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ABSTRACT 

Li 20•Al2 o 3 ·2Sio2 glass fibers were ion-exchanged from 

1 to 300 minutes in a sodium nitrate bath at 366°C. The 

internal friction was measured along with the lithium and 

sodium concentration profiles. As sodium progressively 

replaced lithium, the alkali internal friction peak became 

smaller while a new peak (mixed alkali peak) appeared and 

increased in magnitude. These changes in the internal 

friction are similar to those that occur upon the addition 

of a second alkali to glasses prepared by conventional 

melting. The magnitude of both internal friction peaks in 

ion exchanged glasses was dependent on the overall glass 

composition. The magnitude of the alkali peak depended 

upon the unexchanged glass core, whereas that of the mixed 

alkali peak depended upon the exchanged layer on the glass 

surface. Dissolving the exchanged surface layer led to 

the restoration of the original alkali peak and the dis-

appearance of the mixed alkali peak. Changing the alkali 

distribution did not affect much the mixed alkali peak, 

but caused the alkali peak to shift to higher temperatures 

and become smaller. The activation energy for both peaks 

remained essentially constant during ion exchange of the 

chilled fibers and this is attributed to the rigid network 

0 structure at 366 C. The height of the alkali peak can be 



used to determine the maximum depth of penetration of 

the second alkali. 
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I. INTRODUCTION 

(A) Single Alkali Glasses 

Single alkali silicate glasses exhibit two well-known 

. t 1 f . . k (l- 4 ) h f. ~n erna r~ct~on peas. T e ~rst peak, hereafter 

referred to as the alkali peak, is known to correspond 

in activation energy and frequency with the electrical 

migration losses due to alkali ions~S) Consequently, it 

has been attributed to the stress induced movement of the 

alkali ions.< 6 & 7 ) The alkali peak height also correlates 

with the sodium diffusion coefficient in sodium alumino-

silicate glasses! 8 > In a theory for the internal friction 

in ionic conductors, including glasses, Doremus( 9 ) recently 

postulated that the alkali peak should be sensitive to 

changes in the alkali concentration near the surface. 

Several mechanisms have been proposed for the second peak 

occurring at higher temperatures. It has been associated 

with the stress induced movement of nonbridging oxygen 

ions(l0, 4 ), an interaction between the alkali ions, 

bridging protons and oxygen ions(ll) and the diffusion of 

hydrogen ions~ 12 ) 

(B) Mixed Alkali Glasses 

When a second alkali oxide is added to a glass, the 

. . h'b' h . 1 l t' (l 3-l6 ) m~xed alkal~ glass ex ~ ~ts a new mec an~ca re axa ~on 

hereafter referred to as the mixed alkali peak. 
.. ( 17) 

Rotger 
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and Jagdt(?} assumed that the mixed alkali peak resulted 

from an increase in the magnitude of the original peak and 

its movement to higher temperatures. Steinkamp et al. (lS), 

using small additions of a second alkali, found that the 

large increase in internal friction was a new peak, 

unrelated to the alkali peak. 

McVay and Day(lg) reported that the maximum height for 

the mixed alkali internal friction peak occurs at the com

position where the diffusion coefficients for the two 

alkali ions are equal. It was proposed(l6 &l 9 ) that a 

cooperative rearrangement of dissimilar alkali ions is the 

mechanism for the mixed alkali damping maximum, with the 

slower ion controlling the rate of rearrangement. A pair 

of dissimilar alkali ions is considered to form an elastic 

dipole, which changes position so as to reduce the magni

tude of the applied stress. This mechanism seems to be 

el~ctrically inactive in mixed alkali silicate glasses. 

(C) Ion Exchange and Internal Friction 

The hypothesis that ion exchange could occur in glass 

was first suggested after the demonstration of ion exchange 

in natural silicate minerals such as zeolites. Horovitz 

( 20 &2 l) formulated the first ion exchange theory for glass 

electrodes, which Nikolsky and co-workers( 22 - 24 ) subsequently 

developed more fully. Ion exchange attracted general atten-

tion, resulting in a major practical application, only 
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after ion exchange techniques were developed for the 

chemical strengthening of glasses~ 25 - 28 ) Aluminosilicate 

glasses have been successfully strengthened to 70 Kg/mm2 

and remained resistant to abrasion~ 26 & 28 ) 

There are only limited data for the internal friction 

of ion exchanged glasses. Taylor and Rindone( 29 ) and 

Shelby( 3 0) measured the internal friction of ion exchanged 

alkali silicate glasses. Taylor and Rindone noted the 

similarity between the internal friction of an annealed ion 

exchanged and a conventionally melted mixed alkali silicate 

glass. Shelby indicated that partially ion exchanged 

alkali silicate glasses exhibit internal friction curves 

characteristic of a composite of a mixed alkali and single-

alkali silicate glass. However, the alkali concentration 

profiles and degree of ion exchange were not determined in 

either study~ 29 & 3 0) 

De Waal( 3 l& 32 ) measured the internal friction of 

sodium disilicate fibers which had been ion exchanged in a 

fused salt bath containing lithium or silver ions. He 

showed that the mixed alkali peak of ion exchanged glasses 

develops only after the fibers have been reheated briefly 

to a temperature higher than 200°C. A small but permanent 

structural modification (formation of intermediate sites 

was suggested), to adjust to the changed composition, 

seemed necessary to produce the mixed alkali effect. Re

heating the ion exchanged glass to 275°C was believed to 
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cause a transformation of normal sodium sites to inter-

mediate sites, the features of which are somewhere between 

those of normal sodium sites and those of normal lithium 

(or silver) sites. 

Both de Waal( 3l) and Taylor and Rindone< 29 ) showed 

that dissolving the ion exchanged layer in acid restored 

the internal friction of the ion exchanged fiber. 
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II. OBJECTIVE OF INVESTIGATION 

An investigation of progressively ion exchanged glasses 

was undertaken in order to gain a better understanding of 

the internal friction peaks exhibited by these glasses. 

Since ion exchanged glasses are actually mixed alkali 

glasses, the internal friction of glasses having the same 

overall composition, but prepared by ion exchange and con

ventional melting, could be compared. 

Ion exchanged glasses are characterized by a non

uniform alkali ion distribution, and therefore have the 

advantage of having the mixed alkali region (outer surface) 

separated from the single alkali region (interior) . The 

effect of the alkali distribution on the internal friction 

peaks in ion exchanged glasses could be studied since the 

alkali distribution can be changed by (1) varying the 

degree of ion exchange, (2) heat treatment after ion ex-

change, and (3) gradually dissolving the mixed alkali sur-

face layer. Lithium aluminosilicate glasses having an 

aluminum to total alkali ratio of one, were studied because 

of their relatively simple structure (absence of non

bridging oxygen), ease of ion exchange, and technical im-

portance. 

A recent theory developed by Doremus(g) predicts that 

the alkali internal friction peak should be sensitive to 
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differences in the alkali concentration at the glass sur

face. Ion exchange techniques provide a means of testing 

this theory experimentally. 
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III. EXPERIMENTAL PROCEDURE 

(A) Sample Preparation 

A Li 20•Al2o 3 •2Sio2 glass (batch composition) was 

prepared from reagent-grade Li 2co 3 , Al2o 3 , and potter's 

flint (99.98%Sio2). The glass was melted in platinum cru

cibles at l550°C in an electric furnace open to the atmos-

phere. After complete fusion, the melt was stirred several 

times with a fused silica rod. Fibers approximately 0.4 mm 

in diameter were then drawn from the melt and stored in 

glass tubes containing a desiccant. 

