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1. INTRODUCTION 

It bas been known for several decades that there is a great difference between 
the theoretica! strengthSt of glass (St :::::; 1000 kg/mm2) and the values found in 
practice, which vary between 5 and 15 kg/mm2. During the past two decades 
the interest in the mechanica} strength of glass bas greatly increased, as appears, 
e.g., from the symposium held on this subject in Florence in 1961, and the 
extensive bibliography compiled for this occasion 1). This bas led to the devel
opment of a number of methods for improving the mechanica! strength of glass 
in practice. There is still, however, a very great gap between the strengtbs found 
in practice and the intrinsic strength of glass. 

The work described in this thesis was carried out in order to investigate the 
factors which play a role in some of the methods used to strengthen glass, and 
the limitations of these methods. 

1.1. General considerations on the mechanical strengthof glass 

Glass behaves like a brittie material when it is loaded. The deformation 
produced obeys Hooke's law until the elastic limit is reached; any further 
increase in the load leads to fracture. Plastic deformation probably does not 
occur except in special cases (very high load on a very small area, as in hardness 
measurements, measurement of visco-elasticity). 

Fracture is produced especially by tensile stresses, as was first shown by 
Preston 2•3). Compressive stresses can also lead to fracture in special cases 
(sheath and core test; mantle pressure). 

The valuc of the strength found with glass samples of the same shape and 
the same chemica! composition vary widely, and are much lower than the value 
calculated from the cohesive forces found in glass. This calculated strength is 
of the order of! E (E = modulus of elasticity), i.e. 1000 kgfmm2 or more. 

The highest strengtbs which have been measured on freshly drawn or etched 
g1ass lie in the range 200-300 kgfmm2, and with glass fibres in the range 
300-500 kg/mm2. 

Depending on the previous history of the glass and the method of loading, 
one finds a spectrum of strengths, which Kruithof and Zijlstra 4) have sum
marized in a strength scale. 

Griffith 5) in 1920 was the first to give an explanation for the occurrence of 
this strength spectrum and for the great difference between the real and 
theoretica! strengths. Griffith assumed that small cracks are present in the 
surface of the glass, which serve to concentrate the stresses. According to a 
calculation by Inglis, the relationship between the stress at the bottorn of the 
crack ac and the applied stress am is 

ac = O'm (1 + Vc/p)::::: am Ycfp, (1.1) 
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where c depth of ellipsoidal crack 
and p = radius of curvature of bottorn of crack. 

Griffith derived the following expression for the breaking strength (modulus 
of rupture) Sm of the glass: 

Sm V12Ey~/1TC, (1.2) 

where E = elasticity modulus 
and yo = surface tension. 
Equation (1.2) only holds in the absence of plastic deformation. 

The Inglis-Griffith theory is still generally accepted, at least for relatively 
low-strength glass. 

According to eqs. (l.l) and (1.2) the strength varies as a function of the size 
and shape of the surface flaws. The nature of the surface damage can vary very 
widely, not always as aresult of mechanica! effects; for example, a heat treat
ment can also decrease the strength of very strong glass, as has been shown by 
Comelissen and Zijlstra 7). A very strong glass surface is very susceptible to 
damage; if a glass rod of strength 300 kg/mm2 is touched with the fingers, its 
strength will fall to about 40 kg/mm2. 

In general the above-mentioned surface damage is so slight that it is not 
optically visible and in particular with very strong glass even an electron micro
scope may not reveal any damage. And yet these minute cracks have a very 
considerable effect on the strength, as appears from the increase in the strength 
produced by the removal of a surface layer by etching with hydrofluoric acid. 

The strength of glass is however not entirely determined by the mechanica! 
state of its surface. This question has been extensively studied by e.g. Mould . 
and Southwick 8•11), who found that while the surface state (nature and extent 
of damage) plays the most important role in determining the strength, there 
are a number of other factors which help todetermine the strength. They found 
that the following had a definite effect: 
(l) type and rate of loading; 
(2) temperature during the test and the medium in which the test is carried out; 
(3) physical and chemica! condition of the surface before the start of the test 

(adsorption of gas on the surface, "weathering"). 
According to these investigations, glass is subject to fatigue and to aging 

(i.e. the nature of the surface damage can be influenced by physical and chemica! 
effects such as a change in the surface tension, the rounding off of the minute 
cracks, etc.). 

1.2. Methods of improving the mechanica) strength of g)ass 

One of the most obvious methods of increasing the strength of glass is to 
remove the damaged surface layer by etching with hydrofluoric acid. Low-
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strength glass can be given a high strength in this way (for glass rods up to 
350 kg/mm2), as reported by e.g. Proctor 12), Holloway 13) and Cornelissen 7). 

A low-strength glass can also be strengtbened by a heat treatment in tbe 
transformation range. Cornelissen 7) found that glass rods could be given a 
strengthof about 30 kgfmm2 in this way, wbile Kitaigorodski and Berezooi 14) 

managed to double the strength of plate glass by tbis metbod. 
However, the surface of glass which has been strengthened intbis way is very 

susceptible to mechanical and tbermal damage, as is the surface of pristine glass. 
Etcbed glass is particularly sensitive. Tbe increase in the strength of tbe glass 
may be at least partially maintained by covering the surface with a layer of 
plastic, lacquer or a silicone film, as described in detail by e.g. Tetterode 15). 

Tbis metbod is used on a wide scale in the fibre-glass industry. 
A group of metbods whicb produce a more permanent strengtbening against 

tensile stresses involves the production of a permanent compressive stress in the 
surface layer of the glass. 

Tb is compressively stressed layer can be produced in various ways. Tbe oldest 
metbod is that used in tbe thermal bardening of glass. Here the glass is cooled 
so rapidly from a temperature in the softening range tbat a temperature gradient 
is formed before the glass object as a wbole has reached a temperature below 
the transformation range. On further cooling to room temperature, the core of 
the object passes through a greater temperature ditTerenee from tbe point at 
which stresses are first produced tban does tbe surface, so tbat tbe latter comes 
under compressive stress. 

A theoretica! description of the build-up of this compressive stress in tbermal 
bardening has been given by e.g. Bartenev 16). 

This metbod only works with relatively tbick objects. Meikle 17) found a 
strengthof 17·5 kg/mm2 for 6-mm plate glass hardened in this way, as com
pared to 3·8 kg/mm2 for an unhardened plate of the same dimensions. Tbe 
compressive stress produced by tbis metbod is thus relatively low ( <20 kg/mm2), 

but extends over a fairly tbick layer. 
A second group of metbods makes use of tbe application of a layer of glass 

with a low coefficient of expansion, on the surface of a glass with a high coeffi
cient of expansion. Tbis can be done by enamelling or by ply-tubing (cased 
glass; in the latter process the layer is applied during the shaping of tbe object 
from the molten glass). 

In a third group of methods a layer is formed at the surface of the glass wiih 
a lower coefficient of expansion than tbe bulk glass by surface crystallization, 
ion ex~ange or a combination of tbe two. 

In tbe processes where use is made of surface crystallization, a crystalline 
phase with a very low coefficient of expansion is formed in tbe surface of tbe 
glass matrix by suitable tbermal treatment. Tbis crystalline phase may be e.g. 
,8-spodumene (LhO.Ah0a.4SiOz) or ,8-eucryptite (LhO.Ah0a.2SiOz). Stookey, 
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Olcott and Rothermel 18) quote strengtbs of 60 kgfmm2 obtained by heat 
treatment of glasses from the lithium-aluminosilicate system at 860-960 oe. 

Garfinkel, Rothermei and Stookey 19) also describe a process in which they 
make use of a mixture of ion exchange and surface crystallization. With glasses 
from the sodium-aluminosilicate system to which 5-6 wt% Ti02 had been 
added, 5-15 minutes' treatment in a fused-salt bath (5 wt% Na2S04, 95 wt% 
LhS04) at 860 oe gave strengtbs of 80-90 kg/mm2. 

According to these authors, a solid solution of ~-eucryptite and quartz is 
formed at the surface of the glass. The presence of Ti02 as nucleation agent 
in the glass is essential for the strengthening process. 

eompressive stresses in glass, and thus strengthening, can also be obtained 
by ion exchange alone. Rood and Stookey 20) describe the hardening of glass 
by the exchange of Na·~ ions from the glass against Lir ions from a salt melt at 
a temperature higher than the strain point of the glass. Soda-lime glasses gave 
strengtbs of 15-20 kg/mm2 in this way. 

Kistier 21) showed that the exchange of a small ion from the glass by a large 
ion from a melt at a temperature below the transformation range can also lead 
to high compressive stresses in the surface layer of the glass. He quoted com
pressive stresses of a bout 90 kgfmm2 at the surface of soda-lime glass after ion 
exchange in molten KNOa at 350 oe. This did not result, however, in an 
appreciable strengthening because of the very thin compressive layer achieved. 

Recently Nordberg et al. 22) quoted strength values up to 70 kg/mm2 (after 
darnaging of the glass) after treatment of alkali-aluminosilicate glasses by the 
process mentioned by Kistler. 
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2. SYSTEMS INVESTIGATED 

2.1. Composition of the glasses investigated 

When one wishes to provide glasses with a compressively stressed layer by 
means of ion exchange, the length of the necessary treatment in fused-salt baths 
should be made as short as possible. The main reasans for this are: to reduce 
the costs, to prevent attack on the glass by the salt bath and in some cases to 
hinder the relaxation of the stresses. Increasing the temperature at which the 
treatment is carried out speeds up the ditfusion process considerably, but this 
possibility is limited by the position of the strain point of the glass. The tem
perature at which the treatment is carried out should preferably be 100 oe 
lower than the strain point of the glass. 

Glasses with relatively high ditfusion rates for the alkali ions and a strain 
point as high as possible will thus be the most suitable for our purposes, as 
long as relaxation of the stresses does not occur during the ion exchange. The 
chance of relaxation of the stresses would appear to be least in glasses with as 
few non-bridging oxygen ions as possible. 

The combination of the above-mentioned conditions would seem to he 
satisfied by some alkali-aluminosilicate glasses in which the molecular ratio y 

of Na20 to Ahûa is equal to 1. 
The main alkali ion in the glasses investigated is sodium. Pure lithium-alumi

nosilicate glasses have a great tendency to crystallize and are thus difficult to 
work, while pure potassium-aluminosilicate glasses are very difficult to melt 
to a homogeneons glass. 

In a number of cases lithium ions have also been introduced into the samples 
alongside the sodium ions. The effect of this substitution was investigated 
because it increases the fusibility of the glass (i.e. the glass roelts at a lower 
temperature) and hence the ease with which the glass can be worked, and also 
allows ion exchange with smaller ions than K + (sodium, silver, copper). 

The compositions of the glasses investigated are plotted in fig. 2.1. These 
glasses may be divided into two series, A and B. 

The glasses in series A can be represented by the formula Na20.AhOa.xSi02 
In this series the ratio y (= Na20/Ahûa) is thus equal to unity, but the 
relative amount of Si02 varies. 

The glasses in series B can be represented by the formula 0·225Na20. 
(0·775 x)Alzûa. xSi02, with 0·55 < x < 0·775. In this series, the molar 
fraction of Na20 is thus constant, while the molar fraction of Al20a falls from 
0·225 (y = 1) to zero. Series B can be subdivided into series B1 (lithium-free 
glasses) and series B2 (lithium-containing glasses). 

In a number of cases the composition of the glass samples was determined 
analytically, while in the remaining cases the composition was calculated from 
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so~0--~~~~--~--+-~~~--~--~~so 
H;_O(+Li20) A1203 

Fig. 2.1. Schematic representation of the compositions investigated; 
0 glasses containing Li20 and Na20, 
e glasses containing Na20 only. 

the batch composition. The compositions of the glasses investigated, together 
with some other data, are given in table 2-I. 

2.2. The salt baths used for the ion exchange 

Potassium-nitrate melts were used for the investigation of the exchange of 
sodium i ons from the glass with potassium ions from a salt melt at temperatures 
from 350 to 420 oe. It was found that KNOa melts became inactive after having 
been used for some time, especially at higher temperatures. Although it was 
found to be possible to re-activate the inactivated KNOa baths temporarily, 
use was made of KN02 baths for treatments above 420 °C. Potassium-nitrite 
baths show noreduction in activity, but do etch the surface of the glass some
what, especially with long treatments and at high temperatures. However, the 
matt surface layer produced on the glass by this etching is very thin and has 
no appreciable effect on the strength and stress measurements. 

With the salt baths used, it was found possible to replace 80-90% of the 
Na+ ions by K+ ions at both 400 and 500 oe. 

The investigation of the exchange of sodium and lithium i ons from the glass 
with silver ions from a melt was carried out with the aid of a mixture of 
80 mol. % KNOa and 20 moL% AgNOa. With this composition of the salt 
bath, the KNOa was found to take part in the ion exchangetoa slight extent: 
the K20 concentration at the surface (x= 0) was l-2 mol.%, and fell to zero 
10-20 fl. from the surface. 



TABLE 2-I Compositions of the glasses investigated 

glass~ Lhü Ahüa Si02 Tiüz strain 
point notes 

wt% mol.% wt% mol.% wt% moL% wt% 1.% wt% moL% CC) 

I 11·8 12·5 19·4 12·2 68·8 75·3 
2a 10·2 11·0 1·3 2·8 24·0 15·8 58·2 65·1 6·3 5·3 695 +0·4 mol.% K20 
2b 10·5 11·4 1·1 2·5 24·3 16·0 57·8 64·8 6·3 5·3 695 
3a 19·0 21-35 32·2 22·0 48·8 56·65 725 
3b 19·7 22·2 32·5 22·2 47·8 55·6 725 
3c 20·5 23·1 32·6 22·3 46·9 54·6 725 
3d 19·5 22·1 34·1 23·5 46·4 54·4 725 
3e 19·8 22·2 31·8 21·7 48·4 56·1 725 
4 20·15 21·6 22·45 14·7 57·4 63·7 513 00 

5 21·6 22·15 12·1 7·55 66·3 70·3 465 
6 12·8 12·5 5·0 10·0 12·7 7·5 69·5 70·0 424 batch comp. 
7 11·1 12-0 4·5 10·0 34·7 22·7 49·7 55·3 620 
8 12·2 12·5 4·7 10·0 24·1 15·0 59·0 62·5 472 batch comp. 
9 7·9 8·33 3·9 8·33 26·3 16·66 61·9 66·66 650 batch comp. 

10 15·3 16·66 25·3 16·66 59·4 66·66 batch comp. 
11 7·1 7·5 6·9 15·0 35·3 22·5 50·7 55·0 ca. 600 batch comp. 
12 15·9 17·5 2·2 5·0 33·6 22·5 48·3 55·0 657 batch comp. 
13 23·5 22·9 76·5 77·1 424 
14 13·1 15·0 36·0 25·0 50·9 60·0 740 batch comp. 
15 21·5 22·5 16·9 10·8 61·6 66·7 batch comp. 
16 15·4 15·0 84·6 85·0 batch comp. 
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3. EXPERTMENTAL METHOOS 

3.1. Preparation of the samples 

With "hard glasses" (m.p. above 1550 °C), the batch of the desired composi
tion was melted in zirconium-oxide crucibles in an oven heated by oxy-hydrogen 
ftames. For "soft glasses" (m.p. below 1550 °C) an S.P.M. crucible *)was used. 

Rods of diameter 2-3 mm were drawn from the melt. Because in most cases 
the stress characteristic (i.e. the stress as a function of the concentration) and 
the strengthare not essentially affected by cooling, most tests were carried out 
with unstabilized samples. Where stabilized samples were used, this is specially 
mentioned. 

The samples thus prepared were treated for various lengtbs of time and at 
various temperatures in saltbaths (see sec. 2.2). The temperature of the baths 
was kept constant to within 5 °C. After treatment in the salt bath, the samples 
were cooled and rinsed with water. 

3.2. Measurement of stresses 

After the treatment of a rod, compressive stresses are present in the ion
exchange layer in the tangential and axial directions, and tensile stresses in the 
radial direction. 

As a result of these stresses, the glass becomes birefringent. The difference in 
optical path length as aresult of this birefringence is measured at various points 
in the ion-exchange layer with the aid of a Leitz polarization microscope and 
a Berek compensator on thin slices of the rod which are immersed in toluene, 
together with the objective of the microscope. 

These thin slices are obtained by sawing sections about I mm thick out of 
a rod which has undergone treatment and mounting them in Canada balsam. 
The ends of the sample are then carefully ground at right angles to the axis of 
the rod until the thickness d8 of the sample lies between 200-250 1.1. (fig. 3.1). 

The stress a at a given point in the layer can be calculated from the difference 
in optica! path length Llw at that point with the help of the expression 

Polarized light 

! 
25G-300p. 1 ds ~\"'"""---<~r----.....1<.~~ Co'::J;,~~ssion 

I~ 2-Jmm .1 
Fig. 3.1. Stress measurement in a thin polisbed sample. 

*) S.P.M. = Staatliche Porzellan Manufaktur: these crucibles consist of AbOs and Si02. 
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Llw K d11 u, (3.1) 

where K is the optica} stress coefficient of the glass. 
The value of u given by eq. (3.1) is the difference between the tangential 

stress "tan and the radial stress "rad· The relationship between these stresses 
will be discussed in chapter 7. 

The value of the optica} stress coefficient K was determined for glasses No. 2 
and 3 in the stress range from 0 to 5 kg/mm2 at room temperature, and was 
found to be 280 m[.L/Cm kg/cm2 in both cases, independent of the value of the 
stress. We shall assume bere that this value doesnotalter at higher stresses and 
higher temperatures (both of which can result in density changes). Measure
ments carried out by Van Zee and Noritake 1) indicate that the increase in K 
with temperature for a soda-lime glass and for a glass with a high AlzOa 
content between room temperature and 500 oe (in iranformation range) does 
not exceed 4% (268-280 mfL/Cm kgfcm2). 

According to Schwiecker 2), the degree of birefringence caused by toading 
is mainly due to the concentration of oxygen ions (which have a relatively high 
polarizability). If the density of the glass decreases, so does the optica! stress 
coefficient. When ca ti ons with a high polarizability (Ba, Pb) are present, this 
decrease of K is stronger than would be expected from the decrease in the 
oxygen-ion concentration alone, because the positive cations give rise to a 
difference in optica! path length with the opposite sign to that caused by the 
negative oxygen ions. Because the density varies very little in the system under 
investigation, the above-mentioned value of K was used for all glasses. In the 
case of silver-ion exchange, this value will probably be on the high side because 
Ag+, like Pb++ and Ba++ ions, bas a high polarizability and will thus tend to 
cause an extra decrease in the stress-induced birefringence. 

lt may be assumed in general that with higher compressive stresses due to 
ion exchange with larger ions, there will be a tendency for the optica! stress 
coefficient to fall, so that the valnes of the stress calculated with this value of 
K must be regarded as minimum values. 

The accuracy of the stress measurements depends on the value of the stress 
to be measured. Repeated measurements at the same point give a standard 
deviation of l-2kg/mm2 (l kg/mm2 for low stresses, 2 kg/mm2 for high ones), 
while measurements at various points at the same distance from the surface 
(where the stress should be the same) give a somewhat greater standard devia
tion, viz. 3-5 kg/mm2 for higher valnes of the stress. 

3.3. Deterrninaûon of the concentraûon gradient at the surface (zone analysis); 
etching rate 

The concentrations of K20, Na20, Li20 and Ag20 as function of the distance 
from the surface of the glass were determined by etching successive thin layers 
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(2-10 f.l.) from the surface of the glass with HF solutions. The strengthof the 
HF used was 0·5, 1, 2 or 4%, being chosen to give a short etching time with 
the glass in question. 

The alkali content was determined with a flame pbotometer after further 
dilution of the HF solution. The silver-ion concentration was determined by a 
potentiometric titration with KBr in sodium-acetate solution. 

The thickness of the layer removed in this way was determined by weighing 
the sample before and after etching, the mean density of the glas being assumed 
to be 2·44 g/cm3. The decreasein thickness after several etchings was checked 
with a screw micrometer. In the few cases where the measured decrease in 
thickness differed by more than 10% from the value calculated with the aid of 
the standard density, the latter was replaced by a corrected density value. 

The average spread in the values of the alkali content was ± 0·3 mol. for 
Na20, ± 0·2% mol. for KzO and ± 0·2 mol.% for LizO. Combined with the 
errors in the determination of the thickness of the etched layer, the spread in 
the values of the concentratien of alkali at a given depth below the surface 
amounts to about 5% in the most unfavourable case (low alkali content). 

lt was found that during etching with HF of concentra ti on 4 /~ or Jess for 
periods varying from half a minute to 10 minutes, even the glass with the lowest 
chemica! resistance (glass 3) showed no noticeable leaching of alkali (in the 
few cases where a matt glass surface was produced, this matt layer was so thin 
compared with the thickness of the layer etched off (5-10 f.l.) that the error 
caused by this in the alkali concentration is certainly less than 5 %). 

In order to ensure constant and uniform etching of the surface of the glass 
and to prevent temporary deposition of fluorides and silicofluorides on the 
surface (which result in non-uniform etching), compressed air was bubbled 
through the HF salution during etching. This causes a very considerable increase 
in the etching ra te Ze, so that the amount of air supplied must be kept constant. 
The etching rate Ze is defined as the thickness (in microns) of the layer of glass 
removed divided by the etching time in minutes and by the percentage of HF 
in the solution (Ze !J./(min. %HF)). 

3.4~ Measurement of the mechanica) strength 

The rod-shaped samples were given a standard surface damage and then 
broken in a three-point bending test. The distance between the two supports 
in the three-point test was always 6 cm. The supports consistedof rollers which 
could move so as to keep the distance between the points of support constant 
even with high loads (appreciable bendingoftherods). The diameter ofthe rods 
was as far as possible kept constant at 2·5 mm. 

The load G was applied pneumatically by means of a steel pin mid-way 
between the two points of support, and was increased at a ra te of about 1 kg/sec. 
The load G and the depression W m (see fig. 3.2) were recorde<i as functions of 
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Fig. 3.2. Schematic representation of the three-point bending test. 

the time. The maximum tensile stress occurring in the rod can be calcu1ated 
from the value Gm of the load at which fracture occurs. This stress, am, which 
occurs on the underside of the rod directly under the toading pin, can be 
calculated from 

(3.2) 

where R is the radius of the rod and aa the angular displacement at the points 
of support (fig. 3.2). With L = 3 cm and 2R 2·5 mm, the correction term 
Wm (tan aa)/L is only 2% if the breaking strength Sm is 100 kg/mm2, while 
with 2R = 2·0 mm the correction term is still only 4 %, so that we may with 
sufficient accuracy reduce eq. (3.2) to 

(3.3) 

Because fracture does not always occur at the point with the greatest tensile 
stress (as a result of damage to the surface at some other spot), the strength 
was always determined as the means of the values found on a series of 5-10 rods. 

The standard surface damage was applied in the middle ofthe rod by rotating 
it at a speed of 10 r.p.s. for 5 seconds while holding a piece of carborundum 
paper (120 grit, type No. 71484-99, Carborundum Co.) against it with a constant 
pressure. 

3.5. Various other measurements 

A number of other measurements were carried out in order to give qualitative 
support to models proposedon the basis ofthe results ofthe main investigation. 
The methods used are described briefly below. 

3.5.1. Resistance to hydrochloric-acid solutions 

This was determined by heating the glass rods for 3 hours in 6N HCl in a 
platinum vessel on a steam bath. The weight lost by the rod and the amount 
of Na20 extracted by this treatment were taken as measures of the resistance 
of the glass. 

3.5.2. Density changes as a result of ion exchange 

The expansion of the glass as a result of ion exchange was demonstrated by 
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dipping a p1ate of glass with an optically fiat surface half into a salt bath. The 
difference in height iJh (fig. 3.3) between the part of the glass where ion exchange 
took place and the untreated part was measured with a model 3 Talysurf rough
ness meter. 

..::~ll~ -···====::i _ _;un2tre:.::,.ated 
1 !...___-____, __ //___, 

Fig. 3.3. Measuremcnt of thc volume change due to ion exchange. 

· If the thickness of the ion-exchange layer is known, the average expansion 
over this thickness can be calculated from the value of iJh. The reproducibility 
of the measurements is not suftleient to give really quantitative results (experi
mental error ± 20 %). 

3.5.3. Viscosity measurements 

The strain point was determined for a number of glasses in conneetion with 
the maximum treatment temperature permissible. This was done by loading 
rod-shaped samples of diameter a bout 0·5 mm axially with a weight G ( grammes) 
fora time t at a temperature T. The viscosity 7] of the glass at this temperature T 
can be calculated from the change in length of the fibre according to the ex
pression 

7] 32 700 G hlztfv (12- h), (3.4) 

where v volume of fibre in mm3, 
h = initia! length in mm 

and h = length in mm at end of test. 

Viscosities between 107 and 1012 poise can be measured in this way. 
This metbod of measuring viscosity is described by Lillie. Equation (3.4) 

follows from the formula for 7] given by Li!lie when the c.g.s. units used by 
him are changed into the units given above, and the values of the various 
constants are filled in. 

Extrapolation of the graph of log 7] against T to log TJ 13·6 gives the 
strain point. 

In a number of cases the viscosity was determined at the temperature of the 
ion-exchange treatment. The value of log 7] found varied between 15 and 17. 

In these cases the viscosity was determined from the viscous bending of the 
rod (see fig. 3.2). The principle of this measurement is described by Hagy 3). 
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The visco-elastic (delayed elastic) component of the deformation can be 
determined by recording the deformation as a function of the time during and 
after application of the load. The visco-elastic behaviour of the glass is charac
terized by the quantity Ev, which has the same dimensions as Young's modulus E. 
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4. CHEMICAL ATTACK BY HF AND HCI SOLUTIONS 

4.1. Attack by hydroftuoric-acid solutioos 

During the determination of the concentration profiles in ion-exchanged 
layers by etching off successive thin layers by means of HF solutions, there was 
found to be a relationship between the etching rate Ze (for definition, see sec. 3.3) 
and the composition of the glass. By the "concentration profile" we understand 
bere the variation of the concentration of the ions diffusing into the glass as a 
function of the distance perpendicular to the surface. 

