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Mechanisms o f  A t t ack  on Glasses  i n  Aqueous Media 
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ABSTRACT 

. 7 -  

4s p a r t  o f  - -  a  program concerned w i t h  t h e  i n f l u e n c e  of 
1 - 
s u r f a c e  p r o p e t t i & &  of  g l a s s  on t h e  behav io r  of r e i n f o r c e d  

p l a s t i c s ,  we r e p o r t  h e r e  on an e l e c t r o n  microscope s t u d y  

of aqueous a t t a c k  on g l a s s .  Micrographs of E and 9 9 4  g l a s s e s ,  

t r e a t e d  i n  s o l u t i o n  of  pH 2 through 11, a r e  shown and a  

d i s c u s s i o n  of  t h e s e  micrographs i s  g i v e n .  The e f f e c t s  of  

l a r g e  s c a l e  phase  s e p a r a t i o n  i n  t h e s e  g l a s s e s  a r e  d i s c u s s e d  

and p l a u s i b l e  mechanisms f o r  aqueous a t t a c k  on t h e s e  g l a s s e s  

a r e  g i v e n .  A d e t a i l e d  d i s c u s s i o n  of g l a s s  s t r u c t u r e  and a  

su rvey  of e a r l i e r  work on chemical a t t a c k  i s  g iven  i n  t h e  

i n t r o d u c t i o n .  An a l t e r n a t i v e  approach t o  t h e  b o r i c  ox ide  

anomaly is  a l s o  sugges t ed .  

* P r o f e s s o r  o f  M a t e r i a l s  Sciences  and Department Chairman, 
S t a t e  U n i v e r s i t y  o f  New York a t  Stony Brook, L . I . ,  
New York 11790 

+Graduate  S t u d e n t ,  S t a t e  U n i v e r s i t y  $35 Nzw York a t  Stc:ny 
Brook, L .  I . ,  New York 11790 



Mechanisms of At tack on Glasses  i n  Aqueous Media 

Sumner N .  Levine* and Will iam C. Lacourse+ 

ABSTRACT 

. . 4s p a r t  -- of . . a  - program concerned w i t h  t h e  i n f l u e n c e  of 

s u i f a c e  p rope ' r t i d i  of g l a s s  on t h e  behavior  of r e i n f o r c e d  

p l a s t i c s ,  we r e p o r t  h e r e  on an e l e c t r o n  microscope s t u d y  

of aqueous a t t a c k  on g l a s s .  Micrographs of E and 994  g l a s s e s ,  

t r e a t e d  i n  s o l u t i o n  of pH 2 through 11, a r e  shown and a 

d i s c u s s i o n  of t h e s e  micrographs i s  g iven .  The e f f e c t s  o f  

l a r g e  s c a l e  phase  s e p a r a t i o n  i n  t h e s e  g l a s s e s  a r e  d i s cus sed  

and p l a u s i b l e  mechanisms f o r  aqueous a t t a c k  on t h e s e  g l a s s e s  

a r e  g iven .  A d e t a i l e d  d i s c u s s i o n  of g l a s s  s t r u c t u r e  and a  

survey  of e a r l i e r  work on chemical a t t a c k  i s  g iven  i n  t h e  

i n t r o d u c t i o n .  An a l t e r n a t i v e  approach t o  t h e  b o r i c  ox ide  

anomaly i s  a l s o  sugges ted .  

*P ro fe s so r  of  M a t e r i a l s  Sciences  and Department Chairman, 
S t a t e  U n i v e r s i t y  of New York a t  Stony Brook, L . I . ,  
New York 11790 

+Graduate S t u d e n t ,  S t a t e  Un ive r s i t y  af N ~ w  York i?t S'GC;~,-Y 
Brook, L .  I . ,  New York 11790 



In s t lady ing  t ; ? c  stt;xclc of  any S : . Z ! : S ~ A I ~ C C  nn a r ; l ; ? ~ ~ ;  

s u r f a c e ,  botli  ;;ll;.::=ir ; i l  ad chc-alcal ,r rocosscs nrc j . ~ : ~ i o r t  - 
ant. C l e c t r v n i  c ant! thermodyr,a~:lic: p r i r ~ c i p l c s  a r c  i nvolv.-:l 

and i n  j2art determine t:,c c x t c n t  t o  whic !~  t h c  g l a s s  i s  a t -  

t a c k e d .  I t  i s  conven i cn t ,  ;lowevcr, to t r e a t  t h e  chcs ica l  

r e a c t i o n s  separately  fro^;; th: :  1 ~ 1 1 . ~ 5  i c s  o f  tlrc attac!;. T n 

Class Structure - - - .. 

R e l o r e  a t t e m p t i . n g  t o  descr ibe  t h e  c i ~ e n i c a l  r e a c t i o n s  I 

-2s. 

a t  t h e  g l a s s  s ~ r f a c c ,  i t  is  : leczssnry i o  l:no\c so: : !e t~~ing o f  
I 

t h o  :;lass str~k-:-;:re. A t  t , ?c  p r e s ~ : - ! i t  t i r l ~  tile s t r ~ c t u r c  i s  
I I 

1 
110t r ~ e l l  Iinozzirl a~;cl there i s  i ~ o  tiieorSy r~li-iicil ~ 3 i l  cxplail l  311 I 

j 

p i ~ y s i c a l  p r o p e r t i c s  o f  31 ass .  Tircro a re  t iso n a j o r  t l i eo r i e s ,  I 