(B) Ion Exchange 

Chilled fibers (about 0.4 mm in diameter and 100 mm 

in length) were ion-exchanged in a reagent grade sodium 

nitrate bath at 366 + 1°C. The sodium nitrate bath was 

stirred continuously. After ion exchange the fibers were 

cooled, rinsed with distilled water to remove the frozen 

nitrate salt, carefully dried, and stored in a desiccator. 

(C) Internal Friction Measurements 

The internal friction of chilled (unless otherwise 

0 specified) ion-exchanged fibers was measured from -150 C 

to 400°c in an inverted torsion pendulum apparatus< 33 ) 

operating at a frequency of about 0.5 Hz. The procedure 

followed was identical with that described by Shelby and 
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Day. (34) The temperature gradient over the 70 mm length 

of the fiber was monitored continuously, by three chromel

alumel thermocouples, and never exceeded 3°C. The heating 

rate was about 1.5°C/minute. 

The internal friction of a rectangular glass specimen 

(13 x 6 x 114 mm) was measured by Forster's method as des

cribed by Moore. <35 > The temperature gradient along the 

specimen, as determined by three thermocouples imbedded in 

a glass bar adjacent to the specimen, never exceeded 5°C. 

The internal friction was calculated from the equation: 

where 

Q-l = N~ ln (amplitude ratio} 

Q-l = internal friction 

N = number of cycles 

(1) 

amplitude ratio (or velocity ratio) = ratio of the ampli

tude of vibrations on the zeroth cycle and the Nth cycle. 

The precision of the internal friction was + 0.1 x 10-3 

for the torsion pendulum apparatus. The precision in 

measuring the period of vibration was 0.03%. 

(see Appendix A for additional information} 

(D) Chemical Analysis 

After measuring the internal friction of an ion 

exchanged fiber, the lithium and sodium concentration in 

the same fiber was determined using a Perkin Elmer 303 
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Atomic Absorption Spectrophotometer. Successive layers, 

about lO~m thick, were dissolved in a 5% HF solution. The 

alkali concentration was determined by comparison with 

standard solutions. The interference effects caused by 

the partial ionization of sodium in the air-acetylene flame 

were avoided by adding a fixed excess amount of potassium 

(1000 ~g/ml) to both the standard and sample solutions (36>. 

Robinson ( 3 7 ) found no ionization interference on 10 p.p.m. 

Na by 5,000 p.p.m. K or Li. The thickness of the removed 

layer was determined from the weight difference before and 

after etching, the surface area exposed to the acid solu-

tion, and an average glass density (2.451 g/cm3). 

of the analysis is + 1%. 

(see Appendix B for additional information) . 

Precision 



IV. RESULTS 

(A) Chance in Internal Friction With Progressive Ion
Exchange 

10 

Fig. 1 shows the internal friction, as a function of 

temperature, for chilled Li 20·Al2o 3 ·2Sio2 glass fibers 

after various periods of ion exchange in sodium nitrate 

at 366°C. The unexchanged fiber exhibits one damping 

maximum (alkali peak) at -25°C. With the replacement of 

lithium by sodium, a new damping maximum (mixed alkali peak) 

appears at about +90°C. The growth of the mixed alkali 

peak is accompanied by a reduction in the size of the 

original alkali peak. After 60 minutes of ion exchange, 

the alkali peak is only a small shoulder on the low tempera-

ture side of the mixed peak. The temperature of the alkali 

and mixed alkali peaks show little change during ion exchange 

(Table I) . 

The sodium content as well as the maximum depth of 

penetration increases with ion exchange time as shown in 

Fig. 2. 

An interdiffusion coefficient at 366°C was calculated, 

from the data of figure 2, according to the following 

equation< 38 & 39 ) 

C = C0 erfc ( X ) 
(4Dt) 1 / 2 

where, 

C = concentration of sodium at a distance X from 
the surface 



TABLE I 

Temperature and Height Above Background For Alkali and Mixed Alkali Peaks 

Alkali Peak Mixed Alkali Peak 

Period of Average Total 
Ion Exchange Height Temperature f * Height Temperature f * Fiber Na2o 
(minutes) Q- 1x10 3 (+ 2°C) a 

Q- 1x10 3 ( + 3°C) m Diameter (Hz) (Hz) Content** 
(+ 0 .1) (2:_0.1) (±. 5f.!m) (mole %) 

0 13.6 -25 0.49 Not Observed 350 0 

1 12.1 -25 0.51 3.9 +98 0.50 355 0.45 

3 10.2 -30 0.51 5.1 +90 0.50 36 3 - - -

5 8.4 -30 0.49 7.1 +90 0.48 343 1. 58 

10 8.0 -28 0.57 9.3 +92 0.55 408 - - -

15 6.4 -25 0.49 10.4 +95 0.47 355 2.47 

30 4.0 -25 0.51 14.1 +90 0.49 370 3.41 

60 1.9 -25 0.42 17.7 +90 0.41 335 5.66 

12 0 1.0 -25 0.50 19.3 +93 0.48 367 6.18 

300 Not Observed 21.5 +95 0.52 370 7.95 
-- ·~ --·~ 

*f and f are the frequency at the alkali and mixed peak maximum, respectively. 
a m 

** After subtracting the Na2o impurity content (0.69 mole%) of the unexchanged fiber 
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c 
0 

= concentration of sodium at X=O 

erfc = complementary error function 

X = distance from surface in em. 

D = diffusion coefficient 

t = diffusion time in seconds 

The inverse complementary error function of C/C therefore 
0 

varies linearly with penetration depth (X), Fig. 3, and 

has a slope of (4Dt)-l/2 . The interdiffusion coefficient 

was almost constant within experimental error: 2.06 x 10-9 

(5 minutes), 1.41 x 10-9 (15 minutes), 1.91 x 10-9 

( 30 minutes} 

average value 

-9 2 and 1.73 x 10 em /sec. 

-9 being 1.78 + 0.1 x 10 

(60 minutes) the 

cm2/sec. at 366°C. 

(B) Chance in Internal Friction with Removal of Ion
Exchanged Layer 

The effect of dissolving the ion-exchanged surface 

layer from a chilled fiber (30 minutes in NaN0 3 ) in 5% 

reagent grade HF solution is depicted in Fig. 4. After 

removing a 23 ~m layer, the alkali peak became larger 

while the mixed alkali peak became smaller. Removal of a 

50 ~rn layer resulted in almost restoring the internal 

friction of the un-exchanged glass. Fig. 5 shows the 

corresponding sodium oxide concentration profiles. 



15 

1.6 

I 
1.4 

1.2 

>< ~ 1.0 

II 
Minutes 

0.8 - - 5 

ulu 
~ 15 -- 0.6 
-)Go- 30 

u 
~ 

.... -®- 60 
Q) 0.4 

0.2 

o.o ..... _.._...a. _ _.__....__.____. _ __,_ _ _.__....___. 
0 20 40 60 80 

DISTANCE FROM 
SURFACE {J'm) 

Fig. (3) Inverse complementary error function of Na 
relative concentration vs. distance from the 
surface. 



..... 

0 -X 

0 
... 

z 
0 
1-
u 

...... 
<( 

z 
"' w 
1-

z 

1 5 

1 3 

1 1 

9 

7 

5 

3 

1 

-200 

:"-. . . . . . . . . . . . 
. . . . . . 

0 

/ .... 
I \ 

I \ 
I \ 

I \ 
\ 
\ 
\ 
\ . ·. ~· ·. . .. ·· \ ........... 

