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Analysis of mechanical losses due to ion-transport processes in silicate glasses
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Ion-transport processes in silicate glasses containing alkali and alkaline-earth ions are studied using dynamic
mechanical thermal analysis. The mechanical loss spectra are analyzed with respect to the frequency response,
the height, and the activation energy of the loss peaks. It is found that the frequency response of all loss peaks
is very similar, independent of the glass composition and the nature of the transport process. In the spectra of
many mixed alkali-alkaline earth glasses, the low-temperature loss peak seems to be ‘‘suppressed’’ by intense
high-temperature losses. This feature is well known from the mechanical loss spectra of mixed alkali glasses.
We show that there is a correlation between this ‘‘suppression’’ effect and the difference between the activa-
tion energies of the low-temperature and the high-temperature peak. Furthermore, the ‘‘suppression’’ of the
low-temperature losses seems to be accompanied by the occurrence of additional intermediate-temperature
losses originating from the interaction of monovalent and divalent cations.@S0163-1829~98!01921-3#
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I. INTRODUCTION

Mechanical spectroscopy is a powerful technique for
study of sub-Tg relaxations in glass. Relaxation process
occurring on different time scales can be detected in
experiment since the corresponding mechanical loss p
are spread out on the temperature scale in an isochronal
surement. The classical studies of the mechanical loss p
erties of mixed alkali glasses performed by Day a
others1–5 have, e.g., revealed the existence of a relaxa
mode that is connected with the transport of the slower al
ions. By way of contrast, the electrical properties of a gl
are usually dominated by the transport of most mobile io
Therefore, no direct information on slower relaxation pr
cesses can be obtained from electrical measurements.

An important criterion for the applicability of mechanic
spectroscopy to the detection of slow sub-Tg relaxations is
the range of available frequencies. The lower the app
frequency, the more pronounced is the separation on the
perature scale between the sub-Tg loss peaks and the glas
transition losses. The broader the range of available frequ
cies, the more precise are the values that can be obtaine
the activation energies of the relaxation processes.

A large number of mechanical studies has been perform
using the torsional pendulum at its natural frequency.1–9 This
method has a high sensitivity, i.e., mechanical losses
tand .1024 can be detected, but the frequency range is re
tively narrow. In order to overcome this limitation, pend
lums working in forced oscillations have been designed.10–12

Etienneet al. have used such a device to study sub-Tg relax-
ations in glasses.13–18 Their pendulum operates in the fre
quency range from 1025 Hz to 1 Hz.

In a recent paper,19 we have shown that as an alternati
to such specially designed pendulums, a commercially av
able instrumentation for dynamic mechanical thermal ana
sis ~DMTA ! can successfully be used for mechanical sp
troscopy on glasses. We have described experiments
mixed alkali-alkaline earth glasses. In these systems,
alkaline-earth ions are much less mobile than the alkali io
570163-1829/98/57~22!/14192~8!/$15.00
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Therefore, it was not initially clear if the alkaline-earth o
ides should be considered as network modifiers or rathe
network formers. The broad range of frequencies~0.01–200
Hz! provided by our DMT analyzer enabled us to examine
detail the mobility of the slow alkaline-earth ions.

Our results on glasses containing different alkaline-ea
oxides, Na2O-2MO-4SiO2 with M5Mg, Ca, Sr, Ba, re-
vealed that the motion of Ca21 and Sr21 is clearly more
decoupled from the structural relaxations of the glass n
work occurring at the glass transition than the motion
Mg21 and Ba21. So in this sense, MgO and BaO have mo
network former character than CaO and SrO. Furtherm
the mobility of the Na1 ions decreases with the increasin
size of the alkaline-earth cations.

We have also studied the effect of changing the r
ative amounts of alkali- and alkaline-earth oxides by co
paring the mechanical loss spectra of the glassesxNa2O-
(32x)CaO-4SiO2 with x50.4, 1.0, 1.5. Contrary to what i
found in mixed alkali glasses, in this system the mobilities
the slower alkaline-earth ionsincreaseas they are replaced
by alkali ions.