The raniior:~ . i ~ e t : < ~ r k  t h ~ o r y ,  ;;:lese .iiajcjr proponents arc. 
' : 

Ar:lericar,, W ~ S  f i r s t  il?-tro;i;.;ccd. by IS~::~;;ar'.~os;.;l'i i~ : :  t ; ~ e  e;;i::.:!;, I 



hedra or triangles) are occupied by multiplicharged ions 

such as ~ i * ~  or P * ~ .  These, together with the oxygen ions, 

are the main constituents of the structure and are called 

"network formers", The oxygen ions are bonded to the net- 

work forming ions and are either "bridging" (bonding two 

polyhedra to each other) or "non-bridging" which, as the 

name implies, belong to only one polyhedra. Fig. 1 shows a 

pure vitreous silicate structure having only bridging oxy- 

gen ions, while Fig. 2 shows an alkali-silicate glass 

having both bridging and non-bridging oxygen ions. 

When there are non-bridging oxygens present there 

will be an excess negative charge in the glass since these 

oxygen ions are negatively charged. Electronic neutrality 

is achieved by introduction of metal ions such as ~ a * ,  K*, 
++ 

or Ca which are electrostatically attracted to positions 

of electron excess and balance the negative charge on the 

oxygen. Although these metal ions are not part of the main 

network they do influence glass properties and are called 

"network modifiers" . 
Comparing Figs. 1 and 2 it is seen that as the number 

of non-bridging ions increases, the network becomes less 

connected. The three dimensional network is periodicxlly 

broken, the interstitial positions become larger, and the 

cations are more f ree  to migrate in the glass. Properties 

such as the thermal coefficient of expansion, elezrrica? 



conductivity and viscosity, which would be affected by the 

above structural changes, are found experimentally to vary 

with the content of non-bridging oxygen ions. The ther- 

nial coefficient of expansion and electrical conductivity 

both increase with increasing non-bridging oxygen content 

while viscosity and melting point are found to decrease. 

The random network theory, however, is not able to 

explain all properties of glass and many workers, mainly 

Russian, have proposed a theory which considers silicate 

glass to be an accumulation of submicro-crystalline forma- 

tions of silicates and silica. These formations are 

separated by amorphous regions where the degree of ordering 

decreases with increasing distance from the crystalline 

regions. The microcrystalline regions are not of a perfect 

crystalline structure, but are considered to be somewhat 

deformed while retaining the basic structure of a normal 

lattice. 

Experimental support for the crystallir.? theory of glass 

structure is supplied by the abrupt changes found in the 

refractive index of many glasses. This change, which 

occurs in specific temperature ranges, c~.rr.:spcz?ds 20 i:.?? - 
" 1 tain heterogeneous transformations in cry:i:.?~.l:.z;le 5 l l i c J .  C- :, 

f -  ?f?Q?JS The crystal1j::e theory also postulates a microheterog;;-.. 

structure for many glasses, the existence 05' \(rh:;..c.J-i 1s ..,. nr i . . -  a -. 
f, ",i ., 

f ied by the following experiment descrLbsrl bv Y ~ ! r s t * , . ~ ~ ~ ~ y ~ ~ ? ~ .  .'. 



" I f  a  p l a t e  of sodium b o r o s i l i c a t e  is  ben t  and t r e a t e d  
w i t h  a c i d  i n  t h a t  cond i t i on  t o  l e a c h  o u t  t h e  sodium 
b o r a t e  component, and t h e  bending s t r e s s  i s  removed, 
t h e  p l a t e  resumes t h e  form it had be fo re  t h e  deforma- 
t i o n  and l e a c h i n g .  Therefore ,  t h e  fundamental s t r u c -  
t u r e  of t h e  p l a t e  remained unchanged dur ing  t h e  l e a -  
ch ing ,  and r e t a i n e d  t h e  deforming s t r e s s e s .  Th is  ex-  
per iment  p rov ides  d i r e c t  proof o f  t h e  independent e x i s -  
t e n c e  of  two s t r u c t u r e s  i n  t h e  g l a s s :  s i l i c a  and sod-  
ium b o r a t e , "  

The random network theo ry  does not  p r e d i c t  t h i s  phenomena 

s i n c e  fo rmat ions  of  d e f i n i t e  chemical composi t ions  a r e  i g -  

nored.  A s  no ted  by ~ o l l a n d ~ ~ ) h o w e v e r ,  when one c o n s i d e r s  t h e  

c r y s t a l l i t e  t heo ry  he i s  speaking of c r y s t a l  dimension of 
0 

only 10-20 A and i t  i s  d i f f i c u l t  when dea l ing  w i t h  such 

smal l  e n t i t i e s  t o  s e e  where t h e  concepts  of  an i r r e g u l a r  

network and s h o r t  range order  begin t o  d i f f e r .  On t h e  b a s i s  

of X-ray d i f f r a c t i o n  d a t a  warreni4) c a l c u l a t e s  t h e  S i - 0  bond 
0 

l e n g t h  t o  be 2 . 6 3  R and t h e  width of one t e t r a h e d r a  i s  on 
0 

t h e  o r d e r  of 7 A . Using t h i s  f a c t ,  i t  would indeed be d i f -  

f i c u l t  t o  d e f i n e  a c r y s t a l l i n e  reg ion  of t h e  g l a s s  only  10-  
0 

20 A i n  w id th .  Warren was ;.lei: a b l e  t o  determine any 

i n t e r a t o m i c  d i s t a n c e s  beyond t h e  n e a r e s t  neighbor d i s t a n c e ,  

a  f a c t  o f t e n  c i t e d  a s  evidence f o r  t h e  random network t h e o r y ,  