200 

TEMPERATURE 

16 

0·0 )A'm Removed 

2 3 rm Removed 

50 JI-m Removed 

I 

Fig. (4) Internal friction of a sodium exchanged 
Li 20•Al20·2Sio2 glass fiber (30 minutes in 
NaNo3 at 366°C) before and after removing 
various amounts .of ion-exchanged layer (f = 
0.41 - 0.74 Hz; original fiber diameter = 
4501Jm) • 



17 

20~------------------------~ 

18 

16 

• 0.0 /"m Removed 

- 14 
~ 0 --x--23Jl'm Removed 
w ...... 
0 12 · · ·O· · · 50 )'m Removed 
~ -
0 10 

N 

c 
z 8 

6 

4 

2 

0 
0 20 40 60 80 100 

DISTANCE FROM 

SURFACE {J'm} 

Fig. {5) Concentration of sodium oxide after removing 
various amounts of ion-exchanged layer. 



18 

{C) Effect of Sample Dimension on Internal Friction 

In the preliminary ion exchange experiments, the mag

nitude of the alkali and mixed alkali peaks did not vary 

systematically with the degree of ion exchange. In order 

to determine whether the internal friction was dependent 

upon the diameter of the fiber, three fibers of different 

diameter were simultaneously ion exchanged in sodium nitrate 

for 30 minutes. The chilled fibers received no heat treat

ment after ion exchange. Fig. 6 shows that with decreasing 

fiber diameter, the alkali peak became smaller while the 

mixed alkali peak became larger. The Na2o and Li 2o concen

tration profiles shown in Fig. 7 for these three fibers are 

identical within experimental error. Chemical analysis 

showed that the total alkali content {Na2o + Li 2o) remained 

constant at about 25 mole percent with increasing distance 

from the fiber surface. 

A further example of the dependence of the internal 

friction on sample size was obtained from the comparison of 

a rectangular glass bar {13 x 6 x 114 mm) and a fiber {0.37 

mm in diameter) simultaneously ion-exchanged for 30 minutes 

at 366°C. The internal friction for the glass bar, shown 

in Fig. 8, is characterized by an alkali peak at +75°C 

{magnitude = 8.5 x 10-3 ). The very small inflection at 

+255°c corresponds to the mixed alkali peak. The fiber, 

however, exhibits a small alkali peak at -25°C and a large 

mixed alkali peak at +90°C. Neither sample was heat 
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treated after ion exchange. 

(D) Internal Friction of Glasses Prepared by Different 
Techniques 

Heating an ion-exchanged glass at an elevated tern-

22 

perature produces a uniform distribution of the alkali ions 

similar to that in a conventionally melted mixed alkali 

glass. The total lithium and sodium content of the ion-

exchanged glass was determined by chemical analysis and a 

glass was melted with the same composition (0.9 Li 2o· 

O.l Na2o·Al2 o 3 ·2Si02 ). In order to compare the internal 

friction of fibers from glasses prepared by these two tech-

niques, the conventionally melted glass was stabilized at 

590°C for 3 hours and the glass to be ion-exchanged was 

stabilized at the same temperature before ion exchange in 

NaN0 3 for l5 minutes at 366°C. After ion-exchange it was 

heat treated again at 590°C for 3 hrs. Its internal fric-

tion is shown by the solid curve in Fig. 9·. The internal 

friction of the conventionally melted glass is represented 

by the dashed curve. Both fibers, having the same com-

position but prepared by two different techniques, show 

essentially the same internal friction. 

(E) Effect of Alkali Ion Distribution on Internal Friction 

The dependence of the internal friction upon the sodium 

ion distribution was determined from fibers whose sodium 

ion distribution had been varied by heat treatment at 590°C. 
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The network structure of three Li 20·Al2o3 •2Si02 glass 

fibers was stabilized by heat treatment at 590°C. The 

24 

fibers were then ion exchanged for 15 minutes in NaN03 at 

366°C, the sodium ions penetrating to a depth of about 

40~m (solid curve in Fig. 10). One fiber was further heat 

treated at 590°C for 10 minutes, thereby reducing the 

sodium concentration gradient (dashed curve). Three hours 

at 590°C resulted in a uniform distribution of the lithium 

and sodium ions, i.e. in a homogeneous fiber (dotted curve). 

The changes in the internal friction corresponding 

to the different sodium concentration profiles are shown 

in Fig. 11. The magnitude and position of the mixed alkali 

peak was unaffected by changing the alkali distribution. 

However, the alkali peak was reduced and shifted to higher 

temperatures by the heat treatment at 590°C. 

Fig. 12 shows the mixed alkali peak for a chilled 

fiber (370 ~m diameter) after being ion-exchanged in 

sodium nitrate for 5 hours. After 3 hours heat treatment 

at 590°c, the mixed alkali peak shifted to lower tempera

tures (from +95 to +75°C) and became slightly larger (from 

21 . 5 to 2 2 . 5 x 1 0- 3 ) . 

(see Appendix C for other related results). 
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V. DISCUSSION 

(A) Change in Internal Friction with Progressive Ion 
Exchange 

28 

Upon the introduction of a second alkali ion - by ion 

exchange- in de Waal's()l) glasses, the internal friction 

of these glasses was similar to that for comparable glasses 

prepared by a conventional melting procedure. Hence, the 

new damping peak (at about 90°C),Fig. !,which in the ion 

exchanged glass increases in magnitude with increasing 

sodium content (Fig. 2) is considered identical with the 

known mixed alkali peak. The accompanied reduction in the 

magnitude of the alkali peak is the same we observe in a 

single alkali glass upon partial replacement of the alkali 

by another type of alkali ion. 

Fig. 13 shows the alkali and mixed alkali peak height 

as a function of total sodium oxide concentration for 

chilled ion-exchanged (1-x) Li 2o• x Na20•Al2o 3 •2Sio2 

glasses (filled circles) and for annealed (1-x)Li 2o·x Na2o· 

A1 2o 3 ·6Sio2 glasses prepared by conventional melting (open 

circles) . The data for ion-exchanged glasses are extracted 

from Fig. 1 and the corresponding chemical analysis. For 

both the ion exchanged and conventionally melted glasses 

the alkali peak became smaller while the mixed alkali peak 

becomes progressively larger, as the total sodium oxide 

increases. There is, however, a slight difference in the 
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peak height because of the compositional difference in the 

two sets of glasses, namely 12.5 and 25 mole% total alkali. 

From this comparison, it seems that it is not important to 

prepare each glass from the melt with each specific cation 

having its own kind of site and surrounding. The mixed 

alkali effect, as manifested by changes in the mechanical 

damping, could be achieved by replacing some of the lithium 

ions by sodium ions on the same sites by ion exchange. 

De Waal()l) indicated that in order to observe the 

mixed alkali peak it is necessary to reheat a glass fiber 

after ion exchange to a certain temperature, so as to gener-

ate what he calls "intermediate sites!' In the present 

study, reheating was found unnecessary. 

(B) Change in Internal Friction with Removal of the Ion
Exchanged Layer 

The reduction in the mixed alkali peak and the simul-

taneous increase in the alkali peak upon the gradual removal 

of the mixed alkali surface layer, (Figures 4 & 5), indicates 

that the alkali peak is due to the unaffected core. The 

mixed alkali layer is responsible for the mixed peak. The 

small shoulder (mixed alkali peak at about 100°C} in the 

internal friction of the fiber after dissolving 50 ~m layer 

(dotted curve in Fig. 4) corresponds with the small Na 2o 

concentration near its surface (Fig. 5). 

