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ABSTRACT 

Glasses of various compositions in the Na2o-sio 2 system 

were prepared with different levels of OH concentration. 

Phase separation kinetics, thermal expansion, radiation 

induced optical absorption, and internal friction of these 

glasses were studied. The increase in OH content in these 

glasses was found to (a) enhance the rate of phase separa

tion; (b) increase thermal expansion above the glass tem

Perature and change the dilatometric softening temperature 

in a way that depends on microstructure; (c) increase the 

radiation induced optical absorption bands associated with 

positive hole centers and decrease those associated with 

electron trap centers; and, (d) decrease the low temperature 

alkali peak and increase the high temperature peak of inter-

nal friction. Structural changes responsible for the effect 

of very small amounts of OH on these properties are des-

cribed. It is imperative to determine and consider OH 

content in the evaluation of properties which are so signi-

ficantly affected by it. 
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1. IN~RODUCTION 

A small amount of dissolved OH groups can significantly 

influence many physical and technological properties of 

glasses. Increasing OH content generally increases 

electrical conductivity, density, refractive index, rate 

of crystallization, rate of diffusion, and thermal expansion, 

and decreases chemical durability and viscosity[l, 2 , 44 l. 

The lowering in viscosity is more pronounced in the trans

formation range than that at the softening point[J]. 

Several authors[ 1 , 21 have found that the solubility of 

water in glass is proportional to the square root of the 

partial pressure of water vapor; the dissolved water is 

present in the glass as OH groups and not as H2 0 molecules. 

The dissolution can be represented by = Si-0-Si = + H2o + 

2 ~ Si-OH. 

Onder extremely high pressure, water molecules can be 

incorporated in the structure. The OH concentration in glass 

can be determined quantitatively, using the characteristic 

infrared absorption bands or nuclear magnetic resonance 

(NMR) • 

aecause water is present in glass in small amounts, its 

effect has beep overlooked by many investigators when repor

ting quantitative relations of composition and properties. 

~be p~rpose of this investigation is to obtain systematic 
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information on the effect of OH on some of the physical 

properties of well characterized, simple glasses; sodium 

silicate was selected for this study. Conversely, by 

studying the effect of OH groups in glass, one can get an 

insight into the structural environment and bonding around 

OH. 

2. EXPERIMENTAL PROCEDURE 

2.1 GLASS PREPARATION 

The glasses were prepared from reagent grade chemicals. 

sio 2 , provided by Bausch and Lomb, Inc., was a processed 

Quintus Quartz sand. After thorough mixing, and charging 

in a 250 ml platinum lined alumina crucible, the glass was 

melted in an electric furnace in the atmospheres described 

below. After holding overnight above the liquidus tem

perature, several melts of equal composition were treated 

differently to produce different levels of OH content. 

For the large "water" content glass, steam was bubbled in 

the melt using a mullite delivery tube, fitted with a 

platinum tube and sleeve, for 7 hours. To obtain the lowest 

"water" content, quenched and crushed glass was charged into 

a 30 ml platinum cricible and kept under vacuum (~ 20~) in 

an alumina tube furnace heated to 200°C, held at 200°C for 

24 hours, at 600°C for another 24 hours, above the liquidus 

temperature for one hour, and then quenched by lowering the 

crucible into a water cooled extension. Chemical analysis 

of the glasses indicated the loss of sodium did not exceed 
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0.2 mol % Na2 o. An intermediate OH level was achieved by 

melting under normal atmosphere where the melt was stirred 

with a platinum stirrer, to assure homogeneity, for 7 

hours. 

For phase separation studies, melts were cas,t between 

steel plates. Bars 5 x 1 x 1 ern were cast and annealed 

for thermal expansion and infrared measurements. Fibers 

about 0.5 rom in diameter were used for the internal friction 

measurements. 

2. 2 INFRARED MEASUREMENTS 

To reduce the contribution of the water absorbed on the 

surfaces of the glass, the ground and polished samples were 

heated overnight under vacuum at 200°C. Samples were then 

transferred to a desiccator, to be measured on a Perkin Elmer 

377 I.R. spectrophotometer. 

The absorption band position was determined from the 

spectra corresponding to the highest "water" content. The 

calculation was carried out in a similar way as reported by 

Goetz and Vosahlova[ 4], who had concluded that Beers-Lambert 

law was valid for determining "water" content up to 0.11 

mol% in glass. We arbitrarily assumed similar absorption 

coefficients for sodium silicate glasses, 40 1/mole•cm for 

the 2.8~ band and 55 1/rnole•crn for the 3.6~ bands, to make 

a semiquantitative comparison between glasses of the same 

composition. 
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2.3 TRANSMISSION ELECTRON MICROSCOPY 

The glass to be examined was filed with a square 100 

grit diamond file. To enhance contrast, the resulting 

flake was etched for 20 sec. in 5% hydrofluoric acid and 

for 10 sec. in 20% hydrochloric acid, agitated during the 

acid treatment, rinsed in distilled water, dried with a 

blast of clean compressed Freon* and scanned for areas 

thin enough to transmit electrons for observation. 

A Hitachi HU-llA electron microscope was utilized 

for this study. Scanning was usually performed at 100 KV 

and 17,000 X magnification. 

2.4 THERMAL EXPANSION MEASUREMENTS 

The thermal expansion was measured with a horizontal 

Orton Automatic Recording dilatometer. From room tempera-

ture to the dilatometric softening point, expansion deter

minations were made at a heating rate about 0.5°C/minute 

on samples two inches in length. The dilatometric softening 

point, was determined as the temperature at which viscous 

flow exactly counters thermal expansion during measurements; 

and the glass transition temperature (Tg) from the inter

section of the line passing through the low temperature part 

of the curve with the line passing through the linear part 

above the Tg. 