The variation of the etching rate with the composition can be explained by 
means of a structural model developed to account for the variation of the 
diffusion rate of ions in glass as a function of the composition, which will be 
discussed in chapter 6. 

Apart from the composition ofthe glass, the etching rate was found to depend 
on a number of external factors, such as the rate at which the etching medium 
is stirred, and the concentration and temperature of the etchant. In order to 
arrive at a constant etching rate, we have made a brief study of the effect of 
these factors on the etching rate. 

4.1.1. lnjluence of external factors (stirring rate, temperafure and concentration) 
on the etching rate 

As bas been mentioned in sec. 3.3, the rate at which the etching medium is 
stirred (agitated) must be kept constant, as this bas a considerable effect on the 
etching rate. 

The temperature of the etching solution also bas a considerable effect on the 
etching rate. For example, with glass 5 the etching rate increased by a factor 
of 1·6 when the temperature was raised by 10 °C. According to Hasegawa 1), 
the varia ti on of the etching rate with the temperature is also a functîon of the 
composition of the glass; this means that the temperature must be kept as 
nearly the same as possible in all tests. 

In the concentration range from 0·5 to 4% HF, the etching rate was found 
to increase linearly with the concentration. When the concentration is made 
much higher, e.g. 40% HF, the etching rate increases morethan proportionally. 

The etching ra te is independent of the etching time (i.e. the amount of glass 
etched away is directly proportional to the etching time) as long as the concen
tration of the solution does not change appreciably owing to consumption of 
HF. This is in apparent disagreement with the results of Hasegawa 1), who 
found that the amount of material etched off was proportional to the square 
root of the etching time; this is because he did not stir bis solutions, so that the 
etching process was diffusion-determined. 

The stresses present in the ion-exchange layer (compressive stress in axial 
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and tangential directions, tensile stress in radial direction) were found to have 
no noticeable effect on the etching ra te. The changes due to the presence of the 
ion-exchange layer seem to be explicable solely on the basis of the nature of the 
alkali ion introduced by the ion exchange (see sec. 4.1.3) and the nature of the 
alkali ion originally present. This may he concluded from the fact that the factor 
by which the etching rate in the ion-exchange layer differs from that in the 
original glass is equal to the ratio of the etching rates in a glass with the same 
composition as the surface of the ion-exchange layer to those in the original 
glass. The ratio of the etching rates in a glass fibre in which the ion-exchange 
processis complete (no more macroscopie stresses) to those in the original glass 
was also found to have the same value. 

4.1.2. lnf/uence of the Si02 content on the etching rate 

Of all the components occurring in the glass, Si02 has the most important 
effect on the etching rate. In sodium glasses (which contain the sodium ion as 
the only alkali ion), the logarithm of the etching ra te is to a very good approx
imation a linear function ofthe molar percentage ofSi02 in the range 55-77·5 
moL% Si02. This relationship is plotted in fig. 4.1, and can be expressed by 
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means of the formula 

log Ze -9·82.10-2 [Siûz] mol%+ 6·50. (4.1) 

The Ah03/Naz0 ratio appears to be of minor importance in this connection. 
The influence of the Si02 content on the etching ra te is clearly illustrated by 

comparison of glasses 3a and 3b. A change of 1 mol.% Si02 in the composition 
bere gives rise to a change of 13% in the etching rate. This great influence of 
the Si02 content on the etching rate has also been found by Sendt 2) in glasses 
of completely different compositions. Sendt increased the Si02 content of the 
glass at the surface by leaching (exchange of Na+ ions for H+ ions) and by heat 
treatment causing the glass to give off water, and found that this increased the 
resistance of the glass to etching by HF. 

Glass No. 5 does not /ie on the fine given in fig. 4.1; it has a re/atively high 
resistance to attack by HF, behaving as if it contained 3·5 mol.% more Siûz 
than it actually does. We shall see in sec. 4.2.1 that this glass also has a relatively 
high resistance to HCI. Thus in the glasses of series B there is a region in the 
neighbourhood of glass 5 with relatively high resistance to HF and HCl. 

In fig. 4.2 the etching rate of "sodium glasses" (i.e. glasses containing the 
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sodium ion as the only alkali ion) is plotted against the molar percentage of 
Si02. The graph contains two linear portions. In region a (high Si02 content), 
the etching rate varies little with the Si02 content: 

Ze= -3·13.10-3 [Si02] mol%+ 0·322, (4.2) 

while in region c (Si02 content < 62·5 mol.%), the etching rate changes very 
rapidly with the concentration of Si02: 

Ze= ---0·770 [Si02]mol% 50·5. (4.3) 

If these two linear portions of the curve are produced, they interseet at a point 
corresponding to an Siûz content of 65·5 mol.%. At practically the same 
composition we find a very sharp transition from a series of glasses which are 
highly resistant to HCl to a series of glasses which have no resistance at all to 
HCl (see sec. 4.2.1). The very sharp change in the chemica! resistance of alkali
aluminosilicate glasses to hydrochloric acid thus coincides with the change in 
the chemica! resistance to hydrofluoric acid. 

This would seem to suggest that the rate-determining factor in the etching 
of glass by these two acids is the same in systems of the critica! composition, 
although the mechanism of the etching by the two acids is on the whole quite 
different (see sec. 4.2.2). 

4.1.3. lnfluence of the type of alkali ion on the etching rate 

In glasses of a given composition the etching rate increases wben the lithium 
present is replaced by sodium, or when the sodium (and lithium, iJ still present) 
is replaced by potassium. In fig. 4.1 the difference in etching rate between a 
glass containing Na+ and/or Li+ as alkali ion and the investigated, ion
exchanged, glasses is indicated by the arrows. It has already been stated in 
sec. 4.1.1 that any stresses which may be present do not have a noticeable effect 
on the etching rate. The difference in etching rates would thus seem to be due 
to the change in the ionic radius of the alkali ion alone. 

The ratio of the etching rates of the "potassium glass" and the "sodium 
glass" goes through a minimum in series B, between glasses 5 and 15, as may 
beseen from table 4-1; this is also the region in which the etching rateis relatively 
low (see sec. 4.1.2). 

4.1.4. Discussion of the attack by HF solutions 

It appears from investigations carried out by Hasegawa 1) that in lead-silicate 
glasses and lead-borosilicate glasses the rate of attack by HF solutions is directly 
proportional to the volume of glass containing one Si atom (or in general one 
network former). lf the packing density of the network formers increases, the 
rate of attack thus decreases. 

The packing density of both the oxygen ions and the network-forming ions 
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TABLE 4-I 

Ratio of etching rates Ze of the glasses containing K20 and Na20 as a function 
of the 1/y value 

glass 

3 
4 

15 
5 

13 

1/y 

0·67 
0·48 
0·33 
0 

ratio of Ze in K20 and 
Na20 glasses 

2·7 
1·9 
1·8 
2·1 
3·1 

increases in alkali-silicate glasses with decreasing radius of the alkali ion. The 
density variation of eertaio alkali-aluminosilicate glasses (Nos 2, 3 and 5) with 
variation in the alkali ion has been determined. In the cases investigated, the 
packing density of the oxygen ions Vo also increases with decreasing radius of 
the alkali ion present. This can, as in the case described by Hasegawa, provide 
the explanation for the decrease of the etching rate in alkali-aluminosilicate 
glasses with decreasing radius 9f the alkali ion present, as described in sec. 4.1.3. 

In genera!, however, the packing density of network formers or oxygen ions 
is not the only factor determining the rate of attack by HF. In contrast to the 
findings of Hasegawa with lead glasses of widely varying compositions, the 
etching ra te of alkali aluminosilicate glasses of widely varying compositions is 
not a unique function of the volume per network-forming ion, Vsi+At, if 
aluminium and silicon are taken as of equal importance (compare glasses 3, 
5 and 13 in table 4-II, where Vsi+At increases while the etching rate Ze decreases, 
and glasses 5 and 5', where the reverseis the case). If, however, the etching rate 

TABLE 4-11 

Influence of the packing density on the etching rate 

glass 
Vo- V si+ At 

I 
V si I Ze 

(cm3jgr.at) (cm3jgr.at) (cm3jgr.at) (fL/min. x %HF) 

3 14·21 28·5 51·5 6·8-7·7 
5 14·05 30·7 37·1 0·2 

13 14·05 32·3 32·3 0·08 
5' *) 13·93 27·8 39·8 0·45 

*) 5' = 15 mol.% NazO; 15 mol.% AhOa; rest Si02. 
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is plotted against the volume containing one gramatom of Si ions (Vst), we do 
find a continuous increase of the etching rate with the "packing density" of the 
silicon. The etching rate is, howevcr, not a linear function of Vsi 

Apart from the packing density of eertaio i ons, the structure of the glass thus 
plays an important role. According to the above considerations (see table 4-11) 
it seems reasonable to assume that replacing one Si04 tetrahedron in the glass 
structure by an Al04 tetrahedron gives rise to an appreciable decrease in the 
resistance to HF. The honds in the arrangement Al-O-Si would thus appear to 
be easier to break than those in Si-0-Si. 

lt follows from investigations carried out by Emsberger 3) that the manoer 
in which the Si-0-Si links are arranged also plays a role. Emsberger gives an 
explanation for the fact that a-quartz is attacked 100 times faster in the plane 
ofthe optica! axis than on a plane perpendicular to this axis, that eoesite (a very 
dense modification of SiOz) is not attacked at all and that mica is very resistant 
to HF on its cleavage planes. According to Emsberger, only those crystal planes 
are attacked in which at least two valencies of the Si ion are not satisfied, or 
are satisfied by adsorption of OH- ions. By simultaneous adsorption of F- ions 
and HF, a tetrabedral or octahedral cavity is in this case formed in the neigh
bourhood of the Si ion, thus giving this ion an energetically favourable alterna
tive possibility of 4-coordination; at sufficiently high temperatures SiF4 is thus 
formed, changing immediately into SiFfi--. This means essentially that the first 
step is that at least two of the four Si-0 honds present per tetrahedron must be 
simultaneously exposed to reaction with HF. We shall show in chapter 6 with 
reference to a structural model that it is reasonable to expect the chemical 
attack of alkali-aluminosilicate glasses to increase sharply when a certain 
number of Al-O bonds can react simultaneously (i.e. when a certain Al/Si ratio 
is exceeded). 

4.2. Attack by hydrochloric-acid solutions 

4.2.1. Results 

The amount of NazO found in the HCl solution after treatment per 100 cm2 

of glass surface is a measure of the "leachability" of the glass. The loss of weight 
per 100 cm2 of glass surface after treatment in the hydrochloric acid, corrected 
for the loss of weight due to the teaching of Na20, is a measure of the damage 
done to the Al-Si-0 nctwork. In a number of glasses the damage to this skeleton 
was so serious that the results are no longer quantitatively reproducible. In these 
cases the degree of damage was classed according to the following code, based 
on the visible signs of attack: 
A strong local attack, clear surface; 
B continuous attack, matt layer of a certain thickness; 
C a very thick gel layer is formed, which breaks up on heating. 
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The continuity of the skeleton of the glass is reduced going from A to C. 
The compositions of the glasses investigated are shown in fig. 4.3. The results 

for the glasses in which the alkali oxide/Ah03 ratio is equal to 1 (series A) are 
shown in table 4-III while the results for glasses of series B and a number of 
glasses without Ah03 are shown in table 4-IV. 

Fig. 4.3. Comparison of the chemica! resistance of some glasses against attack by 6 N HCl; 
-- glasses with about the same amount of attack by acid (loss of weight), 
- · - · - · glasses with about the same amount of Na20 extraction, 
- · · - · · ~he two above curves run together. 

In the glasses of series A the chemica! resistance is found to fall sharply when 
the glass contains 16·7 mol.% Na20 and 16·7 mol.% Ah03 , i.e. with glass of 
the composition Na20.AhOa.4Si02. The change of weight in glasses of this 
series is found to be 4-5 mg/100 cm2 up to and including glass 9 (10), containing 
66·1 mol.% Si02. In glass 27, which only contains 3/4 mol.% Na20 more 
(17·5 mol.%), the surface damage to the glassis in class B, while in glass 31, 
with 20 mol.% Na20 or more, surface damage is found in class C. 

The leaching of the glasses of series A is slight up to and including glass 9 
(10) (about 0·3 mg Na20/100 cm2), but there would seem to be a tendency for 
the leaching to increase with increasing N a20 content. 

The glasses of series B also show a sharp change of behaviour at the composi
tion where 66·7 mol.% Si02 is present (glass 15). The weight loss of glass 15 
is 7 mg/100 cm2 and the amount of alkali leached from this glass is 2·3 mg/ 
100 cm2. This means that the networkof glasses 15 and 9, which contain the 
same percentage of Si02, is attacked to the same extent. If the glas contains 



22 

TABLE 4-III 

Acid and alkali attack in glasses of series A 

attack by HCl alkali 

glass 
mol.% mol.% mol.% mol.% mol.% attack 
Na zO LbO CaO AlzOa Si02 mgj100cmz mgNazO/ mg/ 

weight loss /100cm2 
/l00cm2 

0 100 4·5-5·4 0·02 *) 35·4 
21 5·0 5·0 10·0 SO·O 5·2 4·S (?) 59·9 
22 6·25 6·25 12·5 75·0 4·3 0·23 79·6 

74·3 
23 7·5 7·5 15·0 70·0 5·2 0·29 S6·0 
24 10·0 5·0 15·0 70·0 5·0 0·33 73·4 
25 12·5 2·5 15·0 70·0 4·0 0·25 110 

9/10 St St 16t 66t 4·7 1· 3 (2·6) **) 102 
26 St St Ti0z6t 16t 60·0 3·S 
27 S·75 8·75 17·5 65·0 A, B, no C 109 
28 10·0 7·5 17·5 65·0 A, B, no C 108 
29 7·5 7·5 2·5 17·5 65·0 A, B, no C 110 
30 7·5 7·5 5·0 20·0 60·0 c 149 

31 10·0 10·0 20·0 60·0 c 159 
32 10·0 10·0 5·0 20·0 55·0 c 173 

188 
7 12·5 10·0 22·5 55·0 c 246 

33 22·5 Ti0z2~ 22·5 52·5 c 432 

34 
g1ass 33, but ion-exchanged (Na+ c 437 

against Kl) 
35 15·0 

!15·0 I I 30·0 I 40·0 c 1·9.103 

A strong attack. 
B matt layer formed. 
C gel layer formed. 

*) With a weight loss of 1·7 mg Si02/IOO cm2 • 

**) Theoretica! value for glass 10, calculated from glass 9. 

less than 66·7 mol.% SiOz, then first class-B damage and then class-C damage 
is produced, independent of the Na20/AhOa ratio. 

If starting from glass 15 in series B one increases the Si02 content and de
creases the A120a content, the damage to the network first decreases, and is 
practically zero in glass 5 (and 6) (after correction for leaching of Na20). The 
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TABLE 4-IV 

Acid and alkali attack in glasses of series B and in some binary compositions 

glass 
mol.% mol.% 
Na20 Li20 

7 12·5 10·0 
4 22·5 
8 12·5 10·0 
5 22·5 
6 12·5 10·0 

13 22·5 

15 22·5 
36 12·5 
16 15·0 
37 20·0 
13 22·5 

38 25·0 
39 30·0 

A strong attack. 
B = matt layer formed. 
C = gellayer formed. 

mol.% 
AhOa 

22·5 
15·0 
15·0 
7·5 
7·5 

10·8 

attack by HCI 
mol.% alkali attack 

Si02 mgj100cm2 mgNa20/ mg/100 cm2 
weight 1oss /100 cm2 

55·0 c 246 
62·5 B 
62·5 B 
70·0 0·0 I 2·1 
70·0 2·0 1·0 (1·8) *) 
77·5 A, noB 

58·0 
66·7 7·0 2·3 
87·5 0·0 0·36 129 
85·0 4·0 3·8 
80·0 5·2 5·8 173 
77·5 A, noB 

58·0 I 
75·0 A 
70·0 A, no C 

*) Theoretica! value for glass 5 calculated from 6, agrees with the appointed Na20 value 
for glass 5. 

amount of materia11eached from the g1ass remains at about 2 mg/100 cm2• As 
one goes further in this series, the damage increases again, reaching class A for 
the binary glass 13. 

The chemica1 resistance thus shows a maximum in series B, in the region of 
glass 5. The resistance of HF is also relatively high at this composition (see 
sec. 4.1.2). 

In fig. 4.3 the compositions at which the leaching is 2-4 mg Na20/IOO cm2 

are represented by the broken line, and the compositions which give a total 
weight loss of 5-7 mgjlOO cm2 by the fullline. After correction for the weight 
loss due to leaching, g1asses 16, 36 and 37 (no Abûa) are found not to have 
lost any weight. In the g1asses of series A some damage to the skeleton was 
found (4-5 mgjlOO cm2 up to the critica} composition). Introduetion of 4-co
ordinated aluminium (c.f. chapter 6) does not thus help the stability ofthe glass 
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much, even in the region of stabie glasses. It is worthy of mention that fused 
quartz (glass 0) also gives a weight lossof 4-5 mg/100 cm2 as aresult of damage 
to the skeleton. 

It may be deduced from experiments by Dubrovo 5) that the chemica] 
resistance of alkali-aluminosilicate glasses to attack by IN HCl at 40 °C under
goes a sharp change at Si02 contents of 64-70 moL%. In the series of the com
position Na20.xAl20a. (l-x)Si02 the chemica! resistance seems to reach a 
constant value at Si02 contents above 70 moL%. 

4.2.2. Discussion of the attack by hydrochloric-acid solutions 

There are four processes which can in principle play a role in the attack of 
glass by acids. 
(1) A teaching process. Alkali i ons from the glass are exchanged for protons 

(H+) from the acid, giving a "hydrogen glass". Further attack must proceed 
by ditfusion through this layer. 

(2) Decompositîon of the "hydrogen glass"; water is split otf and an Si02-rich 
layer with a high chemical resistance is produced. 

(3) Etching, i.e. the complete destruction ofthe glass skeleton by the acid. This 
may be sub-divided into: (a) break-up ofthe original glass phase; (b) break
up of the hydrogen glass. 

(4) Removal ofreaction products and supply offresh etchant to the glass-liquid 
interface. 

The rate-determining steps in HF etching are processes 3a and 4. The influence 
ofprocess 4 can be greatly reduced by stirring, especially in dilute HF solutions. 

In attack by HCI, processes I and 2 are generally rate-determining. The 
influence of process 3 increases as the temperature is raised (Jagitsch 4)). It 
seems likely that in the alkali-aluminosilicate glasses investigated with little 
Ab03 and a good chemica! resistance, processes I and 2 are rate-determining, 
but that as the Al20a content is raised process 3 becomes rate-determining at 
66·7 moL% Si02. The protective layer of process 2 is now no longer formed, 
apparently because the hydrogen glass produced disintegrates. This may be 
deduced from the gel formation and strong swelling which are observed. D_irect 
attack of the glass skeleton (process 3a) also increases in the neighbourhood 
of the critica! composition, as may be deduced from the HF-etching results. 

The maximum in the chemical resistance to HF and HCI exhibited by glass 5 
in series B would appear to indicate that the aluminium is incorporated into the 
structure of this glass otherwise than in the glasses of series A and the other 
glasses of series B. A further indication in the same direction is the fact that the 
intet-ditfusion coefficients of alkali ions (e.g. Na+ and K 1) show minima in 
series B between glass 5 and glass 15, as will be described in chapter 5. 

In chapter 6 we will try to explain the above-mentioned phenomena with 
reference to a structural model of the alkali-aluminosilicate glasses. 
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5. THE DIFFUSION OF IONS IN 
ALKALI-ALUMINOSILICATE GLASS 

5.1. Mathematical treatment of dilfusion problems 

5.1.1. Calculation of dijfusion coefficients and concentration profiles 

The basic equation for the description of ditfusion phenomena is Fick's first 
law: 

è:!C 
J -D 

i:! x 
(5.1) 

This means among other things that the concentration of other components, 
the temperature and the pressure are constant in space and time and that 
the ditfusion medium is isotropic. It follows from (5.1) that the variations of 
the concentration C in space and time are related by the ditferential equation 

è) 

- (Di:!Cfi:lx) . 
i:! x 

(5.2) 

Equation (5.2) can be formally solved in a number of cases, if the boundary 
conditions are favourable. 

All the measurements described in this thesis were carried out in long 
cylindrical samples (rods). The lengthof these rods was chosen so large (10 cm) 
that only the radial contribution to the ditfusion current need be taken into 
account. We shall treat this radial ditfusion mathematically as the ditfusion in 
a semi-infinite flat body. The ditference between the concentration distributions 
thus obtained and those really present in the rod-shaped samples is only a few 
per cent if the ratio f3 of the thickness of the ion-exchanged layer X (see sec. 
5.1.2) to the radius of the rod is less than 0·1 (c.f. graphs in Crank 1)). 

If the ditfusion coefficient D is independent of the concentration and if the 
concentration at the surface of the semi-infinite flat body is kept constant at Ct. 
by ditfusion right from the start of the ditfusion process, while the concentration 
in the body before ditfusion is Co, then the following represents a solution of 
(5.2): 

(C Co)/( Ct Co) erf c (x/2 VDt), (5.3) 
where-

X/2YDt 

erf c (x/2 VDt) = 1 -erf (x/2 j/.Dt) 1- (2/V:;) J exp (-1]2) d1]. (5.3a) 
0 

If the ditfusion coefficient Dis a function of the concentra ti on, the way in which 
eq. (5.2) can be solved will depend on the relationship between D and C. 

The relationship between D and C can be found graphically from the 
experimental concentration-penetration curves (determined as described in 
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sec. 3.3) by the Matano-Boltzmann metbod (Crank 1), Matano 2) under the 
boundary conditions of (5.3)). 

According to this method, the ditfusion coefficient De at a given coneen
teation Cz is derived from the experimental curve with the aid of the relation
ship 

De 
dx Cz 

-(Ij2t) f x dC. 
dC 0 

(5.4) 

Yamada has developed a method of obtaining approximate solutions to 
non-linear differential equations. This method has been applied to various 
ditfusion problems by Fujita and is described under the name of the "moments 
method" according to Crank 1). According to this method, the concentration 
in a semi-infini te flat plate is described by a set of 5 formulae: 

C(x,t)/Ct = (af3 - 3/2) (x Vf3JD"t 1)2 + (af3 5j2) (x ]/{3/Dtt-1)3, (5.5) 

24 af32F(l) + [a- 108 F(l)]312 + 3/2 = 0, (5.6) 

a 30 G(1), (5.7) 

CIC! 

G(C/C1) = f F(C/Ct) d(C/Ct) (5.8) 
0 

and 
F(C/Ct) D(C/Ct)/Dt; (5.9) 

F(1) and G(1) follow from (5.8) and (5.9) for CjC1 I, while the functions (5.8) 
and (5.9) can be calculated from the variation of D with the concentration. The 
value of a follows from (5.7), and then f3 can be determined from (5.6). The 
larger value of f3 is chosen (positive value of the square root). This f3 should 
not be confused with the f3 of sec. 5.1.1. 

The accuracy with which the solution thus obtained describes the experimental 
results is very sensitive to the way in which the ditfusion coefficient depends on 
the concentration, i.e. to the form of (5.9). lf the ditfusion coefficient is an 
exponential function of the concentration, the agreement between theory and 
experiment is not as good as if the ditfusion coefficient varies linearly with the 
concentration. 

5.1.2. Comparison of dijfusion rat es with the aid of "penetration depths" 

In some series of experiments it is desired to ascertain the effect of the changes 
in composition of the glass on the ditfusion ra te. In order to facilitate the com
parison of a large amount of data in this case, use is made of the quantity Xr2, 

which is defined as the ratio ofthe square ofthe penetration depthXin the glass 
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investigated to the square of the penetration depth X 8 in a standard glass 
(glass 3b): 

(5.10) 

The penetration depth X is defined as the point of intersection of the tangent 
to the C-x curve at a concentration of 0·3 mol.% (the last experimental point) 
and the x-axis; it is the di stance from the surface where Cf Ct has a value 
between 0·00 and 0·03. This di stance is equivalent to the "thickness" of the ion
exchange layer as measured with the polarization microscope. 

Various authors, such as Crank 1) and Doremus 3), have shown that a solu
tion of (5.2) can always be written as a function of the parameter xJVDit, i.e. as 

C/Ct = f(xJVDtt), (5.11) 

no matter what the form of the relationship between D and C. The form of the 
function fin (5.11) is however dependent on the nature of the relationship 
between D and C. 

If the functionf of (5.11) has the same form in a number of different cases, 
the quantity Xr2 gives directly the ratio of the ditfusion coefficient Dt in the glass 
investigated to the value of Dt for the standard glass. lf the form of fis not 
exactly the same in the cases in question, Xr2 is still useful for showing the trend 
in the results as long as the differences in ditfusion are fairly big (values of D 
differing by a factor of 2). 

5.1.3. The relationship between the self-dijfusion coefficient and the interdijfusion 
coefficient 

When measuring the self-diffusion coefficient of an ion 1 in a certain matrix 
one allows a small amount of a radio-active isotope of ion 1 to diffuse into the 
matrix and follows its progress by means of an appropriate kind of radiation 
counter. The concentration changes occurring in this case are small; the con
centration gradient of ion 1 in the matrix is low. 

In ion-exchange experiments, ions of different elements, in general with 
different mobilities, are exchanged for one another. The concentrations of the 
various ions taking part in the ditfusion process undergo great changes, and 
very high concentration gradients are temporarily produced. 

