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Fatigue limit and crack arrest in alkali- 
containing silicate glasses 

E. GEHRKE*, Ch. ULLNER, M. HAHNERT 
Zentralinstitut for anorganische Chemie, D- 1199 Berlin, Rudower Chaussee 5, FRG 

Crack growth, including fatigue limit and crack arrest, have been investigated for glasses of 
the systems xNa20-11AI203-(89-x)SiO 2, xNa20-(100-x)S i02 and xNa20-7CaO- 
(93-x )S i02  in water as well as in acid and alkaline solutions. From studies of the 
dependence of the crack arrest on the alkali content of the glass, the kind of alkali (K § Na § 
Li § the pH of the corrosive medium, the ageing time and ageing loading in conjunction with 
measuring the alkali leaching behaviour, the basic mechanism of crack arrest and fatigue limit 
can be concluded. Owing to load- and medium-dependent diffusion processes, a crack- 
growth retarding leached layer at the crack is generated with modified strength and crack 
growth properties compared to the bulk properties. In high alkali-containing glasses the 
process is additionally stimulated by stresses produced in the leached layer at the crack tip and 
at the crack surfaces. 

1. I n t r o d u c t i o n  
The fatigue limit (or threshold load) is of special 
interest in the application of glass for structural com- 
ponents, in regard to both crack growth and fatigue. 
However, a precise determination of the fatigue limit is 
problematic because extremely small crack-growth 
velocities (10 - 8 to 10 - a 2 m sec - a ) (or extremely long 
times-to-failure) must usually be measured. For  this 
reason, knowledge of the basic mechanism resulting in 
the fatigue limit is relatively poor at present. For the 
case of alkali-containing silicate glasses, the slope of 
the crack-growth curve plotted as the logarithm of the 
crack velocity, In v, against the stress intensity factor, 
KI, varies at small velocities, v < 10 -7 msec 1. This 
effect indicates that the dominant mechanism is chan- 
ged. In that range of crack velocity, surface corrosion 
processes and crack growth are superimposed at the 
crack tip. The two mechanisms are discussed generally 
to explain why the fatigue limit appears in those 
glasses. One mechanism is to assume crack-tip blun- 
ting as a result of network dissolution [1]. The other is 
to assume the generation of a crack-growth retarding 
layer due to alkali leaching [2]. 

Crack arrest is observed in some glasses after load- 
ing near the supposed fatigue limit, including corro- 
sive attack at the crack tip [2-5]. Because crack arrest 
and fatigue limit should be based on the same mech- 
anism, a study of crack arrest in detail will also 
provide more knowledge concerning the fatigue limit. 

In this paper such studies are conducted on binary 
and ternary silicate glasses. By means of variations of 
the glass composition the different corrosion processes 
are stimulated and as a consequence, their influence 
on the crack arrest can be investigated. 

2. E x p e r i m e n t a l  p r o c e d u r e  
The binary alkali silicate glasses and ternary alkali 
alumosilicate glasses, alkali  borosilieate glasses, as 
well as alkali calcium silicate glasses, with different 
kinds of alkalies having different concentrations of 
alkali oxide (given in mol %) were melted in platinum 
crucibles. A120 3 (1 tool %) was added to some of the 
binary glasses in order to reduce the phase-separation 
tendencies. 

The annealed specimens of dimensions 75 • 24 
•  mm 3 (depth of the crack-guiding groove was 
1 mm) were investigated using the double cantilever 
beam (DCB) method [6]. The crack-growth velocity 
was measured directly by means of an optical 
measuring microscope ( v < 1 0 - 3 m s e c  =1) or in- 
directly using the modulation of the fracture surface 
generated by sound waves in burst mode 
(v > 10 -r msec -1) [7, 8]. All of the obtained crack- 
growth curves have been plotted according to the 
function 

v = v o exp (]3K 0 (1) 

where v is the crack-growth velocity and K~ the stress 
intensity factor. 

For  studying the crack arrest, the following proce- 
dure was applied. Assuming the value of the fatigue 
limit with regard to the crack growth curve is K o, the 
specimen is loaded in water or other corrosive media 
at a stress intensity factor K A < K o for the ageing 
time, t a. Then the stress intensity factor is increased to 
K v > K o and the crack propagation, Aa, is measured 
as a function of loading time, tp. The experimental 
procedure, including the symbols used, is given in 
Fig. 1. Typical curves of crack propagation, Aa, meas- 
ured, for instance, on a sodium alumosilicate glass are 
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Figure l Experimental procedure for studying crack arrest. 

shown in Fig. 2. The corrosive attack characterized by 
tn and K A is the same for all the curves in Fig. 2. By 
reason of the limited sensitivity of the measuring 
microscope only a crack extension Aa >~ 10 gm can be 
determined certainly. As shown in Fig. 2, the stable 
crack-growth velocity, which is equal to the velocity 
measured without previous corrosion attack, occurs 
only after a certain delay time, t~t, after increasing the 
crack loading from KA to Kp. Thus, after corrosive 
attack at the crack tip the crack-growth velocity is not 
a unique function of the present stress intensity factor. 