The Bor i c  Oxide Ano~naly -...-- 

I t  would be expected from the  random nctvro-1 *?.?r\-v o f  

g l a s s  s t r u c t u r e  t h a t  S i n Z  would form a t e t r a h e d r a l  - -:r:~d:ture 

, L  a  : . r n e s  i n  t h e  v i t r e o u s  s t a t e  having an oxygen a " r 7 s  



connected t o  two t e t r a h e d r a  g iv ing  r i s e  t o  t h e  random n e t -  

work, Using t h e  same phys i ca l  r ea son ing ,  one would expect  

t h a t  a  b o r i c  ox ide  g l a s s  (B203) would have t r i a n g u l a r  co- 

o r d i n a t i o n  w i t h  boron i n  t h e  c e n t e r  of a  t r i a n g l e  formed 

by 3  oxygen atoms. Each would be bonded t o  two boron atoms 

a g a i n  y  : 2diding a  random network. (see i lq 3 )  

I t  has  been shown by X-ray d i f f r a c t i o n  of  soda-bor ic  

ox ide  g l a s s e s  t h a t  t h e  l eng th  of t h e  B-0 bond i n c r e a s e s  wi th  

i n c r e a s i n g  soda  c o n t e n t  whi le  t h a t  of  S i - 0  bond remains con- 

s t a n t .  Using t h i s  f a c t ,  ~ a r r e n ( ~ ) ~ o s t u l a t e s  t h a t  a s  NaZO 

i s  i n t roduced  i n t o  t h e  g l a s s  some of  t h e  boron w i l l  t r a n s -  

form from t r i a f i g u l a r  t o  t e t r a h e d r a l  co -o rd ina t ion .  The 

dua l  e x i s t e n c e  of boron i n  each s t r u c t u r e  is  known a s  t h e  

b o r i c  ox ide  anomaly and i s  exp la ined  by Warren i n  t h e  f o l -  

lowing way. A s  t h e  soda i s  added t o  t h e  g l a s s ,  t h e  amount 

of oxygen is i n c r e a s e d  accord ing ly ,  The boron use s  t h i s  

oxygen t o  i n c r e a s e  i t s  co -o rd ina t ion  and t rans forms  t o  t h e  

t e t r a h e d r a l  s t r u c t u r e .  This p rocess  con t inues  u n t i l  t h e  

composi t ion of NaZO reaches  1 3 % .  

There a r e  two ques t i ons  t o  be  answered, F i r s t ,  why 

do t h e  borons assume t h e  t e t r a h e d r a l  c o - o r d l n a t ~ o f i  a t  smal l  

-I : :,. KaZO c o n t e n t  and secondly ,  why does t h e  ; ?  : .  c -  i -.zo? .... A e  ,; 

Na20? Warren answers t h e s e  q u e s t i o n s  on r n e  h c s i i  of t h e  

number of  non-br idg ing  oxygen ions  ink roduced  13x0 t h c  g l a s s  

a ,  

by Na20. I f  a l l  t h e  boron were t o  rr:::.'.. -i? At. . -k3:& .~ . 



o r d i n a t i o n  t h e r e  would b e ,  upon t h e  a d d i t i o n  of  Na20, two 

k i n d s  of oxygen, b r i d g i n g  and n o n - b r i d g i n g .  

The sodium i o n s  be ing  p o s i t i v e l y  charged w i l l  t r y  t o  

assume a  p o s i t i o n  i n  which i t s  c h a r g e  w i l l  be ba lanced  by 

n o n - b r i d g i n g  oxygens. A t  low soda  c o n t e n t  t h i s  i s  v e r y  

h a r d  t o  accompl ish  s i n c e  t h e  number o f  ~ a *  i o n s  and p a r t i a l l y  

c h a r g e d  o x y g e n s z r c  s m a l l  and a r e  t h e r e f o r e  widely  s e p a r a t e d .  

I f  as many a s  p o s s i b l e  of  t h e  borons  were  t o  change t o  t h e  

t e t r a h e d r a l  s t r u c t u r e  t h e r e  w i l l  be  a  f o u r  f o l d  i n c r e a s e  i n  

t h e  number o f  p a r t i a l l y  charged oxygens.  In  t r i a n g u l a r  co-  

o r d i n a t i o n  t h e r e  would be  a  f u l l  n e g a t i v e  charge  on one 

n o n - b r i d g i n g  oxygen i o n .  A f t e r  t h e  t r a n s f o r m a t i o n  t h e r e  w i l l  

b e  4 oxygens w i t h  p a r t i a l  c h a r g e s .  T h i s  i s  because  each t r i -  

v a l e n t  c a t i o n  B + ~  h a s  h a l f  i n t e r e s t  i n  4 doubly charged 

oxygens .  With t h e  i n c r e a s e  i n  t h e  number of u n s a t u r a t e d  

oxygens t h e r e  i s  a g r e a t e r  o p p o r t u n i t y  f o r  t h e  sodium i o n  

t o  become e l e c t r o s t a t i c a l l y  n e u t r a l .  The n e u t r a l i z e d  

c a t i o n  r e p r e s e n t s  a  lower energy s t a t e  f o r  t h e  g l a s s  and t h e  

p r o c e s s  i s  t h e r e f o r e  f a v o r a b l e .  When t h e  soda c o n t e n t  

r e a c h e s  a  c e r t a i n  l e v e l  t h e r e  w i l l  b e  s u f f i c i e n t  u n s a t u r a t e d  
+ 

i o n s  t o  p r o v i d e  t h e  n e c e s s a r y  s u r r o u n d i n g s  f o r  t h e  Na and 

t h e r e  is no f u r t h e r  need f o r  t h e  t r a n s f o r m a t i c n  t o  t a k e  

p l a c e .  Warren c a l c u l a t e s  t h i s  c o n c e n t r a t i o n  t o  L" abou t  i2 , , . 55  

There a r e  a s p e c t s  of t h e  boron anomaly, a s  ?-e5?qted 
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the contention of the authors, however, that because of its 

rela.tively low field strength (1.1 as compared to 75.0 for 

the ~ a +  ion will have a negligable effect on the co- 

ordination of the boron. 