*EFFA duster - Ernest Fullam, Inc. 
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2.5 SPECTROPHOTOMETRIC AND IRRADIATION STUDIES 

A Beckman DK-2A double beam ratio spectrophotometer 

was used for optical absorption measurement in the visible, 

uv and near infrared parts of the spectrum, before and after 

irradiation. 

The x-radiation source for this study was a G.E. type 

EA-75 tungsten target x-ray tube operated at 50 KV and 40 

milliampere. The absorbed dose rate was calculated from 

the "Los Alamos absorption coefficient tables for elements," 

the experimentally determined energy distribution of tungsten 

unfiltered radiation, and the density and thickness of the 

glass exposed, using a computer program as described else

where[5]. All specimens were irradiated at an absorbed dose 

rate of 2.2 x 10 7 rads per hour. 

Bleaching was performed after irradiation using a short 

ultra-violet lamp (~220 m~). 

2.6 INTERNAL FRICTION MEASUREMENTS 

The internal friction measurements, as described else

where[51, were made on an annealed fiber approximately 60 

to 70 rom long as an elastic member of an inverted torsion 

pendulum operating at 0.4 Hz. The pendulum was enclosed 

h b d 1 than 10 -2, in a vacuum c am er, an pressure ess ~ was 

maintained during the measurements. 
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3. RESULTS AND DISCUSSION 

3.1 PHASE SEPARATION STUDIES 

In the system Na20-Si0 2 subliquidus liquid-liquid 

immiscibility has been observed below about 20% Na2o. In 

Fig. (1) both metastable and unstable regions are con

structed from the reported data[?,B]. In the metastable 

region, phase separation occurs by nucleation and growth 

and is characterized by discrete particles dispersed within 

a continuous matrix. In the unstable region, phase 

separation should develop by spinodal decomposition, charac-

terized by an interconnected microstructure. But phase 

connectivity could also arise from the intersecting growth 

of spheres starting from randomly oriented nuclei[ 9 l. Also, 

in the opinion of Neilson[lO], small angle x-ray scattering 

for sodium silicate glasses does not provide sufficient 

evidence to believe that spinodal decomposition always 

occurs or dominates in the unstable region. Haller and 

Macedo[ll] proposed that during the growth stage the dis-

torted spheres are rounded and forced to merge under the 

general driving force of reducing surface free energy and, 

more specifically, equalizing of interfacial curvature 

(Kelvin equation) . Rounding by bulk diffusion or viscous 

flow are likely mechanisms to bring the surface of spheroids 

close together. 

One composition in the metastable region was selected 

to study the effect of "OH" content on the separation 
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kinetics. Fig. (2) shows transmission electron micrographs 

for the 15.5 mol % soda glass, illustrating the development 

of phase separation with time and with water content, at a 

temperature of 700°c. The micrographs for the quenched 

glasses (Fig. 2 A,D, and G), showed detectable phase separ

ation with appearance of small particles with an average 

diameter of about 50 R in high concentration- Some of 

these particles are in the stage of coalescence indicating 

that the growth stage had already started. In these quenched 

glasses a change in particle size with OH content is not 

noticeable. Upon heating, all glasses rapidly develop a 

high concentration of particles, the average size of the 

particle increases and the particle concentration decreases 

with time. The micrographs in Fig. 2B, E, and H show the 

effect of OH content after 20 minutes treatment at 700°C. 

Generally, the average particle radius increases with 

increasing OH content, but the difference between the 

average size for the glass melted under normal atmosphere 

(2-E) and that for the vacuum melted glass (2-H) , which 

has the lowest OH content, is very small. More particles 

are in the coalescence stage in the normal glass as com

pared to that in the glass melted under vacuum, after 20 

and 180 minutes of heat treatment. The glass with the 

highest OH content (steam bubbling) showed a much larger 

increase in the size of the average particle and eventually 

was completely crystallized after 15.5 hours at 700°C, 



Quenched 

Figure 2. 

9 

wt. %0H 

0.1 

0.02 

0.005 

20 min. 180 min. 

Transmission electron micrographs for various 
heat treatments at 700°C of glasses with dif
ferent OH contents, 15.5 mol % Na2o 
(A,B,C) 0.1 wt.%0H (steam) 
(D,E,F) 0.02 wt.% OH (normal) 
(G,H,I) 0.005 wt.%0H (vacuum) 
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while the other glasses were still noncrystalline. The 

particle growth, in this case, more likely occurs by 

impingement and rounding off the particle-matrix interface. 

It is also noticeable that the concentration of the parti-

cles in the coalescence stage decreases with time, and as 

the particle to particle distance increases, more parti-

cles become spherical. 

This increase in particle size with OH content could be 

explained by the increase in bulk diffusion and viscous 

flow, at 700°C, which may enhance the growth by diffusion 

or by impingement. We will see later that increasing the 

water content decreases the glass temperature (Tg) (Fig.6) 

and the temperature at which the glass network is mechani-

cally relaxed (Fig. 12). These observations suggest an 

increase in diffusivity and viscous flow with increasing 

OH content. 

Fig. (3) shows the effect of time on the radius of the 

average particle, at 700°C, for the three OH concentration 

levels in the 15.5 mol % Na2o glass. The average particle 

radius increases linearly with the cube root of time, 

suggesting that the process is diffusion controlled. Simi

lar observations are reported in the literature[ 9 ,l2 , 13 1. 

Generally, the slope of the straight lines increases with 

increasing OH content (Fig. 3). The difference between the 

glass with high OH content and other glasses is substantial. 