The delay time, tst , is used as a scale for the effect of 
chemical interaction, because the moving crack front 
penetrates the modified region at the crack tip during 
that time. By comparing the effect of crack growth in 
different glasses and in different media the parameters 
K A and ta are found to vary. Kp is selected in every 
case in such a way that the resulting crack-growth 
velocity after penetrating the modified region ranges 
from 10 -5 < v v < 2x  10 -5 msec -1. 

For characterizing the corrosion behaviour of the 
investigated glasses, independent tests were conducted 
on rods in distilled water. The mass of alkali eluated 
from the glass was determined by means of an atom 
absorption method and plotted as a function of the 
corrosion time. After each measurement the test was 
continued in a fresh solution. So in respect of the pH 
of the solution, quasistatic conditions were approxi- 
mately realized. At the beginning of corrosion the 

effective diffusion coefficient, D~tt, depends on the 
time, t, the leached mass of alkali, Q, and the alkali 
concentration in the volume, c 0, according to [9, 10] 

A( Y 
D,t e = 4cao \ t~/2 ] (2) 

For stationary corrosion, the time dependence be- 
comes [9] 

Q/co = yt/2 + Voo/t (3) 

So from the leaching rate, V0o, and the depth of the 
concentration profile at a concentration e/co = 0.5, 
Yl/2 could be determined. Except for high alkali- 
containing glasses with poor water resistance, the 
stationary region of corrosion is reached only after 
more than 103 h. The ageing times chosen in crack- 
arrest experiments ranged from 20 to 60 rain (max- 
imum 72 h) lead to substantially smaller layer depths 
than the stationary value, YI/2. 

3. Results 
3.1. Effect of load and time on crack arrest 
First the fundamental effect of the parameters K a and 
t A is demonstrated on the system xN%O-11AI203- 
( 8 9 -  x)SiO2. The crack-growth behaviour of these 
glasses containing 14, 26 or 36 tool % Na20, respect- 
ively, in water is shown in Fig. 3. In this system the 
fracture toughness decreases with increasing alkali 
content. The crack-growth curves are shifted to smal- 
ler values of K1 and the slope, 131, of the curves in 
region 1 decreases. Every glass shows an evident 
transition from region 1 to the fatigue limit. With 
increasing alkali content the transition occurs at 
higher crack-growth velocities %1 (arrows, Fig. 3). The 
transition velocity, vo~, can be considered to be a scale 
for the corrosion activity to retard crack growth. 

Next the load dependence of the crack arrest is 
demonstrated for the glass containing 26mo1% 
Na20. The crack tip is aged in water for ta = 60 rain 
or 16h at different loadings, KA, and the delay 
time, tst, defined in Fig. 1 (bulk velocity vp = 1.5 
x 10- 5 msec-  1) is measured. As shown in Fig. 4 for 
t A = 60 rain, tst rises poorly at low loads, KA, and at 
higher loads a maximum can be observed. This max- 
imum occurs exactly at the fatigue limit of the crack 
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Figure 2 Crack extension after crack arrest under 
constant  ageing conditions as a function of the 
loading time, te, for 26N%O-1  lA1203-63SiO2 in 
water, K A = 0.57K~c , t a = 20 rain. 
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Figure3 Crack growth curves of the system xNa20-11AlzO 3- 
(89 - x)SiO 2 glasses in water. 
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Figure 5 Dependence of the delay time, t~,, on the ageing time, tA, at 
a load which nearly equals the fatigue limit, K A ~ Ko, for sodium 
alumosilicate glasses with different N a 2 0  contents in water. 
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Figure 4 Dependence of the delay time, tst , on the load, KA, during 
the ageing period (t A = constant) causing crack arrest for the 
glass 26Na20-11A1203-63SiO 2 in water. K p = I . 0  to 1.5 
x 10 .5 msec  -1. 

growth, K o. Therefore, such experimental procedures 
can be used advantageously to determine the fatigue 
limit. For  a higher corrosion time, t g = 16 h, the crack 
arrest is more obvious. 

The dependence of the crack arrest on ageing time, 
tA, for K A ~ K o is demonstrated in Fig. 5. It is shown 

that the crack arrest becomes more substantial with 
increasing N a2 0  content. This effect correlates to the 
transition velocity of the crack growth (Fig. 3) which 
depends on the NazO content in the same way. So the 
influence of the same mechanism is confirmed. As also 
shown in Fig. 5, the time dependence of the crack 
arrest expressed by tst corresponds neither to t nor to 
t 1/2. Instead, tst rises slowly at the beginning and more 
rapidly afterwards. 