All the above conclusions have mainly been drawn fro
the loss peak temperatures and their frequency depende
In the present paper, we consider how mechanical loss s
tra can be analyzed in more detail, by taking into acco
peak shapes and peak intensities.

Such detailed analyses are relatively scarce in the lite
ture. Some authors have determined the full width at h
height~FWHH!, d, of loss peaks and have compared it wi
the FWHH of a Debye peak,dDebye51.14 decades. Shelb
and Day have done this for a large variety of single alk
and mixed alkali silicate glasses.2 They find d/dDebye
53.1– 3.3 for the alkali peak in single alkali glasses, a
d/dDebye53.0– 3.7 for the alkali peak as well as for th
mixed peak in mixed alkali glasses. Liu and Angell20 have
studied the mechanical losses of Agl-based fast ion cond
ing glasses. They findd values for the Ag1 ion-transport
peaks similar to those of Shelby and Day. Green a
co-workers21 report results for the mixed peak in
14 192 © 1998 The American Physical Society
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57 14 193ANALYSIS OF MECHANICAL LOSSES DUE TO ION- . . .
0.243Li2O-0.263Na2O-0.494P2O5 glass. For this peak
d/dDebye'3, also in good agreement with Shelby and Da

All these results suggest that the peak width does
significantly depend on the glass composition nor on the
ture of the underlying relaxation process.

On the other hand, some authors observe mechanical
peaks in glasses that are either broader or narrower comp
with the above. Examples for very broad peaks
d/dDebye'4.3 for the mixed peak in a 0.5Na2O-0.5K2O-
2SiO2 glass,22 and d/dDebye'4.4 for the high-temperature
peak in a ‘‘bioactive’’ 0.243Li2O-0.269CaO-0.026P2O5-
0.462SiO2 glass.15 An example of a loss peak clearly na
rower than is usually observed is theF2 ion-transport peak
in a 0.55ZrF4-0.31BaF2-0.05LaF3-0.03AlF3-0.06NaF
~ZBLAN ! glass withd/dDebye'2.16

In many of our mixed alkali-alkaline earth glasses, t
half widths could not easily be determined since the los
caused by different relaxational modes overlap on
frequency/temperature scale. Therefore, we have decide
use more sophisticated fitting techniques.

In the literature, two functions have mainly been used
fit mechanical loss data. The first function is the Kohlraus
Williams-Watts~KWW! function23,24

F~ t,T!5expF2S t

t D bG , with t5t0expS EA

kTD
and 0,b<1. ~1!

The mechanical loss, tand, is then given by

tan d~v,T!}E
0

`S 2
dF~ t !

dt D sin~vt !dt. ~2!

The second function is a double power law25

tan d~v,T!}
1

~vt!2n1~vt!m . ~3!

In order to test these functions, we have fitted the mechan
loss spectrum of a mixed alkali aluminosilicate glass~com-
position given in Table I! showing only one intense sub-Tg
loss peak. In Fig. 1, the mechanical loss tand is plotted as a
function of temperature at a constant frequency ofn
51 Hz. From measurements at different frequencies,
have determined the activation energy of the loss peakEA
50.98 eV from the equationEA52k dlnn/d(1/T). The
shapes of the temperature-dependent spectra do not de
on frequency. Therefore, knowing the value ofEA , we can

TABLE I. Composition of the mixed alkali aluminosilicat
glass, values in mol %.

Li2O 5.72
Na2O 5.72
SiO2 71.16
Al2O3 16.17
TiO2 0.62
B2O3 0.36
As2O3 0.19
K2O 0.06
ot
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now choose between fitting temperature-dependent
spectra at constant frequency or frequency-dependent sp
at constant temperature. As the DMT analyzer enables u
obtain higher resolution temperature-dependent spectr
constant frequency, we decided to fit this kind of spectra

As can be seen from Fig. 1, the double power law p
vides a slightly better fit than the KWW function. The p
rameters chosen areb50.3, and n50.41, m50.26. We
have, therefore, used the double power law to fit the m
chanical loss spectra of the mixed alkali-alkaline ea
glasses. Although in the case of the aluminosilicate gla
there are small deviations between double power law fit
experimental data at the high-temperature end of the re
ation peak, this feature does not affect the significance of
fits in the case of the mixed alkali-alkaline earth glasses.

