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Abstract  

The l~lligue limit o/' a horosilicale glass was e_xperi- 
menml / r  delermined hv imposing a series q/'ludding- 
.vlrc,s,sc.v dt inlc/'nwdidlc ,sl/'c's,v [('l'~'Ls dttri/lg CO/IUC/I- 
IioHo/ dir{'cl-lO-/tli/urc ,VII'CllgI]I le,VIs. This lec/lnique 
I'CS'II/IX ill d dislim'l c/ldn£,e in lhe low strength, large 
~law si-e i~orlion 0/" lhe slrenglh distrihztlion 0/' lhe 
.sm'ricors. The break-point ./br this change in the 
,s'll'Cllffl/1 dislrihulion was used to e,s'thmttu the room 
lenzperatttre /btigtte or stress corrosion limit ( Klo) o1" 
lhe ghtsx in distilled water. A Kio q f  0.21 M P a  m l'z 
was eslinutted and ks" compared u ith other estimates Of 
flw /aligue limil in ol]ler ctlld similar glasses. 

lesls contentionneLv de rzqmtre direcle, des pa/iers eh" 
co/tlrtlinte pour des t, aleurs inlerm&tiaires de la 
comraime.  Celle Ieclmique ,zod(/ie clairemenl let 
clislrihulion en rexi.vtallCe des c;chwtlillons qtti onl 
,sm'r&'tc phts lyrt;c{s'Onlenl [a partie de cetle cfistri- 
hul io ,  ('OII('PI'/IH/1I /CS Ochwtti//ons dCl/Hihlg resislwzce. 
conlenanl eh,,s" dc!/+mts de g/'tt/ldc' Iail/c'. Le point ot'l .re 
l~roduil ce clutngement dans let di.vlrihulion rk, x 
resi,slwwes a Ozc' ttli/isO poztr e.slhner la /imite de 
./~tli,~tte ~'i lemp&'alm'e anzhiante, on/imilc" en corrosion 
Kio cht cerre dwrs de/ 'eau disti/lPe. Le calcu/ ch, zne zm 
Kio de 0.21 M P a n t  1'2 ca~our qtte Yon compare ~'t 
d'aztlre.v estinzalions de /a limitv ok, ./ttl~gtte, d a m  
d'azm'es rerres ou des rerres similaires. 

Die Ernziidmzg.%,renze t'on Borsi l ikatglas win'de 
experinwntel l  ch#'ch eine Serie ~;on Haltespannungen 
im mitt /etch Sl~anmmg,.s'hereicl7 wd/zremt kom,en- 
liolw//cr l'er,sagelrvlesl,s heslinllnl. Diese Technik 
ergil~l eim'n /,/arch Unzscldag in der Fest~gkeilst'er- 
1ei/zmg nicht gehrochener Prohen nzil grq/3en De/~,k- 
len mM geringer Fe.s'l&keil. Der Um,vclzlag.vmnkl in 
der Fc'.vli~l~eilsz'ertei/tmg win'de .zm" Ahsc'lldt.zzmg der 
Ernliidtm~.s'gren-e hei Raumlempera tur  oder der 
Spannungskorrosion ( Klo) des Glases in destilliertem 
H'dsser t'~'ru'cndcl. Ein Kio-Werl  t:on 0"21 M P d m  1'2 
win'de hereclmet trod nli! altdere** At~schdtzungen der 
ErmtT~hozgsgren-e in atuleren o&,r dhn/iclzen G/dsern 
l'er~/i~'hen. 

0t7 a delermin~; e.Vl~{;rinwnla/enwnl /a /imilc de 
/~lHgue d'm~ rerre ek' horosilicale en impo,vdnt, /ors de 
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1 Introduction 

The time-dependent, stress-dependent, environ- 
ment-dependent failure of  glasses at stresses well 
below the rapidly measured fracture stress is an 
established fact. l 6 It has been generally recognized 
that this fatigue or weakening process is related to 
stress corrosion processes which lead to an increased 
severity of  the flaws that are present in the material 
until one of  the flaws achieves a critical condition 
and catastrophic failure occurs. 

