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DYNAMIC FATIGUE OF SODIUM-SILICATE GLASSES WITH HIGH WATER CONTENT 

S. I to and M. Tomozawa 

Rensselaer Polytechnic Institute, Troy, N.I. 12181,U.S.A. 

Résumé.- On étudie la manière dont dépend la résistance mécanique de la vi­

tesse d'application des contraintes pour un verre de silicate de sodium ayant 

un contenu en eau élevé (jusqu'à 25% en poids) . Les verres ont été préparés 

par séchage de la solution commerciale de silicate de sodium dans un four 

ou dans un autoclave. La résistance mécanique a été mesurée par une méthode 

de flexion en quatre points pour des vitesses d'application des charges dif­

férentes. Ces verres ont montré une forte dépendance de la vitesse, même dans 

l'huile de paraffine sèche ; elle augmente avec la teneur en eau. La valeur 

de n, mesure de cette dépendance est approximativement 5 pour les verres avec 

^ 25% en poids d'eau. Parallèlement, le module d'Young décroit. On suggère que 

cette dépendance accrue résulte du mouvement d'eau sous l'action des contrain­

tes appliquées. De plus, la valeur apparente du module d'Young décroit avec 

la vitesse de charge. Ce phénomène est expliqué par les propriétés visco-élas-

tiques des verres. 

Abstract .- The s t r e s s - r a t e dependency of the mechanical strength of sodium s i l ­
icate glass with high water content (up to ^25% by weight) was invest igated. 
The glasses were prepared by drying commercial sodium s i l i c a t e solution in an 
oven or an autoclave. The mechanical strength of the glasses was measured by a 
four point bending method at various s t ress r a t e s . These glasses showed a 
strong s t ress ra te dependency even in dired paraffin o i l and the dependency in­
creased with increasing water content; the value of n, a measure of the s t ress 
rate dependency, was approximately 5 for glasses with ^25 wt% water. At the 
same time Young's modulus decreased with increasing water, content. I t i s sug­
gested that stress-induced motion of water i s responsible for the increased 
s t ress r a t e dependency. In addition, the apparent value of Young's modulus de­
creased with decreasing s t ress r a t e . This phenomenon was explained in terms 
of the v i sco-e las t ic property of the glasses . 

1. Introduction.- Water in the environment i s well known to affect the mechanical 
strength of glass [1 ,2] ; the strength measured in water i s about one half of that 
measured in vacuum [3], and the strength decreases with increasing loading time 
( s t a t i c fatigue) and with decreasing s t ress ra te (dynamic fa t igue) [4] . On the other 
hand, very l i t t l e i s known about the effect of water in glass on i t s mechanical 
s t rength. Recently, Wu [5] reported some data showing that the e l a s t i c modulus and 
the strength of hydrated s i l i c a t e glass decreased with increasing water content, 
while McMillan et al[6] reported that the bending strength of the soda-lime s i l i c a 
glass with a small amount of water (below 780 ppm) was not influenced by the water 
content. So far, no research has been reported on deta i l s of the effect of the 
water in glass on the strength, especial ly on fatigue phenomenon. 

In th i s study, the s t ress rate dependency of the mechanical strength and the 
e l a s t i c modulus of the sodium s i l i c a t e glass with high water content were inves t i ­
gated. 

2. Experiment.- The glasses with high water content were prepared by drying commer­
c ia l sodium s i l i c a t e solution (Na20 ^8.9 wt%, Si02 ^28.7 wt%, H.0 <V62.4 wt%; 
Na20-3.3Si02-24H20 by mole ra t io) in an oven a t 50^80°C for 5^7 days in a i r (for 
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specimens with H 0 grea te r  than 20 wt%) and then i n  an autoclave a t  8 0 ~ % 1 5 0 ~ ~  f o r  
2 

32.5 days i n  2.30 bar  N2 ( f o r  specimens with H20 l e s s  than 20 wt%). The water con- 
t e n t s  o f  these glasses  were determined from weight loss  by drying t h e  glass  a t  400 '~  
f o r  2h. The dry g lass  (Na20'3.3Si02. by mole r a t i o )  was prepared by heat ing t h e  
glass  with higb water content a t  400°C f o r  2h and subseauently meltlng t h e  dr ied  
powder a t  1450 C f o r  5h. The g lass  was annealed a t  530 C f o r  2h. The water content 
of t h e  dry glass  was determined approximately from t h e  peak i n t e n s i t y  of  IR spec- 

t r a  [7]. The glasses  were cu t  i n t o  samples %1.7 mm t h i c k ,  ' ~ 3 . 5  mm wide, %25 mm long 
with a diamond saw. The sur face  of  the specimen was polished with S i c  paper (600 

g r i t )  . Pr ior  t o  t h e  mechanical s t reng th  measurement, t h e  center  region of  one sur -  
face was abraded by a rougher S i c  paper (240 g r i t ) ,  i n  a d i rec t ion  perpendicular t o  
t h e  long axis  o f  t h e  specimen. This surface was placed on t h e  tension s ide  during 
t h e  mechanical t e s t i n g .  A l l  the pol ishing and abrading were performed i n  p a r a f f i n  
o i l .  

