphology, unstable U, 
or metastable M, is indicated. Data  for only one 
frequency are given, a l thoughmany of th e samples 
were measured at several frequencies. The main 
features of these data are: 
(i) A, which is twice the peak height at maximum, 
increases as the amount  of soda increases; 
(it) there is no discernible pattern or trend 
apparent in the width at half-maximum. 
Table I I I  lists the same data for those composi- 
tions in which more than one morphology could 
be developed. In the case of the 14.8 Na20 
composition, three morphologies could be 



EFFECT OF M I C R O S T R U C T U R E  ON TRANSPORT IN GLASSES 

T A B L E I I Selected internal friction data - sodium peak 

Glass Heat-treatment A x 10 ~ Peak Peak Half width Morphology* 
temp. ~ K frequency Hz ~ K 

4.0Na20 600~ 8 h 26 363 5118 88 Mt 
7.2Na20 600~ 8 h 46 372 2463 84 U~ 

10.3Na20 600 ~ C, 8 h 95 373 2109 98 U 
12.6Na20 600 ~ C, 8 h 123 358 2125 101 U 
14.8Na~O 600~ 8 h 152 363.5 2249 113 U 
17.6Na=O 600 ~ C, 8 h 207 363 1822 117 M 
18.4Na=O 600~ 8 h 226 353 1779 96 M 

*Morphologies in the unstable and metastable regions of the miscibility gap have characteristic features. 
tM, metastable features. 
:~U, unstable features. 

TABLE I l l  Selected internal friction d a t a - s o d i u m  peak as a function of morphology 

Glass Heat-treatment A • 104 Peak Peak Half width Morphology 
temp, ~ K frequency Hz ~ K 

12.6 Na~O 

14.8 Na20 

600~ 8 h 123 358 2125 101 U 
770 ~ C, 2�89 h 136 359 2968 99 M 
quenched 174 368 3308 107 Homogeneous 
annealed 208 363 2780 101 U 
600 ~ C 8 h 170 374 3166 113 U 
600 ~ C, 8 h 152 363.5 2249 113 U 
600 ~ C, 8 h 186 381 3320 100 M 
600 ~ C, 8 h 162 367.5 2795 107 M 

T A  B L E I V Selected internal friction data - oxygen peak 

Glass Heat-treatment A • 104 Peak Peak Half width Morphology 
temp. ~ K frequency Hz ~ K 

4.0 Na20 600 ~ C, 8 h 22 623 5215 132 M 
7.2 Na20 600 ~ C, 8 h 36 596.5 2489 137 U 

10.3 Na20 600 ~ C, 8 h 54 613 2126 120 U 
12.6 Na~O 600 ~ C, 8 h 60 618 2859 114 U 
14.8 Na20 600 ~ C, 8 h 68 613.5 2822 113 U 
17.6 Na20 600 ~ C, 8 h 88 617 1810 117 M 
18.4 Na20 600 ~ C, 8 h 110 647 3647 101 M 

s tud ied  and  d a t a  fo r  two  f requenc ies  are  listed. 
T h e r e  is l i t t le  d o u b t  t ha t  the  m o r p h o l o g y ,  in this  
c o m p o s i t i o n  at  least ,  inf luences  the  he ight ,  
pos i t ion ,  and  shape  o f  the  a b s o r p t i o n  m a x i m a .  
T h e  sensi t ivi ty  o f  p e a k  m a x i m a  to m e a s u r i n g  
f r e q u e n c y  will  be  d iscussed later .  

3.2. In terna l  F r i c t i o n -  High T e m p e r a t u r e  
(Oxygen)  Peak 

T h e  b e h a v i o u r  o f  the h i g h  t e m p e r a t u r e  p e a k  is 

essent ia l ly  the  same  as tha t  n o t e d  a b o v e  fo r  the  
l o w  t e m p e r a t u r e  peak .  M i n o r  differences in 
b e h a v i o u r  wi th  c o m p o s i t i o n  and  m o r p h o l o g y  
m i g h t  be  a t t r i bu t ab l e  to  difficult ies in  f i t t ing the  
b a c k g r o u n d .  Tab les  IV  and  V are  ana logues  o f  
tables  I I  and  I I I ,  respect ively .  