Engineering design of  structures with materials 
susceptible to this phenomenon usually proceeds 
either through the estimation of  an acceptable stress 
level to assure a minimum time to failure for the 
anticipated campaign of  the component, or through 
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the application of the design criterion of  an allow- 
able stress that is below the fatigue limit, Rio, that 
stress intensity level below which fatigue processes 
do not occur. 7 From an engineering design view- 
point, the existence of  a fatigue or stress corrosion 
limit is widely recognized as being highly desirable 
for it allows the calculation of  that stress level below 
which dealyed failure will not occur. However, the 
direct experimental determination of  the fatigue 
limit has proven to be a rather formidable challenge. 
This paper reports an experimental estimate of  the 
fatigue limit of  a commercial borosilicate glass at 
room temperature in distilled water. A technique 
based on changes in the strength distribution which 
is related to the experiments pioneered by Wilkins 
and Dut ton at 673 K is applied. 8 

2 Experimental 

The borosilicate glass used in this study was a 
cornmercial material. The chemical composition of 
the glass was shown in Table 1. It was chosen 
because of  its ready availability in cane form which is 
suitable for strength measurements ,  and also 
because its fracture toughness at room temperature 
is essentially the same as at the temperature of  liquid 
nitrogen, as has been reported by Wiederhorn. 9 
Cane over 1 m in length and 4 mm in diameter were 
cut to 80 mm rod specimens then annealed in air for 
15 min at 843 K and slowly cooled to relieve the 
residual stresses present in the as-received glass. 
Alter this initial annealing, the specimens were 
abraded by ball milling with - 240 mesh SiC powder 
for 15 min to develop a more uniform flaw distri- 
bution. The specimens were then annealed again to 
remove any residual stresses which may have 
developed at the flaws introduced by the abrasion 
process. Polaroscopic examination of  the rods after 
this preparation procedure revealed that the speci- 
mens were free of  residual stresses. 

To establish the necessary baseline data for 
subsequent fatigue limit estimates, series of  50 
specimens each of  these rods were broken in four- 
point bending, one-quarter point loading over a 
57"2 mm span at a crosshead speed of  1"27 mm/min 
by using the apparatus as shown in Fig. 1. One series 
of  50 specimens was broken under liquid nitrogen at 
77 K and the other series of  50 specimens under 
distilled water at 296 K. Those results were presen- 
ted on the farniliar Weibull coordinates. To estimate 

Table I. Chemical composition (wt%) ofborosilicate glass used 

SiO 2 B20 .~  AI203 Na20 K20 MgO CaO 

80'8 12"0 2-0 4"2 0'6 0"2 0"2 

Fig. 1. Schamatic showing of apparatus  for measuring lkml'- 
point bending strength and holding at various stress levels of 
specimens in liquid nitrogen and in distilled water. 1, Load cell: 
2, universal joint:  3, container: 4, upper edge: 5, specimen: 6, 
lower edge: 7, liquid nitrogen or distilled water: 8, jack: 9, 

crosshead arnl. 

the fatigue limit of  this glass at room temperature, 
296K, in distilled water, a series of  interrupted 
strength measurements involving a low-level hold- 
ing stress were completed. Instead of directly loading 
to failure in the distilled water, the loading was 
interrupted and the stress was held at a constant low 
level (24 60MPa)  for 10min. Loading was then 
continued to failure and the strength distributions 
were also presented on the familiar Weibull coordi- 
nates. Using a technique based on changes in the 
strength distribution, a K~o of the glass at room 
temperature in distilled water was estimated. 