But, the glass melted under normal atmosphere s.hows only a 



U) 600 
2 :o 
~ 

t; 
(!) 
z 
<t 
z 400 -
U) 
::;) -Q 
<t 
~ 

z 200 
<t 
1&1 
2 

SODIUM SILICATE GLASSES 

15.5 MOLE 0/o Na2o / / /, ... 
/ /' ~ 

/ /~ 
/ , ... 

/ ,...~ 

/~ 

// ,/ 
/ ,/ 

/ ,/ 
/~,/ 

0 

,.../,/ 
/ ,/ 

,("., ,/ 
./ ,/ 

,...~,c 

,!"/,../ 

c / ,'l ,&"' 
/;/,/ 

.h''/ 
b''/" 

.,?·~ 

Wt. 0/o OH 

.I 

.02 

2 4 ' 6 

TIME IN (MINUTES~~ 

MELTING CONDITIO 

STEAM BUBBLING 

NORMAL 

8 10 

Figure J, Variation with time of mean particle radius at 700°G, 15,5 mol ~ Na2o glasses, 

three levels of OH concentration, 

...... 

...... 



1.2 

slightly higher rate of increase of particle size, in com

parison with that for the glass melted under vacuum. 

It seems that some other factors must be counteracting 

the effect of the "water" content. For instance, bulk 

diffusion in the glass melted under vacuum might have been 

increased by missing non-bridging oxygen. This would lead 

to the high rate of particle size increase, unexpected 

for such a low "water" content glass. Other evidence for 

this suggestion will be discussed later in connection with 

radiation effects and internal friction measurements. 

We noticed that the water content of one glass melted 

under normal atmosphere in the high humidity season was 

about double that for the same glass prepared in the low 

humidity season. Since phase separation was shown to be 

sensitive to small changes in OH content of the glass, it 

appears necessary that, in phase separation studies, the 

water content of the glass be determined and considered, 

as an important parameter influencing the kinetics of the 

process. 

In general, then, the introduction of a very small 

concentration of OH groups enhances phase separation. It 

seemed interesting to explore also the possibility of 

suppressing phase separation by the introduction of suit

able constituents in small concentrations. Glasses con-

taining 13 mol % Na2o, and 2 mol % of either ZnO or zro2 , 

were heat treated at 700°C for one hour. Fig. (4) shows 
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the transmission electron micrographs for these glasses 

after heat treatment. The base glass (Fig. 4-A) shows 

phase separation with a considerable degree of connecti-

vity, characteristic for this composition, while the 

glass with ZnO (4-B) shows no connectivity but a few parti-

cles in the stage of coalescence. The larger particle 

size in the zno glass, as compared to the base glass, is 

due to the rounding off of the coalesced particles. This 

observation may suggest a larger interfacial energy in the 

ZnO glass. When Sio2 is replaced by zro2 , the particles 

show little growth, and the microstructures of the quenched 

and heat treated glass are similar. This glass differed 

from the other glasses by not exhibiting opalescence after 

long time heat treatment. The substitution of these oxides 

not only decreases the rate of phase separation, but also 

affects the thermodynamic stability of the phase. This 

is reflected in the reduction in the size of the phase 

separation dome as we go into the ternary field. 

3.2 THERMAL EXPANSION PROPERTIES 

3.21 Thermal Expansion Characteristics and Glass Transition 
Temperature (Tg) 

Fig. 5 illustrates the thermal expansion curves for 

two compositions in the system Na2o-sio2 . The 20.5 mol 

% Na2o glass shows the thermal expansion behavior for the 

metastable phase separation region, where silica-rich 

droplets occur in a soda-rich matrix. In this glass only 
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one glass temperature (Tg) is indicated by a single 

inflection in the curve, obviously that for the continuous 

soda rich-phase. The 13 mol % Na2o glass, which is in 

the unstable (spinodal) phase separation region and should 

have two interconnected phases, clearly shows two transfor-

mation temperatures (Tg), one for each phase. The effect 

of increasing OH content on the thermal expansion is illus

trated for the 13 mol % Na2o glass. Below Tg the OH content 

is not significant, but above the Tg the increase 1n the 

expansion with OH content is pronounced. It is also 

noticed that the glass temperature (Tg) , for the high silica 

phase, and the dilatometric softening temperature shift to 

higher temperatures with increasing "OH" content. Since 

increasing "OH" content considerably increases the rate 

of phase separation, the composition of the high silica 

phase in the glass containing more OH will be closer to 

the equilibrium composition. This high silica phase will 

have a higher Tg and softening point. 

Fig. (6) shows the effect of soda content on Tg, deter

mined from the cooling curves, for the glasses of high and 

low "water" content. The Tg reported here is that for the 

soda rich phase which can be detected in all compositions. 

This Tg increases steadily but slowly with increasing Sio2 

content. This increase reflects the degree of deviation of 

the soda rich phase from equilibrium composition. Increa-

s.ing 11 water" content seems to lower the Tg of the soda rich 
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phase, and the effect is more pronounced in the high 

silica glasses. The Tg for the high silica phase is 

detectable only in the high silica glasses having a high 

connectivity in the silica rich phase[ 14 1. 

The linear coefficients of thermal expansion were 

determined from room temperature to 400°c in the composi

tion range between 23 and 13 mol % Na2o and found to 

increase linearly with total sodium content, in agreement 

with earlier studies[ 151 . The thermal expansion coeffi-

cients for the linear part of the curve above Tg, were 

calculated and plotted as a function of the Na2o content 

(Fig. 7). Fig. (7) shows that the coefficients do not 

decrease linearly with decreasing Na2o content. From 23% 

to 20% Na2o the coefficient decreases rapidly. From 20 

to 15 mol % Na2o there is very little change, but below 

15% the coefficient decreases again, however not as 

rapidly as above 20%. It is significant that the boundary 

of phase separation is generally found at about 20%[ 7 , 15 , 16 1 

Na2o. At this point the composition of the soda rich con

tinuous phase is almost constant. This may account for 

the small change of expansivity in this range, but it 

would require data at different degrees of phase separation 

to analyze this behavior. An increase in the water content 

of the glass increases the expansion coefficient. 