3.2. Crack arrest in alkali-free alumosilicate 
glasses 

For comparison, the crack growth of alumosilicate 
glasses containing either N a 2 0  or CaO at the same 
concentration (26 tool %) is shown in Fig. 6. Although 
the sodium oxide-containing glass has a higher tough- 
ness, the crack-growth behaviour is the same at velo- 
cities between 10-6 and 10-2 m sec-1. However, typi- 
cal differences can be seen in the range of smaller 
crack-growth velocities. The sodium oxide-containing 
glass shows a substantial fatigue limit, whereas the 
crack-growth curve of the CaO-containing glass dim- 
inishes as a straight line up to 10 - t ~  msec -~. Thus 
crack-growth retarding processes do not occur in the 
last glass. A fatigue limit might occur only below 
0.36 MPa m t/2. 

Corresponding studies, such as those carried out on 
the sodium oxide-containing glass (Figs 4 and 5), do 
not result in any crack arrest at loads ranging from 
0.28 < K A < 0.38 MPa m l/z ,  even for ageing times up 
to 64 h. This essential result shows that the existence 
of slightly leachable alkali ions is the fundamental 
condition for the occurrence of the crack arrest. 
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Figure 6 Effect of different leaching behaviour of the glasses 
26Na20-11AI203-63SiO 2 and 26CaO-11AIeO3-63SiO 2 on the 
crack growth in water at 23 ~ over the range of fatigue limit. 

3.3. Effect of the pH of the environment 
As is known, certain media can enhance (0.1N HC1, 
pH = 1) or diminish (0.1y NaOH, pH = 12) the inter- 
diffusion between alkali ions of the glass and protons 
or hydrogenium ions of the medium in comparison to 
distilled water (pH = 6). On the other hand, the dis- 
solution rate of the network rises with increasing ptf 
of the medium [11, 12]. But how is the crack arrest 
influenced by those media? 

The crack growth of the 26NaEO-7A1203-67SiO 2 
glass in those media is similar above 10 - 7  m sec -1 
(Fig. 7). Below this velocity a transition to the fatigue 
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Figure 7 Effect of the corrosion medium on the crack growth of the 
26NaeO-7A1203-67SiO 2 glass over the range of fatigue limit. 
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limit is evident in water and acid media. In the alkaline 
media a shift to smaller K~ is observed. 

The media effect on the crack arrest is shown in 
Fig. 8. For an ageing time of 60 min the effect is 
enhanced by the acid media in comparison to water, 
but in the alkaline media the crack arrest is too small 
to be measured (tst < 1 sec). This is in line with the 
assumption that the crack arrest is caused by alkali 
leaching. So we can conclude that at the crack-tip area 
a leached layer is formed with mechanical properties 
modified in relation to the bulk properties and effects 
as a crack-growth barrier. The interdiffusion process is 
load dependent, evidently, as is demonstrated in Figs 4 
and 8. An enhanced process of crack-growth hin- 
drance with decreasing pH of the medium is observed 
in alkali-containing glasses, including commercial 
glasses (soda-lime glass or borosilicate glass [13, 14]) 
except some glasses with very high alkali contents, as 
can be concluded from Table I. A glass such as 
26NazO-11A1203-63SiO z shows the crack growth 
plotted in Fig. 9. Above 10 - 6  msec -1 there are small 
differences in alkaline, neutral and acid media again, 
but at smaller crack-growth velocities a plateau-like 
region is formed in acid media (called region O'). 
Michalske and Bunker [15] found an analogous beha- 
viour in 30NazO-10BeO3-60SiO 2 glass in 0.5 and 
5N HC1. They discussed the effect by assuming tensile 
stresses in the leached layer at the crack tip. 

From crack-arrest studies on glasses such as 
26Na20-11A1203-63SiOe, the delay time, tst , is 
found to be less than 1 sec after an ageing time < 1 h, 
and after t A = 72 h in 0.1N NaOH, tst is also less by 
two to three orders of magnitudes compared to the 
delay time measured in water (Fig. 5). 

In 0.1 and l s  HC1, crack arrest is too small to be 
measured although the layer formed is enhanced in 
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Figure8 Crack arrest in the 26NaeO-7A1203-67SiO 2 glass on 
ageing in water and hydrochloric acid for 60 rain as a function of the 
load, K A. 