3.3. In terna l  F r i c t i o n -  A c t i v a t i o n  Energ ies  

I t  is genera l ly  a s s u m e d  tha t  the  in t e rna l  f r i c t ion  
o f  a lkal i  i o n - c o n t a i n i n g  glasses can  be  desc r ibed  
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T A B L E  V Selected internal friction data-oxygen peak as a function of morphology 

Glass Heat-treatment A x 104 Peak Peak Half width Morphology 
temp. ~ K frequency Hz ~ K 

12.6 Na20 600 ~ C, 8 h 60 618 2859 114 U 
68 625.5 5760 109 U 
74 609 2964 103 M 

118 623 3308 132 Homogeneous 
86 628 2761 87 U 
68 613.5 2822 113 U 
96 620 3148 104 U 
54 617 2232 142 U 

14.8 Na20 
770 ~ C, 2�89 h 
quenched 
annealed 
600 ~ C, 8 h 

710~ C, 4 h  

by a Debye curve or a sum of Debye-type CUlVeS. 
This implies that, for a single relaxation process, 

A cot 
= (:) 

1 + (coz) 2 

where ~ is the observed internal friction, A is a 
constant, known as the relaxation strength, co is 
the angular frequency, and ~- is a characteristic 
relaxation time. The quantity -r is further 
assumed to be thermally activated, viz: 

(q) ~ - = % e x p  R--T ' (2) 

where ~'0 is considered constant, R is the universal 
gas constant, T is the absolute temperature, and 
q is an activation energy. These equations are for 
the case of a single relaxation time or mechanism. 
If  measurements are made at several frequencies, 
the quantities ~-0 and q can be calculated. The 
precision of determining the magnitudes of these 
parameters depends critically upon: 
(i) the number of frequencies scanned; 
(ii) the accuracy of the temperature measure- 
ments; 
(iii) the method and reliability of subtracting 
background curves. 
The error caused by the first two points can be 
readily estimated. The last point is less easily 
dealt with. The method described by Field and 
Redwine [6] yields reproducible results. Stati- 
stical analysis of the computer curve fit accounts 
for 98 ~ of the points used. Only 2 ~ of the 
variation cannot be accounted for by the curve. 
Assuming the background curves are correct and 
valid, the activation energies quoted in table VI 
are estimated to be accurate within :k 5 ~ .  

3.4. DC Electrical Measurements 
Table VII is a compilation of resistivities at 
T =  100 ~ C for the compositions and heat- 
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T A B L E  Vl Activation energy, q, determined from inter- 
nal friction measurements on selected samples 

Glass Heat- Sodium Oxygen Morpho- 
treatment peak peak logy 

q (kcal/ q (kcal/ 
mole) mole) 

7 .2Na20 600 ~ C, 1 h 22.6 46.5 U 
12.6Na~O 600 ~ C, 1 h 16.9 38.9 U 

600 ~ C, 8 h 16.1 32.2 U 
14.8 Na~O 600 ~ C, 8 h 11.3 22.5 U 

710 ~ C, 4 h 14.3 21.6 M 

treatment studied. Included for comparison are 
relaxation strengths, temperatures of peak 
maxima, and measuring frequencies from the 
internal friction experiments. In sharp contrast 
to the steady increase in relaxation strength with 
increasing sodium content, the DC electrical 
resistivity decreases rapidly between the 4 Na~O 
and the 7.2 Na20 compositions, and then the 
magnitude falls off slowly. The 4 Na~O sample 
consists of small, roughly spherical droplets 
about 400 A in diameter dispersed in a continu- 
ous matrix. From the phase diagram the 
continuous phase must be silica-rich. The 
resistivity of ~ 10 la s cm is reasonable for a 
composition so low in sodium [11]. The 18.4 
Na~O sample exhibits the inverse microstructure: 
silica-rich droplets dispersed in a continuous 
soda-rich phase. The spheroids of the 600 ~ C 8 h 
sample are roughly 600 A in diameter, but there 
seem to be fewer of them than in the correspond- 
ing 4 Na20 sample. A resistivity of ~-~ 108 g2 cm 
at T ~ 100~ seems quite reasonable for this 
sample [7, 11 ]. 