Infrared measurements had shown that all compositions 

melted under normal atmosphere contained about .02 and all 
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compositions melted with steam bubbling about .1 wt % OH. 

The effect of water on increasing the expansion coefficient 

was more pronounced in the high silica content glasses. 

This observation could be explained by considering that 

the reaction of water with the high silica continuous 

phase is more effective in increasing the expansion 

coefficient than that with the continuous soda rich phase, 

which has a higher concentration of non-bridging oxygen 

to begin with. 

~ 
3.22 The Dilatometric Softening Temperature 

The type of microstructure developed in the glass 

definitely affects the dilatometric softening point[lS]. 

The development of two interconnected phases results in an 

increase in the softening temperature of the decomposed 

glasses compared to that of the undecomposed glasses. 

The volume percentage of the high silica phase present 

and probably the interfacial stresses developed between 

the two phases would influence the softening point. 

Fig. (8) shows the change of the dilatometric softening 

temperature with soda content for glasses with low and 

high "water" content respectively. In glasses with low 

"water" content there is a slight increase in the softening 

temperature up to about 15 mol % Na2o, then followed by a 

sharp increase with further additions of Si02 . 
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The glasses with high "water" content have a lower 

softening temperature which remains almost constant to 

15 mol % Na2o. Below 15 mol %, however, the softening 

temperature rises steeply and becomes even higher than that 

of the low "water" content glasses. The crossing of the 

curves occurs at about 15 mol %, just about where the 

change to the connective morphology of unstable phase 

separation is expected to appear. The presence of "water" 

in promoting the rate of separation, may shift the composi

tions of the separated phases closer to equilibrium: i •. e. , 

to higher Sio2 content in the connected silica-rich phase 

below 15 mol % Na2o, to higher Na2o in the continuous soda

rich phase above 15 mol %. 

In summary, the increase in OH content of the glass 

increases its thermal expansion coefficient above Tg and 

changes the softening point in a direction that is deter

mined primarily by the microstructure for the glass. Also 

the glass temperature of the soda rich phase shows a de

crease with increase in OH content. The study of the ther

mal expansion coefficient above Tg and of the dilatometric 

softening point could be used to indicate the presence of 

phase separation in a glass system and help locate areas 

with different microstructure within the phase separation 

dome. Similarly, Shaw et al[ 451 , have used density data. 

3.3 RADIATION INDUCED OPTICAL ABSORPTION 

Fig. (9) shows the effect of increasing "water" content 
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on the intrinsic visible and uv absorption in the 18 mol % 

Na2o sodium silicate glasses. Glasses No. 1,2, and 3 were 

melted under normal pressure, but glass No. 4 was melted 

under vacuum. In glasses No. 1,2, and 3, the uv absorption 

around 5 eV increases with the increase in the OH concentra-

tion. It was suggested[l?] earlier that the uv absorption 

in glass is associated with the formation of non-bridging 

oxygens. It is possible that this absorption around 5 eV 

is associated with hydroxyl group formation, if we consider 

that the rupture of the glass network by water is similar 

to, but not the same as, that caused by additions of alkali 

oxide. The lowest OH content glass (No. 4) melted under 

vacuum, has even higher uv absorption than other glasses. 

This could be caused by the reduction of the glass during 

melting under vacuum through the formation of non-bridging 

oxygen vacancies. Similar observations were reported for 

water free vitreous silica, which is normally produced in 

a partially reduced state; it absorbs in the uv at 2425 A0 

and exhibits fluorescence[lS]. Absorption as well as 

fluorescence were removed, when this silica was heated 

under oxidizing atmosphere, at a rate which is probably 

determined by the diffusion of oxygen through the solid. 

In general, it has been found that the radiation

induced absorption spectra of alkali silicate glasses can 

be resolved into four absorption bands centered at about 

t . 1 Stroud[lg] 2.0, 2.9, 4.0, and 5.5 eV respec ~ve y. 
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concluded, that the two induced visible absorption bands 

at about 2. 0 and 2. 9 eV are due to trapped holes. A 

similar conclusion has been reached by Mackey et al. [20 , 21 1 

and Bishay[ 221 • Investigations, by Yokota[ 23 ] and later on 

by Kats and Stevels[ 241 , and Bishay and Ferguson[ 25 l, sug

gested that the 4.0 eV induced band in silicate glasses is 

attributed to a positive hole trapped by an alkali vacancy 

neighboring an oxygen ion. 

Fig. (10) shows the radiation induced optical absor-

ption for the 18 mol % Na2o sodium silicate glasses of 

different OH concentration. The spectra for glasses No. 

(1) and (2) and (3) show an increase in the intensity of 

the three visible induced absorption hole centers with 

increasing OR content. This suggests that rupture of the 

glass network and formation of hydroxyl groups enhance 

the formation of the induced hole centers which are most 

probably close to non-bridging oxygens formed through the 

reaction of water with the silica network. On the other 

hand, the electron trap centers induced in the uv region 

beyond 4.0 eV are suppressed with increasing OH content, 

as shown in Fig. (11) curves (1) and (3). The formation 

of more non-bridging oxygen, by reaction of H2o with the 

glass network, could suppress the intensity of the uv 

induced electron trap centers by competing with these cen

ters in capturing the electron liberated during irradiation. 
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Glass No. 4 melted under vacuum gave a higher induced 

absorption than expected from its low OB content. This 

might be attributed to the formation of alkali vacancies 

capable of trapping more positive holes which might out-

weigh the decrease in the non-bridging oxygen. The decrease 

in non-bridging oxygen by melting under vacuum could be 

described in the following reaction: = Si-OB BO-Si = 
vacuum = Si-0-Si = + H2o.Fig. (ll) shows the induced melting 

optical absorption for glasses No. (1,3, and 4), after 

x-ray irradiation and subsequent bleaching with short wave 

length uv irradiation. Generally, the intensity is smaller 

if compared with that in Fig. [10] before bleaching. From 

the relative change in intensity with uv bleaching, it seems 

that the hole centers in glass No. (4), melted under vacuum, 

are more stable. More quantitative study on the stability of 

the centers in this glass is needed. 