T A B L E I Effect of the cor ros ion  m e d i u m  on the crack arrest  (delay time, tst), the fatigue l imit  (stress intensi ty  factor, K0) and  the t rans i t ion  

veloci ty  (Vol) of si l icate glasses 

Glass  compos i t i on  M e d i u m  KA = Ko ts~ (sec) %1 

(tool %) 
( M P a m  1/2) t A = 1 h t A - 1 6  h (msec  - l  ) 

1 7 N a 2 0  11A1203-72SIO2 1N N a O H  0.35 < 1 < 1 1 x 10 -8 
H a G  0.40 5 65 1 x 10 -v 

1N HC1 0.43 70 2070 5 x 10 -7 

2 6 N a 2 0 - 1 1 A 1 2 O a - 6 3 S i O  2 0.1N N a O H  0.40 < 1 5 1 x 10 -v 

H z O  0.42 600 > 3600 5 x 10-  7 

0.1N HCI region O '  - (2 x 10 -7)  

1 7 N a 2 0 - 1 1 B 2 0 3 - 7 2 S i O  2 IN N a O H  0.28 < 1 < 1 5 x 10 -9 
H 2 0  0.33 < 1 10 5 x 10 - s  
1N HC1 0.36 25 2100 1 x 10 -7 

2 8 N a 2 0 - 1 1 B 2 0 3 - 6 1 S i O  2 1N N a O H  < 0.30 < 1 < 1 < 10 9 
H 2 0  0.36 < 1 5 2 x  10 -8 

1N HC1 region O '  - - (5 x 10 v) 

1 7 N a z O - 8 3 S i O  2 1N N a O H  < 0.28 < 1 5 1 x 10 -8 
H 2 0  0.35 35 > 3600 3 x 10 -7 

IN HC1 0.46 > 3600 > 3600 1 x 10 8 

2 4 N a 2 0 - 7 6 S i O  2 1N N a O H  region O'  - (2 x 10 -6)  
HzO 0.28 10 18 2 x  10 -v 

1N HC1 0.41 > 3600 - 2 x  10 -6 

1 7 N a 2 0 - 7 C a O - 7 6 S i O  2 1N N a O H  < 0.26 < 1 3 1 x 10 - s  
H 2 0  _< 0.32 < 1 7 2 x 10 -v 

IN HCI  0,40 15 210 1 x 10 .6  

2 7 N a 2 0 - 7 C a O - 6 6 S i O  2 1N N a O H  < 0,36 < 1 < 1 2 x 10 -8 
H 2 0  0,38 6 120 2 x 10 -7 

1N HC1 0.46 > 3600 > 3600 2 x 10 -6 
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Figure9 Crack  g rowth  of the 2 6 N a z O - I 1 A 1 2 0 3 - 6 3 S i O  2 glass in 

different corrosive  media.  

comparison to water. Obviously not only the layer 
depth but also other properties of the layer, such as 
increasing tensile stress, are important for crack arrest. 
The leaching behaviour of this glass is increased by a 
factor of five in comparison with the glass in Figs 7 
and 8. 

The results collected in Table I allow more general 
conclusions to be drawn regarding the media effect of 
the crack arrest in glass. Binary sodium silicate glasses 
and ternary sodium borosilicate glasses are included. 
The crack arrest is measured at the load K g = Ko for 
different ageing times, t a = 1 and 16 h. Sodium borG- 
silicate glasses always show a smaller crack arrest in 
water than analogous alumosilicate glasses. In sodium 
calciumsilicate glasses, the crack arrest is also rela- 
tively small. 

In principle, in glasses with slight or medium lea- 
ching behaviour the crack arrest is enhanced with 
decreasing pH of the media. This enhancement, which 
retards the crack growth, is also expressed by increas- 
ing transition velocity, Vol, in the crack-growth curves. 
In this way the experimental fatigue limit, K0, is also 
increased. Therefore, the fatigue limit is dependent on 
the medium and must not be considered as a material 
parameter. 

The different behaviour of some alumosilicate 
glasses and some borosilicate glasses with high alkali 
contents in acid media is related to the formation of 
thicker layers. So the enhanced transformation of the 
network structure leads to stresses stimulating crack 
growth. 

3.4. Effect of the  kind of alkali ions 
The effect of the kind of alkali ions on the crack- 
growth behaviour is demonstrated by the glass system 
26Me20-11A1203-63SiO2 in Fig. 10. The fracture 
toughness increases and the slope in region 1, /31, 
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Figure 10 Effect of the kind of alkali ions (Me) in the system 
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Figure 11 Effect of the kind of alkali ions (Me) in the system 
2 6 M e z O - 1 1 A l z O 3 - 6 3 S i O z  on the crack arrest in water. KA ~ Ko,  
Kp = 1.5 x 10 -5 m s e c  1. 

decreases with increasing field strength of the cation, 
in the order potassium, sodium, lithium. The trans- 
ition velocity, Vol, from region 1 to the region of the 
fatigue limit (indicated by arrows in Fig. 11) is reduced 
in the same order in accordance with decreasing lea- 
ching ability of the glasses (conducted corrosion ex- 
periments on glass rods are given in Table II). 