A second objection to Warren's explanation of the 

boron anomaly is the soda content given at which the trans- 

formation stops. This value of approximately 15 mole % 

soda has been questioned by several workers.(5,6). J. Krogh- 

Moe (5) states that there is no saturation of tetrahedrally 

coordinated boron in the range of 15-20 mole % alkali and 

that the limiting value is more nearly 33%. Using infrared 

spectoscopy Borrelli, et al. (6) have also shown that there 

is no saturation in the range of 15-20 mole %. However, 

certain property changes of alkali boric oxide glasses sug- 

gest a limiting value of alkali content. It is found, for 

instance, that if the volume of glass containing 1 mole of 

oxygen is plotted as a function of alkali content, the curve 

contains a minimum which may be associated with a maximum in 
- 

B04 tetrahedra. (7) 

A plausible alternative as to tlie reason for this 

minimum is as follows. It is suggestrc2. that the limitillg 

force prohibiting further coordination transformation 

originates from a volume consideration. In a pure boric 

oxide glass, which contains only B203 triangles, t h e  



s t r u c t u r e  i s  r a t h e r  l o o s e  s i n c e  each t r i a n g l e  i s  connected 

a long  on ly  3 d i r e c t i o n s .  The i n t e r s t i c i a l  s i t e s ,  which would 

be f i l l e d  by a  c a t i o n  e n t e r i n g  t h e  g l a s s ,  a r e  l a r g e .  When 

soda i s  i n t roduced  i n t o  t h e  g l a s s  a s  many a s  p o s s i b l e  of t h e  

boron change t o  t h e  t e t r a h e d r a l  s t r u c t u r e .  I n  :'r>ing; so  t h e  

network becomes bonded i n  4 d i r e c t i o n s  and i s  more t i g h t l y  

k n i t .  A s  more boron assumes t h e  t e t r a h e d r a l  s t r u c t u r e  t h e  

i n t e r s t i c i a l  s i t e s  become sma l l e r .  I t  i s  suggested t h a t  t h e  

l i m i t i n g  soda c o n t e n t  would be t h a t  c o n c e n t r a t i o n  a t  which 

t h e  s t r a i n  energy ,  caused by t h e  sodium i o n  e n t e r i n g  t h e  

i n t e r s t i c i a l  s i t e s  i s  equal  t o  t h e  d r i v i n g  f o r c e  f o r  t h e  

t r ans fo rma t ion .  ( i . e .  t h e  g a i n  i n  t o t a l  bond energy on 

t rans forming  t o  t h e  t e t r a h e d r a l  s t r u c t u r e . )  

The r e a c t i o n  which now may t a k e  p l a c e  i s  shown below. 
i (a) i I tc l I 

I I 
I n  t h e  above r e a c t i o n ,  which invc.ij:c;s t h e  replacement of 

an oxygen i n  one t r i a n g l e  by t h e  oxygen in t roduced  by t h e  

soda ,  and t h e  fo rma t ion  of two non-br idg ing  oxygen i o n s ,  

t h e  r e s u l t  is a  " loose r "  boron network. S incc  t h e  i n t c r -  

s t i c i a l  p o s i t i o n  would be too smal l  t o  accommodate more 

Xaf i o n s  t h e  f a v o r a b l e  r e a c t i o n  is  t o  b reak  t h e  B - O - B  

bond the reby  i n c r e a s i n g  t h e  s i z c  of t h e  i n t c r s t i c i a l  s i t e :  
+ 

and p r o v i d i n g  s u i t a b l e  atmosphere f o r  t h e  Na ions , ,  



Experimental evidence supporting the above explanation 

is found in a paper by Krogh-Moe (7). In a plot of volume 

of glass containing 1 mole of oxygen (Vm) versus alkali 

content (x) the minimum in the curves were found at K = 

4 mole % ,  Na = 17 mole % and I:i = 30 mole %. This is to be 
expected since the ionic radii of K', ~ a * ,  and L j  ' are 

0 0 0 

1 . 3 3 A ,  . 9 5 A  and .GOA respectively. It is seen that the ion 

with the largest radius produces a minimum in the Vm vs x 

curve at the lowest mole concentration. 

The above explanation also explains the fact that 

Aluminum, which is also trivalent, exists almost 100% in 

the tetrahedral structure. The B - 0  bond is much tighter 

than the A1 bond and therefore the intersticial positions 

are smaller. It is therefore easier for the alkali ions to 

enter an intersticial position in a glass with high alumi- 

num content. 