The behaviour of the resistivity for composi- 
tions lying between these two end points can be 
explained on the basis of the amount and 
distribution of two phases present with electrical 



EFFECT OF MICROSTRUCTURE ON TRANSPORT IN GLASSES 

TA B L E V ll Sodium silicate system DC electrical resistivity and internal friction maxima 

Glass Heat-treatment p (373 ~ K) ~ cm A Tp o K F~ Hz 

4.0 Na~O 600 ~ C, 8 h 2.44 • 1028 26 • 10 -4 363 5118 
7.2 Na20 600 ~ C, 8 h 5.33 • 109 46 • 10 -4 372 2463 

32 • 10 .4 398 3498 
10.3 Na~O 600 ~ C, 8 h 4.43 x 109 95 x 10 .4 373 2109 
12.6 Na20 annealed 1.78 • 109 92 • 10 .4 373 2716 

600 ~ C, 8 h 6.9 • 101~ 108 • 10 -4 368 2862 
123 x 10 .4 358 2125 

770 ~ C, 2�89 h 8.98 • 108 136 • 10 4 359 2968 
14.8 Na~O annealed 3.88 • 107 

600 ~ C, 8 h 1.78 x 108 152 • 10 .4 363.5 2249 
130 • 10 .4 357 2855 
188 • 10 .4 374 2247 
207 x 10 .4 363 1822 
220 • 10 -4 353 1779 
306 • 10 .4 363 3711 

710 ~ C, 4h  1.74 • 108 
17.6 Na20 600 ~ C, 8 h 9.51 • 107 
18.4 Na20 600 ~ C, 8 h 1.77 x 108 

proper t ies  s imilar  to 4 N a 2 0  and 18.4 Na20 .  The 
var ious  hea t - t rea ted  samples  of  12.6 Na20  are 
good examples  of  the effect of  micros t ruc ture  on 
the electrical proper t ies .  The sample  t rea ted  for  
8 h at  600 ~ C contains,  f rom the phase  d iagram 
and the appl ica t ion  of  the lever rule, abou t  40 
by volume of  a phase  r ich in soda.  I t  has been 
shown previously  that  bo th  phases in these 
glasses are  three-d imens ional ly  in terconnected  
and cont inuous  [1]. I f  this soda-r ich  phase  is 
ac tual ly  the same soda-r ich  phase  as is present  in 
18.4 Na20 ,  we would  expect  tha t  most  of  the 
current  would  be t r anspor ted  by  carriers  in this 
phase  and that  the magni tude  of  the resist ivity 
should  be higher  than  the 18.4 N a 2 0  sample.  
This is indeed the case as the da ta  in table  VII  
indicate.  A 12.6 Na20  sample,  hea ted  at  770 ~ C 
for  2�89 h exhibits a metas table  phase  morphology .  
Due  to the fact that  the  miscibi l i ty  line is curved, 
the "end -po in t '  compos i t ion"  for  this t empera-  
ture, contains  less than  18.4 moles  Na20 .  We 
would  est imate,  then, tha t  the resistivity should 
be s imilar  in magni tude  to that  of  18.4 Na20 ,  but  
slightly higher.  The da ta  confirm this assumpt ion .  

Fig. 2 is a p lo t  of  the na tu ra l  logar i thm of  the 
resistivity versus the reciprocal  of  the absolute  
t empera tu re  for  14.8 Na20 .  No te  the marked  
devia t ions  f rom a single s t raight  line. The regions 
of  different s lope have been in terpre ted  as 
reflecting changes in the act ivat ion energy and 
concent ra t ion  o f  carriers  [8]. 

Table  VI I I  exhibits the  act ivat ion energies 
derived f rom a least-squares fit to a s t raight  line 
of  In p versus 1/T over var ious  t empera tu re  
intervals.  The general  feature observed in these 
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Figure 2 DC elect r ica l  res is t iv i ty  versus  tempera tu re  f o r  a 

14.8Na20 g lass heated 4 h at 710 ~ C. 

da ta  is two regions, each character ised by a 
different magni tude  of  the ac t iva t ion  energy. A t  
low tempera tures  the act ivat ion energy is typical  
of  ionic t r anspor t ;  i.e. ~ 16 kcal /mole.  A t  high 
tempera tures  (typically,  150 to 250 ~ C) the 
energies range f rom 25 to 44 kcal /mole.  Act iva-  
t ion energies and D C  electrical resistivities are 
accurate  to within ~: 5 ~ .  The pre-exponent ia l  
terms are much less accurate  due to their  
extreme sensitivity to the curve-fitting. 