The crack arrest of the glasses, measured always at 
K h ~ Ko, is plotted as a function of ageing time, tA, in 
Fig. 11. The effect becomes stronger with increasing 

leaching ability of the glasses in the order lithium, 
sodium, potassium. It is interesting that only poor 
crack arrest can be observed in the lithium oxide- 
containing glass, even at extended ageing times up to 
72 h. On the other hand, a substantial layer generation 
can be concluded from corrosion experiments for the 
lithium oxide-containing glass. So this result confirms 
how important are the specifically different structure 
of the glass and the properties of the leached layer 
formed for crack arrest. 

T A B L E  I I  Data on the corrosion of the investigated glasses in distilled water at 23 ~ 

Glass composition 
(tool %) 

Corrosion parameter 

Initial state 

Def  t (m 2 sec -  1 ) 

Steady state 

Yl/E (m) Voo (m sec -  1 ) 

x N a 2 0 - ( 1 0 0  - x)SiO2 

x = 12 5 .4x  10 -19 9 .9x  10 -7 l a x  10 -14 

17 1.8 x 10-17 6.2 x 10 -6  6.8 x 1 0 - 1 ,  

24 8.8 x 10-17 1.9 x 10-  5 4.1 • 10-12 

36 1.2x 10 - i s  2 .3x  10 . 5  4 .5x  10 -1~  

x N a 2 0 - 1 1 A 1 2 0 3 - ( 8 9  - x)SiO 2 

x =  14 1 . 2 x 1 0  -21 6 . 6 x 1 0  s 1 . 2 x 1 0 - 1 5  

17 1.5 x 10 -21 - -- 

26 6.0X 10 -2~ 3.2X 10 -7 1.6X 10 -14 

36 8 .5x  I0 -19 5 .4x  10 -7 1.2x 10 - ~  

2 6MezO -11  A1203-63SIO 2 

M e = L i  1 . 5 x 1 0  21 1 . 2 x 1 0  -7 2 . 6 x 1 0  15 

K 1.5• 10 -19 4 .7x  10 -6  2 .6x  10 -13 

x N a 2 0 - 1 1 B 2 0 3 - ( 8 9  - x)SiO z 

x =  17 6 - 8 x 1 0  - n  3 . 9 x 1 0  - s  9 . 8 x 1 0  16 

28 1.6 x 10-17 4.9 x 10 -6 5 .0x  10-12 

x N a 2 0 - 7 C a O - ( 9 3  - x)SiO 2 
x = 17 2.9 x 10-19 _ 

28 1.5x 10 -18 2 .9x  10 -6 1.5x 10 -13 
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3.5. Crack arrest in binary silicate g lasses  
Crack growth in binary silicate glasses with different 
sodium oxide contents, x, including silica glass, x = 0, 
is demonstrated in Fig. 12. The behaviour in the range 
of smaller crack-growth velocities is of particular in- 
terest with regard to the chemical durability or the 
leaching ability, respectively. A unique mechanism of 
crack growth (without any evident fatigue limit) works 
in silicate glass down to 10-10 m sec- 1, whereas with 
increasing sodium content the typical transition to the 
fatigue limit can be observed first at 24 tool % Na20. 
At higher Na20 contents ( >  30 tool %) a plateau- 
like 0' region appears. This means that the crack also 
propagates at the smallest stress intensity factors. The 
region 0', also observed by Simmons and Freiman [5] 
can be related unambiguously to the crack growth, 
due to stress-dependent network dissolution including 
experimentally proved crack-tip blunting [16]. The 
crack-growth velocity extrapolated to K -- 0 corres- 
ponds to the dissolution rate, V0o, measured on glass 
rods (Table II). 

Crack arrest, including the strong dependence of the 
transition time, tst , on the loading, KA, is also ob- 
served in binary silicate glasses (Fig. 13). However, 
there is an essential difference concerning the depend- 
ence of the sodium content compared to the behaviour 
of the sodium alumosilicate glasses. The transition 
time, tst, measured at K A ~ K o and plotted in Fig. 14 
as a function of ageing time, tA, shows that the influ- 
ence of crack-growth retarding processes is reduced 
with increasing alkali content, despite the increasing 
depth of the leached layers, and contrary to the effect 
of alkali content in sodium alumosilicate glasses 
(Fig. 5). 

In every case the crack arrest is much more obvious 
in glasses with 12, 17 and 24 mol % NazO than in 
glasses with higher sodium content (36 tool%) in 
which the crack-tip blunting, due to network dissolu- 

tion, can be observed directly [16, 17]. Because the 
dissolution rate, Voo, of those glasses increases with 
increasing sodium content (Table II) the crack-tip 
blunting cannot be considered to be the dominant 
mechanism for crack arrest. Instead, crack arrest is 
caused mainly by the formation of a leaching layer. 
Comparing crack arrest in different glass systems, this 
layer can both retard or stimulate the crack growth, 
depending on the glass composition. 