The calculation of the interditfusion coefficient of ion pairs from the self
diffusion coefficients is important because it allows the ditfusion of all possible 
combinations of ions to be calculated from the self-diffusion coefficients. 

The driving force in the most general sense bebind the ditfusion of a partiele 
in a given substance is the gradient of the total chemica! potential in that 
substance. According to Jost 4), the ditfusion equation in a general form may 
be written as 
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è)ft 
J = -(Cu/N) , 

bx 

where u mobility of the diffusing partiele per unit driving force, 
ft molar chemica! potential 

and N Avogadro's number. 

(5.12) 

Further, accordîng to the Nernst-Einstein equation we have for the self
diffusion coefficient Dz1 of component i in a given substance: 

Dz1 = ukT. (5.13) 

If moreover an electrical field E acts on the partiele (which has a charge Ze), 
then substituting the value of bftfbx in (5.12) (from ft = fto -+- RT In a) and 
eliminating u with the aid of (5.12) gives 

(
bCt è) In at ) 

ft = -D-zi - -- -+- ZiCiEF/ RT , 
è)x è) ln c~, 

(5.14) 

where at is the activity of component i and Fis the faraday. This equation is 
sometimes called the Nernst-Planck equation *). In a system of two diffusing 
ionic species, the ion currents h and h are no longer independent of one 
another, because the system must remain electrically neutraL This means that 

Ztl! + Z2h 0 
and (5.15) 

ZtCt + Z2C2 constant. 

If we a1so assume that no activity changes occur in the system, or if 

(5.16) 

(in the first case n 
(5.15), we find 

1), then by eliminating E from (5.14) with the aid of 

(
Zt2CtDz2 + Zz2C2Dz2) è) In a bCt 

-Dzt -
Z1 2C1Dzt + Z22C2Dz2 è) In C1 bx1 

(5.17) 

A similar equation holds for h **). 

The coefficient of bCt/bx in (5.17) can be regarcled as the interditfusion 
coefficient Dn For monovalent ions with a constant activity coefficient (i.e. 
where the activity is directly proportional to the concentration) it follows that 

(5.18) 

*) In eqs (5.13) and (5.14) the correlation factor/, as has been used by Haven and Verkerk 16), 
bas been omitted. 

**)Equation (5.16) can be derived by applying the rule of Duhem-Margules. 
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where 

If a = en, where n is a constant, then 

(5.19) 

The electrical field E in (5.14) is produced by local deviations from electrical 
neutrality resulting from the difference in mobility between the two ionic species 
taking part in the ion exchange. The number of i ons giving rise to this field is, 
however, found to be negligible compared to the total number of ions present 
in the region in question, so that eqs. (5.15)-(5.18) remain valid. 

The internal electric field E speeds up the slower ion and retards the faster 
one, thus influencing the ion currents of the two ionic species and hence the 
form of the concentration profiles. The form of the concentration profiles is 
also strongly dependent on the difference between Dz1 and Dz2 , as described 
e.g. by Helfferich and Piesset 5) and Helfferich 6). 

5.2. Results 

5.2.1. Concentration profiles and interdijfusion coefficients 

It was found during the course of the investigation that samples of the same 
"batch composition" exhibited a certain variation in chemical composition after 
melting. This can have an appreciable effect on the ditfusion rate, especially in 
series A, where the molar ratio y of Na20 to Ah03 is supposed to be 1. 

In glass 3, both an excess and a deficit of Na20 with respect to the composi
tion at which y = 1 gave rise to a rednetion in the ditfusion rate, as may be 
seen from table 5-I. The ditfusion ra te during Na+-K+ ion exchange as a function 
of y thus has a maximum at y = 1. 

The influence of annealing of the samples on the ditfusion ra te was investigat
ed in glasses 1, 2, 3, 4 and 5. When the glass samples are cooled at a rate of 

TABLE 5-I 

Influence of small variations in composition on the ditfusion 

glass y 
time and temperature 

of treatment 
x Xr 2 

3b 1·00 20 min. 500 oe KN02 51 1·00 
3c 1·03 20 min. 500 oe KN02 46 0·81 
3d 0·94 20 min. 500 oe KN02 38 0·56 
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5 oefmin from a temperature about 25 oe above the strain point of the glass 
the interdilfusion coefficients (values of Xr2) are reduced by a factor of0·80-0·85. 
When the cooling rate is 0·5 oejmin, the interdilfusion coefficients fall by a 
factor of 0·65. 

It may be expected that the dilierences between unannealed (unstabilized) 
glass samples as a result of dilierences in the cooling rate during their prepara
tion are less than the dilierences between annealed and unannealed samples. 
This means that we may expect the variation of D in different unannealed 
samples as a result of dilierences in cooling ra te not to exceed 20 %. 

The standard deviation of the interdilfusion coefficients is estimated to be 
15-20%. 

The experimental results are represented in a form of a plot of the relative 
concentration CfCt against xfVt (figs 5.1-5.6). The value of Ct for the various 
glasses is given in table 5-II. 

c 
ëi 
jt·O 

0 

Fig. 5.1. Concentration profiles afterexchange of Na+, or Na+ and Li+ i ons, against Av+ rons 
at 350 "C. The numbers on the curves are code numbers for the glasses concer""''"· 

According to eq. (5.11), the curves obtained fnr tht: same glass after treatment 
for different lengtbs of timo f>houlll coincide. This is indeed found as long as 
no "time-dependent" *) relaxation of stresses occurs. With time-dependent 
relaxation of stresses the concentration-stress curves for various times do not 
coincide and the stress-penetration curvesoftenexhibita maximum. The spread 
of the experimental points around the best smooth curve through them is 
indicated by way of example for glass 7 in fig. 5.1. 

With very short treatment times (20 minutes), the experimental points show 
a systematic deviation from the mean curve as found at longer times; this 
deviation is equal to the difference between the upper and lower set of points 
for glass 7 in fig. 5.1. 

Even if time-dependent relaxation phenomena do occur, the concentration 

*) Relaxation of stresses occurring in the time interval t > 20 min. 



glass 1/y 
temp. duration x 

I Xr 2 

CC) (h) (p) 

a 1 0·98 500 2 115 1 1·46 
1 0·98 500 4 149 1·21 
1 0·98 500 2 88 0·42 

annea1ed 
2b 1·15 500 4 81 0·36 
3a 1·03 500 4 120 0·79 
3b 1·00 500 4 13~ 1·00 
3b 1·00 500 t 5) 1·64 
7 1·03 510 4 ~ 0·14 
9 1·00 500 4 ;o 0·14 

10 1·00 500 4 US 1·20 
11 1·05 500 4t 43·5 0·10 
12 1·00 500 4 83 0·38 
14 1·67 500 4 65 0·23 

b 3c 0·97 400 24 130 1·00 
3e 0·98 400 24 130 1·00 
4 0·67 405 24 100 0·59 
4 0·67 405 8 61 0·66 
5 0·33 400 24 90 0·48 
6 0·33 400 48 36 0·04 
7 1·03 400 24 31 0·06 
8 0·67 400 24 28 0·05 
9 1·00 400 64 53 0·06 

13 0·0 400 24 139 1·14 
15 0-48 400 24 90 0·48 

c 4 0·67 350 36 63 -
5 0·33 350 48 59 -
6 0·33 350 48 17 -

13 0·0 350 24 90 -
4 0·67 420 36 133 -
4 0·67 422 16 104 -

TABLE 5-II 

Data of the treated glasses 

C; ~~ ~av Do j D 
(mol.%) (mol.%) {mol.%) (x JO-Io cm2/sec) 

12·1 13-1 13·1 3·5 34 11·0 12·2 12·2 
12·8 13·3 13·3 4·9 13-3 

13·0 14·6 14·6 2·0 7·7 
16·0 20·3 21·4 2·7 6·8 
19·5 20·3 22·0 3·3 12·5 
19·2 20·6 21·8 4·0 20·0 
19·8 22-4 22·4 0·37 4·0 
11·5 17·9 17·9 0·50 3·4 
13-4 15·1 17·0 2·4 32·0 
18·2 21·5 21·5 0·12 24·5 
17-8 21·5 21·5 - -
13-1 15·3 15·3 4·9 13-3 
8·4 21·8 22·6 0·30 3·3 

18·5 23·2 23·2 0·51 1·63 
17·0 22·1 22·1 0·24 1·34 
17·6 22·0 22·0 0·75 0·81 
17·6 20·8 22·8 0·35 1·6 
15·6 22·9 23-4 0·005 0·25 
16·8 22·0 22·0 0·019 0·23 
17·6 22·0 22·0 0·003 0·23 
- - - - -

14·8 24·0 24·0 0·36 3·56 
19·2 22·7 22·7 0·21 1-4 
17-3 21-4 21·4 0·15 0·19 
15-4 21·0 22·5 - -
14-4 22·9 22·9 - -
19·3 23·7 23·7 - -
20·7 22·8 22·8 0·38 1·2 
19·3 22·5 22·5 0·42 1·5 

at c 
(mol.%) 

11 
11 
9 

11 
15 
17 
17 
17 
11 
11 
18 
-

9 
9 

17 
15 
15 
17 
13 
17 
19 
-
13 
17 
15 
-

-
-
19 
17 

treated in 

KN02 
KN02 
KN02 

KN02 
KN02 
KN02 
KN02 
KN02 
KNO a (act.) 
KN02 
KN02 
KN02 
KN02 
KNO a 
KNO a (act.) 
KNOa(act.) 
KNOa (act.) 
KNO a 
KNOa (act.) 
KNOa (act.) 
KNOa(act.) 
KNOa(act.) 
KNOa(p.a.) 
KNOa(act.) 
KNOa (act.) 
KNO a 
KNOa (act.) 
KNOa (act.) 
KNOa (act.) 
KNO a (act.) 

Ct/~; 
(%) 

92 
90 
96 

89 
79 
96 
93 
88 
64 
89 
85 
86 
96 
38 
80 
77 
79 
77 
67 
77 
80 
-
62 
85 
81 
73 
63 
82 
91 
86 

(.» 

N 

I 



glass 1/y 
temp. I duration x 
CC) (h) (~) 

4 0·67 450 1 46 
4 0·67 450 2 56 
4 0·67 450 3 64 
4 0·67 450 4 71 
4 0·67 450 8 101 
4 0·67 450 16 140 
4 0·67 450 16 134 
4 0·67 450 16 124 

annealed 
4 0·67 482 16 186 

d 3c 0·97 350 1 190 
2b 1·15 350 1 68 
6 0·35 350 4 96 
7 1·03 350 1 74 
7 1·03 350 4 161 
8 0·67 350 4 121 
9 1·00 350 4 138 

C; = mol.% K20 for x= 0, 
~i = total mol.% alkali ( + Ag20) for .x = 0, 
~av = the average total alkali conc., 

Xr 2 

-
-

-
-
-

-
-
-
-
-
1·00 
0·13 
0·06 
0·15 
0·18 
0·10 
0·13 

M = mixture of 20 mol.% AgNOa + 80 mol. % KNOa 
C and D are given for K+ ions, 
KNOa (act.) = KNOa activated. 

TABLE 5-II (continued) 

C; I ~i ~av Do J D at c treated in C,:/~; 
(mol.%) (mol.%) (mol.%) (x I0-10 cm2fsec) (mol.%) (%) 

18·0 22·5 22·5 - - - KNOa (act.) 80 
19·3 22·5 22·5 0·9 5·0 17 KN02 86 
19·1 22·7 22·7 - - - KNOa (act.) 84 
19·2 23·0 23·0 0·8 4·6 17 KN02 84 
18·2 22·4 22·4 2·6 3·9 17 KN02 81 
20·1 22·0 22·0 1·4 3·14 17 KN02 91 
19·1 22·6 22·6 - - - KN02 85 
19·3 22·6 22·6 - - - KN02 85 

20·1 21·7 21·7 2·8 9·2 19 KN02 93 
21·5 23·0 23·3 20 215 21 M 94 
13-0 13·2 13·5 - - - AgNOa 98 
18·8 21·6 21·6 - - - M 87 
19-4 19·8 23·4 3 25 17 AgNOa 98 
17·7 20·5 20·5 5 32 17 M 86 
- - - - - - M -

10·1 16·0 16·0 - - - M -
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Fig. 5.2. Influence of the treatment time on the form of the concentration profiles in glass 4 
after treating for 2, 4, 8 and 16 hours at 450 oe in KN02. 

Fig. 5.3. eoncentration profiles after exchange of Na+ ions against K'" ions at 500 oe in 
glasses of series A. The numbers on the curves are code numbers for the glasses concerned. 
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profiles can still be plotted according to (5.11) for practical purposes; but the 
curves thus obtained show a shift with time, as may be seen from fig. 5.2. 
Because slight ditierences in the slope of the curve have a great influence on 
the value of D calculated by the Matano method, the variation of D is more 
sensitive to any time effects which may occur than is the concentration curve 
itself. The mean curve is therefore not used for the determination of the D-C 
curves. 
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Fig. 5.4. eoncentration profiles after exchange of Na+ ions against K+ ions at 400 oe in 
glasses of series B1 (glasses without LhO). The numbers on the curves are code numbers 
for the glasses concerned. For glasses, rnarked with *, ion exchange was carried out at 350 oe. 

0~~-+--4---~-+--4---r--+--~~~~--
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Fig. 5.5. eoncentration profiles afterexchange of Na+ and Li+ ions against K+ ions at 400 oe 
in glasses of series B2 (glasses containing LbO). The nurnbers on the curves are code nurnbers 
for the glasses concerned. For glasses, rnarked with *,ion exchange was carried out at 350 oe. 
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Fig. 5.6. Infiuence of the temperature of treatment on the form of the concentration profi.le 
in glass 4 afterexchange of Na+ ions against K+ ions. 

a 36 h at 360 oe d 36 h at 420 oe 
b 8 h at 405 oe e 16 h at 422 oe 
c = 24 h at 405 oe g 16 h at 482 oe 
f = mean of 8 h at 450 oe and 16 h at 450 oe. 

The concentration curves for sodium-potassium ion exchange in glasses of 
series A are given in fig. 5.3. The results for glasses of series B1 Oithium-free) 
and B2 (lithium-containing) are given in figs 5.4 and 5.5. Two curves for the 
exchange of sodium and lithium i ons for silver i ons are given in fig. 5.1. Figure 5.6 
gives the concentra ti on curves for glass 4 after treatment at various temperatures. 

The form of the concentration curves can be represented very well by the 
moments methad (see sec. 5.1.1) if D is a linear function of the concentration. 
If Dis only approximately a linear function of the concentration, the agreement 
between theory and experiment is still very good. This may be seen from 
fig. 5.7 for sodium-silver ion exchange in glass 3c; the conesponding D-C curve 
is shown in fig. 5.10. The value of Di used bere is 21·5.10-9 cm2/sec. At values 
of Cf Ct < 0·2, the deviation from the experimental curve increases to 20% at 
CfCt 0·1 and 50% at C/Ct 0·05. lf the D-C curve shows a pronounced 
maximum, the agreement is worse at high values of C/Ct and better at low 
values of C/Ct than with a linear relationship between D and C. This is also 
illustrated in fig. 5.7, for sodium-potassium ion exchange in glass 3b at 500 °C. 
(The D-C curve is shown in fig. 5.8). In this case the maximum value of D must 
be used, viz. Dm = 18·8.10-10 cm2fsec. The same result would be obtained in 
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this case if the D-C curve were replaced by a straight line through the point 
( Ci, Dm) with the area under the curve being kept the same as with the originaJ 
curve. The average deviation in this case is 15% for values of Cf Ct = 0·1; 
at C/Ct I the deviation is 20%, but at C/Ci 0·03 it is zero again. 

Fig. 5.7. Calculated and experimental concentration profiles; 
--~ experimental curves, 
-- ---- concentration profiles calculated by the method of moments. 
Glass 3c has been treated in a mixture of 20 mol.% AgNOs and 80 mol.% KNOa at 350 'C 
for I hour. Glass 3b has been treated in KN02 at 500 oe for 2 hours. 

Fig. 5.8. Interdilfusion coefficient as a function ofthe KzO concentration in glasses of series A 
after treatment in KN02 at 500 oe. The numbers on the curves are code numbers for the glasses 
concerned. 
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The values of the interditfusion coefficients are deterrnined from the ex
perimental concentration curves by the Matano-Boltzmann metbod (eq. (5.4)). 

The variation of D as a function of C after treatment in KN02 at 500 oe 
and in KNOs at 400 oe is plotted in figs 5.8 and 5.9. The result after treatment 
in the AgNOa-KNOa mixture at 350 oe is shown in fig. 5.10. 

In most cases the variation of D in the concentration range from zero toabout 
10 mol. % K20 or Ag20 can be represented very well by a straight line in a 
double-logarithmic plot. This means that in this range we may write 

D D1C':. (5.20) 

The value of k is found to lie between 0·6 and 0·7. 
At higher concentrations, D increases less than wou1d be expected from 

(5.20). The curves level off and in some cases even pass through a maximum 
(glass 3 in fig. 5.8, glasses 3, 4 and 15 in fig. 5.9 and glass 7 in 5.10). 

In one case D (glass 11 in fig. 5.8) increases more at higher concentrations 
than predicted by (5.20). The very strong increase of D starts at 14-15 mol.% 
K20, which is exactly the concentration where the stress built up in the glass is 
found to have a maximum (see chapter 7, fig. 7.6). If no "time-dependent" 
relaxation of the stresses occurs, the D-C curve only differs from the mean curve 

<i' 
"' ~ 
E 2~4-+-~~+++ e 

Q 
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Fig. 5.9. Interditfusion coefficient as a function of the K20 concentration in glasses of series B 
after treatment in KNOa at 400 °C. 
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Fig. 5.10. Interditfusion coefficient as a function of the Ag20 concentration after treatment 
in a mixture of 20 mol.% AgNOa and 80 mol.% KNOs at 350 °C. 

at very short treatment times. As may be seen from fig. 5.8, the interdiffusion 
coefficients after 20 minutes are higher than after 2 hours (while the curves 
after 1, 4 and 8 hours coincide with that found after 2 hours). 

When time-dependent relaxation does occur, the form of the D-C curve is 
also found to change at long treatment times. This may be seen from fig. 5.11, 
where the valnes ofthe interdiffusion coefficients fall off at long treatment times. 
The presence of definite time-dependent relaxation in this case may be seen 
from fig. 7.11 (chapter 7). 

The form of the D-C curve varies with temperature as shown in fig. 5.12. 
The infiuence of the temperature is greater at high concentrations. This means 
that the activation energy of the interdiffusion is concentration-dependent 
(fig. 5.13). 

5.2.2. The activation energy of the dijfusion process 

The activation energy for the interdifihsion of sodium and potassium ions 
in glass 4 in the temperature range 350-480 °C can be calculated from the data 
of fig. 5.13. Six experimental points are available at each concentration in this 
temperature range. Although six experimental points is not very many, 
examination of fig. 5.13 will make it clear that a straight line is definitely the 
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Fig. 5.11. Infiuence of the treatment time on the form of the curve relating the interditfusion 
coefficient and the concentration of K20 in glass 4. 
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Fig. 5.13. Influence of the temperature of treatment on the interdilfusion coefficient at 
various K20 concentrations. 
0 = 3 mol.% K20, + = 9 mol.% K20, x 15 mol.% KzO. 

best approximation to the variation of D as a function of 1/T. In each case, 
the best straight line was drawn through these six points by the metbod of least 
squares. The slope of these lines is found to be a function of the concentra ti on, 
as may be seen in fig. 5.13 for concentrations of 3, 9 and 15 mol.% K20. The 
values of the activation energy and the pre-exponential factor Dp as functions 
of the concentration are tabulated in table 5-UI. Both the activa ti on energy and 
the pre-exponential factor increase with increasing concentration. 

5.2.3. The interdijfusion rate as a function of the composition of the glass 

(a) Inspeetion of the values of Xr 2 in table 5-11 shows that the interdiffusion 
rate in the lithium-free glasses of series A (glasses 1, 10 and 3) at 500 oe hardly 
varies at all with the Na20 content. There appears to be a slight tendency for 
the diffusion rate to decrease with increasing Na20 (and AhOs) content. A 
comparison of the concentration curves (fig. 5.3) and the D-C curves (fig. 5.8) 
of glasses 1 and 10 confirms this conclusion. It may also be seen from fig. 5.3 
that the concentration curve of glass 3b is more convex towards the concen
tration axis than the curves for glasses l and 10, which expresses itself as a 
slower increase in D with concentration: the values of D for glass 3 are some-
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TABLE 5-III 

The activation energy E and the pre-exponential factor Dp of the ditfusion 
as functions of the K20 concentration in glass 4 

c E Dp 

(mol.%) (kcal/mol) (cm2/sec) 

3 19·5 2·1.10-4 

9(a) 24·7 1·3.10-4 

9(b) 22·2 1·7.10-3 
9 (mean) 21·7 1·3.10-3 

15 26·3 3·4.10-2 

what greater than those for g1asses 1 and 10 up to 1·2-2·0 mol.% K20, and 
less at higher concentrations. 

In the lithium-free glasses of series B (series BI), the value of Xr2 at 400 oe 
as a function of the Al203/Na20 ratio ( = 1/y) goes through a definite mini
mum at a value of 1/y lying between 0·3 and 0·5 (see fig. 5.14). Figure 5.14 also 
shows the ratio Dcx/Dc3 as a function of 1/y. This ratio may be expected to be 

Qxz~.--,---r--~-,--~--,---,--,---,--, c \ 
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i \\ 
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Fig. 5.14. Ratio of the interdilfusion coefficient of glass X to the interdilfusion coefficient 
of the g!asses 3c and 3e, Dcx/Dc3 , as a function of 1/y in glasses of series B1 at various KaO 
concentrations after treatment at 400 °C. 
--X,2, 
-- D"' with respect to Dac ~ 
- - - - -- D" with respect to D3e \ 

numbers on the curves 
refer to the K20 concentration. 
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equivalent to Xr 2 , and denotes the ratio of the interdifl'usion coefficient of glass 
No. x at a potassium concentration C to the interditfusion coefficient of glass 3 
at the same concentration; Dcx/Dc3 is thus a measure ofthe variation of the 
interditfusion coefficient as a function of 1/y at a given potassium concentration. 
This concentration, in mol.% K20, is written alongside each curve in fig. 5.14. 

If glass 3c is taken as the standard glass, all the curves of fig. 5.14 have their 
minima between 1/y 0·3 and 1/y 0·5, but the minimum value of Dcx/Dc3 

is lower than the corresponding value of Xr 2• If however glass 3e is taken as the 
standard, the minima still occur at the samevalnes of 1/y, but the minimum 
values of Dcx/Dc3 are now higher than the corresponding valnes of Xr 2 , while 
there appears to be a tendency for the value of the interditfusion coefficient D 
to be relatively high at high K20 concentrations. This is due to the fact that 
the D-C curves for glasses 3c and 3e do not coincide (see fig. 5.9). One of the 
reasous for this may be that the value of Ci in glass 3c is 8 mol.% K20, while 
in glass 3e Ct 18·5 mol.% K20. 

In the glasses of series B the value of the interditfusion coefficient at a given 
potassium concentration as a function of 1/y first decreases and then increases 
again. The minimum is found between 1/y = 0·5 and 1/y = 0·3. 

The minimum valnes of the interditfusion coefficient are about half the 
valnes found with y 1 ; the valnes for the binary glasses are higher by a 
factor of 1·1 (cf. fig. 5.14). 

If in the glasses of series B 10 moL% of Na20 is replaced by Li20 (series B2) 
the interditfusion coefficient falls sharply. At 400 oe the interditfusion coeffi
cients in the lithium-containing glasses are a factor 10-20 1ower than those in 
the lithium-free glasses (compare glasses 3 and 7, 4 and 8 in fig. 5.9). The high
est value of this factor is found at low concentrations of the potassium ion 
(C 1), the lowest at high valnes of C. The value of 1/Xr2 is about 17·0 in this 
series. 

The valnes of Xr 2 and Dcx/Dc3 for the glasses of series B2 with 10 mol.% 
Li20 are plotted against 1/y in fig. 5.15. Since only three valnes of 1/y are 
available for each curve, it is difficult to be sure whether these curves pass 
through a minimum or not. However, it may be assumed that the value 
of D will increase again at low valnes of 1/y because, as in fig. 5.14, 
there appears to be a tendency for the value of the interditfusion coefficient D 
to be relatively greater at higher K20 concentrations (the decrease in D due 
to a decrease in 1/y is less at high concentrations of K20 than at low concen
trations). In glasses of series A the introduetion of Li20 (LhOjNa20 RJ 0·5) 
causes the interditfusion coefficient at 500 oe to decrease by a factor 6 (high 
valnes of C) to 10 (low valnes of C) (glasses 3 and 7, 10 and 9, fig. 5.8). The 
value of I/Xr2 is about 8·6 in this series. This decreaseis less pronounced than 
that at 400 oe because the activation energy for the ditfusion in lithium glasses 
is greater than that for 1ithium-free glasses which causes the ditferences to 
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Fig. 5.15. The ratio of the interditfusion coefficient of glass X to the interdiffusion coefficient 
of glass 7, (Dcx/Dc7), as a function of 1/y in glasses of series B2 at various KzO concentrations 
after treatment at 400 oe. 
--Xr2, 

Dx with respect to D7 ; numbers on the curves refer to the KzO concentration, 
------ Xr2 with respect to X of glass 7, after treatment for 1 h at 350 oe in a mixture of 

20 mol.% AgNOa and 80 mol.% KN03. 

become smaller with rising temperature (cf. glasses 3 and 7 at 400 and 500 oe; 
figs 5.8 and 5.9). 

The infiuence of the LhOjNa20 ratio in a standard glass with the basic 
composition of glass 3b is shown in fig. 5.16. The ditfusion rate decreases with 
increasing lithium content. The effect is however relatively stronger when the 
lithium content of the original glass is lower. The decrease as a function of the 
lithium concentratien is lower at high K20 concentrations than at low K20 
concentra ti ons. 