The mechanical s t reng th  was measured by a four po in t  bending method a t  f ive  
d i f f e r e n t  crosshead speeds (1.27 % 0.00254 cm/min.) a t  room temperature. The t e s t i n g  
was done i n  p a r a f f i n  o i l  which had been dried using P205 f o r  one week, t o  el iminate  
the e f f e c t  of  environmental water. A t  l e a s t  7 specimens were used t o  ob ta in  one 
d a t a  po in t .  

The Knoop hardness number was measured with a Kentron microhardness t e s t e r  a t  
room temperature. The glass  sur face  was pol ished,  using diamond pas te .  Within 15 
min. a f t e r  pol ishing,  the  indenter  was brought i n t o  contact  with t h e  glass  sur face  
f o r  30 s. with a 200 g load. The length of t h e  long dlagonal of the indentat ion was 
measured immediately a f t e r  removing the load. 

3. Result and Discussion.- Fracture s t reng th  vs. s t r e s s  r a t e  as a funct ion of water 
content i n  the glass  i s  shown i n  Fig. 1. The glasses  with high water content showed 
a s t rong  s t r e s s  r a t e  dependency of the f r a c t u r e  s t reng th ,  even though t h e  s t reng th  
was measured i n  p a r a f f i n  o i l .  The dependency increased with increasing water con- 
t e n t ;  t h e  value of n [8 ] ,  which was ca lcu la ted  from t h e  slope of  the  l i n e s  i n  Fig. 1, 
decreased with increasing water content.  On t h e  o ther  hand, the dry g lass  showed 
l i t t l e  s t r e s s  r a t e  dependency. 

In Figure 1, t h e  s t reng th  of  t h e  abraded dry g lass  was seen t o  be  lower than 
t h a t  of  t h e  g lass  with 15.9 w t %  H20, while t h e  general t rend appears t o  be lower 
s t reng th  f o r  higher  water containing glasses .  This apparent discrepancy i s  probably 
due t o  the  difference i n  t h e  surface microcrack geometry caused by t h e  d i f f e r e n t  
hardness. Figure 2 shows t h e  Knoop hardness vs. 
water content .  The hardness decreases with i n -  
creasing water content of t h e  g lass .  Thus it i s  

dry glass 

0.8 - 

Log Stress Rate I kg/mrn2. mi" ) 

FIG. 1. Fracture s t reng th  vs .  s t r e s s  r a t e  
f o r  glasses  with various water contents .  
(Measured i n  p a r a f f i n  o i l  a t  room temperature; 
2 standard deviat ion)  

FIG. 2. Knoop hardness number 
vs .  water content  i n  g lass .  



i s  accelerated by water i n  g lass  even when vis-  
c o e l a s t i c  behavior i s  absent.  

FIG. 4 .  Apparent Young's Modulus 

Generally, s t r e s s  i s  known t o  cause d i f fu-  V S '  rate f o r  with 

s ion  [14], and a l t e r  the loca l  concentration 
various water 

r15.161 of the  s o l u t e  i n  t h e  s o l i d .  Therefore. Standard deviation) 

expected t h a t  a g lass  with high water con- 
t e n t  would deform e a s i l y  and a microcrack 

Crosshead speed 
on i t s  surface would have a more rounded 

254 mm/mln 
t i p  than t h a t  of a dry g lass .  In f a c t  it 
was observed t h a t  t h e  abraded surface of 
the  specimens with high water content be- 
came smooth ind ica t ing  t h e  hea l ing  e f f e c t .  
I f  the  crack geometry i s  t h e  same, t h e  
s t r e n g t h  o f  t h e  dry g l a s s  would probably be 
higher than t h a t  of the g l a s s  with 15.9 w t %  - 
H20. 0 254 mrn/m~n 

Some glasses  used i n  t h i s  study showed - 
an apparent Young's modulus which var ies  
with crosshead speed as shown i n  Fig. 3. 

For t h e  highest  water content (%25 wt%H20), 
and the low crosshead speed, i n  addi t ion,  
apparently non-br i t t l e  f r a c t u r e  was obser- 
ved as  shown i n  t h e  lower curves i n  Fig. 3. 