Although the change in OH concentration is insignifi-

cant in comparison with the alkali content, its effect on 

the induced optical absorption is substantial. 

3.4 INTERNAL FRICTION 

Two peaks are observed when measuring the internal 

friction as a function of temperature in alkali silicate 

glasses. The low temperature peak in alkali silicate 

glasses is attributed to the stress-induced movement of the 

alkali ions[ 26 , 27 , 28 1. The mechanism for the internal 
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0 
friction peak at higher temperature (200-300 C) has not 

been explained satisfactorily. One explanation suggests 

that the loss is caused by stress induced movement of the 

b "d . . [29,30] . non-· r~ g~ng oxygen ~ons , another explanat~on con-

siders that the interaction between alkali ions and 

bridging proton is responsible for the effect[ 31 , 32 1. 

Glasses containing a mixture of dissimiliar alkali 

ions exhibit an unusually large internal friction peak as 

first reported by Rotger [ 331 and Jagdt [ 34 1. Steinkamp et 

al. [ 351 concluded that this is a new peak and is observed 

only in mixed alkali glasses. An elastic dipole model was 

proposed[ 6 1 to explain this peak, where the dissimilar 

alkali ions interchange their position. Recently, this 

model was supported with a correlation between the height 

of the mixed peak and the diffusion coefficients of the 

dissimilar alkali ions[ 36 1. 

Fig. (12) shows the internal friction curves for 

sodium silicate glasses (18 mol % Na2o) with different 

water content. The low temperature alkali peak decreases 

and moves to higher temperature with increasing water con

tent, while the high temperature peak seems to increase 

with increasing water content. 

The decrease of the low temperature peak was observed 

by de waal[ 3?], in sodium disilicate glasses, where Na+ ions 

were exchanged for protons by treatment in molten NH 4Hso4 . 

De waal[ 37 1 explains the decrease in the alkali peak and 
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shifting to a higher temperature by the decrease in 

alkali concentration after ion exchange. This explanation 

is doubtful since in our experiment the alkali content is 

practically constant in the three glasses. We are more 

inclined to attribute this decrease to the similar effect 

observed when a second alkali was added[ 6 , 36 l, or intro

duced into the glass by ion exchange[ 38 , 39 l. If we con

sider the correlation between the height of the alkali peak 

and the diffusion coefficient of alkali ions reported by 

McVay and Day[ 40], and the smaller diffusion coefficient 

by Na+ ions in the high water content synthetic sio2 glass 

compared to the low OH content Sio2 , observed by Frischat~l], 

we may suggest that addition of protons, just like that of 

a second alkali, lower the diffusion coefficient of the 

principal alkali. This would lead to shifting of the 

peak to higher temperature and the probable amount of alkali 

susceptible for diffusion would be smaller, resulting in 

the decrease of the alkali peak height. 

The high temperature peak appears to increase in size 

and shift to a lower temperature with OH content. Very 

recently Doremus[ 42 ] proposed that the high temperature 

internal friction peak in glass results from the stress

induced motion of hydrogen ions that are introduced by 

reaction of sodium ions in the glass with atmospheric water. 

Coenen[ 43 l reported the absence of such a peak in soda

silica glasses melted completely free from water and 
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attributed this peak to the interaction of alkali ions, 

bridging H+ ions and network ions (e.g. 0 ) • Supporting 

this mechanism is Revesz's[ 4 G] suggestion that the con

figuration 

H+ 

- Si-0 0-Si -

is more favorable energetically, with the possible forma

tion of a hydrogen bond. From this configuration, one may 

suggest an elastic dipole model, similar to that proposed 

for the mixed alkali peak, and the presence of non-

bridging oxygen and protons would be essential for the 

second peak to appear. 

In brief, increasing water content in sodium silicate 

glasses decreases the alkali peak by decreasing the diffu-

sion coefficient for the alkali ions, and enhances the high 

temperature peak by bringing more hydroxyl groups into the 

glass network. Since the effect is so pronounced with small 

changes in water content, the water content should be con-

sidered when reporting internal friction measurements. 

4. CONCLUSIONS 

Increasing the OH content in sodium silicate glasses 

was found to have the following effects for the compositions 

indicated 

(1) enhances the phase separation kinetics 

(13, 15.5 and 18 mol % Na 2o) 



(2) decreases the glass temperature (Tg), and 

increases the thermal expansion coefficient 

above Tg; changes the softening point in a 

way that depends on the morphology of the 

microstructure (13, 15.5, 18, 20.5, and 

23 mol % Na 20). 

33 

(3) increases the radiation induced absorption 

bands associated with positive hole centers, 

and decreases those associated with electron 

trap centers (18 mol% Na 2 0). 

(4) decreases the low temperature alkali peak, and 

increases the high temperature peak of internal 

friction (18 mol % Na 2 o) . 

The OH content was shown to be an important factor 

affecting physical properties, and should be considered 

and estimated when reporting data on these properties. 
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APPENDIX A 

This appendix was published in the Journal of the 
American Ceramic Society, Vol. 52, No. 9, pp.508-
509, 1969. 