4. Discussion 
In principle, it is assumed that layer generation occurs 
at the crack tip as well as on the crack surfaces. First 
studies of crack generation resistance of corroded 
glass surfaces tested under Vickers indentation load 
confirm that the mechanical properties of the leached 
layers are different from the properties of the fresh 
surface, depending on the glass composition. 

Although the relation between layer generation and 
crack arrest is evident, the complexity of running 
corrosion processes makes the connection between the 
measuring values tst with certain properties of the 
layer more difficult. The following different mech- 
anism could determine crack arrest, both in single or 
mixed mode. 

4.1. Mechanism A: increased toughness/ 
crack-growth resistance 

The crack-growth resistance and the toughness of the 
surface layer modified chemically is higher than the 
bulk material. In this area, alkali ions are replaced by 
protons and molecular water penetrates into the holes 
of the silicate network [18, 19]. As has already been 
shown in Fig. 10, the kind of cations bounded at 
nonbridging oxygens essentially influences the tough- 
ness and the crack growth. The toughness increases 
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Figure 12 Crack growth of binary sodium silicate glasses in water at 23 ~ 
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Figure l4 Effect of the N a 2 0  content  on crack arrest  in 
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with decreasing cation radius, and thus with increas- 
ing field strength of the cations. The question arises 
whether the insert of protons with an ionic radius less 
than one of the alkalies and with an increased field 
strength, can cause analogous effect? 

Studies of the ageing effect of mechanically dam- 
aged glasses with a similar composition on the inert 
strength and dynamic fatigue seem to confirm such a 
theory. The observed strength enhancement after 
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corrosive attack correlates temporally to the initial 
state of leaching process expressed by the leaching 
profile of alkali ions. The maximum enhancement 
attainable of the inert strength increases in the order 
lithium, sodium, potassium at the same alkali content 
[20, 21]. Thus the higher the difference between the 
field strengths of the leached alkali ions and the 
incorporated protons, the higher is the strength en- 
hancement. The effect is increased with increasing 
absolute content of alkali oxides in the glass. In the 
same way, the strength level of transition to the fatigue 
limit in dynamic fatigue experiments is increased. Also 
the effect of increasing fatigue limit becomes stronger 
in the sequence lithium, sodium, potassium and with 
increasing alkali content. 

4.2. Mechanism B: stress build-up 
The volume of the surface layer is modified by the 
leaching process. Thus the effective stress intensity 
factor is influenced by a contribution of the layer, KL 

K R = K p  d- K L (4) 

The crack arrest is stimulated by a negative K L (pres- 
sure) whereas a positive K L (tensile) leads to a weak- 
ness, in extreme cases up to spontaneous crack 
growth. 

Crack arrest caused by generated pressure as a 
consequence of the ion exchange only is improbable, 
because protons with smaller radius occupy the posi- 
tions of alkali ions in the glass. Stresses should be 
generated by the rearrangement of the glass network 
due to OH - ions produced during the ion exchange or 
due to water diffused into the glass during the ad- 
vanced leaching process with increasing layer depth. 
The breakage of silixane bondings (hydrolyse) and the 
enhanced incorporation of water can lead to an in- 
creasing volume and therefore to pressure. If such 
processes happen on the crack surface, the pressure in 
the layer can increase indirectly the stress intensity 
factor, K R. On the other hand, tensile stress can be 
generated in the layer by condensation of neigh- 
bouring silanol groups (repolymerization) [10, 18, 22]. 

Evidence of the generated stresses is given by the 
appearance of the region O' in some high alkali- 
containing glasses in certain media. The velocity of 
region O' extrapolated to K = 0 is greater by four to 
eight magnitudes than the dissolution rate measured 
on glass rods (Fig. 9 and Table I). Thus material being 
removed from the surface, as happens in binary silicate 
glasses with 36mo1% alkali oxide (Fig. 12), cannot 
cause the region 0' to form. 

Crack generation and bursting of the corroded layer 
observed at certain high alkali-containing glasses indi- 
cate the presence of tensile stresses [10]. Michalske 
and Bunker [15] measured surface stresses on sodium 
borosilicate glasses (30Na20-10B203-60SiO2) corro- 
ded in HC1 using an interferometric method. First 
pressure stress is generated in 0.5N HC1, but after a 
longer corrosion time the stress was changed to tensile 
stress. In contrast, only tensile stresses are generated 
in 5N HC1. The crack-growth curves of a glass with the 
same composition in HCI shows a typical region 0' 



(Fig. 9 and Table I) which is correlated to the tensile 
stress in the layer. 