3 Results and Discussion 

Figure 2 illustrates the strength results obtained 
under liquid nitrogen and in distilled water, a form 
which was chosen to accent the low strength portion 
of  the strength distribution. It is evident that the 
distilled water results are at much lower strength 
levels. The average strengths are 180'6 and 91"4 MPa, 
respectively. The Weibull moduli, m, of  5"7 and 5-5 
are very similar. This suggests that comparable 
amounts of  slow crack growth occurred for all the 
strength levels. Applying Gupta 's  equation l° ob- 
tained from strain-rate dependence of  strength and 
an iteration process using the data in Fig. 2 yields the 
stress corrosion susceptibility coefficient, N, of  22"0 
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Fracture stress ~7 f (MPa) 
70.1 109.9 172.4 1.40[ ~ ~ g , ,,,]98.3 

|] Distilled water y m=5.5 # o / ~ |  

0.02! f 639 

- -1.35i 
i o o° e { 

o #, t'~ 
-2.731 o o i 8.3 _ 

i o ~, Liquid nitrogen 
I m=5.7 
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-4.10 4.25 4.70 5.15 
In of 

I:ig. 2. The strength distributions in l iquid nitrogen at 77 K and 
in dist i l led wi.ltcr ~tt 296 K. 

for this glass. It represents the susceptibility to stress 
corrosion and is similar to the values summarized 
l\~r a number of  similar borosilicate glasses by 
Freiman li and by Zdaniewski et al. le 

Tile results are summarized in Fig. 3 for holding 
stresses of 24, 36, 48, and 6 0 M P a  along with the 
direct-to-fracture strength distribution previously 
depicted in Fig. 2. Ahhough the stress scale has been 
expanded and there exists some statistical scatter 
along the stress axis, the high-strength portions of  
the distributions with the holding stresses are 
parallel. It is, however, the abrupt breaks and 
strength decreases of  the low-strength specimens 
which suggest the existence of  a K~o. This strength 
decrease of  low-strength specimens subjected to 
holding-stresses is analogous to the results of  Baker 
and Preston ~~ who demonstrated that 'understress- 
ing" results in premature failure in static fatigue tests 
of glass. 

Tile 24 M Pa holding-stress strength distribution 
remained essentially unchanged compared to that 
for direct strength measurements; however, the 
distributions determined after holding stresses of  36, 
48, and 60 MPa were applied to all exhibited distinct 
breaks at the low strength tail compared to the 
direct-to-fracture distributions. In the latter two of 

Fracture stress ~7 f (MPa) 
58.0 79.8 108 .8 

1 . 4 0  , ' i ', .J 7 I 983  

i ...... 60 MPa /¢,~-~,.'{ • ~ 
L . . . .  48  ; / , : , 7 . :  

0 . 0 2 ,  . . . .  83  
i ...... 24 ,~'f s " "  ¢~ 

"~ I - -  o ; j /  
I ." m 

" / ~ o . 2 4 ~  MP~.r~'" 
m~ 

~--1.35 ~ .-.L:;--~. {_,~(o.20) 22.8"5 
/ 
/ / , /  "Q 

-2.73 6.3 n /" / 0 

i / i  / 
-4.10 ~ ' ' 1 . 6  

4.06 4.38 4.69 
In c~f 

Fig. 3. Thc strength distributions for testing in distilled water at 
296 K and for holding at various stress levels ((r,t. Distribution 

breaks and estimated K~o values are included. 

these, two and eight specimens respectively actually 
Ihiled during the 10 min holding-stress period; thus 
those failed specimens which would have had low 
probability points are not included in Fig. 3. As the 
holding stress was increased, the number of  low- 
strength specimens exhibiting distinct strength 
decreases increased: 6, 10, and 14 for the latter three. 
The number of  specimens failing during the holding- 
stress period also increased f lom 0 to 2 to 12. 
Obviously, a more extended series of systematic 
experiments at different hold times similar to the 
study of  Michalske 1~ on crack aging could provide 
data for additional analysis. 