It mould be noted that there are many conflicting 

theories used to describe the boron anomaly, and there is 

also much conflicting data. A complete understanding of 

the problem will necessitate more reliable experimental 

techniques in measuring the limiting fraction of boron 

tetrahedra. As yet the methods used are not well under- 

stood (6) and the results must t l i e re fore  he care.ftll.iy 

screened. It should also be apparent that quantum as 

as classical mecha.nics should be applied to the prol~len 



s i n c e  pu re ly  c l a s s i c a l  mechanical approaches have f a i l e d  t o  

e x p l a i n  t h e  phenomena completely.  

Sur face  S t r u c t u r e  and 1nhomogenit.ies .- 

Although Zacharesctn's t h e ~  ry works we l l  i n  most c a s e s ,  

t h e r e  i s  evidence t h a t  if:. does n,.)t t r u l y  r e p r e s e n t  t h e  s u r f a c e  

s t r u c t u r e  of many g l a s s e s .  ~ e n s l e ~ ( ~ ) ,  found t h a t  i n  "Pyrex" 

and some s o f t  g l a s s e s ,  t h e r e  a r c  no po lyva len t  me ta l  ions  a t  

t h e  s u r f a c e .  Ys t e s  and Tr ib i lcoc '  ( 9 )  propose t h a t  a  com- 

p l e t e l y  random d i s t r i b u t i o n  of t h c  meta l  ions  i s  n o t  one 

which l eads  t o  a  minimum i n  s u r f a c e  energy and t h e r e f o r e  

c e r t a i n  components w i l l  tend t o  r e s i d e  away from t h e  s u r f a c e  

l a y e r .  Magnesium i o n s  have a  smal l  r a d i u s  and a r e  doubly 

charged.  These i ons  t h e r e f o r e  have a  h igh  f o r c e  f i e l d  and 

would be a  h igh  s u r f a c e  energy c o n s t i t u e n t .  Other c a t i o n s  

having high f o r c e  f i e l d s  a r e  ~ i +  and ~ a * ' .  Sodium ions  on 

t h e  o t h e r  hand a r e  s i n g l y  charged and have a  r a d i u s  compa- 

r a b l e  t o  t h a t  of  ca lc ium,  and t h e r e f o r e  have a  r e l a t i v e l y  

low f o r c e  f i e l d .  

The a u t h o r s  of t h i s  paper have r epo r t ed  i n  a s e p a r a t e  
++ 

r e p o r t  (10) on t h e  c.I)sence of Ca i o n s  i n  t h e  s u r f a c e  

s t r u c t u r e  of  "El' g7  iss. I t  i s  be l i eved  tlzat i n  t h i s  g l a s s  

any non-br idging #xygen i o n s  a t  t h e  s u r f a c e  a r c  b:;lanccd 

by low s u r f a c e  r ergy  c a t i o n s  such as sodium r;nci t hn i  t h ?  

call.cium tends  -0 r e s i d e  away from t h e  s u r f a c e .  I t  i s  a l s o  



..ly ill, 
'J,,., ~%y&&)~,>., 

Courid t h a t  i n  many g l a s s e s  volatilization of c e r t a i n  con- 

s t i t u e n t s  from t h e  s u r f a c e  can c r e a t e  a  s u r f a c e  s t r u c t u r e  

q u i t e  d i f f e r e n t  from t h a t  of  t h e  b u l k ,  and i n  some case s  

can cause  d e v i t r i f i c a t i o n  of a  s u r f a c e  l a y e r .  (11) 

Other inhomogeni t i es  found i n  g l a s s  a r e  s t o n e s ,  

bubblesand co rds .  ( I2)  S tones ,  unmelted s i l i c o n s  , occur  

very  r a r e l y  and a r e  of  l i t t l e  importance i n  t h i s  work. 

Bubbles may be  i n  t h e  ba t ch  by a i r  o r  wa te r  vapor .  Cords 

a r e  r e g i o n s  where one o r  more components a r e  s eg rega t ed .  

These r e g i o n s  may appear  because of a  nonhomogeneous b a t c h ,  

non uniform m e l t i n g  of va r ious  c o n s t i t u e n t s  i n  t h e  ba t ch ,  

and becausc  of  c e r t a i n  r e a c t i o n s  a t  t h e  s u r f a c e  of  t h e  

g l a s s  such  a s  v o l a t i l i z a t i o n  of c e r t a i n  c o n s t i t u e n t s .  

Phase s e p a r a t i o n  may occur t o  a: a p p r e c i a b l e  e x t e n t  

i n  many g l a s s e s .  W .  Vogel s t a t e s  t h a t  when a l . i t ,uid 

g l a s s  me l t  i s  coo led ,  t h e  same f o r c e s  which cause  c r y s t a l -  

l i z a t i o n  i n  me ta l s  cause  aggrega t ion  of l i k e  atoms o r  atomic 

groups  i n  t h e  g l a s s .  He s t a t e s  t h a t  i f  t h e  c a t i o n s  i n  t h e  

g l a s s  have on ly  a s l i g h t  f i e l d  s t r e n g t h ,  t h e r e  i s  l i t t l e  

a g g r e g a t i o n  and t h e  g l a s s  i s  b e s t  d e s c r i b e d  by t h e  random 

network theo ry .  On t h e  o t h e r  hand, c a t ~ o n s  w i t h  h igh  f i e l d  

s t r e n g t h s  have a h igh  r a t e  of o rde r ing  and t h e r e  may bc 

form:it.in:! of  c r y s t a l l i - : s  i n  a  c e l l  l i k e  r e g i o n  of  hi(- '?  
*,-.*-. 

c a t i o n  c o n t e n t .  E l e c t r o n  micrographs a r e  used as evidelrcc?,; 



I t  would be expected t h a t  phase sepa. ra t ion would l e a d  t o  

p r e f e r e n t i a l  chemical  a t t a c k  on t h e  g l a s s  s t r u c t u r e .  Ev- 

idence t h a t  t h i s  is  indeed t h e  ca se  i s  provided i n  a  l a t e r  

s e c t i o n  of t h i s  r e p o r t .  A more d e t a i l e d  a n a l y s i s  of t h e  

reasons  f o r  phase  s e p a r a t i o n  w i l l  a l s o  be given.  