The apparent Young's modulus value was 0 o 1 0 2 o 3 

calculated from t h e  load and t h e  def lec t ion  Oeflectlon (mm)  

of t h e  specimen [9] and i s  shown i n  Fig. 4 
as a funct ion of s t r e s s  r a t e .  From the f i -  FIG.  3 .  Load vs.  def lec t ion  a t  

gure, it i s  seen t h a t  t h e  modulus decreases crosshead speeds glass 

with increasing water content and t h e  modu- with 25.3 w t %  water. 

li of the  glasses  containing 23.1% and 
25.3% water were markedly dependent on t h e  s t r e s s  r a t e ,  while the  moduli o f  the  dry 
glass  and t h e  g lass  containing 15.9 w t %  water were independent of  t h e  s t r e s s  r a t e .  
These r e s u l t s  suggest t h a t  the  g lass  with high water content shows v i sco-e las t i c  be- 
havior. Using two p a r a l l e l  Maxwell models [ lo ] ,  t h e  v i s c o e l a s t i c  behavior was an- 
alyzed and the  e l a s t i c  modulus a t  i n f i n i t e  s t r e s s  r a t e  was calculated and i s  shown 
i n  Fig. 5. The modulus decreased gradual ly up t o  %20 w t % ,  and then rapidly with in-  
creasing water content.  This can be a t t r i b u t e d  t o  t h e  gradual loosening o f  the  
glass  s t r u c t u r e  due t o  t h e  increasing number of broken ZSi-0- bonds by water. Be- 

yond 20 w t %  H20, s t r u c t u r a l  loosening becomes accelerated s ince  the g lass  t r a n s i t i o n  

temperature approaches room temperature [ l l ]  where a l l  t h e  measurements were made. 

;he* a'load is applied t o  t h e  g lass  with high 

The s t r e s s  r a t e  dependency o f  t h e  s t r e n g t h  100- 

namely, dynamic fa t igue ,  has been usua l ly  ex- 80. 

plained by a corrosion reac t ion  [ I ]  of the  glass 
with atmospheric water o r  a sur face  energy re- 60-  

duction [12,13] due t o  water adsorption. How- - 
ever ,  i n  t h i s  study, t h e  e f f e c t  of the  water  i n  ": 40- 

the  environment i s  considered neg l ig ib le ,  s ince  , 
the  s t reng th  was measured i n  d r ied  p a r a f f i n  o i l  Z' 

and i n  f a c t ,  t h e  n value of  the  dry g lass ,  50, 2 

sured i n  t h e  presence of  water. This observa- 
was much higher  than t h e  usual n value [4] mea- - 20. 

t i o n  suggests t h a t  t h e  dynamic fa t igue  of  t h e  2 
glass  containing water i s  induced by t h e  water 

l o .  
i n  t h e  g lass .  .g 08  

I t  i s  no t  c l e a r  whether o r  not t h e  obser- 
ved v i s c o e l a s t i c  behavior has  an inf luence on z 06. 

the s t r e s s - r a t e  dependency of  t h e  s t reng th .  
However, as  shown i n  Fig. 1, the  g lass  con- 04 .  

t a in ing  15.9 w t %  water shows dynamic fa t igue ,  

even though it shows e l a s t i c  behavior ( in  

H2° 
-005% 

1 5 9&/. T;$~-r 
$/HA+- 23i0,,, 

,,v- 
253yy+ 

- 2 - 1 0 1 2 3 4  

Fig. 4 ) ,  i n d i c a t i n g  t h a t  t h e  fat igue tendency  LO^ Stress Rate ( kg/mm2 rnm ) 
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water content,  t h e  water i n  t h e  g lass  is expected 
t o  d i f f u s e  t o  a crack t i p ,  where a l a rge  t e n s i l e  
s t r e s s  e x i s t s  because of t h e  s t r e s s  concentration. %6<' 

I t  i s  poss ib le  t h a t  t h e  water diffused t o  t h e  
crack t i p  reduces t h e  s t reng th  of  t h e  g lass  - 
causing t h e  dynamic fa t igue  phenomenon. For 
example, there  a r e  ind ica t ions  [17,18] t h a t  t h e  !4 

- 

f rac ture  toughness decreases with decreasing = TI 

0 3 - 
Young's modulus, a t  l e a s t  f o r  homogeneous glasses. = 
Since Young's modulus was found t o  decrease with -g2. 
increasing water content,  t h e  s t reng th  o f  t h e  2 

glass  would decrease with increasing amount o f  ' 1 - 
diffused water. The d i f fus ion  coef f ic ien t  of  
water i s  expected t o  increase  with water content.  
This would make t h e  s t r e n g t h  of t h e  glasses  with 

O 10 20 

higher water content more s t r e s s  r a t e  suscept ible ,  
y o  lwt./.) 

as was observed here.  F I G .  5. Young's modulus a t  in- 
f i n i t e  s t r e s s  r a t e  vs .  water 

4. Conclusion.- The water i n  t h e  glass  promotes content i n  g l a s s  (+ standard 

t h e  s t r e s s  r a t e  dependency (dynamic fat igue)  of  dev ia t ion) .  
the  mechanical s t reng th  and the v i sco-e las t i c  phenomena, which makes t h e  apparent 
Young's modulus value s t r e s s  r a t e  dependent. 
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