When the mixed alkali peak height of the ion-exchanged 

fiber (30 minutes at 366°C) is plotted versus the depth of 
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the removed surface layer (see Fig. 14); it is found to 

change in a linear fashion. A similar linear decrease of 

the mixed peak height with the depth of the layer removed 

from the surface was observed by Taylor< 40 ). 

(C) Activation Energy for Internal Friction and Inter
diffusion Coefficient 

Previously(l0, 4 , 34 ), the movement of an internal fric-

tion peak to lower or higher temperatures was interpreted 

as indicating a decrease or increase in the activation 

energy, respectively. This interpretation should be valid 

as long as the compositional changes responsible for a 

change in peak temperature do not lead to a different 

relaxation mechanism. Since the temperatures for the alkali 

and mixed alkali peak do not change significantly with pro-

gressive ion exchange (Fig. 1), the corresponding activation 

energies are apparently constant. The activation energy for 

relaxation seems to depend primarily on the network structure. 

Since the temperature of ion exchange (366°C) is well below 

the annealing range, there should have been no significant 

change in the network structure. 

For different degrees of ion exchange, from 5 to 60 

minutes, the interdiffusion coefficient (1.78 x 10-9 cm2/sec.) 

remained constant (Fig. 3). This also indicates that the 

diffusion is primarily controlled by the fixed (rigid) 

network structure. In other words, the energy barriers 

for diffusion are not changed significantly with the 
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introduction of sodium. 

(D) Relation Between Alkali Peak Height and Sodium 
Penetration Depth 

33 

De Waal( 3 l)calculated the reduction in the height of 

the alkali peak that may be expected theoretically in Ag 

ion-exchanged sodium disilicate glasses as a function of 

the penetration depth of the silver ions. He assumes that 

the ion-exchanged surface layer does not contribute to the 

alkali peak and the shear modulus is constant along the 

fiber radius, and develops the equation. (See Appendix D 

for the derivation of the equation). 

(tan o/tan ¢J 
4 4 

= ( 1 - Q.) = (r) 
R R (2) 

where, 

tan 0 = internal friction (alkali peak) of ion 
exchanged glass fiber 

tan ¢ = internal friction of the unexchanged fiber 

p = penetration depth of the second alkali 

r = radius of the unaffected core of the fiber 

R = overall radius of the fiber 

According to Equation (2) silver ions penetrating to a 

depth of 40 ~m would cause a 70% reduction in the original 

alkali peak height. However, the experimental reduction 

measured in a fiber not reheated to 275°C amounted to 

only 5 or 10%. De Waal concluded that the sodium ions in 
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the surface layer must still be contributing to the alkali 

peak. After reheating, the reduction in the alkali peak 

height was in good agreement with Equation (2) and a mixed 

alkali peak appeared. 

The applicability of de Waal's equation to the glasses 

in Figs.l & 2 was examined. Fig. 15 shows the relatively 

good agreement found between Equation (2) and the experimen

tal data. The experimental alkali peak height is slightly 

higher than what Equation (2) predicts from the experimen

tally determined sodium depth of penetration, but this 

difference could be accounted for if the lithium ions near 

the ion exchanged interface partially contribute to the 

alkali peak. This is considered a reasonable assumption, 

since the lithium concentration is high, while the sodium 

concentration is low, near the interface. The lithium ions 

at the interface are still sufficiently mobile to contribute 

to the alkali peak mechanism. 

In the present study it was not necessary to reheat the 

samples after ion exchange in order for the results to be in 

good agreement with the Equation (2). 

Based on the validity of de Waal's equation, the 

decrease in magnitude for the alkali peak (Fig. 1) is 

clearly related to the increase in the depth of penetration 

of sodium ions (Fig. 2) for fibers with approximately the 

same radius. On the other hand, in Figures 4 and 5, the 

alkali peak height increases as the thickness of the ion 



~ 

0 
Q) 

0.. 

0 
~ 

<( 

c: 

c: 
0 -u 
::l 

-o 
Q) 

0::: 

35 

1·0 r------------------

--o-- Experimental 
0·8 

-•- Theoretic a I 

- 0·6 
.s::. 
0) 

Q) 

:I: 0-4 

~ 
0-2 

~' 
0·0 

0 20 40 60 80 100 

P (Penetration Depth 
. 

)A 'It\ ) •n 

Fig. (15) Reduction in alkali peak height with sodium 
penetration depth. 



36 

exchanged layer (p) decreases (being gradually dissolved 

in an HF solution) and the fiber radius (R) decreases. 

When the radius of the unaffected core (r) equal the fiber 

radius (R), the magnitude of the alkali peak should be the 

same as that in the unexchanged glass. Indeed, after 

dissolving a 50 ~m layer, (R) almost equals {r) and the 

alkali peak magnitude is almost fully restored (Fig. 4). 

The depth of the penetration of a second alkali ~on 

(introduced by ion-exchange) in circular cross sectioned 

specimen can be obtained fairly accurately by measuring 

the decrease in magnitude o£ the alkali peak. This is a 

non-destructive measurement and represents a practical 

application of internal friction measurements, that could 

have value in the chemical strengthening of glasses by ion

exchange methods. 

(E) Effect o£ Sample Dimensions on Internal Friction 

In conventionally melted glasses the alkali ions are 

generally uniformly distributed unless the glasses are 

phase separated. The concentration of the relaxing units 

per unit volume is constant throughout the sample and the 

internal friction is independent of the sample dimensions. 

Ion exchanged glasses, however, have a nonuniform alkali 

ion distribution. Thus, the concentration o£ alkali ions 

per unit volume varies in accordance with the position 

of these volume elements in the sample. 
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The three ion-exchanged fibers in Fig. 6 have mixed 

alkali surface layers, (about 70~m thick} which are exactly 

alike as far as the sodium and lithium ion concentration 

gradient is concerned (Fig. 7}. The principal difference 

is the size of the un-exchanged core in each fiber. This 

core contains only lithium ions and is largest (= 345~m} 

for the 485~m diameter fiber. The 320~m diameter fiber has 

the smallest un-exchanged core (= 180~m) . It is easily 

shown that the larger fiber has more volume elements con

taining only lithium per total fiber volume than the smaller 

fiber. According to Equation (2}, the larger fiber should 

have the largest alkali peak since the ratio of the radius 

of the unaffected core (r) to the fiber radius (R) is greater 

for this fiber. 

The same argument is applicable, but on a larger scale, 

to the bar and fiber shown in Fig. 8. Considering the 

relatively large dimensions of the bar compared to the 

depth of ion exchange, the bar is essentially un-exchanged. 

Thus, the presence of only an alkali peak, and practically 

no mixed alkali peak, is consistent with the extremely low 

volume fraction of the mixed alkali surface layer. 

Similarly the large mixed alkali peak and the small alkali 

peak in the fiber agrees with the volume fractions of the 

mixed alkali and un-exchanged regions in this specimen. The 

dependence of the internal friction of ion exchanged glasses 

upon specimen size, therefore, is related to the relative 
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volume fractions of the mixed alkali and single alkali 

regions in the specimen. When the volume fraction of the 

exchanged regions is low, only the alkali peak may be 

observed. As the volume fraction of the mixed alkali 

(exchanged) region increases, then the mixed alkali peak 

is also detected. Finally, it is concluded that the inter-

nal friction peaks of the ion-exchanged glasses are related 

to the overall composition. 