E l e c t r o n e g a t i v i  t y  E E f  e c t s  

I n  c o n s i d e r i n g  t h e  g l a s s  s t r u c t u r e  a s  proposed by 

Zachar iasen i t  must be remembered t h a t  t h e  bonding between 

t h e  network formers  and oxygen ions  i s  n o t  complete ly  co- 

v a l e n t .  This i s  of  extreme importance when cons ide r ing  

mechanisms of a t t a c k  on g l a s s .  S ince  oxygen has a g r e a t e r  

e l e c t r o n e g a t i v i t y  ( E N )  t h a n  does s i l i c o n  o r  boron, t h e  

p r o b a b i l i t y  of f i n d i n g  t h e  shared  e l e c t r o n  around t h e  

oxygen i o n  i s  g r e a t e r  t h a ~ l  t h a t  around t h e  network former.  

Consequently, t h e  oxygen w i l l  behave a s  a c e n t e r  of nega t ive  

charge and t h e r e  w i l l  be  an e f f e c t i v e  p o s i t i v e  cha rge  a s -  

s o c i a t e d  w i t h  t h e  network formers .  Table  2 c o n t a i n s  t h e  

e l e c t r o n e g a t i v i t i e s  of  t h e  elements of  i n t e r e s t .  I t  i s  

seen from t h e  t a b l e  t h a t  A l ,  a  network former ,  h a s  a r e l -  

a t i v e l y  low EN and i t  would be expected t h a t  t h e  aluminum 

s i t e s  i n  t h e  g l a s s  would be c e n t e r s  of  a t t a c k  by bases  whi le  

they would be most s t a b l e  under a c i d  a t t a c k .  Boron has an 

EN comparable t o  t h a t  of  oxygen and one would expec t  a b o r i c  

oxide g l a s s  t o  be more s t a b l e  under a t t a c k  by bases  t han  



glasses containing either A1 or Si. This is not the case 

however. The electronegativities of the glass constituents 

provide a starting point upon which the theories of aqueous 

attack may be based, but for many glasses, especially those 

containing trivalent ions such a boron and aluminum, one 

must take care not to give too much importance to the 

electronegativities. Glasses containing trivalent net- 

work formers will be discussed more fully in a later section 

of this report. 

Mechanisms of Attack 

One of the best theoretical treatments of chemical 

attack on silicate glass is given by Budd. (I3) The author 

classifies attacking reagents in two groups. Electrophillic 

reagents are those which seek to attack positions of excess 

electrons and nucleophillic reagents seek regions of an 

electron deficit. Examples of each type are given below: 

o - ~  - strongly nucleophilic 

OH- - strongly nucleophilic 

F -  - moderately nucleophilic 

M+ - strongly electrophil ic 

It would be expected that OH- and (I-- would attack 

the Si-0-Si bond since, due to the el.ectroncqativity c!if - 

ference, the electrons are still more tig21tly bas- led to t l y r .  

oxygen leaving the Si with an effective positive cha rqe ,  



which i s  then  a  c e n t e r  of n u c l e o p h i l i c  a t t a c k .  The network 
' I  

m o d i f i e r s ,  a l t hough  t h e y  clo n o t  t ake  p a r t  i n  a  chemical r e -  - i, " ; / 
1 1 :  

a c t i o n ,  a r e  a f f e c t e d  by t h e  a t t a c k .  Due t o  t h e  presence of 

OH- and 0 - -  a  n e g a t i v e  charge i s  b u i l t  up a t  t h e  s u r f a c e .  
+ ++ 

Cat ions  such a s  Na , K + ,  o r  Ca may mig ra t e  t o  t h e  s u r f a c e  

i n  o r d e r  t o  ba l ance  t h e  nega t ive  charge and thus  lower t h e  " ,  
, 

s u r f a c e  energy.  A t  t h e  s u r f a c e  t h e s e  i o n s  may t a k e  p a r t  i n  
+ 

an i o n  exchange p r o c e s s  w i t h  H i ons .  Metal  i o n s  e n t e r  t h e  

s o l u t i o n  and t h e  H+ e n t e r  t h e  g l a s s  t o  p r e se rve  e l e c t r o n i c  I 

' I i 1 
! I  ! ' , I  

n e u t r a l i t y .  Which c a t i o n s  migra te  depends on t h e  magnitude i 1 %  
I I 

J I *  
I i :  

of t h e  e l e c t r o s t a t i c  i n t e r a c t i o n  between them and t h e  non- 

b r i d g i n g  i o n s ,  and on t h e  s i z e  of t h e  c a t i o n s .  ( 14 )  

A t  t h i s  p o i n t  it would be i n s t r u c t i v e  t o  g ive  s p e c i f i c  , 1 6  1 1  
I / 1  I 

8 ,  

examples of  t h e s e  mechanisms. The fo l lowing  examples a r e  

t aken  from Budd's work, and a r e  a p p l i c a b l e  t o  most s i l i c a t e  

g l a s s e s .  (13) 

1. E l e c t r o p h i l i c  a t t a c k  on non-br idging oxygen i o n s :  j I ) I  I f  

i 11 

(a) I la > ! 