II. DATA ANALYSIS

In the following, we analyze the mechanical loss spec
of one sodium silicate glass and several mixed alkali-alka
earth silicate glasses. The method of sample preparatio
described in Ref. 19. The DMTA experiments have be
performed using the Rheometric Scientific Analyzer Mk I
Additionally, the frequency and temperature-dependent c
ductivities of the glasses have been measured using
Schlumberger SI 1260 impedance analyzer. Details of
measurements are presented in full in Ref. 19.

The loss spectra of all glasses consist of more than
relaxation peak. Therefore, in order to separate the contr
tions from different relaxational modes with different activ
tion energies, temperature-dependent spectra taken at d
ent frequencies have been fitted. We find that according
their mechanical loss behavior, the glasses examined ca
divided into three classes:

~a! Glasses where an intense loss peak caused by the
kali ion transport can be observed. The spectra of the glasse
Na2O-4SiO2 and Na2O-2MgO-4SiO2 at different frequencies
were fitted by the superposition of one low-temperatu
peak, that can be attributed to the Na1 ion transport, and one
additional high-temperature peak, see Figs. 2 and 4.

In the case of the Na2O-4SiO2 glass, the height of the

FIG. 1. Mechanical loss spectrum of the mixed alkali alumin
silicate glass atn51 Hz ~circles! and fits~solid and dashed line!.
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14 194 57B. ROLING AND M. D. INGRAM
low-temperature peak is very similar to that found in oth
studies on alkali silicate glasses.1,2,26 The peak at T
'235 °C is probably due to the presence of H2O in the
glass,6,8,9 while the increase in tand at T.325 °C is caused
by the onset of the glass transition (Tg5502 °C). In Fig. 3,
we present an Arrhenius plot of characteristic frequenciesnm*
andns* extracted from the mechanical spectra and from
conductivity spectra, respectively. In the former case, th
are the frequencies of the mechanical loss peak max
while in the latter case, these are the crossover frequen
from dc conductivity to dispersive conductivity. In glasse
the activation energy ofns* is found to be identical with the
activation energy of the dc conductivity,EA

dc.30 As can be
seen from Fig. 3, the low-temperature mechanical losses
the conductivity are obviously due to the same microsco
process. On the other hand, the process causing the h
temperature mechanical losses does not contribute to
conductivity.

In the case of the Na2O-2MgO-4SiO2 glass, the increase
in tand at T.350 °C is clearly connected with the presen

FIG. 2. Mechanical loss spectrum of the Na2O-4SiO2 glass at
n51 Hz ~symbols! and fit ~solid line!.

FIG. 3. Arrhenius plot of characteristic frequenciesnm* andns*
extracted from the mechanical loss spectra and from the condu
ity spectra of the Na2O-4SiO2 glass.
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of Mg21 in the glass. A peak maximum cannot be detected
n51 Hz, but this is possible at lower frequencies. The
sults of isothermal multifrequency analyses have been
sented in Ref. 19. The parameters for the fit of the hig
temperature losses in Fig. 4 have been taken from a fi
these multifrequency data.

~b! Glasses where the alkali ion-transport loss peak
‘‘suppressed’’ and two loss peaks at higher temperatures
present. The loss spectrum of a Na2O-2BaO-4SiO2 glass can
best be fitted by superimposing three loss peaks with dif
ent activation energies, see Fig. 5. In this and in the follo
ing figures, the loss peaks and their superposition are sh
as solid lines. The low-temperature peak is activated with
same activation energy as the dc conductivity,EA

dc

51.15 eV. This peak can be attributed to the Na1 ion trans-
port. The peak is clearly smaller than the corresponding N1

peak in the Na2O-2MgO-4SiO2 glass. The high-temperatur
losses (T.300 °C) are again clearly connected with th
presence of Ba21 in the glass. A peak maximum could not b
detected atn51 Hz. Therefore, the fit parameters have ag
been taken from a fit of isothermal multifrequency data.

iv-

FIG. 4. Mechanical loss spectrum of the Na2O-2MgO-4SiO2

glass atn51 Hz ~symbols! and fit ~solid line!.