(b) The interditfusion coefficients for the ion pair Na+ Ag+ in glass 3c are 
much greater than those for the ion pair Na+ K+. one hour's treat-
ment at 400 oe, the penetration depth for the silver-ion exchange is 270 f.!. as 
compared to 25 fL for the potassium-ion exchange, which means that the eer
responding values of D will differ by a factor of about 100. 

When 10 moL% Na20 is replaced by Li20, the interditfusion coefficients for 
silver-ion exchange at 350 oe fall by a factor of 6-8 (compare glasses 3 and 7 
in fig. 5.10); the value of 1/Xr2 is about 6·0 in this case. Decreasing the 
value of 1/y in series B2 causes a decrease in the values of Xr 2, as may be 
seen from 5.1 5. There are, however, not enough experimental points to see 
whether Xr 2 goes through a minimum. 
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Fig. 5.16. Influence of substituting Na20 by Li20 in standard glass 3b, on the ratio of the inter· 
dilfusion coefficient of the glass concerned to the interdilfusion coefficient of glass 3b (De"'/ Dc3°) 
at valÎous K20 concentrations after treatment at 500 oe in KN02. 

The decrease ofthe interditfusion coefficients in series Bz as a function of l/y 
is greater for silver-ion exchange than for potassium-ion exchange; at higher 
values of 1/y the difference in diffusion rate decreases (see fig. 5.15, thin broken 
line). 

5.3. Discussion 

In an ideal mixture of two diffusing ionic species the interditfusion coeffi
cients D12 are given by (5.18) or (5.19). The variation of D12 with the concen
tration is then as shown in fig. 5.17 (for constant Dz1 and Dzz), where the 
dimensionless quotient D12/Dz2 is plotted. against the molar fraction Nz 
(Nz 1 NI). The form of the curve is a function of the magnitude of the 
ratio of Dz1 to Dzz. 

The greater the difference in mobilities, the greater the ratio Dz1/ Dz2 and 
hence the greater the effect of the electrical field E of eq. (5.14). Because the 
electrical field E acts on all i ons, according to Helfferich and Piesset 5) the mass 
current of the i ons present in high concentration will be more strongly inftuenced 
by E than the mass current of the i ons present in low concentration. The latter 
will in fact remain practically constant, with respect to the first. The self
diffusion coefficient Dz1 of ion I is thus equal to the limiting value of D12 
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as C1 ____,.. 0. The value of the interditfusion coefficient is closer to that of the 
self-diffusion coefficient of the ion which is present in the lower concentration. 

This means further that the form of the concentration curve for interditfusion 
with concentration-dependent interditfusion coefficients will be different for 
Dz1/Dz2 < I and Dzt/Dz2 > I, where ionic species I is the one present in the 
solid phase and ionic species 2 is the one introduced from outside. In the latter 
case the ditfusion boundary will be relatively sharp, while in the former case it 
will be more blurred (see fig. 5.18). 

The form of the D-C curves given in figs 5.8-5.10 differs widely from that of 
the curves of fig. 5.17. While the experimental D-C curves are concave towards 
the concentration axis, the theoretica! curves of fig. 5.17 are convex towards 
the concentration axis. To illustrate this difference, fig. 5.17 also contains the 
reduced D-C curves for glass 4, as found after 16 hours treatment at 480 oe 
in KN02 (Na+= I, K + 2), and for glass 13 after 24 hours treatment at 400 oe 
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Fig. 5.17. Influence of the fractional amount of ion species no. 2 on the ratio of the inter
ditfusion coefficient D12 to the self-diffusion coefficient of ion species no. 2 (D12/D;;2 or 
D12/Do"'). 
-- calculated from the Nernst-Einstein equation, 
·- • ·-- experimental curves for the glasses 4 and 13, 
index I: Na+ ions, 
index 2: K + i ons. 
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-----..x 
Fig. 5.18. Influence of the ratio of the self-diffusion coefficients on the form of the coneen 
tration profile. 

in KNOs. We shall now try to investigate the reasou for this departure from the 
ideal behaviour. 

The relative numbers of i ons 1 and 2 at a given point during the interditfusion 
process will vary with the time. Below we summarize a number ofthe phenom
ena which can he produced as aresult of changes in the ratio CNa+/CK+ (in 
general CI/C2). 

change in chemica! 

.{, composition 

2. change in molar volumes 

+ 
3. structural changes 

a. time-independent or with very 
short time constant 

b. function of time -<c- __".. 

1. build-up of electric field E as long as 

concentration gradient exists. 

4. stresses: 
a. time-independent (elastic) 

b. time-dependent (plastic; relaxa
tion of stresses) 

Process 1 has already been discussed. If processes 2, 3 and 4 do not occur, the 
variation of D12 will have the form shown in fig. 5.17. 

In general, however, a change in the molar volumes does occur during ion 
exchange, owing to the ditTerenee in size and/or charge of the diffusing ions. 
Because the change in molar volume is in general a function ofthe Na+ and K+ 
concentrations, (5.16) will not he satisfied, so that (5.17) and (5.18) will not he 
satisfied either. 

The changes in molar volume need not give rise to stresses as long as the 
viscosity of the substance is sufficiently low, but will in general he associated 
with a "structural change". The properties of a glass with Na+ as the only 
alkat ion differ from those of the corresponding glass containing only K + i ons. 

If the viscosity is not low enough, stresses will be built up in the ion-exchange 
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layer. In eertaio cases, these stresses can disappear as a result of relaxation 
processes (viscous deformation). If the stresses disappear completely, the 
structure of the glass wiJl then be exactly the same as that of a glass of the same 
composition prepared by a normal melting process. The stress relaxation 
(process 4b above) is thus associated with a progressive structural change 
(process 3b). If stress relaxation occurs, we may thus expect the variation of 
D12 with C to be also a function of the time, as is in deed found experimentally. 

lnvestigations by MacAfee 7) and Charles 8) have shown that the presence of 
stresses in the glass can indeed have an effect on the ditfusion rate. The distri
bution of the stresses plays an important role. According to Charles, the stress 
only has an effect on the act i vation energy. Hydrastatic pressures of the order 
of 50 kg/mm2 cause a change in the ditfusion rate (as determined by conduc
tivity measurements) of 50 %. This change is however small compared to the 
10-fold change produced when the same volume change (0·7 vol.%) is caused 
by a structural change (annealing). 

The influence of the structural change associated with stress or relaxation of 
stresses is thus probably greater than the influence of the stress itself. 

As we already mentioned, the influence of an electric field will be least at very 
low concentrations. The same is true of processes 2-4 above. The limiting value 
of D12 from (5.18) as CK---+ 0 *) will thus be a good approximation to the 
self-diffusion coefficient Dz of K+ ions in a sodium glass (i.e. a glass containing 
practically only Na+ ionsas alkali ions and hence with the structure correspond
ing to this composition). 

The limiting value of D12 as CNa ---+ 0 will only give the value of the self
diffusion coefficient Dz of Na+ ionsin a potassium glass (produced by ion ex
change) ifthe structural changes mentioned under 3a and 3b above are com
plete, i.e. if all stresses are fully relaxed. 

In table 5-IV a number of values of self-diffusion coefficients taken from the 
literature are compared with self-diffusion coefficients calculated from D12 (own 
observations). The latter are marked by an asterisk (DNa * DNa,K for 
CNa---+ 0; EK*= E for CK---+ 0). 

In a number of cases the values given have been obtained by interpolation 
to a temperature of 415 oe or to the composition stated from a nearby ex
perimental point (e.g. 400 °C, C = 1 mol.%). When no author is given after 
a value, it has been calculated from our own experimental data. 

lt may be clearly seen from a comparison of the several columns of rows 3 
and 11 of table 5-IV that the self-diffusion coefficient DNa of sodium ions in 
a sodium glass, as determined by tracer experiments, is not equal to the "self
diffusion coefficient" DNa * of sodium i ons in the concentration gradient found 
in interditfusion experiments. In binary alkali glasses, the dilfusion coefficient 

*) In D12: 2 = K, I =Na. 



TABLE 5-IV 
Data concerning dilfusion in a number of glasses 

glass composition Dz1 I Dz2 I Dz1* 
(rest Si02) 

(x 10-10 cm2jsec) 

No. 
mol.% 

Na20 K20 AhOa 

1 13 -
2 20 

3 22·5 -
4 13 -

5 20 -

6 22·5 
7 15 5 
8 5 15 
9 13 13 

10 20 20 
11 22·5 - 22·5 
12 22·5 - 15·0 

Dz1 = self-dilfusion coefficient for Na+ ions, 
Dz2 = self-dilfusion coefficient for K+ ions, 

T= 415 "C 

30 10,11)-60 9) 1·3 11) 

59 11) 1·5 11) 
50 10)-77 11) 1·8 11) 

1·1 11) 2·4 11) 

3·3 11) 6·5 11) 

5·8 11) 10·3 11) 

12 11) -
3· 3 11) -

240 9) -

~ 200 9) -

~ 180 9) 

D* = self-dilfusion coefficient calculated from the interdilfusion cocflicient, 
*) = data calculated from interdilfusion experiroents. 

-

-

~4 

-

-

-

-

~2-4 

~1·6 

Dzz* 

-

-

~0·3-0·5 

-

-

-

~0·3 

~0·3 

EN a EK 
(kcal/mol) (kcal/mol) 

15 9) -
16 9)-19 11) 

~21 

26 9) 18-19 12) 
14-16 10) 

- 17-18 12) 

21 11) 

25 11) 

12·9 9) 

12·7 9) 

13-16*) ~19 *) 
13-6 9,13) ~19 *) 

> 26*) 
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DNa of Na~ ions (tracer experiments) inasodium glassis a factor 10-50 higher 
than the self-diffusion coefficient DNa of Na+ ions (tracer experiments) in the 
correspondingpotassium glass. According to Sendt 14), the same is true of alkali
alkaline-earth glasses, while the self-ditfusion coefficient of sodium in mixed 
Na-K glasses depends strongly on the potassium concentration (and thus on 
the Na~/K ~ratio), although the self-ditfusion coefficient of potassium depends 
little on the sodium concentration. 

The agreement between the valnes of DNa from row 3 and DNa from row 6 
in table 5-IV suggests that the "self-ditfusion coefficient" of sodium ions for 
ion exchange in binary alkali-silicate glassis equal to the self-dijfusion coefficient 
of Na~ ions in the corresponding potasslum glass (or mixed Na-K glass). The 
value of Dx* ( = Dra for Dx --* 0) should according to this picture be equal 
to the value of the self-ditfusion coefficient in the sodium glass ( or mixed 
Na-K glass). The agreement between Dx* and Dx in row 3 is however poor 
(it should be mentioned that the accuracy of the determination of Dx* at very 
low concentrations (CK < 1 mol.%) is low). 

The ditfusion of K + i ons in the altered structure of the ion-exchange layer 
is slower than in normal potassium glass. eomparison of ENa and Ex in row 5 
shows that in binary alkali glasses the activation energy for the dijfusion of 
Na+ ions, EN a, in a potasslum glassis much higher than that for the dijfusion of 
K ~- ions in a potasslum glass, and very much higher than that for the dijfusion of 
Na+· ions in a sodium glass. 

The same is true of the valnes of E* calculated from interditfusion data for 
aluminosilicate glasses. In row 12 the measured value of the activation energy 
for Na+ ions (>26 kcaljmole) is much greater than the measured value for 
K+- ions {19* kcaljmole) and very much greater than the activation energy for 
the ditfusion of Na+ ions as determined from tracer experiments or from the 
dectrical conductivity (13-16 kcal/mole). This too suggests a modification of 
the structure of the original sodium glass to a structure resembling that of a 
potassium glass (at least as regards the ditfusion of sodium ions). 

In glass 3b at 500 °C DNa* varies with the time (see fig. 5.8) during the first 
20-30 minutes from 2.10-9 to 1·3.10-9 cm2jsec and then remains practically 
constant; DNa in glass 3b is 18·0.10-9 cm2/sec at 415 oe and will be ofthe order 
of 180.10-9 cm2fsec at 500 oe (DNa* at 500 oe/DNa* at 400 oe~ 10; see figs 
5.8 and 5.9). 

This means that during the first 20 minutes the value of the self-diffusion 
coefficient ofsodium ionsin glass 3b falls from 180.10-9 to 2.10-9 cm2jsec (this 
is the value of DNa* after 20 minutes). 

The "structural changes" produced by the exchange of Na+ i ons with K +i ons 
are thus more or less complete in a very short time (within 20 minutes, i.e. 
before the first reading is taken), in so far as they are of importance for the 
ditfusion ra te of the alkali i ons. Roughly speaking, it appears that the structural 
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changes which take place can be represented by an "instantaneous" change 
(with a very short time constant) and a change with a much larger constant 
(processes 3a and 3b above). The same conclusion can be drawn from measure
ments of the stress build-up (see sec. 7.5). The process with the larger time 
constant can be correlated with the viseaus deformation of the glass, leading to 
relaxation of the stresses (see sec. 5.2.1). 

If at a given spot diffusion has turned a glass which originally contained 
sodium i ons as the only alkali ions into a glass with sodium and potassium ions 
(or potassium ions alone), it follows from the above that the values of the self
diffusion coefficients DNa and DK in this glass will also change, because in 
general a structural change will have been produced. The values of Dz1 and Dz2 
in (5.19) are thus in generalnat constants, but are functions ofthe concentration 
in this system. 

Because the viscosities in the systems investigated are always very high (high 
enough to allow stresses to build up) time will be needed for the structural 
changes resulting from the changes in composition to be produced. The values 
of Dzt and Dz2 are thus also functions of the time. lf the change in the value 
of Dz during the time needed for the treatment is small compared to the 
"instantaneous" change, as in the example given above, D12 can be calculated 
if the functions of (5.21) are known, e.g. from tracer experiments, for all ratios 
of the ionic species 1 and 2: 

Dzt ft (C,t) 
and (5.21) 

Dz2 /2 (C,t). 

For the calculation of D12, the functions (5.21) can be substituted in (5.18) or 
{5.19), as Jong as condition (5.16) is satisfied. lfthis is not the case, the equa
tion for D12 must be derived from (5.14) and (5.15) in the same way as the de
rivation from (5.18) and (5.19). 

The activity of the ions 1 and 2 and the value of In a/In C (the test of eq. 
(5.16)) can be calculated with the aid of the forma1 assumption that the product 
Dz1 (o In at/o In Ci) occurring in (5.14) is equal to the experimentally deter
mined value Dz1,c of (5.21), i.e. 

o In ai 
Dzt o ln Ct fi (C,t), (5.22) 

where Dz1 is the self-diffusion coefficient of ionic species i at Ct = 0. In general 
the functions (5.21) are unknown or only incompletely known. If a linear function 
is substituted (with the aid of the data of table 5-IV) for Dzt and Dz2 in (5.18) 
and (5.19) for a binary Na-K-silicate glass with 20 mol.% alkali, then a 
pronounced maximum is produced in the D12-C curve (as is the caseinsome 
experimental D-C curves). A better approximation to the experimental 
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curve is obtained by assuming that the infiuence of ionic species 2 on the 
diffusion rate of ionic species 1 is relatively very strong at 1ow con
centrations of ion 2, and vice versa. This is in good agreement with the 
variation of the self-diffusion coefficient of Na+ ions in mixed Na-K silicates 
as given by Evstrop'ev 11), where replacing 5 mol.% Na20 by K20 in a glass 
with 20 mol.% alkali causes the self-diffusion coefficient of Na+ to fall from 
59.10-10 to 12.10-1° cm2fsec, while replacing the last 5 mol.% Na20 in this 
glass (from 15 mol.% K20 to 20 mol.% K20) causes no further change in the 
self-diffusion coefficient. Sendt 14) has observed the same phenomena with the 
self-diffusion coefficient of Na+ ions in mixed Na-K-alkaline-earth-silicate 
glasses; in this case the self-diffusion coefficient of K + i ons is practically 
constant. Doremus 15) states that during the ion exchange of Na+ and Ag+ in 
a complicated alkali-alkaline-earth-silicate glass at 374 °C the interdiffusion 
coefficient can bedescribed by (5.18), using constant self-diffusion coefficîents 
for Na+ and Ag+ as determined by tracer experiments in the original glass. 
The self-diffusion coefficients of Na+ and Ag+ are thus not functions of the 
Na 1/Ag+ ratio in this case. 

During the exchange of Na+ and Ag+ ionsin aluminosilicate glasses, however, 
the self-diffusion coefficients are functions of the Na+fAg+ ratio (compare the 
form of the D-C curve of fig. 5.10 with the theoretica! curve of fig. 5.17). 

Because in aluminosilicate glasses the activation energies for the self-diffusion 
of Na+ and K + i ons differ and are moreover functions of the relative concentra
tion (see table 5-IV), the activation energy of the interdiffusion will also be a 
function of the relative concentration (sec fig. 5.13). 

The introduetion of non-bridging oxygen (1/y < 1) or lithium oxide into 
the basic glass appears to lead to a relatively high interdiffusion coefficient at 
high K20 contents (see figs 5.14 and 5.15). This is understandable if we take 
into account the fact that as C-+- 0 (or at low concentrations), De is approx
imately equal to the self-diffusion coefficient of K+ ions in a sodium glass. 
This is usually lower than the value of De as C --? Cï, which is equal to the 
self-diffusion coefficient of potassium ions in a potassium glass (or a mixed 
Na-K glass; see table 5-IV and p. 50). 

The infiuence of changes in the composition of alkali-aluminosilicate glasses 
on the self-diffusion and interdiffusion coefficients will be discussed further in 
chapter 6, with reference to a structural model. 
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6. A STRUCTURAL MODEL OF 
ALKALI-ALUMINOSILICA TE GLASSF.S 

6.1. Introduetion and literature survey 

The difference in iohic radius between the AI3+ ion (0·50-0·57 Á) and the 
Si4+ ion (0· 39 Á) is so small that from a geometrical point of view the aluminium 
ion can easily reptace the silicon ion in an Si04 tetrahedron. Because aluminium 
is trivalent, the negative charge on the Al04 tetrahedron thus produced must be 
compensated for, e.g. by means of an alkali ion (Me+). The arrangement 
(MeAl04) can replace part of the Si04 tetrahedra in a silicate glass. According 
to the above picture, the increasing amount of Ah03 in a silicate glass leads 
to a rednetion in the number of non-bridging oxygen i ons (these are oxygen i ons 
which are only bound to one netwerk former, such as Si4+ or A)3+, and which 
consequently carry a negative charge). 

In agreement with this, many properties of alkali-aluminosilicate glasses 
show a characteristic variatien as a function of the ratio 1/y (AlzOs/Me20). 
The above picture is however no longervalid when 1/y > 1, since part of the 
AlzOs can in this case no longer be present as Al04 tetrahedra, because of the 
absence of a compensating positive charge. Various authors have assumed that 
in this casesome ofthe AJ3+ ions are surrounded by six oxygen ions.lt appears 
that aluminium can iudeed occur in a six-coordinated as well as a four-co
ordinated state in crystalline solids, and in certain minerals (e.g. muscovite and 
topaz) both types of coordination are found in the same crystal lattice. 

According to Weyl 1), Al3+ is found in four-coordination with oxygen ions 
in crystals when the polarizability of the oxygen ions is large, e.g. in sodium 
and potassium aluminosilicates (which according to Weyl both have a cristo
balite-like structure ). The introduetion of i ons with a higher field strength, such 
as lithium, reduces the polarizability of the ,oxygen ions, thus making the 
AP+ ions less well screened. In accordance with this, six-coordination is often 
found in lithium aluminosilicates. 

According to Dietzel 2), the above also explains wl;ly the aluminiumion in 
barium aluminosilicate is four-coordinated, while that in magnesium alumino
silicate is six-coordinated. The same is true of minerals which are formed under 
hydrastatic pressure (reduction of the polarizability by hydrastatic pressure). 
Polarization of the oxygen i ons by alkali i ons causes a decrease in the electron 
density in neighbouring Si-0-Si or Al-O-Si bonds, making these weaker. This 
effect is strenger the smaller the alkali ion. According to Weyl this explains the 
fact that of the alkali-aluminosilicates the lithium-aluminosilicates have the 
lowest melting points, and their roelts the lowest viscosity. 

The ex perimental demonstra ti on of the presence of six-coordinated aluminium 
in aluminosilicate glasses has been given by Day and Rinclone 3). The wave-
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length of the Ka line in the X-ray emission spectra of aluminium ions is a 
function of the coordination of this ion. Day and Rindone concluded from the 
displacement of this line that with 1/y > l, Al3+ begins to occur in six-co
ordination, while with 1/y < 1 only four-coordination is found. It may be 
mentioned that these authors did not investigate any glasses containing less 
than 16 wt% Ah03, because the intensity of the Ka line then became too low. 
Any change in coordination which might occur at 1ow Ah03 concentrations 
would thus not be detected by this method. 

The decrease in the concentration of non-bridging oxygen ions caused by 
the increasing amount of Ah03 in a silicate glass can best be demonstrated 
by following the decrease in the absorption at 3·6 fL. The absorption band 
found at this wavelength is due to the presence of OH groups and non-bridging 
oxygen ions in the glass in question, leading to the formation of hydragen 
bonds (Si-0 ... H ... 0-Si). Scholze 4) states that at 1/y ;;:::, 1 there is no 
langer any absorption at 3·6 fL. 

Day and Rindone 5) deduce the presence of Al04 groups from a shift of the 
fundamental Si-0 absorption band towards longer wavelengtbs as a function 
of 1/y. They could not find the absorption band of the Si-0-Al configuration 
(17-20 ft) in glasses with 1/y > 1. They suggested as a possible explanation 
for this that while a number of the Al ions in these glasses have an average 
coordination number of six, no well-defined Al06 groups occur. 

The presence of breaks in the curves showing the variation of the density 
and refractive index as functions of the composition at 1/y = 1 was also 
explained by these authors as being due to structural changes occurring at this 
point. Isard 6) states that the activation energy E of the electrical conductivity 
goes through a minimum at 1/y = 1. In a series of glasses with 11 mol.% Na20 
a maximum in Eisalso found, at 1/y 0·2; this maximum was not found in 
a series of glasses with 20 mol.% Na20. Tsekhomskii, Mazurin and Evstrop'ev 7) 
found in a series of glasses with 13 moL% Na20 that both E and the electrical 
resistance passed through minima at 1/y = 1 and through maxima at 1/y :=::; 0·2, 
while in a series with 20mol.% Na20 the minimum was still found at 1/y = 1, 
but the maximum at 1/y R> 0·3. According to these authors, the self-diffusion 
coefficient of Na+ ions passes through a maximum at 1/y 1 and through a 
minimum at 1/y=0·2-0·3. The maximum in the ditfusion coefficient at lfy 1 
is explained as being due to the occurrence of six-coordination at 1/y 1; 
they do not discuss the reason for the minimum. 

Lacy 8) has analyzed the ways in which an aluminium ion can be built into 
an aluminosilicate glass. He assumes that three different sorts of oxygen ions 
help to form the aluminium-oxygen groups: non-bridging oxygen i ons, bridging 
oxygen ions, and oxygen ions shared by 3-coordinated groups ("bridging oxygen 
ions" which share an electron pair with a third network former and which are 
formally electrically neutral with respect to the latter). These type of oxygen 
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ions we shall call tripod oxygen i ons. According to Lacy aluminium i ons cannot 
occur interstitially *)in 4- or 6-coordination in Zachariasen's structural model, 
as in this case 8-12 tetrabedral Si04 groups would have to find room round 
one interstitial aluminium ion. This is a steric impossibility, according to Lacy. 
He states that apart from generally accepted AI04 groups, the only sterically 
possible groups (in a somewhat modified Zachariasen model) are the Al06-
group and the "tri cluster", both ofwhich are schematically represented in fig.6.L 
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Fig. 6.l. Schematic representation of the shift between possible structural units in alkali
aluminosilicate glasses. The numbers N1 ... N4 indicate the concentrations of the various 
possible coordination groups. 

The Al06- group is an actabedral arrangement of six oxygen i ons round an 
aluminium ion. The group consists of three bridging ions, one non-bridging 
(with charge) and two tripod oxygen ions. 

In this configuration, seven Si4+ ions and thus seven oxygen tetrahedra must 
findroom round one aluminium ion. According to Lacy, this is just possible. 
One non-bridging oxygen ion is thus neerled for the formation of an AI06-
group. If 1/y > 1 (excess of Al203), non-bridging oxygen ions are no more 
available. An excess of Al203 can however be incorporated into the network 
if AI04 tetrahedra are formed with the aid of a tripod oxygen ion. This grouping 
in which three tetrahedral groups have one oxygen ion in common, is called a 
"tricluster" by Lacy. According to him, and Contradietory with Rindone's 
statement, six-coordination of aluminiumionsis impossible at lfy > 1, because 
steric factors hinder the very close packing of the oxygen tetrahedra which 
would then be necessary. Such configurations can only arise under the influence 
of high pressures (Chatelier's principle), as may be seen from the presence of 
six-coordination and tripod oxygen ions in such minerals as kyanite and 
sillimanite (polymorphous forms of Si02.Al203). 

*) E.g. as alkali ions. 
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Various authors find no change in the coordination of the aluminium in the 
range of concentrations where 1/y < 1. This is probably because the maximum 
concentration of AlOs groups occurs at a low value of 1/y (about 0·2), as will 
be explained in secs 6.2 and 6.3. Since glasses with more than 20 mol.% Ah03 

are rarely made, this means that when all the aluminium i ons are in Al06 groups 
(the equilibrium A:.;:_ B in fig. 6.1 is shifted considerably to the left), the 
maximum concentration of AlOs groups corresponds to 4-5 mol. % AhOa. 
The changes in properties caused by this low concentration will often be 
imperceptible, as in the case of the X-ray method used by Day and Rindone, 
where at least 16 mol.% AhOa had to be present. 