From these results it is possible to estimate the K~o 
for this glass fit 296 K in distilled water. During the 
strength measurements at 296K in distilled water 
reported in Fig. 2, the flaws are initially at zero stress 
intensity prior to loading, but tile stress intensity 
increases during the test. When Ku) is reached, slow 
crack growth commences and proceeds during the 
remainder of the test until the critical stress intensity 
factor, K~c, is achieved and failure occurs. If, 
however, fin intermediate holding stress at a level 
yielding a stress intensity factor, K~, which is greater 
than K~o is imposed during the test, then flaw 
extension in addition to that which occurs during the 
direct loading-to-failure strength measurernent may 
be expected to occur. Upon further direct loading to 
the fracture stress, the strength will be less than if no 
intermediate holding stress were irnposed. However, 
if the holding-stress intensity level is below K~o, no 
additional flaw growth or extension is to be 
expected. This latter example is characteristic of  the 
2 4 M P a  stress level in Fig. 3. The other three 
intermediate holding stresses of 36, 48, and 60 MPa 
all exhibit the characteristic of  exceeding the K~o 
with the holding stresses for specimens were 
weakened and some actually failed. 

At the 36 MPa holding stress, the six specimens 
with a probability of  fracture, P,., below 11.8% 
exhibited obvious strength decreases. While those 
above a Pr of  11-8°/<, did not change noticeably from 
tile original distribution. One would then attribute 
the strength decreases at Pr below 11'8% to loading 
at a stress intensity level above Ku) during the 
intermediate holding-stress period and the lack of  
any change above a Pr of  11"8% to being below K~o. 
This interpretation is reasonable for the low- 
strength specimens at a Pr below 118% have the 
most severe flaws, while those above 11.8% are less 
severe. According to 

KI = ¢.Yt.c1 2 }7 (1) 

the larger flaw size specimens, those at the low 
strength tail of  the distribution, would be expected 
to experience the highest stress intensities during the 
holding-stress period. It is then possible to estimate 
the K~o of this glass from the results, using the break 
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from the trend established by the distribution 
without an intermediate holding stress. 

Wiederhorn's results indicate that the K m of this 
glass is essentially the same at 77K in liquid 
nitrogen as at room temperature  in a moist 
environment. However, the precise cause of  fatigue 
in strength specimens remains controversial for in 
eqn (1), the flaw dimension c can increase and the 
geometry parameter Y can also change. A direct 
correspondence of  fracture mechanics and strength 
studies would-suggest that it is the flaw dimension 
term which dominates: however, Doremus ~s argues 
that crack tip sharpening is the chief cause of  
weakening. Michalske ~4 suggests a combination of  
crack tip sharpening followed by flaw growth. This 
controversial point is not addressed in this paper. 
Only an estimate of  Rio from the data in Fig. 3 is 
considered. 

From the liquid nitrogen data in Fig. 2, it is 
possible to estimate the initial value of  the (C 1/2 Y) 
term of eqn (1) for the appropriate failure proba- 
bility prior to any fatigue processes. Then applying 
the static holding stresses it is possible to estimate 
the Kio values using the flaw sizes corresponding to 
the breaks in the distributions. Substituting the 
maximum value of strength af ( = 2 3 0 M P a )  in the 
liquid nitrogen data in Fig. 2 and the 
K i c = 0 " 7 7 M P a m  12 of  this glass 9 for ~, and Kic in 
eqn (1) yields the (¢.1/2y) of 3"34X 10 3ml/2 
Subsequently, substituting the (c ~/2Y) values 
calculated and the strengths at the breaks in the 
distributions in Fig. 3 for af in eqn (1) yields Rio 
values of  0-21, 0-26 and 0"24 MPa m 1/2 for this glass 
at the increasing holding-stress levels of  36, 48 and 
60 MPa, respectively. In Fig. 3, the latter two are put 
in parentheses for it is believed that they are too high 
an estimate of  the Kio.  The reason 0"21 MPa m 1/2 is 
the preferred estimate of  the fatigue or stress 
corrosion limit is simply that it is the lowest of  the 
three, although the other two are also comparable to 
other literature values. The slight differences may 
also be due to the intrinsic character of  the flaws. 
Although 0-21 MPa m ~/2 is the best estimate of  K~o 
from these results, it is evident that additional 
experiments based on a greater number of  specimens 
in each statistical set, more closely spaced intermedi- 
ate holding stresses, and also a series of  longer 
holding times are desirable in order to gain a more 
precise estimate of  Rio. 