FIG. 5. Mechanical loss spectrum of the Na2O-2BaO-4SiO2

glass atn51 Hz ~symbols! and fit ~solid lines!.
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57 14 195ANALYSIS OF MECHANICAL LOSSES DUE TO ION- . . .
intermediate temperatures, a loss peak with an activation
ergy of EA51.35 eV was required to obtain a good fit.

The situation is similar in the case of a 0.4Na2O-2.6CaO-
4SiO2 glass, see Fig. 6. The activation energy of the dc c
ductivity is EA

dc51.48 eV. This relaxational mode cannot b
detected in the mechanical loss spectrum, so the spec
can be fitted by the superposition of two peaks withEA
51.74 eV andEA52.11 eV.

In Fig. 7, the mechanical loss spectrum of a 0.5Na2O-
0.5K2O-2CaO-4SiO2 glass is presented. This spectrum c
be fitted by the superposition of three peaks withEA
51.52 eV, EA51.77 eV, andEA52.18 eV. The activation
energy of the low-temperature peak is higher than the a
vation energy of the dc conductivity,EA

dc51.33 eV, see Fig.
8. This Arrhenius plot clearly demonstrates that mixed cat
glasses as compared to single cation glasses~Fig. 3! show a
more complex response to different external perturbatio
The low-temperature mechanical loss peak is attributed

FIG. 6. Mechanical loss spectrum of th
0.4Na2O-2.6Ca-O4SiO2 glass atn50.1 Hz ~symbols! and fit ~solid
lines!.

FIG. 7. Mechanical loss spectrum of th
0.5Na2O-0.5K2O-2CaO-4SiO2 glass atn51 Hz ~symbols! and fit
~solid lines!.
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the coupled transport of both alkali ions, and will, therefo
in the following be called the ‘‘mixed alkali peak.’’ It is wel
known from the mechanical spectra of pure mixed alk
glasses that the activation energy of the mixed alkali pea
usually higher thanEA

dc.22 Compared with pure mixed alkal
glasses, the mixed alkali peak of the 0.5Na2O-0.5K2O-2CaO-
4SiO2 glass is, however, less intense, i.e., it seems to
‘‘suppressed’’ by the intense high-temperature peak (EA
52.18 eV) that is clearly connected with the presence
Ca21 in the glass. Again, this feature is accompanied by
occurrence of an intermediate-temperature peak withEA
51.77 eV.

The obvious question is whether the intermedia
temperature peaks identified in Figs. 5, 6, and 7 are ‘‘wa
peaks’’ just like the one that presents such a prominent
ture of Fig. 2. Such a suggestion may not seem unreason
for the Na2O-2BaO-4SiO2 glass, in view of the very similar
temperatures ~ca. 230 °C! at which the intermediate
temperature peaks appear in Figs. 2 and 5. If the peaks
pearing in the range from 330 °C to 350 °C in Figs. 6 and
are also ‘‘water peaks,’’ then it is, indeed, remarkable th
they are so strongly shifted to higher temperatures by
presence of calcium ions but donot suffer the same suppres
sion effect as do the sodium peaks at lower temperatu
General considerations of glass chemistry would suggest
glasses rich in calcium and poor in sodium~such as is exem-
plified in Fig. 6! would in fact contain much less water tha
the binary sodium silicate glass~which is the progenitor of
‘‘water glass’’! and yet the intermediate-temperature pea
are of very similar intensity. Based on these arguments
propose that the intermediate-temperature peaks seen in
5–7 differ in kind from those previously reported.6,8,9