6.2. Structural model 

6.2.1. The equilibrium between the various possible coordination groups 

The structural model to be described below is based on the structural units 
(coordination groups) AlH04, Al Os- and Al04 cl (tricluster), described in the 
previous section and illustrated in fig. 6.1. 

We assume that at any moment and at any composition an equilibrium 
exists between the above-mentioned coordination groups and the Si04 and 
Si04- groups present. Because the Si04 groups are usually present "in excess", 
their number can to a first approximation be considered constant; the Si04 
group is therefore omitted from fig. 6.1. 

When the Na20 concentration of the glass decreases at constant concentra
tion of AhOa (ljy increases and NNa decreases), the equilibrium shifts to the 
right. The first result of this is that N1 becomes small compared to N2 (AlOs
groups disappear). As NNa decreases further, N3 becomes small compared to N2 
(Si04- groups disappear). Finally, when NNa falls below N2, N4 is no longer 
negligible compared to N2. It should be noted that the various coefficients N 
are not independent but are related via material balances and the electrical
neutrality equation. 

The driving force behind the shift of the equilibrium to the left with decreas
ing value of 1/y is probably the preferenee of aluminium for six-coordination 
as a result of the relatively poor screening in Al04 cl and, to a lesser extent, 
in Al <-J04groups. The screeningwillincreasewith thepolarizability of the various 
oxygen ions in the coordination group. The polarizability of non-bridging 
oxygen ions is greater than that of bridging oxygen ions, which in its turn is 
greater than that of tripod oxygen ions. The formation of AlOs- groups and 
triclusters is hindered however by the very high packing density of Si04 (Al04) 
tetrahedra round the central AP+ ion which is neededinthese cases (see fig. 6.1); 
in a structure which is built up more or less on the lines of the Zachariasen 
model, this is energetically unfavourable. 

The position of the equilibrium will probably be slightly influenced by the 
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nature of the alkali ion, since small ions (Li+) will have more effect on the 
polarizability of the oxygen ions (by counter-polarizing them) than will large 
i ons (K "'"). It may therefore be expected that in Li glasses the equilibria A B 
and B C in fig. 6.1 will be shifted more to the left (more AI06- groups) 
than in Na glass, and still more than in K glasses. 

Below we summarize the qualitative effect on comparing one coordination 
group to another as far as (a) the electrical (Coulomb) interaction and (b) the 
steric interaction (Born repulsion) with an alkali ion is concerned. 

Comparison of 

1. Si04- -J>- AIH04 

Structural change 

(a) charge density decreases, electrical attraction 
decreases; 

(b) packing density of oxygen ions decreases (Al 
ion is bigger than Si ion), mobility of alkali ion 
increases; 

(a) charge density probably increases very slightly; 
(b) packing density of oxygen i ons in and around 

the Al06 groups increases; 
(a) charge density and electrical interaction in

crease; 
(b) packing density of oxygen ionsin and around 

the Al06- groups increases; 
(a) charge density remains practically constant or 

decreases somewhat; 
(b) packing density of oxygen in and around the 

Al04 cl groups increases. 

The change described in 1(a) above is plausible, because in the Si04- group 
the negative charge is largely localized in the Si-O- bond (the bond between 
the Si and the non-bridging oxygen ion), while in the Al04 group the negative 
charge is spread evenly over all four Al-O bonds. The charge density on the 
non-bridging oxygen ion is therefore greater than that on the oxygen ions in 
the AlH04 group. 

The change described in 2(a) is based on the fact that aluminium is not as 
strongly electronegative as silicon (1·5 and 1·8 V, respectively, in Coulson's 
electronegativity scale) and that the non-bridging oxygen ion in the AI-o- bond 
will therefore be less strongly polarized than that in the Si-O- group, which 
means that the effective charge density on the oxygen ion in the AI-O- bond 
will be greater than that in the Si-O- bond. 

The reason for the change of2(b) above will be clear from inspeetion of :fig. 6.1. 
Not only does the slight difference in ionic radius lead to an increase in the 
number of oxygen ions in the immediate vicinity of the central ion (in the 
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coordination group), but in partienlar the packing of tetrahedra round the 
central coordination group increases, from 4 round the Siû4 group to 7 round 
the Alo6~ group. 

The other changes described are self-evident in the light of the above discus
sion. 

6.2.2. Geometrical structure ofglasses with thegeneralformulaNa20.Ah03.xSi02 

As has already been mentioned, an NaA104 group may reptace a Si04 group 
in a silicate glass. It is assumed that the Alû4 tetrahedra are distributed as 
evenly as possible throughout the glass. There will be no direct conneetion 
between the various Al04 tetrahedra, as this would cause a relatively high 
accumulation of charge (each Al ion has a formal negative charge, and each 
Al04- tetrahedron is associated with one positive Na+ion, which can be steri
cally difficult). 

Some insight can be obtained into the distribution ofthe Si-0 and Al-O honds 
over the possible sites in the network if we regard the structure of the glass as 
a strongly distorted crystallattice of the same chemica! composition as the glass. 
In the series of glasses in question, it is assumed that this is a strongly distorted 
cristobalite lattice. 

The cristobalite structure contains large interstices (St per unit cell). These 
interstices are surrounded by 12 oxygen ions. Since each oxygen ion belongs 
to 4 interstices, 3 oxygen ions and 1·5 network-forming ions (Al or Si) are 
formally required for the formation of one interstice. 

The form of the interstice is shown in fig. 6.2. The corners of this figure are 
occupied by oxygen atoms. The 18 sides of this figure are at the same time 
sides of the Al04 and Si04 tetrahedra which make up the cristobalite (-like) 
structure. The hexagonal faces in fig. 6.2 can be regarded as the passages from 
one interstice to the next. When x 4 in the above general formula of the 
glasses in question (i.e. at the composition where the chemica! resistance under-
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Fig. 6.2. Form of the interstice in an alkali-aluminosilicate glass with a cristobalite-like struc
ture. The thin lines represent 0-0 pairs belonging to AIH04 tetrahedra. 
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goes a sharp change), each interstice is formally associated with 0·5 aluminium 
ion, 1 silicon ion and 0·5 sodium ion. Half of these big interstices are thus 
"filled" with Na+ ions. 

Six of the 18 sides of the figure descrihing the interstice belong to Al04 
tetrahedra. When the Al04 tetrahedra are distributed as regularly as possible, 
each of the hexagonal faces of fig. 6.2 will contain two sides betonging to an 
AL04 group. In this structure, each side belortging to an Al04 tetrahedron is 
just separated from sicles belonging to another Al04 tetrahedron by a side 
belonging to an Si04 tetrahedron. 

6.3. The relationship between the structure and various properties of alkali
aluminosiücate glasses 

6.3.1. The variation of the dijJusion rate and the electrical conductivity 

The varia ti on ofthe self-ditfusion coefficient of Na+ ionsin an alkali-alumino
silicate glass of constant alkali content as determined by Tsekhowskii et al. 7) 

is shown in fig. 6.3. This variation can be qualitatively explained with the aid 

lr:J} Dt-b 

Î 

Fig. 6.3. The self-diffusion coefficient and the activation energy of di!Iusion in sodium
aluminosilicate glasses as a function of 1/y in arbitrary units. 

of the structural model described above. For this purpose we assume that the 
ditfusion is determined by the electrical and steric factors described in sec. 6.2.1 
(p. 58). If the ditfusion is determined by "defects" in the glass structure (paths 
along which the mobile alkali ions move by preference), then the explanation 
given bere will still be valid as long as the concentration of these defects does 
not vary, and the interaction between the alkali ions and the defects is also 
governed by the considerations given below. 



61 

The variation of the activation energy of the self-dilfusion of Na+ i ons in the 
same glass (broken curve in fig. 6.3) is also covered by this explanation. 

If Alz03 is introduced into a binary alkali-silicate glass at constant alkali 
content, initially on1y Alo6~- ions will be formed, because the equilibrium 
A B in fig. 6.1 is shifted right over to the left. In other words, transition 2 
(Si04- ___". AI06-, see p. 58) occurs. In particular steric factors (packing 
density of the oxygen ions) will now make it more difficult for an Na+ ion to 
move away from "its" AI06- group; the activation energy rises and the self
dilfusion coefficient falls. 

As 1/y rises further, the equilibrium will be shifted more and more to the 
right and the Al06-/AlH04 ratio will decrease, but since the total aluminium 
concentration rises the absolute concentration of Al06- groups will pass 
through a maximum. The maximum value of the activation energy and the 
minimum value of the self-dilfusion coefficient occur at the value of 1/y where 
the Al06- concentration is a maximum. For the case of Na+-ion dilfusion in a 
sodium-aluminosilicate glass with 13 mol.% Na20, this is 1/y R::> 0·2, and in 
a glass with 20 mol.% Na20 it is 1/y R::> 0·25. With further increasingvalue of 
ljy mainly AIH04 groups will be formed. Wetbus haveheretransitions 3 and 1 
of p. 58: AI06- -+ AJH04 (near the maximum) and Si04- ___". AlH04. Both 
the electrical and steric interaction of the alkali ion with the glass network 
decrease. The activation energy thus falls and the self-dilfusion coefficient 
rises. As 1/y increases still further (1/y > 1), the equilibrium B :t:_ C of fig. 
6.1 is shifted strongly to the right; AI04 cl groups are formed, i.e. the main 
transition occurring is transition 4 of p. 58: AJH04 Al04 cl· Steric factors 
(increasing packing density) make it more difficult for the alkali ion to movè 
out of or through the tricluster, so that the activation energy E rises again, 
and the dilfusion coefficient D falls. 

As aresult of this variation of E with lfy, the maximaand minima in Das 
afunction of 1/y will beless pronounced at high temperatures *). The reason why 
the absolute value of the dilfusion rate of Na+ at 1/y 1 is much greater than 
that at 1/y = 0 is probably connected with the fact that the change in free 
energy on dissociation of the Na+AJH04 complex is much smaller than the 
change on dissociation of Na+Sio4~~, as reported by Myuller 9). 

The dilfusion of an alkali ion with a larger radius, e.g. K+, will probably be 
more strongly influenced by steric factors than by electrical ones, since the 
Coulomb interaction decreases relatively less than the elastic distortion of the 
network increases as a result of dilfusion. A calculation carried out by Anderson 
and Stuart 1°) gives a value of 17 kcalfmole for the activation energy of the 
dilfusion of Na+ i ons in silica glass and 25 kcaljmole for K + i ons because of 
the relatively greater inf!uence of the steric factors. This means that as 1/y 

*) As bas been found experimentally (p. 43). 
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increases the self-ditfusion coefficient of K + i ons will decrease more strongly 
than that of Na+ ions. During the transition Si04- --? AlH04, the rate of dif
fusion will increase, as with Na+ ions, but the decrease in the electrical inter
action will probably be relatively less than with the Na+ ions, so that the 
maximum in the ditfusion rate may be expected to be relatively lower than for 
Na+ ions. 

During Na+ K 1-ion exchange, the interditfusion coefficient is deter
mined by the ditfusion rate of the slower ion over a wide concentration range 
(see fig. 5.17). This is probably why the value of D1z as a function of 1/y for 
Na+_:;:-~ K+-ion exchange has a relatively deeper minimum and a lower maxi
mum than the self-ditfusion coefficient of Na+ (cf. figs 5.14 and 6.3). 

The introduetion of U+ ions into the glass will cause an increase in the tend
ency to AlOa--ion formation. Because Li+ has a very small ionic radius, the 
influence of the steric factors will here be much less than with Na+ ions, while 
the Coulomb interaction with the network will be much greater. The transitions 
Al06---? AlH04 and Si04---? AIH04 will thus be relatively more im
portant than in Na+-ion ditfusion, while the transition Al04 Al04 cl will 
be less important. 

According to Anderson and Stuart 10), the activation energy for Li+-ion 
ditfusion is 20 kcaljmole, which is 2·5 kcaljmole higher than for Na+-ion 
ditfusion. It is difficult to decide which of the above-mentioned factors plays 
the main role in the decrease of the absolute value of D1z when Li + i ons are 
introduced into the glass. The relatively flat shape ofthe D1z-l/y curve suggests 
that the transition Si04- Al04 is not so complete as in a glass containing 
only Na+ ions (stronger electrical interaction of Li 1 ions with electrically 
charged groups) and that in a mixed glass the AIOa--ion concentration at any 
value of 1/y is higher than in a "sodium glass". 

Day and Rinclone 13) found that at high temperatures (300-400 °C) a 
maximum occurs in the internat friction as a function of 1/y (this maximum 
is not found at lower temperatures). This peak is most pronounced at y l, 
and is then insensitive to the Na+ concentration. Day and Rindone suggested 
that formation of agglomerates might be responsible for this maximum, but 
they could form no picture of the nature of these clusters. It seems quite likely 
that this high-temperature maximum is due to the formation of triclusters 
(fig. 6.1 ). If so, this means that the glasses of series A contain not only Al (-J04 
groups but also a (slight) concentration of Al04 cl and hence of AI06- groups 
(this might be checked by a study of the oxygen balance). The equilibria in 
fig. 6.1 will then not be shifted all the way to the right or the left. 

6.3.2. The chemica/ attack by HCI and HF 

It has been shown in secs 4.1.4 and 4.2 that the introduetion of Al-O honds 
into the network reduces the resistance of the glasses of series A to HCI and HF. 
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This means that Al-O honds which belang to an Al04 tetrahedron react more 
easily than Si-0 honds. 

In a glass with x 4 (Na20.AbOa.4Si02), Al-O and Si-0 honds alternate 
round the big interstices in the glass structure (see fig. 6.2). When the glass is 
attacked by HCl, which breaks the Al-O honds much faster than the Si-0 honds, 
glass of this composition contains just too little Si to rnaintaio a continuous 
protective Si-0 layer; each interstice is completely opened ( each hexagonal 
"passage" between interstices is braken at two places), so that the transport of 
molecules of the acid becomes much easier. The protective Si-0 layer cannot 
be maintained, the rate of attack is determined by the rate of reaction of the 
HCl with the Al-O honds. In agreement with this, at x 4 the structure is 
indeed found to dissolve completely, or to give much gel formation and swelling 
(see sec. 4.2.2). 

If x < 4 (Al/Si < 0·5), eertaio parts of the network remaio intact and the 
resistance of this "silica part" of the network and the protective layer which 
it farms determines the rate of attack by HCl. We may therefore expect a fairly 
sharp change in the chemical resistance to HCl at x 4. For x > 4 the rate 
of reaction of the acid with the Al-O honds is rate-determining. The attack here 
has the nature of an etching process (see sec. 4.2.2) and the rate-determining 
factor is the same for attack by HCl and HF. 

The rate of attack by HF may also be expected to undergo a sharp change 
at x 4, since if a difference exists in the rate with which HF attacks Al-O 
and Si-0 honds (which is less than the difference with HCl), the breaking up 
of the interstice in the structure gives a much larger reaction surface. 

In glasses of series B we found a maximum in the chemical resistance to HCl 
and a relatively great resistance to HF for glass 5 (1/y R::i 0·3). This is just the 
composition where the concentration of AlOs- groups is maximum (see sec. 
6.3.1). The AlOs- group is characterized by relatively tight packing of the 
oxygen ions (see fig. 6.1). As aresult ofthis and ofthe better screening ofthe 
central aluminium ion, the reactivity of the AlOs- group is low (cf. our 
discussion of Emsberger's findingsin sec. 4.1.4). Because the mobility of the 
alkali i ons goes through a minimum in the neighbourhood of this composition, 
the glass will also be relatively resistant to leaching bere. 

The preserree of a maximum concentration of AlOs- groups thus appears to 
cause a relatively high chemical resistance. This is probably the reason why the 
introduetion of a few per cent of AbOa usually increases the resistance of silicate 
glasses to attack by acids, while the introduetion of larger amounts causes the 
chemica} resistance to fall again (cf. Morey 11) on the effect of the AlzOa 
content on the chemica} resistance). 

It should finally be remarked that the position oftheAIOs-~ AlH04 + Si04-
equilibrium depends on the type of glass. The maximum concentradon of 
AIOs- groups need not therefore always lie at 1/y R::i 0·25, as is the case with 
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alkali aluminosilicate glasses. The same arguments may be used to explain the 
increased resistance to attack by alkali produced by the introduetion of a few 
per cent of Ah03 (c.f. Dubrovo 12)). The explanation for this may be that the 
chemica! reactivity of the glass with bases probably decreases faster on intro~ 
duetion of Al06- than the reactivity with acids, because according to Dietzel 2) 

the AlOG- group has a basic character in crystals, while the Al04 group has 
an acid character. 
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7. THE STRESS BUILD-UP IN ALKALI-ALUMINOSILICATE GLASSES 
AS A RESULT OF ION EXCHANGE BELOW THE STRAIN POINT 

It is in principle possible to build up a (compressive) stress layer at the 
surface of a solid by making use of 
(I) a difference in expansion, 
(2) a difference in specific volume, 
between this layer and the underlying substrate. 

In the process described under (l) above, the relative change in length is of 
the order of .da.dT, where .da is the difference in expansion coefficient between 
the stressed layer and the substrate, and LIT is the difference between the 
temperature at which the viscosity becomes so great that the material can be 
stressed and room temperature. For most glasses, LIT ~ 500 °C, and with a 
value of .da of 10.10-7 the relative expansion is of the order of 5.10-4• The 
stress built up in the surface of a flat plate as a result of this is of the order 
of .da.dT.E/(1- 1'). With an elastic modulus of 7000 kgjmm2 and a Poisson's 
ratio of 0·24, the stress built up is thus about 4·5 kg/mm2. 

In the process described under (2) above, the chemical composition of a part 
ofthe material is changed by ion exchange, which will in generallead toa change 
in both the coefficient of expansion and the specific volume. If the structure and 
properties of the ion-exchanged material are the same as those of the material 
of the same composition prepared in the normal way *), the relative expansion 
due to the ion exchange will be equal to t .d VfV, where .d V is the difference 
in specific volume between the two materials. lt follows from data given in 
the literature and from our own observations that for glasses where the only 
difference in composition is in the type of alkali ion present, t .d V/ V can reach 
a value of more than 0·15, while for the systems investigated by us a value of 
0·025-0·04 is normaL In this case, the coefficients of expansion do not differ 
by more than ~10.10-7J°C. 

It may therefore be expected that the effects obtained by producing ditierences 
in specific volume are potentially greater than those obtained by producing 
ditierences in the coefficient of expansion. 

Whether use can be made of these possibilities depends on whether the 
relaxation of the stresses produced can be prevented to a suftleient extent. It 
will make a difference in this conneetion whether the ion-exchanged material 
and the normal material of the same composition have the same properties. 

It may also be noted that a temperature change is essential for the stress 
build-up of (1) above (when the temperature is increased the stress will decrease, 
even without relaxation), while in the process of (2) above the stress build-up 
is independent of the temperature (except that at too high temperatures 
relaxation of stresses occurs). 

*) By melting. 
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7.1. Mathematica! treatment of the observations 

7 .l.I. Distribution of the compressive and tensite stresses in a rod in the axial, 
radial and tangenfiat directions 

The experimental value of the stress a from eq. (7.1) is equal to the difference 
between the tangential stress atan and the radial stress arad· Because in this 
case these stresses have opposite signs we may write 

(7.1) 

The value of these stresses can be calculated by a method given by Timoshenko 1) 

for the case of thermal stresses in a hollow cylinder. This method has been 
modified in two respects to meet our case: 
(a) since we are dealing with a solid rod, the internal diameter of the hollow 
cylinder must be taken as zero; 
(b) in the case considered by Timoshenko, the stresses arise as a result of 
deformations aT(r) in the material (a= coefficient of linear expansion, T(r) = 

absolute temperature as a function of the radius r). In our case the stresses 
arise from deformations A(r) in the material, caused by concentration differ
ences (C = f(r) and ,\. = f(C)). 

We may now write 

ro 

atan = ____!!___ (~ J Ardr + _I_ J Ardr- ,\. ) , 
1- v r2 ro2 

(7.2) 

0 0 

ro 
E ( _ _I_ ( Ardr + I Ardr) arad = --- (7.3) 

1-Y r2 ro2 
0 0 

and atan R:! aax· 

A negative sign denotes compressive stresses, and a positive one tensile stresses. 
lf ,\.is known as a function of the radius r, the above equations can be solved. 

lf ,\. is a linear function of r, we have 

,\. = Ao (r- rl)j(ro- rl) (7.4) 

(while ,\. = 0 for r < rl), 

atan = 
AoE [(r - r1)2(2r + n) + (ro- n) (2ro + rl) _ !__=!_1-_l 

1 - v 6(ro- rl)r 2 6ro2 ro- r1 
(7.5) 

and 

arad = AoE [ _ (r- r1)
2
(2r + rl) + (ro-n) (2ro + rl)]. (7.6) 

1 - v 6(ro - rl)r 2 6 ro2 

The stresses in the bulk of the sample (where no ion exchange has occurred) 
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are caused by the integrated stress built up in the surface layer, and can be 
calculated from 

While Uax = 2atan· 

ro 

Utan = Urad = ____!!_ ~ r .\.rdr , 
1- v ro2 • 

Yj 

(7.7) 

If .\. is given by (7.4), (7.7) becomes 

atan = Urad = 
.\oE 

1-v 

(ro- rl) (2ro + rl) 

6 ro2 
(7.8) 

E = Young's modulus, 
v = Poisson's ratio, 
ro = radius of rod used, 

r1 = radius of rod used minus thickness of 
surface layer (at r1 the concentration of 
K + or Ag+ i ons and .\. are zero), 

.\.0 = value of .\. at r = ro. 

If we consider the relative thickness (3 of the ion-exchanged layer, which may 
be written 

ro- r1 
(3=--, (7.9) 

ro 

it follows from (7.5) that the value of atan for small values of (3 is mainly 
determined by the value of .\.0 . The greatest correction (term in brackets) must 
be made for r = ro. Here the tangential stress is equal to 

.\oE 
atan = - -- (1 - (3). 

· 1- V 
(7.10) 

The value of arad is zero at r = r0 and maximum at r = r1, where it is given by 

Ào E 
arad = 

2
( 1 _ v) (3. (7.11) 

The tangcntial stress (and hence a lso the axial stress) can be calculated from the 
measured stress profiles with the aid of eqs (7.1), (7.5) and (7.6) for the case 
where (3 is negligibly small ((3 --+- 0). Since in the cases investigated (3 has a 
value of 0·05 to 0·1, the correction to be made is always small. 

According to (7.8), in the non-ion-exchanged core of the material arad and 
atan are the same. For not too large values of (3, the magnitude of this stress 
is given by (7 .11 ). The tensile stresses in the non-ion-exchanged part of the 

' glass are to a first approximation proportional to the thickness of the ion
exchanged layer and the magnitude of the total compressive stresses present 
there. At (3 = 0·1 and a stress varying linearly with the radius, with a maximum 
value of 80 kg/mm2, the tensile stresses in the non-ion-exchanged part of the 
glass areabout 4 kg/mm2. 



-68-

7.1.2. Description of the compressive stress in the ion-exchanged layer as a 
function of the concentra/ion and the treatment time 

A numerical method is used for calculating the stress build-up in ion-ex
changed layers. It is assumed for this purpose that the stress at a given place 
in the glass is the result of two simultaneously occurring processes, viz. the 
increase in stress due to the increase in the concentration of K+ or Ag+ ions 
as a function of the time and the relaxation of stresses as a result of viscous 
deformation. 

The following assumptions are made in conneetion with these two processes. 
(a) The concentration C is a linear function of xJVt: 

C = Ci (1 - AxJVt). (7.12) 

(b) The increase in stress is proportional to the increase in concentration, in 
the absence of relaxation of the stresses. 
(c) In a time interval Llt the stress decreases by a factor f3r as a result of the 
relaxation of stresses. This factor f3r generally depends on the time, the place 
and the concentration. When f3r is constant during the whole process (during 
all time intervals), the stress falls off exponentially with time at a given con
centration. 
(d) In a small time interval Llt the processes mentioned under (b) and (c) are 
independent of one another. The change in stress in the interval Llt is thus given 
by the sum of the changes according to (b) and (c). 

The timetand the penetration depth x are expressed in a number of steps Llt 
and xo with the aid of the parameters p and k: 

x= kxo 
and (7 .13) 

t = pLlt, 

where xo is equal to the penetration depth (see definition in sec. 5.1.2) after 
the first time interval Llt. 

Now it is found to be necessary to splitp (and thus the total treatment time) 
into two parts as follows: 

p = k 2 + m. (7 .14) 

The significanee of p, k and m is clarified in fig. 7.1. After a total treatment 
timet = pLlt, the concentration profile is given by the fullline. For every value 
of x =F 0, i.e. for every value of k > 0, the origin of the time axis is shifted, 
because for a time (p-m)Llt the concentration at the spot kxo remains zero, 
so that there is no question of an increase or a decreasein the stress. The param
eter m is thus a measure of the time during which the concentration at the 
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t 

Fig. 7.1. Schematic representation of the meaning of the parameters k, m and p. 

spot x' kxo (and thus the stress according to (b) to that point) increases 
from zero to the given value (see arrow in fig. 7.1). 

lt is proved in the appendix that on the above assumptions the stress build-up 
can be described by the dimensionless formula 

Pr O"k,k2+m + k ~ -:=== 
O"a ( 

(7.15) 

with as boundary condition 

O"k, k2+1 = 1- -=c=k= (7.16) 
O"a 

where ak,k2+1n is the stress at the point kxo after a treatment time (k2+m)tJt, 
and aais the stress which would occur at the maximum concentration (C =Ct 
at x 0, i.e. k = 0) in the absence of (viscous) relaxation of the stresses. 

The first term in the right-hand side of (7.15) gives the relaxation of stress 
as a result of viscous deformation, and the second term the increase in stress 
as a result of the increase in concentration of K + or Ag+ i ons during the time 
interval in question and at the spot in question. 

lf Pr is a function of the concentration and the time, the appropriate value 
of Pr must be filled in at each step (if the variation of Pr can be expressed 
analytically, the expression for Pr can be substituted into (7.15)). 