(F) Internal Friction of Glasses Prepared by Different 
Techniques 

The internal friction of conventionally melted and 

heat treated ion-exchanged glasses of the composition 

0.9 Li 2o·O.l Na20·Al 2o 3 ·2Sio2 was found basically similar 

(Fig. 9). Similarly, the internal friction of a heated 

ion-exchanged sodium silicate glass and a conventionally 

melted glass of nearly the same composition, both deter-

. (31) d . . 16 h m~ned by de Waal , are compare ~n F~g. . T e 

similarity is apparent. The ion-exchanged glass was pre-

pared by ion-exchanging a Na2o·2Sio2 glass for 30 minutes 

in (Li, Na, K) N03 at l75°C followed by annealing at 

4l0°c. The glass prepared by melting was annealed at 430°C 

and had lower lithium content, 1.9 mole% as compared to the 

2.4 mole% for the ion-exchanged glass. The slight difference 

in the internal friction peaks is attributed to the small 

compositional difference between these glasses. The 
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relaxation spectrum of ion-exchanged glasses has also 

been related to the overall chemical composition (see 

Fig. 13). 
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These results support the conclusion that the mechani-

cal damping of ion-exchanged glasses is dependent on overall 

composition and is similar to that for conventionally melted 

glasses of the same composition. This conclusion is further 

supported by the results of Frischat( 4l). He reported that 

ion-exchanged and conventionally melted Na-K aluminosilicate 

glasses of the same overall composition have essentially the 

same electrical conductivity. The present internal friction 

measurements and Frischat's electrical conductivity 

measurements both indicate that it makes no difference 

whether the second alkali is uniformly distributed through-

out the glass or is confined to a layer on the surface. 

(G) Effect of Alkali Ion Distribution on the Internal 
Fr~ct~on 

The magnitude of the mixed alkali peak did not change 

(Fig. 11) with the change in concentration profile (Fig. 10) 

after heat treating the ion-exchanged glass at 590°C for 

10 and 180 minutes. The change in concentration profile 

and the internal friction data shown in Figures 10 and 11 

are for fibers which had been stabilized prior to ion-

exchange in order to minimize the network relaxation when 

the glasses were heat treated at 590°C for 3 hours after 

ion-exchange. From this it appears that the magnitude of 
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the mixed alkali peak is independent of the change in 

alkali distribution. This is attributed to the fact that 

in this case the total number of dissimilar alkali pairs 

did not change during the heat treatment. This would occur, 

ideally,if the initial concentration of sodium oxide is 

nowhere higher than half of the total alkali oxide content 

(12.5 mole%) as was the case in this experiment (see Fig. 10). 

A higher concentration (about 24 mole%) of Na2o at the 

surface of the fiber was obtained after 5 hours of ion-

exchange in NaNo 3 • One would expect an increase in the 

number of dissimilar alkali pairs after the heat treatment 

at 590°C for 3 hours due to the further penetration of the 

sodium ions and the additional pairing in the glass core. 

The observed slight increase in the magnitude of the mixed 

alkali peak of the glass fiber after heat treatment (dashed 

curve in Fig. 12) was attributed to this increase in the 

number of dissimilar alkali pairs. The movement of the 

peak to slightly lower temperature is interpreted tenta-

tively as a slight decrease in the mixed alkali peak acti-

vation energy. 

Further evidence of the insensitivity of the mixed 

alkali peak to changes in the alkali ion distribution is 

provided by the observation (Taylor and Day< 42 )) that the 

mechanism responsible for the mixed alkali peak was 

unaffected by phase separation in silicate glasses. 
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On the other hand, the change in alkali distribution 

after heat treatment of the ion-exchanged glass at 590°C 

did decrease the magnitude of the alkali peak and shifted 

it to higher temperatures (Fig. 11). The change in the 

peak's position was interpreted tentatively as due to an 

increase in the activation energy of the alkali peak. The 

decrease in its magnitude is obviously caused by the fur-

ther penetration of sodium ions into the glass decreasing 

the mobility of more lithium ions closer to the core of 

the glass fiber. The temperature shift is attributed to 

the corresponding increase in activation energy. 

(Additional data given in Appendix C). 

(H) Insensitivity of the Alkali Peak to Surface 
Compositions 

Doremus' rnodel(g) for internal friction predicts that 

the alkali damping peak should be sensitive to the corn-

position of the sample's surface. The results depicted 

in Figures (6,7 and 8) can be used for examining this 

proposition. In Figure 6 for instance, the three fibers 

have the same concentration of lithium at the surface, but 

different alkali peak magnitudes, in contradiction to what 

would be expected from a mere surface effect. Also, the 

simultaneously ion-exchanged glass bar and fiber (see 

Fig. 8) should have the same surface lithium concentration~ 

nevertheless the magnitude of the alkali peak is drastically 
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different in each case. It is concluded that the present 

experimental data are in conflict with the concept that 

the internal friction is entirely governed by the surface 

alkali ion concentration. 



VI. CONCLUSIONS 

The mechanical damping of sodium ion exchanged 

Li 20•Al2o 3 •2Sio2 glass fibers is basically similar to 

that for conventionally melted mixed alkali alumino

silicate glasses. As sodium ions replace lithium ions, 
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the original alkali peak becomes progressively smaller 

while a mixed alkali peak appears and becomes progressively 

larger. 

In an ion-exchanged glass, the magnitude of the alkali 

peak and the mixed alkali peak is determined by the overall 

composition of the sample. This leads to the variation of 

the internal friction with the sample dimensions. 

The alkali peak is mainly due to the stress induced 

diffusion of the lithium ions in the un-exchanged glass 

core plus some small contribution from the lithium ions 

at the single-mixed alkali interface. The change in 

alkali peak height can be used to calculate the penetration 

depth of the second alkali introduced by ion exchange 

methods. 

The mixed alkali peak is associated with the mixed 

alkali surface layer and its magnitude is not sensitive to 

changes in alkali ion distribution as long as the total 

number of dissimilar alkali pairs is not changed. However, 

after attaining a uniform alkali distribution for an 

ion-exchanged glass, the alkali peak is reduced in magnitude. 
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The activation energy for both peaks in the ion

exchanged chilled glasses remains nearly constant. This 

indicates that the activation energy for the relaxation 

processes is primarily dependent upon the glass network 

structure. At 366°C, the ion exchange temperature, the 

network structure is unaffected by ion exchange, so the 

activation energy is not affected by the alkali ions present. 

Heat treatment of the ion-exchanged glass producing uniform 

alkali ion distribution results in a shift of the alkali 

peak to higher temperatures indicating an increase in its 

activation energy. As far as the mixed alkali peak is con

cerned, its activation energy is constant-or may be 

decreasing-after homogenizing the glass fiber. 

Samples having the same alkali ion concentration at 

the surface exhibit alkali peaks of different magnitude. 

This indicates that surface composition does not pre

dominantly or alone account for the internal friction of 

ion exchanged glasses. 

Reheating the ion-exchanged glasses to a certain tern

perature was not found necessary for the mixed alkali peak 

mechanism to be operative. 
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APPENDIX A 

Internal Friction Measurements 

(A) Torsion Pendulum 

Internal friction was determined from the decay of 

velocity of the oscillating pendulum. The velocity was 

measured by a light beam reflected from a mirror on the 

oscillating pendulum and focused on a silicon solar cell 

faced by two parallel slits. An electronic timer measured 

the time required for the light beam to travel between the 

two slits, as well as the period of oscillation of the 

pendulum. Because the time necessary for the light beam 

to travel the fixed distance between the slits is inversely 

proportional to the velocity, the internal friction was 

calculated using the equation: 

-1 
Q 

-1 
Q 

N 

t n 

t 
= _!__ ln ( ....!!.) 