Effect of Water Content on the Phase Separation 
in Soda Silica Glasses 

Water dissolves chemically in glass and its effect 

on glass properties has been reviewed by Scholze1 ) and 

Keening and Green2 ) . Solution is considered to occur 

through the formation of OH groups. This solubility has 

been found to be proportional to the square root of the 

water vapor partial pressure1 ) . The following reaction 

describes the process of solution: 

= Si-O-Si = +H2o + 2 = SiOH 

The rupture of the strong Si-0-Si bond suggest a decrease 

in the viscosity and surface tension with increasing water 

vapor partial pressure. This decrease has been verified3 ). 

The purpose of the present investigation was to study 

the effect of water vapor on the kinetics of phase separa-

tion in soda silf~a glasses in which the rate of separation 

of phases can be followed experimentally with relative ease. 

A soda silica glass (l8wt% Na2o) was prepared by 

melting reagent grade chemicals in a 100 ml. platinum 

crucible in an electric furnace at 1450°C. The glass was 
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crushed and remelted in a Mo heated controlled atmosphere 

furnace. One part of the glass powder was melted under 

normal atmosphere, while 3 psi steam pressure was main

tained over another part. 

The amount of water in both glasses was monitored 

using IR spectrophotometry as described by Goetz and 

Vosahsova, 4 ) who found Beers-Lambert law applicable and 

calculated the extinction coefficients. The weight percent 

later was calculated to be 0.038 and 0.122 for the glasses 

melted under normal atmosphere and steam atmosphere respec-

tively indicating that the latter contained about three 

times the amount of water. 

0 Both samples were heat-treated at 600 C controlled 

within 1°C for 0.75, 3, and 13 hours. The progress of 

phase separation was followed by transmission electron 

microscopy. The technique is similar to that described 

by Shaw and Uhlmann. 8 ) A thin glass flake was chipped 

off with a diamond file, etched for 20 seconds in 2% HF, 

and 30 seconds in 20% HCl, then rinsed in distilled water. 

The thin edges of the flake were examined under the elec-

tron microscope at a magnification of about 20,000X. 

The electron micrographs obtained after the above men-

tioned heat treatment are shown in Figure (1) • In the 

glass melted under normal atmosphere, isolated spheres of 

a silica rich phase appeared in 45 minutes. After further 

heat treatments, these spheres coalesced forming bigger 
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45 min. 3h 13h 

Figure 1. Electron micrographs of a soda-silica glass 
(18 wt % Na 0 heat treated at 600°C; upper 
photos in sfeam atmosphere and lower photos 
in normal atmosphere. 

melting 
atmosphere 

steam 

normal 



43 

droplets, with a decrease in the number of droplets per unit 

area. The samples melted under steam show an advanced stage 

of coalescence after 45 minutes treatment, indicating a 

faster rate of separation. 

It was found also that the cube of the average particle 

radius increases in proportion to the time of heat treat-

ment in both cases, as shown in Figure (2). Similar obser

vation by Haller, 5 ) and reasoning by Haller and othersS)?) 

and Greenwood6 ) suggest this variation is consistent with 

surface diffusion or diffusion between separated spheres 

as the rate controlling process. Also a variation of the 

slope of the curve with water content indicates the sensi-

tivity of phase separation kinetics to small changes in 

the water content of the glass. In phase separation exper-

iments, the water content of the glass must be determined 

and considered as an important parameter in the kinetics 

of the process. 

The effects of replacement of small amounts of Sio2 

by other metal-oxides, known to assume tetrahedral coordin

ation in the glass network e.g. A12o3 , ZnO and B2o 3 , and 

conducive9 ) to hinder phase separation, are currently being 

conducted. Also the effect of such additions on the kine

tics of phase separation in soda silica glasses will be 

considered. 
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12. MELTING ATMOSPHERE 
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Figure 2. E££ect of melting in steam atmosphere on the radial 

growth rate of the dispersed phase in soda-silica 

glasses at 600 C. 
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APPENDIX B 

Glass Preparation 

The glass described in Appendix A (18 wt.%Na2o) 

was prepared by melting under 3 psi steam pressure. A 

diagram for the furnace used for melting is shown in 

Fig. (1). The crushed glass was charged into a platinum 

lined alumina crucible. The crucible was inserted into 

the hot zone using a lowering device. The furnace was 

heated with a Mo heating element. Before the crucible was 

introduced into the hot zone the furnace was evacuated and 

steam was introduced slowly until 3 psi steam pressure was 

obtained. The water accumulated from condensation on the 

cold parts, was drained continuously. At the completion 

of melting, the crucible was quenched by lowering it into 

the water cooled extension. 

After several meltings, it was noticed that the alumina 

tube of the furnace became porous and allowed the hydrogen 

used to protect the heating element to get into the melting 

chamber. Subsequently, another furnace having the features 

of the furnace described above but heated up to 1550°C 

with silicon carbide elements, was constructed. This fur-

nace was used for melting under vacuum as described earlier 

in the thesis, and can be used for glass melting under steam 

pressure without the interference of hydrogen during melting. 
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Figure 1. Diagram of the furnace used for 
melting glass under steam pressure 
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In the case when melting under normal atmosphere, the 

melt was stirred with a platinum stirrer at a speed of 18 

r.p.m., for 7 hours. 



APPENDIX C 

Electron Microscopy 

1. Sample Preparation 
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Transmission and replica techniques have been used 

in examining glasses in this study. 