Measurements of the crack-generation resistance 
under Vicker's pyramid loading on the same glass also 
indicate the generation of tensile stresses after corro- 
sion in HC1. In the same way, tensile stresses exist at 
the surface of binary glasses with high alkali content 
after corrosion in water. On studying the inert 
strength of the corroded binary silicate glasses, a 
strength maximum was found during the initial state 
of corrosion. For longer corrosion times, the inert 
strength falls off below the initial strength of the fresh 
specimens. The decrease of the inert strength becomes 
stronger with increasing alkali content and can evid- 
ently be related to the stress generation in the corro- 
sion layer [20]. By analogy, the reduction of the crack 
arrest in binary silicate glasses with increasing sodium 
oxide content can be explained (Fig. 14). 

4.3. Mechanism C: blunting of the effective 
crack-tip geometry 

The leached layer is "softer" due to enhanced plastic 
deformation. So blunting of the ett~ctive crack-tip 
geometry leads to a decrease in the effective loading at 
the crack tip [23-1. 

If this theory is suitable, the crack arrest would be 
enhanced on increasing the thickness of the layer and 
on decreasing the hardness. In contrast, the experi- 
mental results on sodium silicate glasses, sodium 
borosilicate glasses and lithium alumosilicate glasses 
with high alkali content show that there is no or only a 
slight effect of crack arrest, although the layer thick- 
ness is substantial and a reduction in hardness was 
proved for some glasses. 

4.4. Mechanism D: interface forces due to 
corrosion products 

Corrosion products form layers at the crack surface 
near the crack tip. Lawn and co-workers [24, 25] 
concluded from investigations of the crack growth and 
strength on mica, silica glass and soda-lime glass, that 
after a corrosive attack these layers lead to a "bridg- 
ing" between the crack surfaces and this effects crack 
growth retardation or strength enhancement, respect- 
ively. 

However, such forces cannot play an important role 
in crack arrest because the experimental results show 
that this does not appear in silica glass and alkali free 
alumosilicate glasses, even after advanced ageing in 
water. If the interface forces formed by corrosion 
products are dominant, the re-opening of the healed 
cracks would require a higher stress intensity factor 
after corrosive attack in water than after ageing in air. 
The experimental results given by Stavrinides and 
Holloway [26] on silica glass, sodiumborosilicate 
glass and soda-lime glass, show exactly the opposite 
effect. 

According to the experimental results, mechanisms 
C and D only seem to play a lesser role for crack- 
growth retarding processes. When mechanism A is the 
basic mechanism of crack arrest, this effect should be 

stimulated additionally by mechanism B. The two 
mechanisms can be effective at different depths of the 
leached layer. The stress generation should occur 
mainly in the structurally disturbed near-surface zone 
of the layer. 

What happens after crack arrest finishes on in- 
crementally increasing the stress intensity factor from 
K A t o  K p  (Fig, 1)? For all four mechanisms it can be 
assumed that the crack front passes through the corro- 
ded layer of thickness Aa e with the modified median 
crack-growth velocity of the layer during the trans- 
ition time, tst. 

v L ~ A a L / t s t  (5) 

The velocity, re, depends on the ageing conditions, tA, 
KA, and on the loading K p  a t  the following crack 
propagation. In particular, v e is influenced by the 
modified material properties in the leached layer. The 
thickness a e is only a function of t A and K a. Assuming 
for v L a crack-growth function such as Equation 1 and 
constant corrosion conditions, tA, KA, it follows that 

UL ~ A a L / t s t  = /)L0 exp([3LKp) (6) 

Equation 6 is valid for constant corrosion conditions, 
tA, KA, and constant properties inside the leached 
layer characterized by the parameters VLO, 13 e. If Equa- 
tion 6 is suitable, there must be a straight line with the 
s l o p e  ]~L in the diagram plotted with In (tst-1) against 
K p .  Fig. 15 demonstrates the dependence of the trans- 
ition time, t~,, on the loading, Kp, at constant ageing 
conditions (in water at K A ~ K o ,  tA = 10 and 20 rain, 
respectively) by a sodium alumosilicate glass 
(26NazO-11AlzO3-63SiO2). Also, for other glasses, 
straight lines represent the dependence. The calculated 
slopes, I3L, are collected in Table III. Comparing the 
slopes of the leached layer, 13 L, with those of the bulk 
material, [3v, the parameter [3 L is essentially greater 
than 13 v and ranges by the magnitude of silica glass 
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Figure 15 Dependence of the reciprocal delay time, t~ 1, on the load, 
Kp, during the crack extension after crack arrest (K A ~ Ko, 
t A = constant), in 26Na20-11AI203 63SIO z in water. 
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(]3 v = 81.4 MPa m1/2). Thus the effective part of the 
leached layer leads to load dependence of the crack 
growth, comparable to silica glass. On the other hand, 
it can be concluded from Table III that the effective 
part of the leached layer for all the glass systems 
investigated has similar properties concerning crack 
growth. Therefore, this part of the leached layer is 
related to the "neutralization zone" located between 
the "transformation zone" and the bulk. According to 
Wigby [-27], who performed measurements of the 
electrical conductivity on layer-by-layer etched glass 
surfaces after corrosion, the neutralization layer is 
almost free of mobile cations. But stresses should be 
generated in the "transformation zone", the structure 
of which is strongly disturbed [22]. 