N'TT t 0 

= internal friction 

= number of cycles 

= time required for the light beam to pass between 
the slits on the nth cycle 

= time required for the light beam to pass between 
the slits on the zeroth cycle 

The inverted torsion pendulum apparatus is shown in 

Fig. l. 
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(B) Resonance Technique 

In this method the bar was suspended horizontally from 

two loops of fused silica thread located near the vibrational 

modes. The specimen was driven at its resonant frequency 

and allowed to decay, thus permitting the number of 

attenuated wave cycles occurring between known amplitude 

limits to be determined. Internal friction was calculated 

from the equation: 

-1 where Q , N, and n are the same as defined under method A. 

Au equals the upper amplitude limit and AL the lower limit. 

The sonic apparatus is shown in Fig. 2. 

In both methods A and B the apparatus was enclosed in a 

vacuum chamber operated at less than 10-2 torr to eliminate 

air damping. The furnace was cooled below room temperature 

with liquid nitrogen. High temperatures were obtained 

using resistance windings on the outer surface of the coolant 

chamber. 
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APPENDIX B 

Atomic Absorption Spectrometry 

In the atomic absorption system a light source, usually 

a hollow cathode lamp, supplies the sharp line spectra of 

the element under analysis (Na 5890 A0 and for Li 6708 A0 ) • 

The light source is chopped to eliminate any emission due 

to the flame. The solution containing the element under 

investigation is aspirated into the flame (air-acetylene 

oxidised flame of about 2300°C temperature) merely to dis

associate it from its chemical bonds and place it into the 

unexcited ground state. The unexcited atoms strongly 

absorb the resonance spectral line from the lamp and the 

reduction in intensity is a function of concentration. The 

detection limits for Na is 0.002 ~g/ml and that for Li is 

0.0006 ~g/ml. The sensitivity is about 0.015 ~g/ml Na and 

0.03 ~g/ml Li for 1% absorption~!) 

The glass fibers were etched for one minute in a 5% HF 

acid solution (reagent grade) contained in Teflon beakers, 

then washed with distilled water and dried. After adding 1 

ml 70% HNo3 acid (reagent grade) to the HF solution it was 

evaporated to dryness. A potassium solution, HN03 , and 

distilled deionized water were added to measuring flask in 

order to achieve final concentration of 7% HN0 3 and 1000 

~gK/ml. The same previous final concentrations was also 

used in the Na and Li standard solutions. The Na and Li 
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concentration profile were calculated by comparing the 

samples' absorption (which by proper dilutions was always 

in the linear region of the absorption vs. concentration) 

with absorption for the Na and Li standards. Sample solu

tions were stored in polyethylene bottles. It was always 

tried to avoid leaving the solutions in pyrex glass con

tainers for long times to prevent them from dissolving 

some of the alkali from the pyrex container. 

The Teflon beakers and polyethylene bottles were 

immersed for two days in dilute solutions of sodium 

tetraethylene diamine acetic acid to exchange any alkali or 

alkaline earths with the more soluble Na. Later the beakers, 

bottles, volumetrfu flasks, and other glassware were washed 

three times with 10% technical HCl solution and four times 

with distilled water to ensure eliminating any inter-

ferences as much as possible. 

In analyzing the (1-x) Li 20•X Na2o•Al2 o 3 ·2 Sio2 glass 

samples, it was necessary to insure that no other elements 

would interfere with the absorptions for the Na and Li 

ions. 

Up to 3,000 p.p.m. K had no effect on Na absorption as 

indicated by Rubeska et al. ( 2 ) The determination of Na in 

. (3&4) 
silicate is generally ~nterference-free. David ( 5 ) 

reported no interference on 2 p.p.m. Na by 160 p.p.m. Al 

nor by 64 p.p.m. Si. Billings( 6 ) found no molecular absorp

tion on the Na line (5890 A0 ) in an air-acetylene flame. 
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Robinson(?) found no ionization interference on lO p.p.m. 

Na by 5,000 p.p.m. of K or Li. 

As for lithium, Fishman and Downs(B) in an investigation 

of natural waters, found no interference on its (Li) deter-

mination by l,OOO p.p.m. Na, K or N0 3 • 

Slavin and Mulford(g) found no interference by Lion 

Si. Alurninurn( 9 ) interferes with alkaline earths, and not 

alkalis, by chemical combination. 
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Effect of Alkali Ion Distribution on the 
Internal Friction 
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Fig. 1 shows the internal friction of a chilled, ion 

exchanged fiber (15 minutes at 366°C in NaN03 ) before and 

after heat treatment for three hours at 590°c. As men-

tioned previously and shown in Fig.ll, the height above 

background and position of the mixed alkali peak remained 

constant after homogenizing the fiber. Also, the alkali 

peak decreased in height and shifted to higher temperatures 

after the heat treatment. Although the period of ion 

exchange is the same for the fibers shown in Figures (11 

and 1) , the alkali peak before heat treatment is smaller 

in Fig. 11 compared to Fig. 1 because of the stabilization 

of the network structure. (l) 

As concluded previously the mixed alkali peak is 

insensitive to the changes in alkali ion distribution. How-

ever, the alkali peak shifted to higher temperatures, 

indicating an increase in the activation energy, and 

decreased in magnitude due to the reduction of the Li+ ion 

mobility. 

The change in the internal friction for the specimens 

in Fig. 1 is due to two factors: {1) the stabilization of 

the glass network and {2) the redistribution of the alkali 

ions. 
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Relation Between Alkali Peak Height and Penetration 
Depth of Introduced Second Alkali 
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The following material is the mathematical derivation 

of H. de Waal(l). Internal friction can be determined from 

dissipation of energy of a specimen in forced torsional 

or flexural vibration. It is convenient to indicate the 

internal friction in terms of ~' denoting the energy 

dissipated in a volume element per period divided by the 

total energy that entering the volume element during that 

period. ~w, the decrease of w, is the work done in one 

period on the volume element. The energy w is the maximum 

amount of work that has been done on the element of volume 

during one period. The work done during a time t can be 

written as: 

y' dt (1) 

T and y are respectively the shear stress and shear strain 

on the volume element. For periodic vibration T and y can 

be written 

T = T 0 sin wt (2-a) 

y = y 0 sin(wt - 8) (2-b) 

where 8 is the phase angle between T and y. 
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Substitution of (2) into (1) gives: 

A (t) = { 1 1 1 T 0 y 0 - 4 cos(2wt-o)+ 4 cos(-o)+ 2 wt sin o} 

A(t) reaches its maximum value for wt 1T 
2 + 0 

To find ~w at time t, it must be recognized that A(t1 ) con

sists of two parts, viz. the potential energy in the element 

of volume at the time t, and the dissipated energy between 

t = 0 and t = t 1 . The potential energy can be written, 

according to the theory of elasticity, as: 

1 
= 2 To Yo sin 

Thus, the energy dissipated at the time t 1 is: 

sin o 

By taking tl 
2TI the energy dissipated in one period = ' w 

becomes: 

~w = AD ( 2TI) = 1T TOYO sin 0 
w 

1T T oyo sin 0 2TI sino !::.W = = 

( 4) 

w 1 +(TI + T y {cos 0 + (TI + o)sincS} coso o)sino 
2 2 2 0 0 



or, 

/1W 
w ~ 21r sino ~ 27r tan o 

tan o = 

67 

(for small values of o) ( 5-a) 

(5-b) 

/1W . 
~ 1s the relative energy dissipation in one element of 

volume. Experimentally 11:: , the dissipation of the specimen 

as a whole, is measured. Only under certain conditions may 

these quantities be interchanged. Assuming the principle of 

superposition to be valid we may write: 

/1W* 
= W* 

f 
vol /1W dv 

J 
vol w dv 

, (6) 

when integrating over the volume of the specimen. In a 

torsion pendulum the stress varies throughout the specimen, 

which means what W is a function of volume, W = W(v). In a 

torsion pendulum the vibration is a periodic function, so: 

Thus, 

/1W* 
W* 

W* = f W (v) dv 
vol 

= 
f ( 11:> • W(v) dv 

vol 
f W(v) dv 

vol 

(7) 

/1W* /1W l "f 6W . · d This expression shows --- = -- on y 1 W 1s 1n epenW* W 

dent of the position in the specimen, i.e., the internal 

friction of the specimen must be amplitude independent and 
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that the specimen must be homogeneous. 