~c! Glasses where the alkali ion-transport loss peak
‘‘suppressed,’’ but it is not clear how many loss peaks
higher temperatures are present. In Fig. 9, the mechanica
loss spectrum of a Na2O-2CaO-4SiO2 glass is shown. At first
sight, this spectrum seems to consist of two loss peaks
however, cannot be fitted by the superposition of two pe
according to Eq.~3! with n50.41 andm50.26, see Fig. 9.
The deviation between data and fit at temperaturesT
.450 °C is probably due to extra losses caused by the g

FIG. 8. Arrhenius plot of characteristic frequenciesnm* andns*
extracted from the mechanical loss spectra and from the condu
ity spectra of the 0.5Na2O-0.5K2O-2CaO-4SiO2 glass.
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14 196 57B. ROLING AND M. D. INGRAM
transition (Tg5605 °C). The deviations at temperature
200 °C,T,375 °C, however, must be of different origin.

There are now two ways to fit the spectrum. The first o
is to assume that the high-temperature mechanical loss
is broader than in the glasses of class~a! and class~b!. The
second way is to assume that there is a third loss pea
intermediate temperatures. In principle, it should be poss
to decide from spectra taken at different frequencies wh
of the two ways is the more appropriate. If the first way we
more appropriate, the shape of the high-temperature
peak should be frequency independent, while if the sec
way were more appropriate, then the shape of the h
temperature losses should depend on frequency. Howev
is difficult to make a decision from the experimental da
Within experimental error, both ways could be appropria
The high-temperature losses can either be fitted by two pe
according to Eq.~3! with m50.26, see Fig. 10, or by on
peak withm50.185, see Fig. 11.

The same applies for the spectra of the glasses Na2O-
2SrO-4SiO2 and 1.5Na2O-1.5CaO-4SiO2. In Figs. 12 and 13,
the high-temperature loss peaks are fitted by two peaks
m50.26. However, bearing in mind that in class~c! behavior
the two upper peaks are much closer together than in c
~b! behavior, it is difficult to decide just how many peaks
indeed exist.

III. DISCUSSION

As can be seen from our results, mechanical spectrosc
spreads out very conveniently the fast and slow processe
the temperature scale. In all our glasses, we find
Arrhenius-type relation between peak temperatureT and ap-
plied frequency,n5n0exp(2Ea /kT). The values for the pre
exponential factorn0 are similar for different glasses an
different relaxation processes (1013.5 Hz,n0,1014.5 Hz).
Therefore, the spread of the relaxation peaks on the temp
ture scale corresponds directly to the spread in the activa
energies. The spread on the temperature scale is the

FIG. 9. Mechanical loss spectrum of the Na2O-2CaO-4SiO2
glass atn51 Hz ~symbols! and fit ~solid lines!. Obviously, the
high-temperature losses cannot be fitted by one peak withm
50.26.
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pronounced, the lower is the applied frequency. It would
e.g., be impossible to analyze the slow relaxations of th
alkaline-earth ions with ultrasonic methods~MHz regime!
because the alkaline-earth ion loss peaks will coalesce w
the glass transition losses.

An important finding from the present study is that all los
spectra can be fitted by superimposing loss peaks describ
by Eq. ~3! with m50.26 andn50.41. This corresponds to
d/dDebye53.1. The high-temperature losses of the glasses
class ~c! can alternatively be fitted by one peak withm
50.185 corresponding tod/dDebye53.7. So, in either case,
our results are in good agreement with those of Shelby a
Day. The frequency response of ion-transport mechanic
losses in glass seems, indeed, to show a universal kind
behavior analogous to the universal phenomena observed
the frequency response of low-frequency electrical losses
glass.27–30

According to linear-response theory, the density fluctua
tions caused by an ion-transport process lead to a mechan
loss that is given by31

FIG. 10. Mechanical loss spectrum of the Na2O-2CaO-4SiO2
glass at n51 Hz ~symbols! and fit ~solid lines!. The high-
temperature losses are fitted by two peaks withm50.26.