1.1 Transmission Technique 

The glass to be examined was filled with a square 

100 grit diamond file. Tiny glass flakes in the filing 

were picked up with a sharp pointed pair of tweezers. To 

enhance contrast, the resulting flake was etched subse

quently for 20 sec. in 5% HF acid and for 10 sec. in 20% 

hydrochloric acid, the specimen was agitated during the 

acid treatment, rinsed in distilled water, and then dried 

with a blast of clean compressed Freon. The flake was 

then, centered between two 75 mesh copper grids for obser

vation under the electron microscope. The flake edges were 

scanned for areas thin enough to transmit electrons for 

observation on the microscope screen. 

1.2 Replica Technique 

The fresh fractured surface of the glass was etched 

in 5% HF for 5 sec .. To remove any etch products adhering 

to the specimen, it was washed in 20% HCl for 20 sec., 

then rinsed in distilled water and dried with a clean 
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compressed Freon blast. The sample was placed in the 

evaporator for shadowing. The horizontal distance from 

the sample to the electrode was about 6 em, the vertical 

about 3 em. Simultaneous shadowing of 90% Pt. 10% Ir 

alloy and carbon was similar to the method reported by 

Vogel1 ). A schematic diagram for the electrode assembly 

is shown in Fig. (1). One end of one of the two electrodes 

was machined to a diameter of 2.5 mm over a length of 1 em 

and a 1.2 rnm hole was drilled across the electrode diameter. 

AnN shape Pt. Ir 10% alloy wire, 1.7 mm long and 0.5 rnm 

diameter, was inserted into the hole; a notch was made 

close to the hole to increase the resistance and conse-

quently the temperature around the wire. This method has 

the advantage that the Pt. Ir alloy and carbon will be 

evaporated from almost a point source, and thus would 

increase sharpness in the resulting replica. Also shadowing 

with heavy metals improves the contrast of the shadowing. 

Evaporation was carried out at pressure 10-6 m~ and fila

ment current ranges from 40 to 50 amperes were applied to 

obtain a replica of desired thickness. The replica was 

"stripped" by slowly lowering the specimen into water at an 

obtuse angle. The replica floats freely onto the water. 

Frequently it is necessary to release the edge by begin

ning this stripping in hydrochloric or even hydrofluoric 

acid. If much HF acid treatment is needed, the replica is 

floated on HF acid for 5 minutes to remove adhering 
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i.'t.. AA/\ A-~------'rv vvv::::-= _____ _ 

Figure 1. A schematic of electrode arrangments for the 

preparation of Pt Ir- C mixed layer replica. 

The Pt. Ir wire is placed in the drill hole of the 
(1' 

smaller diameter part of the electrode. i 
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(etch} reaction products which otherwise show up as 

black spots observable in the electron microscope. The 

replica is then floated on distilled water for about half 

an hour. Replicas were picked up on copper grids to be 

examined under the electron microscope. 

Fig. (2} shows electron micrographs for the 15.5 

mol % glasses with different water content, heat treated 

at 700°C for 3 hours and prepared by replica and trans

mission techniques. Because transmission technique gave 

sharper micrographs and projection of real particle size, 

this technique was used for this study. 

2. The Electron Microscope 

For transmission electron microscopic examination of 

the glass samples a Hitachi HU-llA Electron Microscope 

was utilized. A 100-kv voltage was used to provide 

maximum specimen penetration and a vacuum better than 10-5 

mm Hg was maintained in the microscope column. The resolu

tion of this microscope is about 6 A0 , and maximum magnifi

cation is around 300,000 X. 

The microscope column, Fig. (3}, is divided into 

three main systems. The illuminating system is composed 

of the electron gun which provides the electron beam, and 

a double condenser lense which focuses the electron beam 

down to a 2 micron square on the specimen. This small spot 

is necessary to minimize heat effects and contamination. 
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wt. %OH 

0.1 

0.02 

0.005 

Transmission Replica 

Figure 2. Comparison between transmission and replica 
micrographs for 15.5 mol%Na2o glass, with dif
ferent OH content, heat treated at 700°C for 
130 minutes. 



Figure 3. Sectional diagram of microscope 
column 
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The image-forming system consists of the objective, inter

mediate and projection lenses. These three magnetic lenses 

provide a three stage magnification in which a change in 

lens current varies their focal lengths. The third system 

is the viewing system and consists of a viewing chamberr 

camera chamber, and exposure meter. The viewing chamber 

contains a fluorescent screen on which an image is pro

duced by the transmitted electron beam. By raising the 

fluorescent screen, a film plate is exposed, providing a 

record of the image. An automatic exposure meter, utilizing 

a CdS cell as a light detector, furnishes a correct auto

matic exposure for a wide density variation of the illumin

ating beam. 

Two molybdenum apertures are used in the column, one 

above and one below the specimen. They have the function 

of removing stray electrons, and of extracting, from the 

specimen, that part of the beam that is needed. An 0.3 mm 

aperture of the second condenser lens was used to intro

duce onto the specimen electrons having uniform speed. The 

30-micron aperture of the objective lens was used to im

prove contrast by eliminating the elastically scattered 

electrons, thus allowing only the direct beam and any low 

angle inelastically scattered electrons to reach the final 

image. 

The calibration of the electron·microscope was accom-

plished with a carbon replica of a ruled grating. 



5 min. 

Figure 4. 

56 

wt. %0H 

0.1 

0.02 

0.005 

60 min. 930 min. 

Transmission electron micrographs for various heat 
treatments at 700°C, of glasses with different OH 
contents, 15.5 mol% Na2o 
(A,B,C) steam bubbling 
(D,E,F) normal 
(G,H,I) vacuum 
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wt. % OH 

0.1 

0.02 

0.005 

Quenched 12 min. 