It is appropriate to compare this estimate of  K~o to 
other fatigue limit measurements or estimates in the 
literature. In his recent review, Doremus ~6 suggests 
that the fatigue limit may be about  20% of the liquid 
nitrogen strength, but that it is expected to vary with 
the chemical durability of the specific glass. This 20% 
level is in general agreement with Shand's classical 
study ~v and also with Mould and Southwick's is 

concept of  a universal fatigue curve. If ratios are 
taken applying eqn (1), then an estimate of  K~o of  
about  20% of K~c is reasonable. These are in general 
agreement with Wilkins and Dut ton 8 who summar- 
ize (K~o/K~c) ratios for various glasses and report 
results ranging from about  0"15 to 0"40. There exists 
reliable fracture mechanics measurements, on soda- 
lime-silica glasses, which can be compared with the 
Klo/Klc ratio of  (0"21/0"77)= 0.27 observed for the 
borosilicate glass in this study. Recently Simmons 
and Freiman 19 have observed an apparent K~o of  
about  0'27 M P a m  ~/2 for a soda-lime-silica glass in 
water at room temperature. This compares favor- 
ably with Wiederhorn and Bolz's 2° steepening of  
their (KwV) curves at about  0'25MPam~"2, 
although they do not report actual crack arrest. 
Matsui et al. 2~ report similar results of  a K,o of  
about  0'29 MPa m 1'2, while Michalske's results ~4 
suggest that about  0"225MPam ~:2 may be an 
appropriate K~o. The fatigue results of  Pavelchek 
and Doremus 22 suggest that soda-lime-silica glass 
exhibits a fatigue limit at about  0-23 of  K~c. 

In summary, room temperature estimates of  soda- 
lime glass suggest that the Klo is between about 0.20 
and 0"30MPam 1~2 or at a (Klo/K~c) ratio approxi- 
mately between 0"25 and 0"40. However, strength 
measurements suggest that a lower limit of  0-20 may 
be more appropriate. 

Borosilicate glass K~o estimates are not so 
numerous. The steepening of  the borosilicate (K~-V) 
curve of  Wiederhorn and Bolz 2° occurs at about  
0"32 M P a m  ~'2. But Simmons and Freiman ~9 do not 
show any (K~-V) steepening or any crack arrest in 
their borosilicate glass in water at 0"37 M P a m  ~/2 
and Ritter and Manthuruthil  2 did not observe any 
apparent fatigue limit at a ratio of  about  0-3 in their 
static fatigue tests of  a borosilicate glass. The 
0"21 MPa m ~2 value of  K~o estimated in this study is 
lower than any of  these. It compares favorably with 
the lower limit of  the measured (Klo/Km) ratios 
reported for the soda-lime glass, about  0"27. 

Although this statistical estimate of  the K~o is in 
general agreement with the values reported or implied 
in other studies, in this study there is no indication of 
strengthening of  the glass as reported by Wilkins 
and Dutton 8 in their statistical study and also by 
Pranatis 23 in his dynamic fatigue report of 'coaxing'  
in this same commercial borosilicate glass, as well as 
the reports  of  the aging of  abraded glass, z'* 
Michalske's observation 1'~ of  time dependent in- 
creases of  the K~ values necessary to restart arrested 
cracks is directly related to the same phenomena. 
The simplest explanation for this difference is that 
the particular experimental conditions applied in this 
study are not very favorable to the observation of  
strengthening. Wilkins and Dut ton  8 did their 
experiment at 673 K where crack tip flow processes 
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are m u c h  m o r e  likely to occur,  P rana t i s '  experi-  
men t s  23 and  the ag ing  studies b o t h  were  for  t imes 

m u c h  grea ter  t han  10rain.  The  results  o f  Mi-  
cha lske  ~4 conf i rm tha t  m u c h  longer  t imes are 

necessary  to obse rve  s t r eng then ing  p h e n o m e n a  
when  stress r emains  on  the specimens.  Thus ,  the lack 
o f  any  direct  evidence  for  s t r eng then ing  p h e n o m e n a  
in this s tudy  do not  con t r ad ic t  its o b s e r v a t i o n  in the 

o the r  studies. 