Ion-exchanged fibers contain a concentration gradient 

of alkali ions. The surface layer, where the primary 

alkali ions have been partly replaced by another alkali, 

should be distinguished from the inner unaffected part of 

the fiber with the original composition. 

The reduction in the height of the alkali peak can be 

calculated by assuming that the ion exchanged surface layer 

of the fiber no longer contributes to the alkali peak. To 

do this the relative contribution to the internal friction 

of each volume element in the fiber as a function of its 

position must be known. 

Equation (7) relates (~::), the energy dissipation of 

the entire specimen, with (~:), the relative energy dissi

pation of an element of volume dv. Equation (5-b) 

tan ~ = ~W is valid for each element of volume where tan ¢ 
2TIW 

is defined as the internal friction of the volume element. 

¢ is used, instead of o, to indicate that tan¢ is not 

the experimentally measured internal friction. The measured 

internal friction can be written as: 

~W* 
tan o = 2 TIW* 

rewriting Equation (7}: 

tan o = 
! tan ~ • W(v)dv 

vol 
I W(v) dv 

vol 

(8) 
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tan¢, in ion exchanged fibers, is dependent upon the posi

tion of the volume element in the specimen so tan ¢ cannot 

be removed from the integral. When o is small Equation (3) 

may be replaced by: 

W(v) 1 
= 2 TOYO , ( 9) 

where T and y are the maximum shear stress and strain, 
0 0 

respectively. In a torsion experiment, stress and strain 

increase linearly with the distance r to the central axis 

of the fiber. From the theory of elasticity, T 0 and y 0 

are given by: 

T 
0 

= 9 Gr 
0 

and = e r 
0 

where G represents the modulus of rigidity and 90 the 

maximum angular displacement of the fiber per unit of 

(10) 

length. Substituting Equation (10) in Equation (9) gives: 

w(v) = ~ G e~ 

In combination with Equation (7) 

tan o = 

2 
r 

Assuming that G is a constant along the fiber radius: 

where ~ is fiber's length: 



dv = 2nr~ dr = (2TI~)rdr 

R 
3 (2TI~) J tan ¢ R 

r 3dr r dr J tan ¢ 
tan 8 = 0 0 = R 

r 3dr 
JR r3 

(2TI~) J dr 
0 0 

4 = 
R4 

J
R 

r 3 tan ¢ dr = 

0 

where R = radius of fiber, r = radius of union-exchanged 

core;from which it follows that: 

R = r + p 

70 

where,p is depth of penetration of the second alkali, i.e., 

thickness of mixed alkali ion layer: 

tan 8 = 4 { 
R4 T 

0 

r 3 tan ¢ dr + IR 
r 3 tan ¢ dr} 

R-p 

If we assume that the alkali ions in the exchanged 

surface layer (of thickness p) is not contributing to the 

alkali peak; then the right hand side of the in between 

brackets term of the last equation is zero. 

Since the unexchanged core (its radius = r = R-p) is 

a homogenous glass with the same concentration of lithium 

ions per unit volume throughout the fiber, tan ¢ is con-

stant and could be removed from the integral: 
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4 
4 4 4 

tan 0 = 
R4 

tan ¢ {(R-p) } = tan cp {(R-p) } = tan cp (r) 
4 R R 

(tan 0) 
4 4 

= (r) = (1 - £.) 
tan ct> R R 

which relates the reduction in height of alkali peak from 

its original value to the penetration depth of the replacing 

ions ( p) • 
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ABSTRACT 

Protons were introduced into the surface of a 

exchange in NH 4Hso4 at 366°C for 21 hours. Infrared 

absorption measurements established that the protons were 

associated with bridging oxygen ions. After ion-exchange 

the magnitude of the alkali internal friction peak decreased 

while a new peak appeared at about 220°C. This new peak is 

attributed to the interaction of alkali and hydrogen ions, 

independent of the presence of nonbridging oxygen ions. 
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I. INTRODUCTION 

Single alkali glasses are characterized by two 

mechanical damping peaks. The peak occurring at lower tem

peratures has been related to the movement of the alkali 

. (1-4) d . . 
~ons an ~s known as the alkal~ peak. The second 

peak occurring at higher temperatures has been attributed 

to several mechanisms( 2 , 4- 7 ), one of which involves the 

stress induced movement of the non-bridging oxygen ions! 8 r 9 > 

Glasses believed to contain only bridging oxygen ions, such 

as fused silica(lO) and feldspar( 9 ) glasses, do not exhibit 

this peak. 

The dependence of the second internal friction peak 

upon OH content has raised questions whether this peak is 

due to non-bridging oxygen ions. In binary alkali silicate 

glasses this peak becomes larger with increasing OH content. 

(ll,l2 ) Coenen(ll,l 3 ) associated this peak with the 

increasing concentration of bridging protons, as defined by 

Scholze<14 >, and concluded it is due to an interaction 

between the alkali ions, bridging protons and oxygen ions. 

He also stated that a water-free sodium silicate glass did 

not exhibit this peak(ll), but published no experimental 

internal friction data for such a glass. 

Doremus(lS) recently related this peak to the weathering 

of glass and proposed that it is due to the stress induced 
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motion of hydrogen ions. Hydrogen ions are assumed to 

diffuse into the glass as the glass reacts with water vapor 

in the atmosphere. 

The relative importance of the non-bridging oxygen 

ions to this peak is difficult to determine since most of 

the glasses studied contain both hydrogen (as OH groups) 

and non-bridging oxygen ions. The purpose of the present 

study was to determine whether hydrogen ions in a glass 

containing primarily bridging oxygen ions could produce an 

internal friction peak. By starting with a glass not 

showing this second peak, the effect of hydrogen on the 

internal friction would not be complicated by an existing 

peak. 
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II. EXPERIMENTAL 

A Li2o•Al2o 3 •2Sio2 glass was selected for study since 

it exhibits only one internal friction peak, alkali peak, 

and has a low background up to 500°C. Hydrogen was intra-

duced into the glass by ion exchanging fibers (0.5 mm in 

diameter) in molten NH4Hso4 (reagent grade) for 21 hrs at 

366°C. After ion exchange, the fiber was washed with dis-

tilled water until the sulfate adhering to the surface had 

been removed. Internal friction was measured with an 

inverted torsion pendulum(lG) operated at 0.65 Hz, in a 

vacuum (lo-2 torr). Infrared absorption spectra were 

obtained on the same fiber used for the internal friction 

measurements, using a Beckman-IR5A Infrared spectrometer 

and hexachlorobutadiene as a solvent. 
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III. RESULTS AND DISCUSSION 

Fig. 1 shows the internal friction of the Li O•Al 0 • 
2 2 3 

2Si02 glass before and after ion exchange in The 

alkali peak decreased in size and shifted to higher tem

perature (-30 to -25°C) after ion exchange. A similar 

change in the alkali peak was observed by de Waal(l7 ) for a 

sodium disilicate glass ion exchanged in NH 4Hso 4 for 2 1/2 

hrs at 275°C. Maklad and Kreidl(l 2 ) also reported a 

decrease in the size of the alkali peak in a sodium silicate 

glass (18 mole % Na2o) with increasing water content. 