4. Discussion 
4,1. The Effect of Amorphous Phase 

Decomposition 
I f  one plots  A, twice the sodium peak  max imum,  
versus hours  of  hea t - t rea tment  at  600 ~ C, the 
curve ini t ial ly decreases and then increases to a 
more  or  less cons tant  value after  16 h at  600 ~ C. 
This behav iour  was noted  for  most  of  the 
composi t ions .  The min imum in the peak  height  
moves  to longer  t imes as the sodium conten t  
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TABLE Vl l l  Activation energies from DC electrical resistivity measurements 

Glass Heat  t rea tment  Tempera tu re  EA kcal /mole 1 n p o 
interval ~ C 

18.4 Na=O 600 ~ C, 8 h 65-147 16.12 -- 2.8 
188-276 44.20 -- 34.6 

12.6 Na=O 184-280 30.84 -- 16.59 
158-200 32.50 -- 17.5 
135-205 31.03 -- 22.6 
40-172 15.96 -- 4.1 

209-269 32.50 -- 21.88 
85-294 28.20 -- 17.2 

107-236 15.65 - 0.91 
248-296 25.49 -- 10.47 
188-246 26.04 -- 9.1 
129-212 24.80 -- 1.7 

14.8 Na20 

annealed 
600~ C, 8 h 
770 o C, 1�89 h 

a n n e a l e d  

607 o C, 8 h 

710~ C, 4 h  

7.2 N a 2 0  600 ~ C, 8 h 
4.0 Na=O 600 ~ C, 8 h 

increases. The minima occur at 2, 4, 8, and 16 h 
for 7.2 Na20 , 12.6 Na20, 14.8 Na20, and 17.6 
Na20, respectively. This behaviour could be 
caused by: 
(i) changes in the volume fractions of the two 
phases; 
(ii) changes in the composition of the phases; 
(iii) a varying rate of  decomposition: 
The explanation for this behaviour is not forth- 
coming from these data. Only one piece o f  
evidence applies directly to this question, and it 
points to a changing volume fraction in unstable 
morphologies. In fact, the behaviour of  the volume 
fraction of the soda-rich phase with time, for 
7.2 Na20 and 12.6 Na20 compositions, is 
identical to the change in A with time. 

Aside from this change in the peak height 
with time of heat-treatment, which is undoubt- 
edly due in some way to the developing micro- 
structure, amorphous decomposition seems to 
have little or no effect upon the internal friction 
spectra of these glasses. Tables I I I  and V indicate 
small changes in the height, position, and shape 
of the maxima as the morphology is manipulated, 
but some or all of these differences might be due 
to compositional variations or the effect of 
fictive temperature. This negative result demon- 
strates again that the internal friction is sensitive 
only to short range forces upon mobile ions. The 
gross differences observed in the structure with 
electron microscopy are variations of groupings 
thousands of angstrom units long. Internal 
friction measurements are sensitive to changes of 
atomic ordering near tens of angstroms. 
Averages of long wavelength dependent proper- 
ties, i.e. elastic moduli and softening points, are 
quite sensitive to the degree and type of amorph- 
* D a t a  no t  included in tables. 
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ous phase decomposition, as has been shown 
earlier [1 ]. 

It  is reassuring to note that the electrical 
properties are senistive to the phase separation. 
DC electrical measurements are the type of long 
range averages of  many ion " jumps" that should 
show the effect of phase separation. The reason 
that the magnitude of the electrical resistivity and 
activation energy does not change much from the 
7 .2Na20 to the 17.6Na20 compositions is 
probably due to the continued presence of one 
continuous soda-rich phase in all of  those 
compositions. Most of  the current will be carried 
by that phase whenever it is present. 