4 Conclusions 

An exper imental  est imate of  the fatigue limit, Klo, o f  a 
commerc ia l  borosil icate glass at r o o m  tempera tu re  

in distilled wa te r  was p e r f o r m e d  using a t echn ique  
based  on changes  in the s t rength  dis t r ibut ion.  T o  
es tabl ish  the necessary  basel ine da ta  for  subsequen t  

Klo es t imates ,  one  series o f  50 spec imens  was b r o k e n  
under  liquid n i t rogen  at 77 K and  the o the r  series o f  

50 spec imens  under  distilled wa te r  at 2 9 6 K  and  
those  results were p resen ted  on the fami l ia r  Weibul l  
coord ina tes .  The  average  s t rengths  were 180-6 and  
91.4 MPa ,  respectively,  while the Weibul l  modu l i  o f  
5"7 and  5'5 were very similar.  

T o  e s t ima te  the K~o o f  this glass a t  r o o m  
t empera tu re ,  296 K, in distilled water ,  the load ing  
was in te r rup ted  and  the stress was held at  a cons t an t  
low level r ang ing  f rom 24 to 6 0 M P a  for  10min.  
Load ing  was then  con t inued  to failure. The  

s t rength  d i s t r ibu t ions  were also p resen ted  on  the 
fami l ia r  Weibul l  coord ina tes .  The  24 M P a  holding-  
stress s t reng th  d i s t r ibu t ion  r em a i ned  essential ly 
u n c h a n g e d  c o m p a r e d  to tha t  for  direct  s t rength  
measu remen t s .  On the o the r  hand ,  the d i s t r ibu t ions  
de t e rmined  af ter  ho ld ing  stresses o f  36, 48, and  
6 0 M P a  all exhibi ted  dist inct  b reaks  at  the low 

s t r eng th  tail c o m p a r e d  to the d i r ec t - to - f a i lu re  
d is t r ibut ions .  The  b r e a k - p o i n t  o f  this change  in the 
s t rength  d i s t r ibu t ion  was used to es t imate  the r o o m  
t e m p e r a t u r e  K~o o f  the glass in distilled water .  A / ( l o  
o f  0.21 M P a  m 1'~2 was calculated and  this value was 

c o m p a r a b l e  with o the r  es t imates  o f  the fat igue l imit  

in o the r  glass studies. 

References 

1. Adams, R. & McMillan, P. W., Static fatigue in glass. J. 
Mater. Sat'., 12 (1977) 643-57. 

2. Ritter, J. E. Jr & Manthuruthil, J., Static fatigue of silicate 
glasses. Glass Technol., 14 (1973) 60~. 

3. Holland, A. J. Jr & Turner, W. E. S., Effect of sustained 
loading on breaking strength of sheet glass. J. Soc. Glass 
Teehnol., 24 (1940) 46-57. 

4. Ritter, J. E. Jr & LaPorte, R. P., Effect of test environment 
on stress-corrosion susceptibility of glass. J. Am. Ceram. 
Sot., 58 (1975) 265 7. 

5. Wiederhorn, S. M. & Johnson, H., Effect of electrolyte pH 
on crack propagation in glass. J. Am. Ceram. Soc., 56 
(1973) 192 7. 