FIG. 11. Mechanical loss spectrum of the Na2O-2CaO-4SiO2
glass at n51 Hz ~symbols! and fit ~solid lines!. The high-
temperature losses are fitted by one peak withm50.185.
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tan d~v!5
NVv

M 8kBT (
Q

u ê~Q!u2Scoh~Q,v!. ~4!

Here,NV andM 8 are the number density of the mobile ion
and the real part of the complex mechanical modulus,
spectively.Scoh denotes the coherent dynamic structure f
tor of the mobile ions, whileê(Q) are the Fourier compo
nents of the coupling function between mechani
deformation of the sample and the potential energy of
mobile ions,e(r ).

Equation~4! implies that the mechanical loss is the larg
~a! the higher is the number density of mobile ions,~b! the
more the potential energy of the ions is affected by the m
chanical deformation of the sample, and~c! the more easily
the ions can relax with respect to the changes in the pote
landscape, i.e., the more easily density fluctuations are
lowed. Furthermore, it follows from Eq.~4! that there are
two prerequisites for a universal behavior of tand(v). The

FIG. 12. Mechanical loss spectrum of the Na2O-2SrO-4SiO2

glass at n50.1 Hz ~symbols! and fit ~solid lines!. The high-
temperature losses are fitted by two peaks withm50.26.

FIG. 13. Mechanical loss spectrum of th
1.5Na2O-1.5CaO-4SiO2 glass atn51 Hz ~symbols! and fit ~solid
lines!. The high-temperature losses are fitted by two peaks withm
50.26.
-
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coupling function between mechanical deformation and
tential energy of the mobile ions must be universal, and
dynamic structure factor of the underlying transport proc
must be universal, at least for theQ components contributing
significantly toê. In particular, a universality inê(Q) is not
obvious as the coupling between the mechanical deforma
and the potential energy of the mobile ions should gener
depend on the glass structure. This is contrary to the ele
cal case where the coupling between the electrical field
the mobile ions only depends on the ionic charge and
hopping distance. Therefore, a universality in the mechan
loss behavior is even more remarkable than the universa
in the electrical loss behavior.

Another remarkable feature in the mechanical loss spe
of glasses with more than one mobile ion is the ‘‘suppr
sion’’ of low-temperature peaks in the presence of inten
high-temperature peaks. We have observed this feature i
our mixed alkali-alkaline earth glasses except in t
Na2O-2MgO-4SiO2 glass. In this glass, the difference b
tween the activation energy of the low-temperature Na1 peak
and the activation energy of the high-temperature pe
DEA51.42 eV, is much larger than in the case of the Ca,
and Ba containing glasses, whereDEA is in the range 0.85
60.05 eV. This comparison suggests that the ‘‘suppressio
effect is greater the smaller the difference is between
activation energies of the high- and low-temperature pea

This hypothesis gains further support from earlier resu
on mixed alkali glasses.1 If smaller alkali ions are partially
replaced by larger alkali ions, the ‘‘suppression’’ of the a
kali peak is the more pronounced and the difference betw
the activation energy of the alkali peak and the mixed pea
the larger, the smaller is the radius ratio of the two ions, e
the ‘‘suppression’’ is more pronounced in Li-Na glass
compared with Li-K glasses. The more pronounced
‘‘suppression’’ effect, the faster the mixed peak grows w
an increasing relative concentration of the larger ions.

In mixed alkali-alkaline earth glasses, the radius ratio
alkali ions to alkaline-earth ions does not obviously det
mine the difference between the activation energy of the
kali peak and the high-temperature peak, see Ref. 19, bu
same relation between ‘‘suppression’’ of the alkali peak a
difference between the activation energies seems to be v
This indicates that there is adirect correlation between pea
height and difference between the activation energies. T
difference determines the ratio of the ion hopping rates.