The process o f  crack propagation after crack arrest 
is still relatively clear (Equation 6) whereas the de- 
pendence of the generation of the crack-growth retar- 
ding layer on t A and K A is very hard to describe by a 
quantitative model. The measured value of tst is deter- 
mined by the effective layer thickness, AaL, and the 
crack-growth velocity, v L, in the layer. The two values 
are functions of t A and KA. Without considering the 
crack growth, the time dependence of the effective 
layer thickness is approximately 

Aa L --~ Aat, = constant  (Delft) 1/2 (7) 

The profile depth, AaL, is defined by the relative alkali 
concentration c/c o = 0.5 [9]. The effective diffusion 
coefficient of the alkali ions, Dr f, is expected to be 
load dependent. Nogami and Tomozawa [28] used an 
exponential dependence on the hydrostatic pressure, 
p, for the diffusion of water into silica glass. Applied to 
the present problem the load dependence gives 

Deff = D ( K  A = 0) e x p [ A K A ]  (8) 

Parameter A is independent of loading 
From Equations 8 and 5 we obtain 

D(c) l/2t~/2 
tst = constant exp[AKA/2 ] (9) 

u L 

Such a dependence of the transition time, tst , o n  t A and 
KA is not observed (see the Figs 5, 11, 14 and 4, 13, 
respectively), because during the transition period the 

crack-growth velocity in the layer, vL, as a scale for the 
modification of the layer property, also varies with t A 
and K A. Thus for improved modelling it is necessary 
to characterize the layer properties using further 
methods. 

However, the load dependence of the crack arrest is 
evident proof that a leached layer must be generated 
even during crack propagation, because crack arrest 
also occurs above the fatigue limit, K o. The transition 
velocity of the crack growth curve, Vol, indicates the 
maximum velocity at which an effective layer with 
modified properties can be formed. 

Aa L Aa 
At (K,) >i ~ - (K , )  for K, ~< KI(vOl ) (10) 

A five- or fifteen-fold increase in the leaching rate 
using different media with pH = i2 (NaOH), pH = 6 
(H20) and pH = 1 (HC1) [,,11-!3] produces an in- 
crease in the transition velocity, vOl, in the same way. 

5. Conclusions 
1. Both crack arrest and transition to the fatigue 

limit of the crack-growth curve are based on the same 
mechanism, namely the generation of a leaching layer 
at the crack tip due to interdiffusion between alkali 
ions of the glass and water-containing species (H30 +, 
H20  ) of the medium (Figs 3 to 12). 

2. The diffusion process is load dependent and also 
occurs when the crack tip is moving (K A > K o, Figs 4, 
8, 13). 

3. Not only the depth of the layer but also the 
special mechanical properties are of essential import- 
ance. 

4. As demonstrated especially on binary silicate 
glasses (Fig. 14), the crack-tip blunting due to network 
dissolution cannot be considered to be a dominant 
mechanism, contrary to reports in other papers 
[-4, 17]. 

Mechanism A (increased toughness/crack-growth 
resistance) seems to be the basic mechanism of crack 
arrest. Mechanism A should be stimulated addition- 
ally by mechanism B (stress build-up). 

T A B L E  I I I  Comparison of the crack growth parameters, !3L (of the leached layer) and [3 v (of the bulk material) 

Glass composition Medium tn (min) 13 L Igv 
(mol %) (by K A ~ Ko) (MPa m 1/2) 1 (MPa m1/2) - 1 

xNa20-(100 - x)SiO 2 H20 60 
x = 12 H20 60 80.9 41.9 

17 H20 30 76.8 33.6 
24 H20 30 57.6 35.0 

xNa20-11A1203-(89 - x)SiO 2 
x = 21 H20 120 83.1 47.0 

26 H20  20 86.3 41.4 
36 H20 20 88.1 35.9 

xNa20-11BZO3-(89 - x)SiO z 
x = 17 1N HCI 60 95.9 34.9 

22 0.1N HC1 15 79.1 34.4 

xNa20  7CAO-(93 - x)SiO2 
x = 17 1N HCI 60 75.5 37.4 

27 1N HCI 20 90.8 26.8 
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