For a given spot (given value of k) and given treatment time (given value 
of p ), the stress can be calculated with the aid of (7 .15) by increasing the param
eter m in steps of 1 from m = 0 to m = p k2• In the cases investigated in 
this thesis, this procedure was carried out with a computer. 

7 .2. Experimental results 

7.2.1. Stress profiles 

The tangential stress atan ( ~ aax) in the îon-exchanged layer as a function 
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of the di stance x to the surface is measured by the methods described in sec. 3.2. 
The results are given in figs 7.2-7.5. 

With the aid of the stress curves of figs 7.2-7.5 and the corresponding con
centration curves of figs 5.1-5.5, a number of C-atan curves have been construct
ed, which will be used below in the discussion of the various phenomena 
associated with the stress build-up. 

8 

"" E 50 
~ 

!:>1 
~40 
8 

0 30 

120 

fO 

0 
0 10 2f) 30 100 

Fig. 7 .2. Stress profiles in glasses of series A after treatment in KN02 for 4 hours at 500 oe. 
The numbers on the curves are code numbers for the glasses concerned. 
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Fig. 7.3. Stress profiles in glasses of series B1 after treatment in KNOa for 24 hours at 3 50 oe 
(*) and 400 ,C. 
3eD treated for 6 h. at 400 cc, 
4* treated for 36 h. at 350 oe, 
5* treated for 48 h. at 350 "C. 
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Fig. 7.4. Stress profiles in glasses of series B2 after treatment in KNOa at 350-450 oe. 
6* treated for 48 h. at 350 oe, 8 treated for 24 h. at 400 "C, 
6 treated for 48 h. at 400 "C, 8* treated for 24 h. at 450 oe. 
7 treated for 24 h. at 400 oe, 

Fig. 7 .5. Stress profiles in glasses of series B after treatment in a mixture of 20 mol.% AgNOa 
and 80 mol.% KNOa for 4 h. at 350 oe. 
3c* treated for 1 h. at 350 cc. 

The C-atan curves will alsa be used in the discussian of the relatianship 
between the stress build-up and the mechanica] strength afthe glass (chapter 8), 
since the farm afthese curves is ane afthe factors determining this relatianship. 
This form can vary considerably for one and the same glass, as a result of 
relaxation processes and variatians in the farm of the D-C curve (compare 
glasses 5 and 5*, 13 and 13* in fig. 7.3). 
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7.2.2. The stress as a function of the concentration of K+ or Ag+ ions 

We shall now consider the curves giving the tangential stress atan as a 
function of the concentra ti on C of K + or Ag+ i ons. 

With the aid of these C-atan curves, the effect of the glass composition and 
the temperature and time of treatment on the stress resulting from a given 
concentration of K + or Ag+ i ons in the glass matrix can be derived. The spread 
in the results is considerable in some cases (y ~ 1). 

For glass 3 the extent of this spread range of the observation is indicated 
by the arrows in fig. 7.6. In most cases the spread is not as great as this (see 
glass 2 in fig. 7.7). 

For lithium-containing glasses, the C-atan curves do not always pass through 
the origin. At C = 0 the stress had values of up to 23 kg/mm2 in a number 
of cases. This means that in these cases the "penetration depth" according to 
the stress measurements is greater than that according to the concentration 
measurements. It is quite probable that in these glasses the change in refractive 
index as a result of the ion exchange is so great that the beam of polarized light 
passing through the glass sample is considerably distorted. The errors thus 
produced show up more in the low-stress region. 

We shall now discuss a number of points in conneetion with these curves 
in turn. 

(a) The stress build-up in the glasses of series A is given in figs 7.6 and 7. 7. 
In the lithium-free glasses of series A, the stress per mol.% K20 does not 
depend much on the treatment time (up to 16 hours) and temperature (up to 
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Fig. 7 .6. Compressive stress as a function of the concentration of K +i ons in glasses of series A 
containing no Li20 after treatment in KN02 for 4 h. at 500 oe. Arrows on the curves 
indicate the spread of the measurements. 
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Fig. 7.7. Compressive stress as a function of the concentration of K+ ions in the lithium
containing glasses of series A after treatment in KN02 for 4 h. at 500 'C. Arrows on the 
curves indicate the spread of the measurements. 

500 °C). The observed differences are of the same order of magnitude as the 
spread in the measurements. It would seem likely from the results of a large 
number of measurements (cf. chapter 8, mechanica! strength) that the stress 
at e.g. 400 oe is 15 to 20% higher than at 500 oe, as may beseen by com
parison of the curves for glass No. 3 at these temperatures in figs 7.6 and 7.8. 
The same is true of the lithium-containing g1asses of series A (cf. glass 7, 
figs 7.7 and 7.10). If the difference between the strain point of the glass and the 
treatment temperature becomes too small, the time and temperature of treat
ment do play a role (this is the case for glass 11, where this difference is 
100 oe; cf. tab1e 2-I). 

The stress per mol.% K20 *) in the lithium-free glasses is practically constant 
(cf. glasses 1 and 3, fig. 7.6); the stress is thus Ihainty determined by the con
centration of K + or Ag+ i ons. Reptacement of part of the Na20 in the original 
gtass by Li20 leads to a reduction in the stress per mol.% K20 compared to 
the conesponding lithium-free g1ass. This decrease is greater as the original 
glass contains more lithium (compare gtass 3 in fig. 7.6 with glasses 7, 
11 and 12 in fig. 7.7). The larger the difference between the treatment temper
ature and the strain point is, the less is the infiuence of a reptacement of Na20 
by Lhû (compare gtass 9 in fig. 7. 7 and gtass I in fig. 7.6). 

When Ify = t·66, the stress per mol.% K20 appears to be equat to that for 
the glasses in series A: the C-atan curve for gtass 14 coincides with that 
of gtass 1 (see fig. 7.6). In glass 2 (1/y = H 7), the stress per mol.% Kzû 

*) 1 mol.% is equivalent to 0·345 mol. alkali oxide/litre. 
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is actually greater than in glass I, despite the presence of 2·5 mol.% Li20 
(fig. 7.6). 

(b) In the glasses of series B, the chemical composition and the time and 
temperature of treatment have a definite influence on the stress (per mol.% 
K20). 

After treatment for 24 hours at 400 oe in KNOa, the stress per mol.% K20 
decreases with decreasing concentration of Ah03 (decreasing value of 1/y), as 
may beseen by comparison of glasses 3, 4 and 5 (series BI) of fig. 7.8. In glasses 5 
and 13, the C-atan curve shows definite maxima after treatment at 400 oe. 
After treatment at 350 oe this maximum is no longer present with glass 5, 
while with glasses 4, 5 and l3 the stress per mol.% K20 is higher than after 
treatment at 400 oe (see figs 7.8 and 7.9). The strain point of the glasses of 
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Fig. 7.8. Compressive stress as a function ofthe concentration of K + ionsin glasses of series 8 1 
after treatment in KNOa for 24 h. at 400 oe. 
3e0 treated for 6 h. at 400 "C. 

series B also deercases with decreasing 1/y. The effect of treatment time and 
temperature increases progressively as the difference LJn between the treatment 
temperature and the strain point becomes smaller. When this difference is of 
the order of 100 oe (or less), the treatment time plays a very important role, 
and maxima can be expected in the C~atan curves. It would appear that in this 
case a stress-relaxation process occurs with a relatively large relaxation constant 
(of the same order of magnitude as the treatment time). This process will be 
discussed further in (e) below. 
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Fig. 7.9. Compressive stress as a function ofthe concentration ofK+ ionsin glasses of series B1 
after treatment in KNOa at 350 "C. 
4 treated for 36 h. at 350 oe, 
5 treated for 48 h. at 350 cc, 

13 treated for 24 h. at 350 oe. 
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Fig. 7.10. Compressive stress as a function of the concentration of K+ ions in glasses of 
series B2 after treatment in KNOa at 350-400 oe. 
6* treated for 48 h. at 350 oe, 7 treated for 24 h. at 400 
6 treated for 48 h. at 400 oe, 8 treated for 24 h. at 410 

(c) In series B2, 10 mol.% of Na20 in the original glassis replaced by LhO. 
After treatment for 24 or 48 hours at 400 oe in KNOa, the stress per mol. % 
K20 is found to decrease with decreasing concentration of AhOa, as may he 
seen from fig. 7.10. 

The stress per mol.% K20 in glasses 7 and 8 is somewhat lower (about 
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Fig. 7.11. eompressive stress as a function of the concentration of Ag+ ions in glasses of 
series B after treatment in a mixture of 20 mol.% AgNOa and 80 mol.% KNOa for .4 h. 
at 350 oe. 
3c* treated for 1 h. at 350 oe. 

10 kg/mm2 at C Ci) than in the conesponding lithium-free glasses (3 and 4), 
but it is somewhat higher in glass 6 than in the conesponding lithium-free 
glass (No. 5). 

The stress per mol.% KzO thus appears to vary less with ljy in the lithium
containing glasses than in the lithium-free glasses. 

The strain point for the glasses of series B2 is always lower than for the 
conesponding glasses of series B1. However, with a given difference between 
treatment temperature and strain point, rela{Cation of the stresses does not occur 
so quickly in the lithium-containing glasses of series B2 as in the lithium-free 
glasses of series B1, as may beseen from a comparison of glass 13 from fig. 7.8 
with glass 6 from fig. 7.10, which both have the same strain point (about 420 °C). 
After treatment at 350 oe, glass 6 of fig. 7.10 no longer gives a maximum in the 
C-<Ttan curves, while glass 5 of fig. 7.8 still bas a maximum after treatment 
at 400 oe; in both cases, the difference between treatment temperature and 
strain point is about 75 oe. 

(d) The C-<Ttan curves of various glasses after treatment in a mixture of 
20 mol.% AgNOa and 80 mol.% KNOa at 350 oe are given in fig. 7 .11. 

In lithiuni-free glasses of series A the stress build-up per mol.% Ag20 is 
considerably less than that per mol.% K20. eomparison of glass 3 of 
fig. 7.11 with glass 3 from fig. 7.8 shows that the stresses produced by 
K+-ion exchange are a factor 5-6 greater than those produced by Ag+-ion 
exchange. 

Replacement of 8-10 mol.% NazO in the original glass by LhO causes the 
stress per mol. % Ag20 in glasses of series A to increase by a factor 2-3 compared 



77-

to the lithium-free glasses; the stress is still, however, only about half that 
produced by K+-ion exchange (compare glass 7, fig. 7.10, with glass 7 in 
fig. 7.11). The stress per mol.% Ag20 is practically constant in these glasses 
(compare glasses 7 and 9 in fig. 7.11). In series B2 the stress per mol.% AgzO 
only decreases slightly with 1/y (see glasses 7, 8 and 6 in fig. 7.11). 

In Ag+ -ion exchange, the stress per mol.% Ag20 varies less as a function 
of 1/y than the stress per mol.% K20 in K+-ion exchange. In glass 7 
(1 j y 1 ), the stress per mol. % after Ag+ -ion exchange is only a bout half that 
after K+-ion exchange, in glass 8 (1/y 0·67) the stress is slightly less 
after Ag+-ion exchange, and in glass 6 (1/y 0·33), the stresses are the 
same up to 12 mol.%. At higher concentrations, the stress is lower after Ag+ 
exchange; after 8 hours at 350 oe, the stress in glass 6 after Ag+-ion exchange 
goes through a maximum, while the stress after K+-ion exchange does not. 

lt would thus seem to he possible to produce the same or a slightly higher 
stress in a much shorter time in aluminosilicate glasses with a low value of 1/y 
by Age-ion exchange as compared to Ke-ion exchange. 

In the concentration range from Cî to (Cî 4) mol.%, the C-atan curves 
are concave to the stress axis after Ag+-ion exchange in 20 mol.% AgNOs + 
80 mol.% KNOa, while after K+-ion exchange in KNOs they are convex to this 
axis. One probable explanation for this is that precisely in this concentration 
range (x 0 to about 15 fL), a slight amount of K+ is likely to diffuse into 
the glass together with the Ag+. This amount has a maximum of 2 mol.% at 
x = 0, and is zero at about 15 fL· 

The stress in this range is thus not only caused by the amounts of Ag+ ions 
indicated, but by a certain unindicated amount of K + i ons (1-2 mol.%). If we 
therefore introduce a correction equal to the stress built up per mol.% K20 
in the glass in question, the stresses at C Ct in glasses 7 and 9 alter as indicat
ed by the arrows in fig. 7.11. After this correction, the C-atan curve is no longer 
concave to the stress axis. 

(e) We have mentioned under (b) above that in the glasses of series B the 
treatment time and temperature have more and more influence on the form 
of the C-atan curves as the difference LITb between the treatment temperature 
and the strain point becomes smaller. 

The effect of the treatment time and temperature on the form of the C-atan 

curves has been quantitatively investigated for glass 4, whose strain 
point is about 510 oe. The influence of the treatment temperature after a 
treatment time of 16-36 hours is shown in fig. 7.12. From 350 oe to 400 oe 
(LITb > 100-150 oq, the stresses decrease relatively little and the treatment 
time has not much effect. Above 400 oe, i.e. for LITo < 100 oe, maxima in 
the C-atan curves can occur after certain treatment times (see the curves for 
16 and 36 hours at 420 oe in fig. 7.12). At concentrations greater than Cm 
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Fig. 7.12. Infiuence of the temperature of treatment on the compressive stress developed in 
glass 4. 

6 s ~ a u ffi M z 
- C (mol %Kz0) 

Fig. 7.13. Influence ofthe time of treatment on the compressive stress developed in glass 4 
at a temperature of 450 "C. Arrows on the curves indicate the spread of the measurements. 

(the concentration at which the stress is maximum), the stress falls off sharply 
with increasing temperature and time oftreatment. At concentrations below Cm, 
the effect of treatment time and temperature is much less (compare figs 7.12 
and 7.13). To a first approximation, the stress maxima at different treatment 
times and temperatures seem to move along a curve which coincides with the 
C-atan curve where the maximum is just absent (e.g. 24 hours, 405 oe in 
fig. 7.12 and 2 hours, 450 oe in fig. 7.13). The infiuence of the treatment time 
on the form of the C-atan curve in the range where stress màxima can occur 
(LITv < ~100 °C) is given in fig. 7.13 for a treatment temperature of 450 oe. 
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Fig. 7 .14. Compressive stress in glass 4 at C = C; (x 0) as a function of the time of 
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Fig. 7.15. Compressive stress in glass 4 at C = C; (x 0) as a function of the temper
ature of treatment at a treatment time of 16 hours. 

The very pronounced effect of the treatment time on the stress in the range 
C > Cm points to a stress-relaxation process with a rather large time constant. 
The stresses are relaxed by viseaus deformation in this process, and can fall to 
zero (see glass 13 in fig. 7.8). The maximum stress attainable in glass 4 
(ua) at 450 oe can be estimated by extrapatation to zero treatment time at 
C = C1. This is shown in fig. 7.14. For Ct= 19 mol.% K20, a value of 
80-l 00 kg/mm2 is found for u a at 450 oe. An estimate of the value of a a at the 
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lowest temperature possible can be made by consideration of the variation of 
the stress at C Ct with the temperature. It may he seen from fig. 7.15 that 
after treatment for )6 hOUfS at 350 °e, U a in glaSS 4 iS equaJ tO 76 kg/mm 2 

(at C C; = 19 mol.% K20). 
Because the treatment time has hardly any inftuence at 350 oe (at least up 

to 36 hours), and according to fig. 7.15 the stress does not increase much more 
as the temperature is further reduced (to 84 kg/mm2 at 300 °C), it may he 
assumed that the maximum attainable stress aa in glass 4 is 80-90 kgfmm 2• 

As has been discussed in sec. 7.2.2(a) the inftuence of treatment time and 
treatment temperature is small (in most cases) in glasses of series A. 

7.3. Specific volume and stress 

The specific volume of sodium-silicate and aluminosilicate glasses is greater 
than that of the corresponding lithium glasses and less than that of the oor
responding potassium glasses (see sec. 3.1). The specific volume is expressed 
as the volume Vo containing one gram-atom of oxygen. If the reptacement of 
i ons by larger ions by an ion-exchange process produces a change in Vo similar 
to that produced by the same replacement in the melt, the ion-exchanged layer 
will "swell up" with respect to the underlying layer, and stresses will he built 
up in the two directions in which the layer is restrained. This process is sketched 
in fig. 7.16. 

In this figure Voc represents the specific volume the ion-exchanged layer 
would have if it were not connected to the glass underneath. Because V oe Voa 
(the specific volume of the underlying (original) glass), the surface layer wil! 
only he able to fit on the underlying glass if it is subjected to compressive 
stresses in a direction parallel to the interface between the two. This thus gives 
a compressive stress in the surface layer. The underlying glass will he stretched 
somewhat, i.e. it will he under tensile stress. The specific volume of the ion
exchanged layer is reduced with respect to Voc by the compression in its own 
plane; this volume, which we eaU V ob, is found still to be greater than Voa. 
The layer is free to expand at right angles to its surface. In this direction, 

Ah '\ ·--· 
Layer ·- r---

I 
I 

Bulk 
I 
I 
I 

Voa 
I 
I 

~..., 

I 
I 

Vob .I 
Vóc 
Vod 

Fig. 7.16. Schematic representation of the volume changes caused by ion exchange. 
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therefore, stresses on a microscale are only produced by lateral strain. The 
magnitude of the expansion 1Jh of the layer in this direction is thus a measure 
of the change in the volume of the layer as a result of the ion exchange, and of 
the stresses built up as long as no viscous deformation occurs. 

lf viscous deformation does occur, the compressive stresses are relaxed by 
expansion perpendicular to the surface, and 1Jh increases furthermore. lt follows 
from the difference in specific volume between e.g. sodium glass and potassium 
glass (both obtained by melting) that the structure of these glasses is partly 
determined by the sort of alkali ion present. A potassium glass obtained by 
melting and a glass of the same composition obtained by ion exchange (from 
a sodium glass) could thus only he identical if structural relaxation (from the 
structure of the sodium glass to that of the potassium glass) is possible (cf. 
definition on p. 48). The fact that treatment at sufficiently low temperatures 
leads to the formation of high stresses shows however that complete relaxation 
cannot occur. It may thus he expected that Voc < Voa (the specific volume of 
the glass obtained from the melt). 

7 .3.1. The difference in specific volume between glasses with different alkali ions 

The maximum deformation and hence the maximum stress which can he 
produced in theory hy the reptacement of Na+ ions in the original glass hy 
K + i ons is given by the difference in specific volume per gram-atom of oxygen 
1J Vo between the sodium glass and the potassium glass *). The relative de
formation ft in one direction as a result of the volume change may he written 

ft t 1J Vo/Vo. (7.17) 

The stress u resulting from the relative deformation e is given to a good 
approximation for thin films (see sec. 7.1) by 

fEj(l v), (7.18) 

where E is the modulus of elasticity and v is Poisson's ratio. 
The values of Vo for hinary alkali-silicate glasses are calculated from data 

given in the literature. Morey 4) gives values of the densities of both sodium 
and potassium glasses determined by the same author, so that the values of 
1J Vo calculated from his data should he fairly accurate. Day and Rindone 3) 

give values of the densities of sodium-aluminosilicate glasses, from which it 
may he derived that the value of Vo only changes slightly in the glasses of 
series B (3, 5 and 13; see table 7-1). 

No density values for potassium aluminosilicate glasses are given in the 
literature. Our measurements showed that the values of Vo in the potassium 
glasses 5 (K) and 13 (K) in table 7-I are practically equal which suggests 

'") Both produced by melting. 
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TABLE 7-I 

Speciiic volume Vo per gram-atom oxygen in some glasses 

glass 
density Vo LIVo 100 Ll Vo/3 Vo Ut 

(g/cm3) (cm3/gr.at.) (cm3jgr.at.) (et in %) (kg/mm2) 

1 2·37 3) 13-85 

2 2·44 13·80 
2(K) 2·41 14·65 0·85 2·1 210 

3 2·47 3) 14·21 (380) *) 

5 2·45 14·05 
5(K) 2·43 15·70 1·65 3·9 310 

13 2·415 4) 14·05 
13 (K) 2·413 4) 15·72 1·67 4·0 320 

*) Calculated value. 

that the value of Vo for the potasslum glasses of series B does not alter much, 
as is also the case with the sodium glasses. The volume change Ll Vo for the 
glasses of series B is of the order of 12%, which according to eq. (7 .17) makes 
the expansion St about 4 %, giving an expansion in the glasses of series B of 
1·8.10-3/mol.% K20. 

In glass 2 the volume change caused by the reptacement of Na+ by K+ 
is smaller (6·3 %). However, the alkali content changes in series A. The average 
expansion per mol.% K20 is equal to that in series B (1·8.10-3/mol.% K20.). 

According to eq. (7.18), the maximum stress attainable ut (no relaxation of 
stresses, limiting case that Voc = Voa) varies in series B from 310 kg/mm2 

for glass 5 to 380 for glass 3, if we assume that v 0·24 and E 6000 and 
7800 kg/mm2 respectively (see table 7-III). 

Comparison with the experimental C-utan curves shows that the measured 
stresses produced by exchanging 90% of the sodium i ons present for potasslum 
ions in glasses of series A is only 30-40% of the "theoretically" attainable 
stress u1• In the glasses of series B, this percentage falls with decreasing Ah03 
content to 10% in glass 5 (after treatment at 350 °C). 

If the effect of viscous relaxation of stresses is discounted as far as possible 
by extrapolation to t = 0 and low treatment temperature, the maximum 
stresses ua then found (see sec. 7.2.2(e)) in both series A and seriesBare found 
to be not more than 40% of the theoretica! stress ut. This points to a difference 
between Voc and Voa (and also between Vob and Voa, see fig. 7.16). 
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7.3.2. The change in specific volume after ion exchange 

The expansion Llh of the glassas aresult of ion exchange (see fig. 7.16) can 
be measured by the metbod described in sec. 3.5.2. Although this metbod is 
not very accurate (see table 7-II), it does give an idea of the magnitude of the 
volume changes produced and the corresponding calculated stresses a0 • The 
KzO content of the glass varies perpendicular to the surface from a value Ct 

at x = 0 to zero at a layer thickness X. The total expansion is equal to the 
integral of the expansion over the thickness of the layer. If we assume that the 
deformation ( distortion) is to a first approximation a linear function of the con
centration, then the area under the C-x curve is a measure of the expansion Llh. 

If it is further assumed that the C-x curves are straight lines to a first approxi
mation, it follows that 

! AoX = Llh, (7.19) 

where Ao is the proportionality constant between the relative concentration and 
the relative deformation e: 

(7.19a) 

The relative deformation et ( ~ Ao) at the concentration Ct is equal to 2 Llh/X 

(7.19). The stress ac resulting from the deformation Bi at the concentration 
C = Ct can now be calcu1ated from (7 .18). 

TABLE 7-II 

Relative change in dimensions Llh of the ion-exchanged layer with thickness X. 

All treatments in KNOa. The stresses ac and a 6 are calculated and experimental 
stresses, respectively 

~~h x 100x2LlhfX 
Ct 

glass ac ae 
(mol. 

{t.t.) (p.) (ei in %) (kg/mm2) (kg/mm2) 
) %) 

2 8 500 (2x) 0·22 ~ 0·46 48 78 12 

2 8 500 0·6? 100 1·26 130 78 12 

2 24 500 0·4 ~180 0·46 

3 2 500 I 0·25 110 0·46 48 76 16 

3 2 500 0·35 110 0·64 60 76 16 

5 24 350(2x) 0·2-0·31 39 1·0-1·5 70-100 32 15·4 

24 400 (3x' 0·6-1·0 90 1·3-2·2 0 17·6 
5 

average 0·8 1·8 0 
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TABLE 7-III 

Some data concerning viscosity and elasticity of some glasses aftera sta hilization 

time of 3,25 and 100 hours 

sta bi- log viscosity 
lization 11 (poise) Ev (kg/mm2) 7:75 ~~ E 

glass temp. (min) (kg/mm2) 
(OC) log '1/3 log "125 log')to Ev3 Ev25 Et•lOO 

2 500 15·8 16·0 16·2 50000 70000 70000 10 

2 400 16·1 16·3 16·5 200000 200000 200000 10 7800 

3 400 15-8 16·3 17·3 80000 100000 150 000 10 7800 

4 400 16·5 16·1 16·0 28 500 20 7000 

5 400 15·5 15·9 16·4 40 6000 

6 403 14·1 14·5 14·7 26000 30-40 7300 

eomparison of the values of Bi in table 7-11 with the values of Bt in table 7-I 
shows that the experimental values of the expansion are much less than the 
values calculated from the densities ofthe glasses obtained by melting. It follows 
that the specific volume Voc of the ion-exchanged glass is appreciably smaller 
than the specific volume Voa of the glass of the same composition obtained by 
melting. The ion-exchanged glass is appreciably denser than the glass obtained 
by me/ting, as a result of which the stress built up is Ie ss than would be expected 
on the basis of the differences in density between the glasses obtained by melting. 
(This has been shown in sec. 7.3.1). 

In the case of glass 5, relaxation of the stresses occurs after treatment 
at 400 oe (see fig. 7.8, stress maximum). As a result, the value of Bi for glass 
5 in table 7-11 after treatment at 400 oe is greater than that after treatment 
at 350 oe (owing to viscous deformation perpendicular to the surface). 

If it is assumed that the values of E and v for the ion-exchanged glass do not 
differ much from those for the original glass, the stress uc resulting from the 
deformation Bi (at concentration Ci) can be calculated with the aid of (7.18) 
and the values of E given in table 7-111 (v 0·24). It may beseen from table 7-11 
that the values of uc are on the whole lower than the experimental values ue 

for the glasses of series A (glasses 2 and 3). With the values taken for E 
and v, LJh gives a stress uc which is 0·6-0·8 of the experimental value. 