The rather obvious curvature of the resistivity 
with temperature and the occurrence of two 
activation energies in different temperature 
regions have been ascribed to changes in the 
concentration of carriers and activation energies. 
At high temperatures this may include contribu- 
tions from sodium ions in the silica-rich regions of  
the lattice. It  should be mentioned here that only 
one region of dielectric constant dispersion was 
noted for compositions containing 12.6 Na20 
and 7.2 Na~O.* This is in contrast with Charles's 
findings in some lithium silicate glasses [7, 12]. 
We specifically looked for two regions of  dis- 
persion similar to those Charles noted in his 
lithium silicate specimen No. 1 (6.7 mole 
lithia, remainder silica [12]) but were unable to 
find any. 

In short, the internal friction spectra are 
affected most by the total amount of sodium 
present in the glass and only slightly by the 
separation into two phases of varying composi- 
tion and arrangement. The DC electrical 
resistivities reflect both the composition and the 
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arrangement of the two phases. 
Fig. 3 is a plot of A, twice the peak height, 

versus soda content for samples of sodium 
silicate glass heated for 8 and 16 h at 600 ~ C. 
Dotted lines are drawn at the approximate 
compositions seaparating metastable and unstable 
morphologies. Notice that these lines nearly 
correspond to the transitions between straight 
line portions of the graph for the 8 h samples. It 
may be that the effects of morphology upon the 
internal friction are stronger, but more subtle 
than we thought. It should be pointed out, 
however, that in no other heat-treatment 
sequence did the data appear this regular. For  
example, data for 16 h treatments at 600 ~ C are 
represented on fig. 3 as a straight line. Indeed, the 
acute sensitivity of these peak maxima to 
measuring frequency makes the task of compar- 
ing data from composition to composition very 
difficult. 
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Figure 3 Relaxation strength (twice peak maximum) of 
sodium silicate glasses heated 8 h (circles) and 16 h 
(triangles) at 600 ~ C versus ~/o Na20. 

4.2. Peak Shape  and Background 
Fig. 1, which illustrates the internal friction data 
for  one composition of 12.6 Na20, exhibits two 
quite symmetrical peaks. Generating a back- 
ground curve for such a spectrum is quite easy 
and straightforward. Fig. 4 shows similar data 
for  a 14.8 Na20 composition. It is easy to see 
here that the sodium peak at least, is not 
symmetrical; it has a tail which extends to low 
temperatures. 

The question to be answered is whether or not 
this tail is real, and if it is, what is the cause of 
this asymmetry. The reality of this asymmetry in 
a peak ascribed to alkali ion motion can be 
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Figure 4 Reduced internal friction data of a 14.8Na20 glass 
versus temperature. 

corroborated by its appearance in all our data on 
compositions containing 14.8 mole ~ Na20 or 
more and, in torsional pendulum experiments 
conducted by other authors [9]: Its cause can 
only be speculated upon. One mechanism comes 
to mind immediately; a contribution from 
mobile sodium ions in the silica-rich phase. Two 
peaks in these glasses attributable to sodium 
were never resolved, but a calculation based on an 
activation energy appropriate to a silica-rich 
composition has suggested that it is possible for 
the two maxima to overlap in temperature. It 
might be possible to resolve separate peaks with 
torsional pendulum data if they exist. 

In addition to having a "tail" which extends to 
low temperatures, this system is extraordinarily 
sensitive to measuring frequency. The height of  
the sodium peak in a 12.6 or 14.8 Na20 composi- 
tionwill nearly double as themeasuring frequency 
is doubled. This might be taken as evidence that 
the distribution of relaxing centres is not sym- 
metrical. Another possibility is the superposition 
of a second peak on the major relaxation. This 
second peak would presamably be due to the 
relaxation of sodium ions from the minor phase. 
Such relaxations would have different activation 
energies and thus a different temperature and 
frequency behaviour from the principal relaxa- 
tion. This explanation is attractive because it 
requires no modification or asymmetry of the 
actual distribution of energy sites. 