, 
I I I 1 I ;I 

1 . 3 

1 
I 

I 
I 1 + + i ,  

H-X I 
$! - k ., 

I 

I n  t h e  above r e a c t i o n  t h e  fo l lowing  mecl?anism ~ O V C ~ ~ I I S , :  

I n i t i a l l y  t h e r e  i s  a n  e l e c t r o s t a t i c  a t t r a c t i o n  between t h e  i,i 
I I 1) 

and M+ i o n s .  When 11-X i s  introcluced i t  becomes p a r t l a l ? y  
I 

I 
A 1  j I 

I( 



bonded t o  t h e  0 - i o n ,  t h e  nega t ive  charge  of t h e  0 -  being 

shared  wi th  t h e  X- i o n  a s  shown i n  t h e  second s t e p .  F i -  

n a l l y  t h e  H* w i l l  be  complete ly  bonded t o  t h e  0' and t h e  

X- i o n  w i l l  be l e f t  w i t h  a  minus charge.  The meta l  i o n  

M+ w i l l  seek a  new p o s i t i o n  s i n c e  t h e r e  i s  no longe r  a  need 

f o r  i t  t o  ba l ance  t h e  0-  charge.  This  new p o s i t i o n  may 

be i n  t h e  s o l u t i o n  o r  a s  a  l a t i c e  i o n  i n  t h e  c r y s t a l  MX. 

2 .  I\;' . c l e o p h i l i c  att;:c;. on s i l i c o n  atoms: 

( a ) .  A t t ack  by 0 - -  of -metal  ox ides -  

I n  t h e  above example, t h e  doubly charged i o n  w i l l  be 

e l e c t r o s t a t i c a l l y  a t t r a c t e d  t o  t he  p o s i t i v e l y  charged r eg ion  

around t h e  s i l i c o n .  S i l i c o n  w i l l  r e a c t  wi th  t h i s  doubly 

charged oxygen w i t h  t h e  r e s u l t  t h a t  t h e  S i - 0 - S i  bond i s  

s p l i t  w i t h  t h e  0 - -  i o n  r ep l ac ing  t h g  0 i n  one t e t r a h e d r a .  

The f i n a l  r e s u l t  i s  a f r a c t u r e d  network w i th  two non-bl idging 

oxygen i o n s ,  each of a  s i n g l e  nega t ive  charge .  Ca t ions  may 

now e n t e r  t h e  g l a s s  t o  p r e se rve  e l e c t r o n i c  n e u t r a l i t y  by 

r e s i d i n g  i n  t h e  r e g i o n  of t h e s e  non-br idging i o n s ,  The 

above r e a c t i o n  may be considered a s  what happens when a 

me ta l  oxide  di.,solves + i n  t h e  g l a s s  durrrig i t s  form.atro1-i. 



(b)  . At tack  by 01.1- i ons :  

I I 
(a1 Ib ) I (c 1 

Here a g a i n  t h e  OH- i o n  being s t r o n g l y  n u c l e o p h i l i c  i s  

a t t r a c t e d  t o  t h e  p o s i t i v e l y  charged r e g i o n  about t h e  s i l i c o n .  

The 01.1- r e a c t s  w i t h  t h e  s i l i c o n  and r ep l aces  t h e  b r idg ing  

oxygen. The r e s u l t  i s  aga in  a  f r a c t u r e d  network w i t h  one 

s i l i c o n  forming a  Si-OH, group and t h e  o the r  t e t r a h e d r a  

having a  non-br idg ing  oxygen ion .  E l e c t r o n i c  n e u t r a l i t y  may 

be achieved by two p o s s i b l e  mechanisms. 

I .  M* may d i f f u s e  i n t o  t h e  g l a s s .  

11. E l e c t r o p h i l i c  a t t a c k  on t h e  non-bridging oxygen 

may t a k e  p l a c e  by (H30)+ which l eads  t o  t he  r e g e n e r a t i o n  of 

an  011- i on .  I n  t h i s  way, t h e  p rocess  i s  conti larouswith t h e  

OH' i o n  s e r v i n g  a s  a  c a t a l y s t  f o r  t h e  a t t a c k  of  1120 on t h e  

network. 

( c ) .  A t t ack  by H Z O  
j C bl  



H 2 0  i s  a  weak nuc leophi le  s i n c e  t h e r e  i s  only  a  

p a r t i a l  charge on t h e  oxygen and hydrogen atoms. Due t o  

t h e  EN d i f f e r e n c e ,  however, t h e  oxygen h a s  an e f f e c t i v e  

n e g a t i v e  charge and t h e r e f o r e  w i l l  be weakly a t t r a c t e d  t o  

t h e  s i l i c o n  s i t e s .  A s  i t  becomes more c l o s e l y  u n i t e d  w i th  

t h e  s i l i c o n  one of t h e  hydrogens w i l l  be ion ized  leav ing  

a  hydroxyl i o n  which s p l i t s  t h e  network and r ep l aces  one 

oxygen leav ing  one s i l i c o n  t e t r ahed ron  w i t h  a non-br idging 

i o n .  