The ion exchanged glass clearly exhibits a second inter

a nal friction peak at 220 c. A second damping maximum is also 

observed in aNa ion-exchanged Li o·Al o •2Sio glass(l6 ) 2 2 3 2 . 

Vaugin et a~(l 8 ) found a second peak at about +80°C in a 

Na20•4Si0 2 glass after exposure to the atmosphere for 

several days. 

The infrared spectrum is shown in Fig. 2. Before ion 

exchange the only absorptions observed are those for hexa-

cholorobutadiene (the doublet at 6.3-6.5 ~m). After ion 

exchange, additional absorptions are present at 2.95, 3.45 

and 4.45 ~m. 

and 

.+ 
Several factors support an ion exchange between L~ 

+ .+ d H + F'b h d H rather than between L~ an N 4 . ~ ers exc ange 

in NH4Hso4 for more than 21 hours became increasingly fragile. 

This fragility is attributed to tensile stresses on the 
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surface of the fibers which developed asH+ replaced Li+. 

NH 4+ would have produced compressive surface stresses which 

were not observed. Furthermore, the ion exchanged fibers 

showed a weight loss whereas the replacement of Li+ by NH4+ 

would have produced a weight increase. An ion exchange 

between the alkali ions in a glass and the NH + · · 4 ~ons ~n 

NH 4Hso4 has been suggested(lg), but Ehrmann et al( 20) showed 

+ the exchange was between H and the alkali ions. 

Ideally, the structure of the original Li 2o·Al2o 3 •2Sio2 

glass should consist of a continuous network with a minimum 

f b "d . . (21-24) o non- r~ g~ng oxygen ~ons. In interpreting the 

internal friction of the ion exchanged glass, therefore, it 

is important to consider whether the introduction of H+ 

changed the network structure. An interpretation of the 

infra-red spectrum for the ion exchanged glass, based on 

the assignments given by Scholze(l4 ) to the absorptions 

caused by OH ions in silicate glasses, indicates that the 

network structure was unaffected by ion exchange. 

Scholze(l4 ) has shown that water in glass is character

ized by three infrared absorption bands due to OH stretching 

vibrations. He identifies the absorption at 2.75 to 2.95 ~m 

with "a free-OH group," i.e., a hydrogen ion bonded to a 

bridging oxygen. The absorptions at 3.35 to 3.85 vm and 

4.25 vm are assigned to hydrogen-bonded OH groups, with 

the former being assigned to OH groups associated by hydrogen 

bonding with non-bridging oxygen ions. The absorption at 
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4.25 ~m was assigned to structures containing several non

bridging oxygens and having the highest degree of hydrogen 

bonding. 

According to Scholze, only the absorption at 2.75 to 

2.95 ~m should be observed for protons in a glass that con

tains bridging oxygens only. The observed decrease in 

intensity of the 3.6 ~m absorption relative to that of the 

2.8 ~m absorption with increasing Al2o3 in 20 Na2o • 

X Al20 3 • (80-X) Si02 glasses, lead Scholze to conclude that 

non-bridging oxygen ions were essential for the 3.6 ~m 

absorption. This absorption disappeared completely when 

the Al/Na ratio equalled one, i.e. the glass contained 

only bridging oxygens. 

The major difference between the infrared spectra 

shown in Fig. 2 is the absorption at 2.95 ~m in the ion 

exchanged glass. Since, two absorptions at 3.45 and 4.45 ~m 

are also barely perceptible, it is concluded that the ion 

exchanged glass is still essentially free of non-bridging 

oxygen ions·. The infra-red spectrum for the ion exchanged 

glass is interpreted as indicating that the hydrogen ions 

are associated with bridging oxygens. 

The present results are believed to show that hydrogen 

ions in a glass can produce an internal friction peak with

out the necessity for non-bridging oxygens being present. 

The second peak in the ion exchanged glass could be due to 
(15) 

the movement of the hydrogen ions as suggested by Doremus. 
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The proton penetration depth of the ion exchanged 

Li 2o·Al2 o 3 ·2Sio2 glass was determined indirectly - by 

measuring the lithium concentration profile - to be about 

25 ~m. Using de Waal's equation( 2S,lG) for the decrease in 

the height of the alkali peak, the hydrogen ions were cal

culated to have penetrated about 20 ~m into the fiber. 

Doremus(lS) estimated that a penetration depth of several 

hundred angstroms would be sufficient to cause an internal 

friction peak. 

A second point to be considered, however, is that the 

changes in internal friction are similar when either H+ or 

+ h d f .+ Na are exc ange or L1 . In both cases the alkali peak 

becomes smaller. As shown in Fig. 3, a second peak also 

appears at higher temperatures as Li+ ions are exchanged by 

Na+ ions. The second peak in the Na+ exchanged glasses has 

been identified(lG) as being the same peak which is present 

. . 11 1 d . N 1 . '1' t 1 ( 2 G) 1n convent1ona y me te L1- a A um1nos1 1ca e g asses , 

i.e., the mixed alkali peak. The mechanism proposed for 

the mixed alkali peak consists of a coupled reorientation 

of the dissimilar alkali ions. ( 27 ' 28 ) This similarity in 

internal friction suggests, therefore, that the second peak 

at 220°C in the ion exchanged glass is a type of "mixed 

f L;+ alkali peak" also, involving the cooperative movement o ... 

and H+ ions. 

It is difficult to determine whether non-bridging oxygen 

ions are necessary for the second internal friction peak 
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(which has been called the non-bridging oxygen peak(B, 9 )) 

in alkali silicate glasses. Coenen(ll) chose to attribute 

this peak to an interaction between the alkali, hydrogen 

and non-bridging oxygen ions. However, he was not aware 

that the mixed alkali peak is actually a new damping peak. 

Maklad and Kreidl(l2 ) consider the peak due to the inter-

action of alkali and hydrogen but could not exclude the 

role of the non-bridging oxygen. It should be noted, however, 

that additions of a second alkali also gave the appearance 

that this peak was becoming larger( 29 ) when instead the 

increase in magnitude was due to the appearance of a third 

peak, mixed alkali peak. Due to their proximity in tern-

perature the two peaks were unresolved in certain mixed 

alkali glasses, e.g., Li-Na and Na-K. It is possible that 

the second peak in glasses containing non-bridging oxygen 

and hydrogen ions is the same as that observed in the H+ 

ion exchanged glass or is composed of two unresolved peaks. 



86 

IV. CONCLUSIONS 

Th h f H+ f L'+ . l.'n L' 0 Al 0 28'0 e exc ange o or J. J.ons a 1 2 • 2 3 • J. 2 

glass produced changes in the internal friction similar to 

th b d h N + . . h d f .+ . ose o serve w en a J.ons are J.on-exc ange or LJ. J.ons. 

A second internal friction peak at 220°C in the ion-exchanged 

glass is attributed to the hydrogen ions, with the probable 

mechanism being the cooperative movement of lithium and 

hydrogen ions. Non-bridging oxygens are not a necessary 

precursor for the mechanism. 
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