In glass 5 the stress calculated at 350 oe is much greater than the 
experimental value, so that it is Iikely that even at 350 oe viscous or visco
elastic deformation perpendicular to the surface, and hence relaxation of the 
stresses, still occurs in glass 5. 
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7 .4. Mathematical description and possible physical interpretation of the stress 
distribution 

(a) The experimental stress distribution as a function of time and place can 
be described with the aid of the formula (7.15) if the appropriate valnes of O'a 

and f3r are filled in. We shall discuss this further with reference to the experi
mental data for glass 4 after treatment at 450 °C. 

The value of O'a was found from, for instance, figs 7.14 and 7.15. For 
glass 4, aais equal to 80-100 kgjmm2 (see sec. 7.2). 

It is assumed for the purposes of the calculation that aa 80 kgjmm2 at 
C = 19 mol.% K20. 

The value óf f3r is determined with the aid of eq. (10) of the appendix to this 
chapter, which states that 

f3r 1 - arL1 t. 

The quantity ar is a material constant which has the dimension sec-1 and may 
be equated with the reciprocal of the characteristic relaxation time T from 
Maxwell's theory of the relaxation of stresses 2 •5): 

G 
(7.20) 

T 

where G is the shear modulus, E the modulus of elasticity, v the Poisson's ratio 
and YJ the viscosity. If we take E =" 700 000 kgfcm2, v = 0·24 and YJ = 3.109 
kgsecjcm2 3.1015 poise) in this equation, we find 

a,.~ 5.10-5 sec-1. 

It is preferabie to choose as low a value as possible for LJt (smallest possible 
interval), with the practicallimitation that the number pof intervals needed to 
describe a given treatment time LJt must not get out of hand. It has been found 
that a choice of p = 400 (maximum k 20) and LJ t 400 seconds is suitable for 
descrihing treatments Iasting up to 36 hours (the longest treatment time used 
for glass 4; see figs 7.18 and 7 .20, 144 LJ t 16 hr). With the above values of ar 
and LJt, eq. (10) in the appendix gives f3r 0·98. 

Formula (7.15) gives the same set of curves if the values of LJt and 1 f3r 
are increased or decreased in the same ratio (ar remains constant), apart from 
differences produced by too large an interval (too small p). 

(b) Once the value of LJt has been chosen, a change in ar will lead to a eer
responding change in Pr· It has been mentioned in secs 5.3, 7.2, 7.3.1 and 7.3.2 
that during ion exchange the glass undergoes a structural change which is a 
function of the concentra ti on of K + i ons and the length of time these i ons have 
been present at the spot in question (this time is represented in formula 
(7.15) by m). This means that if ar is a structure-dependent quantity, it may 
be expected that ar (and hence f3r) is also a function of C and of time (m). 
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Fig. 7.17. Dimension1ess stress-concentratien curves for glass 4 after treatment at 450 "C 
for several times of treatment. era = 80 kg/mm2 except for 16 h* where aa = 100 kg/mm2• 
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Fig. 7.18. Calculated dimensionless stress-concentration curves for several treatment times 
with constant value of (3, = 0·98. 

(c) Comparisonoftheexperimental afaa-C/Ci curves offig. 7.17 with the 
curves of fig. 7.18, calculated for a constant value of f3r 0·98 shows that the 
agreement is indeed poor. If we assume that f3r is a function of Cf Ct according to 

1-0·02 ~ c 
? ei 

1 c 1 
-sin 21T (, 
211 Ct J 

(7.21) 

we see from fig. 7.19 that the agreement is already much better. Pronounced 
maxima are found, and the curvature of the curves at C/Cï > 0·5 agrees with 
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Fig. 7.19. Calculated dimensionless stress-concentration curves for several treatment times 
with fir given by (7 .21). 
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Fig. 7.20. The dimensionless stress at C = C; (x 0) as a function of the treatment time. 
a experimental curves for glass 4 after treatment at 450 oe, 
b calculated curve with fir 0·98, 
c calculated curve with p, given by (7.22). 

that in the experimental curves. The mean relaxation is, however, too low at 
short treatment times and too high at long ones. We can get round this prohlem 
hy consictering flr as a function of time. The inftuence of the time can he taken 
into account most simply at C/Ci = 1, since in this case the time which must 
he allowed for is the whole treatment time (the concentration Ct is present 
from t = 0). It may he seen from fig. 7.20 that for constant flr ( = 0·98), the 
stresses found are too high at short treatment times and too low at long ones. 
lf we assume that flr as a function of the time m is given hy 

0·1 
fJr = 1 Vm+ 1' 

(7.22) 
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Fig. 7.21. Calculated dimensionless stress-concentration curves for several treatment times 
with f3r given by (7 .23). 

then we see from fig. 7.20 that the agreement between theory and experiment 
is still better. Combination of (7.21) and (7.22) gives 

-- sin 21r ~. 
0·1 ~' c 1 c) 
+ 1 ei 21r ei~ 

(7.23) 

If the va1ues of f3r according to (7.23) are substituted into (7.15), the stress 
variation shown in fig. 7.21 is found. These curves agree very reasonably with 
the ex perimental ones; the greatest deviations are about 25%. 

The C/Ci-a/aacurves of fig. 7.21 mayberegarded as varioussect i ons through a 
surface giving the stress afaa as a function of distance X and time t. The form 
of this surface is sketched in fig. 7.22, from which it may be seen that as the 
treatment time increases, the maxima in the a-X ( or a-C) curves co me to lie at 
lower and lower values. 

(d) The variation of f3r with Cf Ct according to (7.23) is given in fig. 7.23 for 
various values of the treatment time. Although the variation of f3r shown in 
fig. 7.23 is certainly not exactly right (it may be seen from fig. 7.20 that the 
timefunction is not quite right; the va1ue of f3r for 1ow values of C/Ci is probably 
too high because of the limiting value of 1 chosen), this figure does give a good 
general idea of the variation of f3r. This means that the relaxation constant ar 
increases from a relatively low value at low concentrations to a relatively high 
value at high concentrations and short treatment times, and decreases again 
with increasing treatment time. Physically speaking, this could mean that at 
short treatment times a strongly distorted glass structure is produced (more 
strongly distorted as the concentration of K+ ions increases) and that this 
distartion disappears in the course of time by structural relaxation (and the 
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Fig. 7 .22. Three-dimensional model of the relationship between the dimensionless stress Cl/tJa, 
the place parameter x in the ion-exchanged layer and the treatment time t after treatment 
at a given temperature T (fJr 0·98). 
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Fig. 7.23. Graphical representation of the stress-relaxation constant as a function of C/Ci 
according to (7.23). 

associated relaxation of stresses), leading to a structure identical with that of 
a glassof the same composition as the ion-exchanged layer, but produced by 
melting. 

The characteristic relaxation time T of the "distorted" glass is apparently 
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much shorter than that for a normal structure. In other words, the distorted 
glass relaxes more easily than a normal glass. 

7.5. Model of the stress formation and discussion 

On the basis of the observations discussed above, we can now set up a model 
of the stress build-up as a result of ion exchange. 

(a) As aresult ofthe reptacement of Na+ or Li+ ionsin a glass matrix by K+ 
(or Ag+) ions, the glass matrix (Si-0 skeleton) is strongly distorted by the very 
high local stress round the K + i ons. The packing density of the oxygen i ons in 
the ion-exchanged glass is appreciably greater than that in a glass of the same 
composition obtained by melting, which is under the same pressure as the ion
exchanged glass (see secs 7.3.1 and 7.3.2). A "high-density glass structure" is 
produced. As aresult ofthis, the maximum stress attainable O'a will be consider
ably lower than that calculated on the basis of the ditTerenee in density between 
the normal glasses (i.e. the glasses obtained by melting); see sec. 7.3.1. This 
"densifying" process has a characteristic time constant, which is less than 
20 minutes (shortest treatment time used); the process is thus a relatively fast 
one. The maximum stress attainable therefore hardly increases at all at sufficient
ly low temperatures when the treatment time is reduced in the region where 
t > 20 minutes (see secs 7.2 and 7.3.1). 

The high-density structure can change into one of normal density by plastic 
(viscous) deformation. This process of structural relaxation is necessarily 
associated with a relaxation of the stresses (both processes entail a displacement 
of certain partsof the Si-0 skeleton with respect to one another). This process 
has a relatively large time constant, which depends strong1y on the type of glass 
and on the temperature (see secs 7.2 and 7.2(e)). 

The hypothesis of the presence of this high-density structure, formed in a 
very short time, is confirmed by the fact that the ion-exchanged layer has other 
properties than the glasses of the same composition obtained by melting, even 
after the shortest treatment times (20 minutes). The ditfusion coefficients of 
Na+ and K+ ionsin the ion-exchanged layer are lower than in the glassof the 
same composition obtained by melting (see sec. 5.3). The relaxation constant a.r 

is higher in the ion-exchanged glass, and the specific time constant is thus lower 
(see sec. 5.4(d)). 

(b) The production of this high-density glass structure can be envisaged as 
follows. When an Na+ ion (radius 0·98 Á) is replaced by a K+ ion (radius 
1·33 A), the oxygen i ons directly surrounding the K +ion (the first coordination 
shell) move a certain distance with respect to the equilibrium position they 
occupied when there was an Na+ ion there. A very high stress is developed in 
this first coordination shell; the K +ion gives rise toa very high internal pressure. 
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This displacement is however not transmitted unattenuated from the first to the 
second coordination shell, etc. A part of the volume expansion of the interstice 
containing the alkali ion (of the first coordination shell) is taken up by the free 
volume round this shell. How much of this volume increase will be represented 
by a volume increase of the glass matrix as a whole will depend on the attenu
ation factor, which will in its turn depend on the ease with which parts of the 
matrix can move over short distauces with respect to one another and on the 
free volume available (in alkali-aluminosilicate glasses this accounts for about 
40% of the specific volume). 

According to Kristafel 6), the attenuation factor ratio of displacements 
of second and first coordination shells) for the reptacement of K + i ons in KCl 
by Tl+ or Li+ i ons is 0·46 in both cases. The attenuation factor in the less closely 
packed glass structure will probably be considerably smaller, so that it may be 
assumed thatthe distorted region (high-density structure) will not extend much 
beyond the second coordination shell from the ion in question. Peter 7) bas even 
observed non-elastic densification of glass under the influence of non-hydra
static pressure at room temperature, after plastic deformation of a small part 
ofthe glass surface by a micro-indenter (radius of curvature of indenter < 50 fL). 
Mter the load on the micro-indenter was released, the high-density region 
relaxed back to normal with a time constant of several hours. 

( c) According to (7 .15), the stresses occurring aft er ion exchange depend on 
the quantities Gaand f3r. The value of Ga is determined by the extent to which 
the density ofthe glass structure is increased (and thus by the mobility ofvarious 
parts of the network over short distauces with respect to one another and to 
their equilibrium position), while the value of f3r is determined by the viscous 
properties of the high-density glass. 

We shall now discuss some properties of the non-ion-exchanged glass which 
can be used as basis for a qualitative prediction of the behaviour of the glass 
after ion exchange. 

The occurrence of mechanical damping phenomena (internal friction) and 
visco-elasticity in a material is related to the mobility of the constituent parts 
of the material over short distauces witb respect to one another. According to 
Day and Rindone 8), the attenuation peak found on mechanicalloading of alkali 
aluminosilicate glasses at temperatures of 170-250 °C is caused by the motion 
of non-bridging oxygen ions in the glass skeleton with respect to the network 
as a whole. Because this internat friction is due to the non-bridging oxygen ions, 
it decreases in the glasses of series B1 with increasing AlzOa content to zero 
at y = 1. 

The value of Ga in series B1 increases with increasing AlzOa content, as would 
expected: Ga < 80 kgfmm2 for glass 5, Ga 70-80 kgfmm2 for glass 4 
and Ga 100-120 kgfmm2 for glass 3. In glass 3, according to Day and 



-92-

Rindone, internal friction due to the absence of non-bridging oxygen no 
longer occurs, but the density of the glass structure is considerably increased 
(compare the values of aa with the theoretica! valnes at from table 7-I); it would 
thus seem that the occurrence of internal friction leads to a decrease in aa in 
general, but the absence of internal friction does not necessarily exclude the 
presence of the high-density structure. The forces occurring in the structure 
round the K + ion after ion exchange are apparently so great as to produce 
distartion even in the absence of non-bridging oxygen ions in the structure. 
In series B1 the visco-elastic modulus Ev (which also depends on the motion 
of different parts of the matrix with respect to one another) increases with 
increasing Ab03 content (see table 7-III), so that increasing Ev proceeds to
gether with increasing aa. At very high values of Ev, however, considerable 
densification of the structure can still be expected *). 

In the lithium-containing glasses of series B2, the values of a a are equal to or 
slightly lower than those in the conesponding lithium-free glasses, while the 
values of Ev are also lower ( see table 7-III). The lower value of a a in the lithium
containing glasses, despite the greater difference in ionic radius between Li+ 
and K + than between Na+ and K + would thus seem to be due to the higher 
densification of these glasses of the B2 series. The relatively low value of aa 

means that the stress built up (in the absence of viscous relaxation) will also be 
relatively low. Relaxation of the high-density structure and of the stress will 
occur faster when flr is smaller, i.e. according to eq. (10) in the appendix to 
this chapter, when the relaxation constant ar is larger. It follows from (7.20) 
that this will be so, e.g. when the viscosity TJ of the high-density glassis low. 

Only when a direct relationship exists between the viscosity of the high
density glass and that of the normal glass (non-ion-exchanged), is the viscosity 
of the latter a measure of the magnitude of ar (see (7.20)). 

In the glasses of series B the viscosity increases with increasing Ab03 content 
(as appears e.g. from the steady increase inthestrain point, see table 2-1), while 
the degree ofrelaxation ofthe stresses decreases (see figs 7.8 and 7.9). Increasing 
the viscosity of the glass by heat treatment (e.g. annealing the glass by cooling 
it at a rate of 0·5 °Cjmin from a temperature about 50 oe above the strain 
point) does not however produce an appreciable change in the form of the 
C-atan curves, from which it must be concluded that the value of ar is not always 
directly related to the viscosity of the non-ion-exchanged glass. This is probably 
because of a conneetion between the structural relaxation and the stress relaxa
tion in the temperature range in which they occur. This may be imagined to 
occur as follows. The stress decreases by viscous deformation of the ion
exchanged layer at right angles to its surface. However, structural relaxation 

*) It should be remarked that the value of Ev is measured at low loads (the sample breaks 
at higher loads). If the value of Ev depends on the load, the value determined at low 
loads may differ greatly from the value at high loads which is what we want to know. 
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of the high-density regions causes these to expand in all directions, so that the 
stress increases. Duringa certain time, the stress will thus be higher than would be 
expected on the grounds ofthe relaxation, because ofthe expansion ofthe high
density regions (formally the value of aa thus increases). "Visco-elastic energy" 
is transformed into elastic energy. This will occur toa greater extent as the high
density regions take up more room. 

The above picture may be the explanation of the fact mentioned in sec. 7 .2.2( c) 
that the lithium glasses of series B2 with relatively much AhOa (1/y > about 
0·5) build up a lower stress, and lithium glasses with relatively little AhOa 
(lfy < 0·5) a higher stress, than the lithium-free glasses after ion exchange at 
400 °C, despite the lower viscosity of the lithium glasses (see tables 7-III and 
2-I- strain point). In the latter case "visco-elastic" energy can be transformed 
into elastic energy *), in the former case it cannot. 

7.6. Condusion 

In conclusion we may say that the presence of relatively weak places in the 
glass structure, e.g. non-bridging oxygen, manifesting itself in a relatively high 
internal friction and a low visco-elastic modulus Ev, leads to a relatively high 
"densification" of the glass structure after ion exchange, which is re:llected in a 
relatively low value of aa and hence a relatively low value ofthe stress built up, 
even in the absence of viscous deformation. How to reduce the densification, 
which occurs even in glasses with a very high Ev and without internal friction 
(e.g. series A), remains a problem. 

The extent of the relaxation of the stresses seems to be mainly in:lluenced by 
the viscosity of the high-density structure, which in eertaio series of glasses seems 
to be related to the viscosity of the non-ion-exchanged glass. When selecting 
glasses on the basis of their viscosity, one should bear in mind that part of the 
visco-elastic energy ofthe high-density glasscan be converted into elastic energy 
during the relaxation of the stresses, so that for a eertaio length of time higher 
stresses can be built up than would be expected on the basis of the viscosity. 
In alkali-aluminosilicate glasses the introduetion of AhOa increases the rigidity 
ofthe network owing to the removal ofnon-bridging oxygen ions (cf. chapter 6) 
so that for this reason these glasses are probably well suited for reinforcement 
by the building up of compressive stresses. 

The best way of selecting glasses is probably by means of micro-indentation 
tests. These give the micro-ductility of the surface layer of the glass, which is 
determined by the total effect of all the above-mentioned properties: the form 
of the depression made in the surface of the glass by an indenter with a low 
radius of curvature ( < 50 !l-) is a function of the viscosity, and the variation 
of this form with time gives information a bout the visco-elastic behaviour; 

*) This will be the case to a greater extent in lithium-containing glasses than in lithium
free glasses due to the higher densification and lower viscosity of the former. 
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moreover, according to Peter 7) this test gives an indication of densification of 
the glass, while Evers 9) states that a high micro-ductility is associated with high 
internal friction. 
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Appendix 

(a) In a time interval L1t the stress decreases owing to relaxation processes by 
an amount proportional to the stress operative at that moment (process (c), 
p. 68) according to the equation 

(1) 

During this same time interval, the stress increases proportionally to the 
increase in concentration (process (b)) according to the equation 

(2) 

where aais the stress which would be produced by a concentration Ct of K+ 
or Ag+ ions in the absence of stress relaxation. 

The concentration Ct is a linear function of xfVt: 

C = Ct (1 - Ax/Vf). 
Let us now put 

t = (k2 + m) L1t, 

x= kxo 
and 

xo = V L1t/A. 

Substitution of eqs (4)-(6) in (3) gives 

C/Ct = 1-k/Vk2 + m for m;?: 0 
and 

CfCt = 0 for m < 0. 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

The stress at the point kxo at time (k2 + m) L1t is denoted by ak,k2+m· Now 
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by definition the stress a' k,k2+m+ 1 one time interval later and without increase 
of concentration in this interval is given by 

(9) 

Combination with (1), making use of the relationship 

gives 
(10) 

During the above-mentioned time interval the increase in concentration accord
ing to (7) is equal to 

(11) 

Eliminating iJC/Cî from (11) and (2) gives the following expression for the 
stress increase according to process (b) in this time interval: 

(iJa)b k k 
(12) 

Summation ofthe effects ofprocesses (b) and (c) (i.e. summation of eqs (9) and 
(12)) gives 

Uk k2+m 
flr ' + k 

1 
(13) 

a a 

with the boundary condition 

ak,k2/aa = 0 for k > 0. (14) 

(b) Weymann 2) has derived a differential equation for the visco-elastic relaxa
tion of thermal stresses. In this equation, the stresses are produced by deforma
tion differences aiJT (a= coefficient of expansion, Tis the temperature). In the 
present case, the stresses are produced by deformations due to the concentration 
differences iJC (deformations can be represented by ,\' iJC). 

Substitution ofthe appropriate quantities in Weymann's differential equation 
gives in the present case: 

-+ -- -->..'-oa a E (è'le oC) 
ot T - 1 - '~' è'lt ot • (15) 

where T is the relaxation constant, 

T = 6"1] (1- '1')/E, (15a) 

'YJ is the viscosity and 'JJ = Poisson's ratio. 
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The formula (13) can now be derived directly from (15) fora constant value 
of flr. 

The increase in the length of the test rod as a result of the increase in the 
concentration of K + i ons in the surface layer is negligible as long as the ratio of 
the thickness of the layer to the radius of the rod is small (fl < 0·1 ). Th is means 
that 

e = 0 and oefêJt 0. (16) 

then 

bt tJt 
(17) 

We also put 
flr = 1 - tJtf'r (18) 

and 
aa/Ct= ->..'E/(1 v). (19) 

Further 
oCfot R::l tJ Cf tJt. (20) 

Substitution of tJC from (11) in (20) gives 

oe ei 1 k 
R::l I - (21) 

ot tJt \Vk2 + m 

Substitution of (16), (17) and (21) in (15), and elimination of T and >..'E/(1 v} 
from (15) by means of (18) and (19) gives the formula (13). 
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8. THE RELATIONSHIP BETWEEN THE MECHANICAL STRENGTH 
AND THE STRESS IN ALKALI-ALUMINOSILICATE GLASSES AFIER 

ION EXCHANGE 

8.1. Inftnence of the nature of the damage on the mechanical strength 

(a) As bas been demonstrated in chapter 1, the mechanica! strength of glass 
depends strongly on the mechanica! state of its surface. Hair cracks in the 
surface can act as stress concentrators, and according to the theory of Inglis 
and Griffith the geometry at the foot of the crack (the radius of curvature) 
and the depth of the crack are of partienlar importance in this connection. 
When a compressive stress is present at the surface, the mechanica! strength S 
of the glass depends on the magnitude of the compressive stress a0 at the foot 
of the crack which limits the strength, and on the "intrinsic" strength" SE of 
the glass (the strength which the glass would have had without preliminary 
treatment to strengthen it). This is stated in 

(8.1) 

This means that the strength in the presence of a compressive-stress gradient 
at the surface depends on the ratio B of the penetration depth Xe of the damage 
(the depth of the hair crack) to the thickness dof the ion-exchanged layer as 
well as on the form of the compressive-stress gradient. 

For the case often met with in practice that the compressive stress varies 
practically linearly with the penetration depth (see figs 7.2 to 7.5)~ wethen have 

(8.2) 

where at is the stress at x 0 and C Cî; if no relaxation of stresses occurs, 
this is at the same time the highest stress in the compressed layer. If relaxation 
of the stresses does occur, and the stress goes through a maximum, the strength S 
will be equal to the sum of this maximum value atm of the stress and of SE 
(S aim + SE) if the stress maximum is further below the surface of the 
glass than the penetration depth of the damage. 

(b) Damage to the glass surface cao be divided into two classes: 
(1) the force acting on the surface of the glass is more or less parallel to the 
surface (scratches are produced); 
(2) the force acting on the surface is more or lessnormal to the surface (craters 
are produced). 
The latter type of damage is found in impact experiments, and in practice e.g. 
when glass objects are dropped on the ground. 

The effect of both types of damage depends strongly on the shape and size 
of the object with which the glass is damaged, the speed at which this object 
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is moving, etc.; the effect of a treatment which is designed to make a glass 
stronger in practice must therefore always be considered in conneetion with the 
metbod used to damage the surface and the measuring metbod (statistica! 
nature of the mechanica! strength). 

According to Nordberg et al. 1), a certain metbod of producing surface 
damage according to (1) above leads to clearly visible scratches with an estimat
ed depth of 20-30 p., while another metbod for producing damage according to 
(2) above gives shallow craters with a depth of 10-20 p., with cracks extending 
into the glass from the bottorn of the craters to an estimated depth of 40-60 p.. 

In order to produce reinforcement in the latter case, the compressively stressed 
layer must thus he at least 60 p. thick. Damage according to (2) is generally 
more serious and more difficult to prevent than damage according to (1): when 
a glass surface damaged according to (2) comes into contact with another body 
(e.g. the object which caused the damage), very high stresses can be built up 
round the contact area. For the contact of a spherical body of radius R and a 
flat glass surface, these stresses can be calculated from Hertz's theory. Accord
ing to Sucov 2), in this case the radius of the circle of contact e is given by 

e (8.3) 

where Gis the force acting on the spherical body, v is Poisson's ratio, and Eis 
Young's modulus (the subscripts 1 and 2 refer to the glass and the other body, 
respectively ). 

The tangential stress at a distance r from the centre of the circle of contact 
is then given by 

11 2 'IJ) a 1--- G for r ;? e . 
\ 21r r2 

(8.4) 

It follows from (8.3) and (8.4) that when a spherical body of radius 50 p. is 
pressed against a glass surface with a force of 1 kg, a contact circle with a 
radius of about 40 p. is produced, and a tensile stress of 50 kgfmm2 is produced 
at the edge of the circle of contact (it is assumed that E = 7000 kg/mm2 and 
v = 0·25 for both materials). Under the inftuence of this Hertz stress, charac
teristic conical fractures can be produced in the surface layer of the glass. 

According to Miller et al. 3), shear stresses are produced in the glass under 
the contact circle, reaching a maximum value at a depth equal to about a tenth 
of the radius of the contact circle. These shear stresses result from the com
pressive stresses in the principal directions within the circle of contact, and can 
lead to "depth cracks". 

When the radius of the circle of contact is less than 50 p., plastic deformation 
and densification of the glass structure can he produced under the circle of 
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contact. According to Peter 4), after the load has been removed, relaxation of 
this high-density structure can lead to tensile stresses in the material which can 
also give rise to depth cracks in the course of time. 

8.2. The relationship between the mechanica) strength and the compressive stress 
builtop 

By tbe mechanica! strengtb, measured as described in sec. 3.4, we shall under
stand bere the average value of the strength for a test series of 5-10 rods. The 
spread of tbe measurements witbin sucb a series depends strongly on tbe 
previous bistory of the glass. lf a compressively stressed layer of sufficient 
thickness bas been built up, tbe spread in the strength of the glass with standard 
surface damage (see sec. 3.4) is less than ± 5 kgjmm2• lf the layer is not thick 
enough ( < 50 fL), the spread increases, as it does in reinforeed glass which has 
notbeen given the standard damage (referred to below as "undamaged" glass). 
Tbe spread in tbe values of the stress is also of tbe order of 1-5 kgjmm2 (see 
sec. 3.2). 