A correlation between peak height and ratio of hoppi
rates suggests that the ‘‘suppression’’ of the low-tempera
peaks and the high intensity of the high-temperature pe
are caused by an increasing coupling between the
transport processes with a decreasing ratio of hopping ra

The low-temperature peaks in mixed alkali glasses as w
as in mixed alkali-alkali- and alkali-earth glasses can be
tributed to the transport of the fast alkali ions. The hig
temperature peaks are clearly connected with the presen
the divalent ions in the glass. Sakai and co-workers32 have
recently shown for a Na2O-2CaO-3SiO2 glass that the acti-
vation energy of the high-temperature mechanical loss p
is very close to the activation energy of the Ca21 diffusion.
On the other hand, we have observed that the height of
high-temperature peak inxNa2O-(32x)CaO-4SiO2 glasses
increases withx in the range 0.4,x,1.5, see Figs. 6, 9, and
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14 198 57B. ROLING AND M. D. INGRAM
13. This strongly indicates that Na1 ions play an important
role with respect to the underlying relaxation process. The
fore, the high-temperature loss peaks can best be consid
as involving interdiffusion of the fast alkali ions and th
slower alkali- or alkaline-earth ions. This suggests that
coupling between the relaxation processes responsible fo
low-temperature and the high-temperature loss peaks,
spectively, should be closely related to the fact that the
alkali ions are involved in both diffusion processes. The c
pling between the processes could also be responsible fo
additional relaxation modes that we have observed
intermediate-temperature losses in the spectra with ‘‘s
pressed’’ low-temperature peaks.

The phenomenon ofcouplinghas been discussed in ve
general terms in the literature, e.g., by Ngai and Tsang,29,33

Funke and co-workers,34,35 and Maasset al.36,37 Until now,
attention has been focused on the universal nonexpone
relaxation in glasses and other complex systems when re
ering, for example, from electrical, thermal, and mechan
stresses. As presently formulated, the above theoretica
proaches describe the phenomena observed when jus
microscopic process dissipates energy in the system. Th
sults presented here reopen the question~first posed by
Shelby and Day following their work on mixed alka
glasses! of how ‘‘fast’’ and ‘‘slow’’ processes will couple
when different atomic species are involved. In glasses c
taining both alkali- and alkaline-earth cations, it becom
important to establish just how far the major changes in m
bilities of the unipositive and dipositive cations produced
varying the relative amounts of these species19 occur in re-
sponse to ‘‘coupling’’ or can be attributed more straightfo
wardly to changes in the glass structure. Seeking the ans
to these questions will help shed light on relaxation p
cesses in ionic glasses more generally, and very likely
stimulate further investigations of mechanical loss spectr
these multicomponent systems.

Reference has already been made to the possible ro
water in relaxing mechanical stresses in glass, especial
intermediate temperatures between the alkali loss peaks
Tg . This suggests that there is a clear need for additio
studies on the behavior of protons and water molecule
glass, using complementary techniques for identify
ys
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chemical speciesand ion dynamics, such as nuclear ma
netic resonance. These studies should indicate unamb
ously which mechanical loss peaks are related to water
which are not.

IV. CONCLUSIONS

We have analyzed in detail the mechanical loss spectr
a variety of silicate glasses containing both alkali- a
alkaline-earth ions. Three important results have been
tained.

First, the frequency response of the mechanical loss pe
shows a universal kind of behavior analogous to the f
quency response of electrical losses in glass. In a first
proximation, the frequency response seems to be inde
dent of the glass composition and the nature of the relaxa
process.

Second, in many mixed alkali-alkaline earth glasses,
find a ‘‘suppression’’ of the low-temperature loss peak in t
presence of an intense high-temperature loss peak. A
mixed alkali glasses, the degree of ‘‘suppression’’ is rela
to the difference between the activation energies of the lo
temperature and the high-temperature peak.

Third, the suppression of the low-temperature peak se
to be accompanied by the occurrence of additio
intermediate-temperature losses, that donot originate from
the presence of water. A possible explanation for the la
two findings is a coupling between the two ion-transport p
cesses responsible for the low-temperature and the h
temperature losses, the degree of coupling being large
small differences between the activation energies of the s
rate transport processes.
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