6. Freiman, S. W., Effect of alcohols on crack propagation in 
glass. J. Am. Ceram. Sac., 57 (1974) 350 3. 

7. Wiederhorn, S. W., Evans, A. G. & Roberts, D. E., A 
fracture mechanics study of the skylab windows. In Fracture 
Mechanics ~71 Ceramics (Vol. 2), ed. R, C. Bradt, D. P. H. 
Hasselman & F. F. Lange. Plenum, New York, 1974, pp. 
829-41. 

8. Wilkins, B. J. S. & Dutton, R., Static fatigue limit with 
particular reference to glass. J. Am. Ceram. Soe., 59 (1976) 
108 12. 

9. Wiederhorn, S. M., Fracture surface energy of glass. J. Am. 
Ceram. Soe., 52 (1969) 99 I05. 

10. G upta, P. K., Examination of the tensile strength of E-glass 
fiber in the context of slow crack growth. In Fracture 
Mechanics of  Ceramics (Vol. 5), ed. R. C. Bradt, A. G. Evans, 
D. P. H. Hasselman & F. F. Lange. Plenum, New York, 
1983, pp. 219 303. 

11. Freiman, S. W., Fracture mechanics of glass. In Glass 
Science and Technology (Vol. 5), ed. D. R. Uhlmann & N. J. 
Kriedl. Academic Press, London, 1980, pp. 21 78. 

12. Zdaniewski, W. A., Easler, T. E. & Bradt, R. C., Gamma 
radiation effects on the strength of a borosilicate glass, J. 
Am. Ceram. Sot., 66 (1983) 311 13. 

13. Baker, T. C. & Preston, F: W., Fatigue of glass under static 
loads. J. Appl. Phys., 17 (1946) 170 8. 

14. Michalske, T. A., The stress corrosion limit: Its measure- 
ment and implications. In Fracture Mechanics q/  Ceramics 
(Vol. 5), ed. R. C. Bradt, D. P. H. Hassclman, A. G. Evans & 
F. F. Lange. Plenum, 1983, pp. 277-89. 

15. Doremus, R. H., Modification of the Hilling Charles theory 
['or static fatigue of glass. Engn~ Fract. Mech., 13 (1980) 
945-53. 

16. Doremus, R. H., Fracture and fatigue of glass. In Treat on 
Mat. Sat'. and Tech. (Vol. 22, Glass III), ed. R. H. Doremus & 
M. Tomazawa. Academic Press, London, 1982, pp. 169-239. 

17. Shand, E. B., Experimental study of fracture of glass: I. The 
fracture process. J. Am. Ceram. Sot., 37 (1954) 52-60. 

18. Mould, R. E. & Southwick, R. D., Strength and static fatigue 
of abraded glass under controlled ambient conditions: II, 
Effect of various abrasions and the universal fatigue curve. 
J. Am. Ceram. Sot'., 42 (1959) 582--92. 

19. Simmons, C. J. & Freiman, S. W., Effect of corrosion 
processes on subcritical crack growth in glass. J. Am. Ceram. 
Sot., 64 (1981) 683-6. 

20. Wiederhorn, S. M. & Bolz, L. H., Stress corrosion and static 
fatigue of glass. J. Am. Ceram. Soc., 53 (1970) 543-8. 

21. Matsui, M., Soma, T. & Oda, I., Subcritical crack growth in 
electrical porcelains. In Fraet. Mech. qfCeramics (Vol. IV), 
ed. R. C. Bradt, D. P. H. Hasselman & F. F. Lange. Plenum, 
New York, 1978, pp. 711 24. 

22. Pavelchek, E. K. & Doremus, R. H., Static fatigue in glass 
A reappraisal. J. Non-co'st. Sol., 20 (1976) 305 21. 

23. Pranatis, A. L., Coaxing effect during the dynamic fatigue of 
glass. J. Am. Ceram. Soc., 52 (1969) 340 1. 

24. Mould, R. E., Strength and static fatigue of abraded glass 
under controlled ambient conditions: lII, Ageing of fresh 
abrasions. J. Am. Ceram. Soc., 43 (1960) 160 7. 