Figure 5. Transmission electron micrographs for 12 min. 
heat treatment at 700°C of glasses with dif
ferent OH contents, 13 mol% Na 2o 
(A,B) steam bubbling (C,D) normal 
(F,G) vacuum 
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APPENDIX D 

Determination of OH Concentration From Infrared Spectra 

Infrared is considered to be one of the most useful 

tools for estimating quantitatively the hydroxyl groups 

in glass. It has long been known that the H2o molecule 

exhibits very intensive absorption peaks at 2.9 and 6.2~. 

The 2.9~ peak is caused by 0-H stretching vibrations, 

whereas the 6.2~ peak is due to H-0-H bending vibrations. 

The exact position of these peaks is related to the state 

of aggregation. In silicate glasses, three characteristic 

absorption bands, at about 2.9, 3.6 and 4.2~, have been 

assigned to be stretching vibration.of OH groups with dif

ferent d~grees of hydrogen bonding1 ) • 

To cut down the contribution of water absorbed on the 

surfaces of the glass, the ground and polished samples 

were heated for 24 hours under vacuum at 200°C. Samples 

were then transferred to a desiccator, and measured on the 

Perkin Elmer 377 I.R. spectrophotometer. 

Two matching apertures were made for the sample and 

the reference compartment; and the zero % and 100% trans-

mission were adjusted. 

The absorption band position was determined from the 

spectra corresponding to the highest water content; the 

magnitude of absorption for 2.9 and 3.6~ bands was taken 
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from the chart and the background (the absorption on the 

shorter wave length side where there is no characteristic 

absorption) was subtracted from the measured absorption. 

The calculation was carried out in a similar way 

as reported by Goetz and Vasahlova2 ) on soda lime silica 

glass. ~hey found that the Beers-Lambert law is valid for 

determining water content up to 0.11 mol % in glass, the 

extinction coefficient being 39.8 1/mole em for the 3600cm-l 

band and 56.0 1/mole em for the 2800 cm-l band. 

We assumed that the coefficient for the sodium sili-

cate system will have the same order of magnitude but not 

necessarily the same value. The absorption coefficient is 

constant for glasses with the same composition, but will of 

course, vary with composition. However, the absorption 

coefficient for the 3600 crn-l band was determined experi-

mentally and was found to be 39.8 1/mol em for soda-lime 

silica glass (15:10:74) 2 ) and 49.1 ~ 2.55 1/rnol ern for a 

completely different glass 3 ), of composition Sio2 50.86, 

Al2o 3 14.84, a2o3 10.12, CaO 17.95, MgO 4.79, Na2o 0.98 

and BaO 0.17 in wt.%. In our experiment, where there is 

10 mol % Na2o difference between the two extreme composi

tions, we could expect the change in absorption coefficient 

with composition would be less than 20%. We arbitrarily 

assumed s~ilar absorption coefficients for sodium sili-

cate glasses, 40 1/rnol em for 2.8~ band and 55 1/mol em 

for the 3.6v -'"band, to mak.e a semiquantitative comparison 

between glasses of the same composition. 



Using Beers-Lambert's law the concentration in 

mol/1 will be 

A c = K"X 

C = concentration in mol/1 

A = absorption 

K = the extinction coefficient in 1/mol em 

X = the sample thickness in em 
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The concentration in mol/1 can be converted to the 

concentration in wt.% using the equation: 

Conc.in wt.% = c X Molecular Wt. of OH(l7) x 100 
1000 x Glass Density 

Example: Determination of oa content of the 13 mol % Na2o 
glass 

Glass 

(1) melted under 
vacuum 

(2) normal melting 

(3) steam bubbling 

Absorption 
at 2.8].1 

0.010 

0.095 

0.475 

OH concentration mol/1 
at 2.8].l 

( 1) 0. 01 = 0.0012 
40 X 0.2023 

(2} 0.095 = 0. 0102 
40 X 0.2315 

Absorption 
at 3.6].l 

55 

55 

.060 

.260 

. 885 

at 

0.06 

3.6].l 

X 0.2023 

0.26 
X 0.2315 

= 0.0053 

= 0.0204 



(3) 

( 1) 

(2) 

(3) 

at 2. 8]..1 

0.475 
40 X 0.1975 = Q.Q 6Ql 
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at 3.6lJ 

0.885 
==~~~~~ = 0.0814 55 X 0.1975 

OH Cone. (mol) Density of Glass OH Conc(wt.%) 

0.0065 

0.0306 

0.1415 

2.32 

0.005 

0.023 

0.109 

The calculated OH content for glasses used in this 

study is shown in Table I. The infra-red spectra for 

these glasses is shown in Fig. (1) through (6). 
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TABLE I. 

Composition 

23 

20.5 

18 

15.5 

13 

The Calculated OH Content for Sodium 
Silicated Glasses 

OH Concentration in wt% 

Steam bubbling Normal 

0.12 8 . 024 

0.102 .026 

0.146 .009 

0.093 . 019 

0.11 .02 4 

Vacuum 
Melting 

.005 

. 00 3 

. 001 

.005 

. 005 
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APPENDIX E 

Internal Friction 

71 

Table I gives the values of the peak height and peak 

temperature for the alkali and high temperature peaks, in 

the 18 mol % Na2o sodium silicate glasses with different OH 

content, discussed earlier in Section 3.4. 



-co 
~ 

~ 

OH Content ALKALI PEAK HIGH TEMPERATURE PEAK 

(wt.%) Peak height Peak temperature Peak height Peak temperature 

X 103 oc X 10 3 oc 

0.15 2.25 4. 3.65 182 

0.01 3.50 -10 1.95 212 

0.001 3.67 -12 1.55 213 

--

TABLE I. Effect of melting condition on the internal friction peak 
height and peak temperature in 18 mol % Na2o glass, 
Freq. = 0.4 Hz 

-....! 
1\,) 
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