The graphical representation of the relationship between the mechanica\ 
strength and the maximum compressive stress observed in a number of glasses 
therefore gives the regions within which the measured values fell for the various 
glasses (see figs 8.1-8.3). 

The relationship between the mechanica} strength S and the maximum 
observed compressive stress atm in the lithium-free glasses of series A and B 
after treatment in KNOa or KN02 is given in fig. 8.1. It may be seen from 
this tigure that in the cases shown tbe mechanica! strength is to a good approx
imation a linear function of the stress atm, both for the "undamaged" and for 
the damaged glass. 

The mechanica! strength after damaging by the standard method is practically 
equal to atm (cf. eq. (8.1)). The difference in strength between damaged and 
"undamaged" samples is 5-20 kgjmm2 (the difference increases with increasing 
strength). 

The same is true of the litbium-containing glasses of series A and B, as may 
be seen by comparison of figs 8.1 and 8.2. It is striking that in both series the 
glasses with lfy > I (glasses 2 and 14) are relatively weak (S < atm). A 
discussion of the variation of S as a function of atm in the glasses discussed 
will be given in sec. 8 .3(b ). 

The relationship between S and atm after treatment of the glass samples in 
AgNOa is shown in fig. 8.3. The results here are much less clear-cut than after 
K+-ion exchange. For glasses 3, 6 and 8 there is a linear relationship between S 
and a,1m, with the strength about 10 kgjmm2 less than the maximum stress. 
The strength of glasses 7 and 9 is significantly greater than at1n, while that of 
glass 2 is lower (as it was after K +-ion exchange). 
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Fig. 8.1. The mechanica! strength Sas a function of the stress a1m in lithium-free glasses after 
treatment at 350-500 oe in KN02 or KNOa. 
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Glass 5 treated for 24 h. at 400 oe; penetration depth 100 IL; undamaged 
specimen. 

Glass 5 treated for 48 h. at 350 oe; penetration depth 60 IL; abraded 
specimen. 

Glasscs 3 and 14 treated for 4 h. at 400 oe. 

8.3. Influence of the duration and temperature of treatment on the strength 

(a) lt may be expected that the mechanica! strength will vary as a function 
ofthe treatment time at a given temperature in the same way as the compressive 
stress at a depth Xe the penetrution depth of the crack which limits the 
strength). The form of this variation is given as a section through the surface 
of fig. 7.22 at constant X at a temperature at which stress relaxation 
can occur. For a certain length of time, the compressive stress does not 
increase, or increases very slowly; it then increases rapidly to a maximum 
value and falls off slowly again. As Xe increases, the initia! time lag 
becomes longer, the increase and subsequent deercase ofthe stress more gradual 
and the maximum stress less. As the temperature of treatment decreases (the 
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Fig. 8.2. The mechanica! strength Sas a function of the stress uîm in Iithium-containing glasses 
after treatment at 400-500 oe in KN0 2 or KN03. 

6 • Glass 6 treated for 48 h. at 400 oe;-- abraded specimen,---- undamaged specimen. 
Glasses 7 and 9 treated for 4 h. at 500 oe. 
For meaning of other code numbers, sec fig. 8.1. 
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Fig. 8.3. The mechanica! strength Sas a function of the stress Uîm in lithium-containing glasses 
after treatment at 350 oe in a mixture of 20 mol.% AgN03 and 80 mol.% KN03. 

] 9-4 fDfl Glass 9 treated for 4 h. at 350 oe; abraded specimen. 
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difference between the treatment temperature and the strain point of the glass 
increases), the maximum stress wil! be higherand tbe stress will fall off more 
slowly after the maximum. 

The mechanica! strength is indeed found to varyin this way, as may beseen 
from table 8-I. In the lithium-free glass 4 the strength after treatment at 
450 oe increases rapidly after a treatment time between 1 and 2 hours, is 
maximum about 2 hours, and then falls off very gradually. 

Treatment at lower temperatures gives a slight increase in the normally 
attainable strength, which becomes practically independent of the treatment 
time (for longer treatment times). In the lithium-containing glasses investigated, 
the strength is found to vary in this way as a function of the treatment time and 
temperature (glass 9, table 8-I). 

TABLE 8-I 

Effect of the time and temperature of treatment on the mechanica! strength 
of some glasses 

treatment 

· glass Uim s x Xmax 

time tem perature (kg/mm2) (kg/mm2) (~J.) (IJ.) 
(hrs) oq 

4 36 350 74 56 60 

4 24 405 53 56 105 

4 16 422 52 50 90-100 -

4 36 420 50 48 135 37 

4 0·5 450 6-8 ~27 

4 1 450 - ~20 ~35 -
4 2 450 49 52 55 

4 4 450 51 43 70 9 

4 8 450 41 44 100 28 

4 16 450 42 44 130 40 

4 16 482 33 39 190 90 

9 0·25 500 - 22 15-20 -

9 0·42 500 33 18-22 

9 0·5 500 - 53 22-25 -

9 1 500 - 61 30-32 -

9 2 500 69 45-60 

9 4 500 I 70 70 60 -
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It should be remarked that a considerable increase in the strength can still 
be obtained at quite high treatment temperatures (not far below the strain 
point), as may be seen from table 8-I (glass 4 at 480 °C}. This is particularly 
important if the thickness of the ion-exchanged layer has to be increased to 
proteet the glass against the possibility of more serious damage, as it is cheaper 
to increase the temperature of treatment than to increase its duration. 

(b) According to eq. (8.2), it is to be expected that the strength S ~ai if 
B 1 and SE at. 

Experiments on untreated, damaged glass gave a value of SE ~ 4 kgfmm2 

(for treated, damaged glass the same value may be accepted if we assume that 
the value of SE is the same in the treated and untreated glass). Formally we may 
accept a value of B 1 for layers which are thick compared to the peneteation 
depth Xe of the damage, or if a maximum in the stress occurs at a greater depth 
than the penetration depth of the damage. It follows from the difference 
between the strengtbs of the damaged and "undamaged" (damage with low 
peneteation depth) glass, the values of SE and the thickness of the ion-exchange 
layer that in lithium-free glasses Xe ~ 15 !J-. If the thickness of the ion-ex
changed layer in these glasses is less than 60-70 !J-, the strength after the standard 
damage is applied shows a definite dependenee on the treatment time. This effect 
is not so pronounced if the treatment temperature was so high that viscous 
relaxation of the stresses occurred, since the increase of the strength due to the 
increase in the thickness of the layer as a result of Jonger treatment time is then 
partially counteracted by a decrease in the strength as a result of the relaxation 
of stresses. 

In the lithium-containing glasses investigated, the treatment time was found 
to play an important role when the thickness of the layer feil below 40 IJ.· 

This is much less than the corresponding value for the lithium-free glasses (com
pare the layer thickness in figs 8.1 and 8.2, and the layer thicknesses of glasses 4 
and 9 in table 8-1 where the strength becomes constant). One possible explana
tion for this may be that the structure of the lithium glasses is "densified" more 
on ion exchange than that of the lithium-free glasses (cf. sec. 7.5(b), p. 90). 
This greater densification could lead to a lower penetration depth of the damage, 
or to more repair of the damage by relaxation of the structure at the foot of the 
cracks to a lower density. 

The fact that the strength of the "undamaged" glass is only 5-20 kg/mm2 

higher than the maximum compressive stress in the layer, and much lower than 
the strength of the pristine glass (200-250 kg/mm2) indicates that the treatment 
in the salt bath would have a weakening effect but for the build-up of the 
compressive stresses. 

(c) The practical strength of glass objects after a strengthening treatment 
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depends, even when the cornposition of the glass and the treatrnent conditions 
have been chosen properly, strongly on the forrn of the object and the way in 
which the load is applied, since these factors deterrnine the area over which 
a given stress is applied, and the stress distribution over this area. For exarnple, 
the type of loading which very often occurs in practice, resulting frorn the falling 
of the object on to a solid surface, can be irnitated by dropping a spherical 
weight on to the reinforeed object. This both darnages (see sec. 8.l(b)) and loads 
the glass object. However, the load distribution in the case where the sphere 
falls on the glass object differs frorn that where the glass object falls on the 
sphere (even if the contact surfaces are the sarne in both cases), since in the 
forrner case we also have to consider the reaction of the support on the glass 
object. 

The rate of toading also plays a role. According to Phillips 5), the impact 
strength Sd rneasured by dropping tests on glass and cerarnics is about 1·8 tirnes 
the bending strength S measured on glass rods. 

The behaviour of the glass on darnage and breaking is strongly influenced 
by the magnitude of the tensile stresses present (in the non-ion-exchanged co re 
and in the surface layer, see sec. 7 .l.l ). The tensile stresses in the co re increase 
with the ratio f3 of the thickness of the ion-exchanged layer to the half-thickness 
of the object, and also with the compressive stresses in the layer. If f3 = 0·1 
and ai = 80 kg/mm2, the tensite stresses in the core (and in the radial direction 
in the surface layer at the interface between this layer and the core) areabout 
4-5 kgjrnmz (see sec. 7.1.1). 

The "intrinsic" strength of the glass after darnaging is also 4-5 kg/mm 2• It 
is found in agreement with this that the reinforeed glasscan no longer be worked 
if the tensile stresses exceed the above value: the glass shatters or cracks as soon 
as the darnage penetrates into the non-ion-exchanged part of the glass (the 
tensite-stress zone). 

If the glass breaks, this breaking has an explosive character. The force of this 
"explosion" increases and the size of the glass fragrnents produced decreases as 
the localized tensile stresses in the glass increase. 
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List of frequently used symbols 

ai activity of ion i. 
B ratio of the penetration depth of the surface damage Xe (cracks) to 

the thickness of the compressive layer d. 
c depth of the cracks in the surface of the glass. 
Ct concentration of the ditfusing ions at the surface of the glass (pene-

tration depth x 0). 
Cm concentration of K + i ons corresponding to the maximum stress utm 

in the C-u curves. 
d thickness of the compressive layer. 
ds thickness of the slices used for stress-optica! investigations. 
Dcx value of the ditfusion coefficient D in glass x at a concentration C 

of K+ ions. 
Dt value of D at a concentration C = Ci (x = 0). 
Do value of D at a concentration C = 0. 
Dp pre-exponential factor in the formula D = Dp exp (-EjkT). 
Dz1 self-ditfusion coefficient of ion 1. 
Dz1* self-ditfusion coefficient of ion 1 calculated from interditfusion exper-

iments. 
Dzw se1f-ditfusion coefficient of ion I at a concentration C of K + i ons. 
D12 interditfusion coefficient during exchange of ions 1 and 2. 
E Young's modulus; electric field; activation energy. 
Ev delayed elastic modulus. 
G load (in kg or g); shear modulus. 
J mass stream per unit of time (sec) and area (cm2). 

K optieal-stress coefficient. 
R radius of the samples (rods) used. 
Sm experimental mechanica! strength. 
St theoretica! mechanica! strength. 
LlTö ditference in temperature of treatment and strain point of the g1asses 

considered. 
Vo volume of the glassper gram-atom oxygen. 
Llw ditference in optica} path length. 
W m deflection of test specimen during strength measurement. 
Xe penetration depth of surface damages after abrasion. 
X thickness of the ion-exchange layer. 
Xr ratio of X to X8 • 

Xs thickness of the ion-exchange layer in a standard glass. 
Ze etching rate in microns per min. and per % HF. 
f3 ratio of d to R. 
f3r stress-relaxation constant. 
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y ratio of the molar percentages of Na20 and AhOa. 
yo surface tension of glass. 
À deformation per unit of length in the ion-exchanged glass ca used by 

the concentration of K + i ons. 
1J vîscosity in poise. 
ua maximum stress in the glass at a concentration Ct if no viscous re-

laxation occurs. 
uc stress at the end of a crack; calculated stress. 
ui stress at the concentration C = Ct (x 0). 
um external (macroscopie) stress acting on a test specimen. 
ut theoretica} stress calculated from density changes. 
uax stress in axial direction in the test specimen. 
urad stress in radial direction in the test specimen. 
utan stress in tangential direction in the test specimen. 
Utfn maximum stress occurring in the glass. 
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Summary 

A brief survey is given of the state of the investigations into the me
chanica\ strength of glass and the methods which can be used to im
prove this strength in practice (chapter I). This survey shows that 
the mechanica\ strength of the glass is very largely determined by the 
tensile stresses produced in the glass by loading (round surface damage 
such as cracks, which acts as stress concentrators). The production of 
compressive stresses in the surface layer of the glass is found to give 
a decided increase in the mechanica! strength. 

The effect of exchanging a smal! ion against a bigger one in alkali-al u· 
minosilicate glasses at a temperature below the strain point of the 
glass is investigated (chapter 7). 

lt is found that appreciable stresses are built up in this way, in 
directions parallel to the surface. The magnitude of these stresses is 
mainly determined by the composition of the glass and the total number 
of ions exchanged. Maximum stresses are built up in glasses where the 
molar ratio y between the alkali oxide (Me20) and AhOa is equal to 1 
(compressive stresses up to 100 kg/mm2) for the exchange of K + for Na+. 
i ons. 

If the difference Ll Tb between the treatment temperature and the strain 
point ofthe glass becomes smaller than about 100 oe, viscous relaxation 
of stresses begins to play a role and, depending on the treatment time, 
maxima can occur in the stress as a function of the concentration (and 
as a function of the distance to the surf ace; the maximum stress does 
not occur at the surface in this case). The variation of the stress (and 
the stress-relaxation process) can be described mathematically with the 
aid of an iteration process. 

A structural change occurs during the ion exchange. The ion-ex
changed glass has a higher density than the glass ofthe same composition 
obtained by melting (even in the absence of stresses). This "densified" 
structure can relax to a normal structure in the same temperature range 
as that in which relaxation of the stresses occurs. 

If some of the sodium ions in a sodium-aluminosilicate glass are 
replaced by lithium i ons, the stress built up by ion exchange with K + ions 
is 1ess than for the lithium-free glass, although the difference in ionic 
radius between Li+ and K 1 ions is greater than that between Na+ and 
K+ ions. 
This is explained with the aid of a model (also involving densified 
structures). 

The mechanica! strength of the glass investigated after ion exchange 
decreases little (by 5-25 kg/mm2) when the glass is given a standard 
damage, as long as the thickness of the ion-exchanged layer does not 
fall below a certain (fairly critica!) value (chapter 8). For sodium
aluminosilicate glasses after ion exchange with K+ ions, this layer thick
ness is a bout 70 IJ.. If half of the sodium in these glasses is replaced by 
lithium, the Jayer thickness required is strangely enough smaller (about 
30 IJ.). The measured strengtbs of the glasses (up to 100 kg/mm2) agree 
more or less with the maximum compressive stress in the glasses (as 
long as the layer is thick enough). 

The interdilfusion coefficient (ra te of ion exchange) and the activation 
energy of the dilfusion process in the glasses investigated depend 
strongly on the concentrations of the alkali ions taking part in the ion 
exchange and on the composition of the original glass. The interdilfusion 
coefficient as a function of 1/y (at a constant alkali-oxide content) has 
a maximum at 1/y 1 and a minimum at 1/y = 0·3 • 0·5 (chapter 5). 
Introduetion of lithium in the original glass lowers the interdilfusion 
coefficient (of K- or Ag+ ions for Na+ and Li+ ions). 

The chemica! resistance to HCI and HF shows a sharp change at the 
composition Me20.Ab03.4Si02 (more general in a certain composition 
range with an Si02 content of 66·7 mol.%). In the series of glasses 
investigated, the chemica! resistance as a function of 1/y (at a constant 
Me20 content) is relatively high at 1/y ,., 0·3 (chapter 4). 
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The variation of the interditfusion coefficient and the chemica! 
resistance is (qualitatively) explaîned with reference to a structural 
model of the alkali-aluminosîlicate glasses (chapter 6}. A number of 
phenomena described in the literature can also be explained with the 
aid of this model. lt is assumed that the aluminium ion in alumino
silicate glass occurs in three different configurations. At each tempera
ture and each composition, an equilibrium exists between these structural 
units. 

At 1/y 1, practically only AJH04 groups are present, and no non-
bridging oxygen ions. In the range 0·3 < 1/y 1, non-bridging oxygen 
ions are formed (in Si04- groups) and AIOG- groups are formed from 
AJH04 groups. 

At Iow values of 1/y (less than 0·2-0·3), the aluminium is mainly in 
the form of AIOG-groups. At 1/y 1, thè aluminium is mainly in the 
form of "triclusters" (AI04 ct). 
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Samenvatting 

In dit proefschrift wordt een kort overzicht gegeven van de stand van het 
onderzoek met betrekking tot de mechanische sterkte van glas en de metho
den ter verbetering van deze mechanische sterkte in de praktijk (hoofdstuk 1). 
Hieruit blijkt, dat de mechanische sterkte van glas in hoge mate wordt be
paald door de bij belasting optredende trekspanning in het oppervlak (rondom 
oppervlaktefouten b.v. scheurtjes, die als spanningsconcentrator kunnen op
treden). Door het aanbrengen van een drukspanning in de buitenste laag 
van het glas blijkt de mechanische sterkte duidelijk te stijgen. 

Onderzocht werd het effect van de uitwisseling van een klein ion tegen een 
groot ion in alkali-aluminosilicaat glazen bij een temperatuur beneden het 
"strainpoint" van het glas (hoofdstuk 7). Hierbij blijkt een aanzienlijke spanning 
(drukspanning in richtingen evenwijdig aan het oppervlak) opgebouwd te 
worden. De grootte hiervan is vooral afhankelijk van de glassamenstelling en 
van het totale aantal ionen, dat wordt uitgewisseld. Maximale spanningen 
worden opgebouwd in glazen, waarin de molaire verhouding y tussen het 
alkali-oxide (Me20) en Ah03 gelijk één is (drukspanningen tot 100 kgfmm2 

bij de uitwisseling van Na+ tegen K+ ionen). 
Als het verschil L1Tb in behandeltemperatuur en strainpoint van het glas 

kleiner wordt dan ~ 100 oe begint viskeuze spanningsrelaxatie een rol te 
spelen en kunnen, afhankelijk van de behandeltijd, maxima optreden in de 
spanning als functie van de concentratie (en als functie van de afstand tot het 
oppervlak; de grootste spanning treedt in dit geval niet aan het oppervlak op). 
Met behulp van een iteratieproces kan het verloop van de spanning (en het 
spanningsrelaxatieproces) mathematisch worden beschreven. 

Tijdens de ionenuitwisseling treedt een structuurverandering op. Het ionen
uitgewisselde glas heeft een grotere dichtheid dan het glas met dezelfde samen
stelling, dat verkregen is door smelten (ook zonder aanwezigheid van spanning). 
Deze "verdichte" structuur kan tot een normale structuur relaxeren in hetzelfde 
temperatuurgebied als dat, waarin spanningsrelaxatie optreedt. 

Indien in een natriumaluminosilicaat glas een deel van het natrium wordt 
vervangen door lithium, daalt de opgebouwde spanning na uitwisseling 
tegen K+-ionen ten opzichte van de opgebouwde spanning in het lithiumvrije 
glas, alhoewel het verschil in ionstraal tussen Li+- en K +-ionen groter is dan 
tussen Na+- en K+-ionen. Hiervoor wordt met behulp van een modelvoor
stelling (verdichte structuur) een verklaring gegeven. 

De mechanische sterkte van de onderzochte glazen daalt door het toepassen 
van een beschadigingsprocedure na de ionenuitwisseling niet sterk (van 
5-25 kgfmm2) mits de laagdikte van de ionenuitgewisselde laag een bepaalde 
(tamelijk kritische) waarde heeft (hoofdstuk 8). Voor natriumaluminosilicaat 
glazen na uitwisseling tegen K+-ionen bedraagt deze laagdikte ~ 70 !1-· Als 
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in het basisglas de helft van het natrium wordt vervangen door lithium is de 
noodzakelijke laagdikte merkwaardigerwijs kleiner ( !"::> 40 fL). De gemeten 
sterktewaarden na beschadigen (tot 100 kg/mm2) komen globaal overeen met 
de maximum drukspanningen in het glas (mits de laagdikte voldoende groot is). 

De interdiffusiecoëfficiënt (ionenuitwisselingssnelheid) en de aktiverings
energie voor diffusie zijn in de onderzochte glazen sterk van de concentraties 
der aan de ionenuitwisseling deelnemende alkali-ionen en van de samenstelling 
van het basisglas afhankelijk. De interdiffusiesnelheid heeft als functie van 1/y 
(en constant alkali-oxide gehalte) een maximum bij Ijy = 1 en een mini
mum bij 1/y !"::> 0·3 - 0·5 (hoofdstuk 5). Invoering van lithium in het basis
glas verlaagt de interdiffusiesnelheid (van Na+- of Li•-ionen tegen K+- en 
Ag+-ionen). 

De chemische resistentie tegen HCl- en HF-oplossingen vertoont een scherpe 
verandering bij de samenstelling Me20.Al20a.4Si02 (in een bepaald gebied met 
een Si02-gehalte van 66·66 mol.%). De chemische resistentie is, in de onder
zochte proefserie, als functie van 1/ y (Me20-gehalte blijft constant) relatief groot 
bij Ijy !"::> 0·3 (hoofdstuk 4). 

Het verloop van de interdiffusiesnelheid en van de chemische resistentie wordt 
(kwalitatief) verklaard met behulp van een model van de structuur van alkali
aluminosilicaat glazen (hoofdstuk 6). Een aantal in de literatuur vermelde ver
schijnselen kunnen eveneens met dit model begrijpelijk worden gemaakt. Aan
genomen wordt dat het aluminium-ion in aluminosilicaat glazen in 3 verschil
lende configuraties voorkomt. Bij elke temperatuur en in elke samenstelling 
bestaat een evenwicht tussen de configuraties. 

Bij 1/y = I zijn vrijwel uitsluitend AlH04-groepen aanwezig en geen zwevende 
zuurstofionen, voor 0·3 < 1/y < I vormen zich zwevende zuurstofionen (in 
Si04--groepen) en vormen zich Al0-6-groepen uit AlH04-groepen. 

Bij lage waarden van Ify (1/y < 0·2 0·3) is het aluminium voornamelijk 
in de vorm van AlOG--groepen aanwezig; als 1/y > 1, is het aluminium 
voornamelijk in de vorm van een "tricuster" (Al04c1) aanwezig. 
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I 

De berekening van de dikte der ionenuitgewisselde laag uit de gewichtsver
andering van het glasmonster gebaseerd op ionenuitwisselingsproeven in het 
systeem glas-gesmolten KNOs kan aan zeer grote fouten onderhevig zijn. 

11 

Het door Acloque en Toebon afgeleide verband tussen de bij ionenuitwisseling 
optredende spanning en de behandeltijd is niet juist. 

P. Acloque en J. Toebon Symposium sur la resistancé mécanique 
du verre et les moyens de l'améliorer. Florence 25-29 September 1961 
- Compte Rendu, p. 702. 

III 

Het optreden van een minimum in de elektrische geleidbaarheid in gemengde 
ternaire natrium-kalium silicaatglazen (J. M. Stevels, Handbuch der Physik, 
Band XX: Elektrische Leitungsphänomene 11, 1957) kan plausibel gemaakt 
worden uit het verloop van de zelfdiffusie coëfficiënten van Na+ enK+ ionen in 
glazen, waarin geen minimum optreedt in dit verloop. 

IV 

Het verdient aanbeveling duidelijk te stellen dat bij interdiffusie experimenten, 
zoals b.v. uitgevoerd door Nordberg et al., de activeringsenergie van het diffu
sieproces in het algemeen niet gelijk is aan de activeringsenergie van de inter
diffusiecoëfficiënt. 

M. E. Nordberg, E. L. Mochel, H.M. Garfinkel, J. S. Olcott
J. Am. Cer. Soc. 47,,215 (1964). 

V 

De conclusie van Wheeldon dat glazen die sterk natrium absorberen ook sterk 
argon absorberen en omgekeerd is niet algemeen juist. 

J. W. Wheeldon, Brit. J. Appl. Phys. 10, 295 (1959). 

VI 

De theorie van Eisenman geeft geen sluitende verklaring van de kationen-



selectiviteit van glaselectroden als functie van de verhouding M+fAl+++ 
(M+ =alkali ion). 

G. Eisenman, Biophysical Journall962,2, number2,part2,supple
ment, p. 259. 

VII 

De bewering van Hasegawa dat het etsproces van loodglas met fluorwaterstof
zuur geen nulde orde reactie is, maar als een diffusieproces moet worden gezien, 
is onjuist. 

Y. Hasegawa, Glastechn. Ber. 12, 483 (1963). 

VIII 

De berekening volgens Kistter van de kromtestraal van éénzijdig van een druk
spanningslaag voorziene glasplaatjes is niet juist. 

S. S. Kistler, J. Am. Cer. Soc. 45, 59 (1962). 

IX 

De juistheid van de door Kowalski berekende waarden van de isotherme com
pressibiliteit van vloeibare zwavel moet betwijfeld worden omdat bij deze 
berekening gebruik is gemaakt van waarden van de soortelijke warmte volgens 
Fehér en Hellwig. 

W. Kowalski, Z. Physik. Chem. 220, 309, (1962). 
F. Fehér, E. Hellwig, z. Anorg. u. allgem. Chemie 294, 71 (1958). 

x 
De temperatuurafhankelijkheid van de voortplantingssnelheid van afschuif
golven bij frequenties tot enige tientallen MHz kan, in glazen met geringe 
acoustische ver liezen en met even grote nauwkeurigheid (- 5 x 1 Q-7 tC) aan
zienlijk eenvoudiger dan bij de directe meting bepaald worden via meting van 
de trillingstijd van een torsieslinger subaudiofrequenties (- 1 Hz). 

XI 

Vermogensaanwasdeling lijkt meer tegemoet te komen aan een bestaand rechts
gevoel bij grote groeperingen dan dat hieruit een reële inkomensvermeerdering 
voor de arbeider resulteert. 