For  the lack of more evidence to the contrary, 
the peaks were obtained using a self-consistent 
method of generating a background curve, and 
all further analysis assumed the internal friction 
maxima to be symmetrical. As will be discussed 
below, a method does exist for deriving quantita- 
tive comparisons between the sodium and the 
oxygen peak assuming them to be symmetrical. 
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4.3. Quantitative Comparison of Internal 
Friction Peaks 

A convenient visualisation of internal friction is 
to imagine a loosely bound ion, such as sodium 
in sodium silicate glasses, absorbing energy from 
an elastic wave and jumpting or hopping to a 
higher energy site within the material. After a 
characteristic time, % the ion may "relax" back 
into its original configuration. In glasses one can 
postulate a range of energies available to any 
given ion. For lack of data to the contrary, it can 
be assumed that the distribution function describ- 
ing the range of energies is bell-shaped, a 
Gaussian curve. Such a distribution function is 
called a "log normal" distribution. 

Nowick and Berry [13], in an excellent paper, 
have analysed the effect such a distribution 
would have upon internal friction measurements 
such as are presented here. They describe 
explicitly the mechanism by which one can 
extract three quantities, /3, A j, and "rrn, from a 
knowledge of  mean activation energy, peak 
position, and magnitude. The quantity fi is the 
width of the curve in decades of the logarithm of 
% if /3 equals zero the process causing the 
relaxation is single-valued. The larger/3 the more 
relaxation times or energy sites - or processes - 
required to explain the experimental curves. The 
factor A j is the relaxation strength, a measure of 
the magnitude of the relaxation. Finally, ~'m is the 
mean relaxation time; the relaxation time in 
seconds characteristic of the majority of the 
relaxing centres. I t  should be reiterated that such 
an analysis a s s u m e s  a symmetrical peak for the 
experimental data. As we have seen for all 
sodium silicate glasses containing greater than 
14.8 mole ~ of soda, this is n o t  true. Neverthe- 
less, Nowick and Berry's techniques and 
methods have been used to analyse three 

TABLE IX Relaxation parameters 

compositions as a first approximation. The 
results for /3 and Aj are tabulated in table IX. 
The most  striking feature of these data is the 
decrease in/3 from ~-~ 4 in the 7.2 Na20 glass to 
~-~2.4 in the 14.8Na20 composition. This 
indicates that the distribution of sites in the 
14.8 Na20 glass is sharper than that of the 7.2 
Na20 composition. The distribution of energy 
sites (or energies) narrows even more markedly 
in the high temperature peak attributed to 0-  ion 
migration. 

Forry, using a similar analysis on data from 
glasses containing 17 to 3 4 ~  NolO, reported an 
opposite trend of fi with composition [2]. The 
reason for this anomaly is not known. Both/3 and 
Aj are quite sensitive to the values of mean 
activation energy and peak width used in the 
calculation. In any event, the curves for the 
composition greater than 14.8 Na20 are n o t  

symmetrical. No great confidence can be placed 
on calculations based on symmetrical peaks in this 
portion of the sodium silicate system. 

5. Conclus ions 
(i) Amorphous phase decomposition affects 
those transport properties which depend on long- 
range order or averages over the sample volume. 
(it) The electrical conductivity involves the 
transport of charged (Na +) ions over large 
distances. The microstructural features produced 
by amorphous phase decomposition (the amounts, 
distributions and compositions of phases present) 
determine the magnitudes of the electrical 
conductivity and the activation energies for 
conduction. 
(iii) The initial friction involves, primarily, 
transport of ions (Na +) between nearest neigh- 
bours. The total amount of sodium present 
determines the magnitude and appearance of 

Glass Heat-treatment Morphology Peak* /~ Aj • 103 

7.2 Na20 600 ~ C, 1 h U Low 4.1 9.7 
High 4.0 6.7 

12.6 Na~O 600 ~ C, 1 h U Low 4.4 28.9 
High 3.4 15.9 

600 ~ C, 8 h U Low 3.4 24.9 
High 2.3 10.5 

14.8 Na~O 600 ~ C, 8 h U Low 2.4 25.5 
High 1.0 9.5 

710 ~ C, 4 h M Low 2.5 32.0 
High 1.3 10.0 

*"Low" refers to the low temperature or sodium peak. "High" refers to the high temperature 0- relaxation. 
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internal  friction spectra for these glasses. 
The presence of a second phase may exert a 

minor  influence upon  the shape of the spectrum 
i.e. (a) an asymmetrical  peak, and (b) changes in 
peak height with time of heat treatment.  
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