The d i s c u s s i o n  g iven  above has been concerned wi th  an 

i d e a l i z e d  s i l i c a t e  g l a s s  and r eagen t s .  Such t h i n g s  a s  an  

inhomogenous s t r u c t u r e ,  s u r f a c e  i r r e g u l a r i t i e s ,  and some 

s p e c i a l  r eagen t s  w i l l  n e c e s s i t a t e  modifying o r  adding t o  

t h e  theory .  Molchanov and Pukkisko f o r  example, (1 5) 

l i s t  hydroxide s o l u t i o n s  i n  t he  o rder  of decreas ing  d e s t r u c -  

t i v e  a c t i o n  a s  NaOII 3, KOH :- NH40H ) Da(n:!: ,> I I Z O  )Ca (OH) 2. 
w 

This  does no t  agree  wi th  t h e  expected o r d e r  based on d i s -  

a s s o c i a t i o n  c o n s t a n t s .  One would expect  t o  f i n d  Ca(0ll) 

above H Z O ,  a  weak nuc l coph i l e  which has l i m i t e d  d i s a s s o c i a -  

t i o n .  The a c t i o n  of calcium hydroxide i s  weak because a  

secondary r e a c t i o n ,  invo lv ing  t h e  fo rmat ion  of i n s o l u b l e  

ca lc ium s i l i c a t e ,  r e t a r d s  t h e  a t t a c k  by forming a  p r o t e c t i v e  

c o a t i n g .  

Some s p e c i a l  r eagen t s  a r e  a b l e  t o  a t t a c k  a g l a s s  t o  

a  much g r e a t e r  e x t e n t  t han  one would expec t .  I fyd ro f lo r i c  



a c i d ,  f o r  example,  a t t a c k s  s i l i c a t e  g l a s s  much more s t r o n g l y  

t h a n  HCL even though b o t h  a r e  comple te ly  d i s a s s o c i a t e d  i n  an  
, t 

H20 s o l u t i o n .  The mechanism f o r  t h e  a t t a c k  is  b a s i c a l l y  t h e  I I 
s ' 

same a s  i n  t h e  o t h e r  c a s e s .  H+ a t t a c k s  t h e  n o n - b r i d g i n g  

oxygens t o  form t h e  s i l a n o l  g roup ,  b u t  i n  t d l 1 ;  c a s e  t h e  r e -  

a c t i o n  r a t e  i s  i n c r e a s e d  due t o  t h e  s imul t aneous  a t t a c k  of  

t h e  F- i o n  on t h e  s i l i c a t e  s t r u c t u r e  as shown below. (13) 

i ! 

The f l u o r i n e  a tom,  s i n c e  i t s  E N  i s  g r e a t e r  t h a n  t h a t  

o f  oxygen,  i s  a b l e  t o  r e p l a c e  t h e  oxygen i n  one s i l i c a t e  

t e t r a h e d r a .  The S i - 0 - S i  bond, t h u s  b roken ,  l e a v e s  a non- 1 

b r i d g i n g  oxygen i o n  which i n  

P h y s i c a l  Aspec t s  o f  A t t a c k  

t u r n  i s  a t t a c k e d  by t h e  H+ i o n s .  

The e f f e c t s  o f  h e a t i n g  a g l a s s  i n  t h e  a t t a c k i n g  s o -  

l u t i o n  i s  w e l l  known. B o i l i n g  t h e  a t t a c k i n g  r e a g e n t  is  

w i d e l y  used  a s  a  method o f  a c c e l e r a t i n g  t h e  a t t a c k .  Not 

o n l y  d o e s  t h e  s o l u t i o n  u s u a l l y  d i s a s s o c i a t e  t o  a z r c a t e r  

e x t e n t ,  b u t  t h e  g l a s s  network opens c o n s i d e r a b l y ,  which  

a l l o w s  t h e  c a t i o n s  t o  m i g r a t e  q u i t e  f r e e l y  i n  the g l a s s ,  ( i 4 )  

One f u r t h e r  p h y s i c a l  e f f e c t  which d e s c r v e s  a t t e n t i o n  i s  t l i . , '  

o f  p r e f e r e n t i a l  a t t a c k  a t  s u r f a c e  i r r e g u l a r i t i e s  such  P=- 



- 2 0  - 

non-homogeneous r eg ions  and s t r e s s  r a i s e r s  (microcracks,  

f r a c t u r e  s t e p s ,  bubb le s ) .  Tichane and C a r r i e r  (16) have shown 

by e l e c t i o n  microscopy t h a t  a  weathered soda-l ime g l a s s  

s u r f a c e  becomes a lmost  completely smooth, a t  a  magni f ica t ion  

of 8 0 , 0 0 O X ,  under t h e  a c t i o n  of HF and H 2 0  N i t r i c  and 

phosphor ic  a c i d s  a l s o  produce a  c l e a n ,  smooth s u r f a c e .  The 

g l a s s  may not  have appeared smooth on t h e  macroscopic s c a l e ,  

b u t  any microscopic  i r r e g u l a r i t y  has been removed o r  smoothed 

by t h e  a c t i o n  of t h e  r e a g e n t .  

The mechanism of  t h i s  a t t a c k  was n o t  given by t h e  

above a u t h o r s ,  bu t  i t  i s  c l e a r  t h a t  around any s u r f a c e  i r -  

r e g u l a r i t i e s  t h e r e  w i l l  be a  s t r e s s  concen t r a t i on .  Any 

r e a c t i o n  which dec rease s  t h e  s t r e s s  i n  t h e s e  reg ions  would be 

f a v o r a b l e .  Chemical a t t a c k  i s  such a  r e a c t i o n .  By d i s -  

s o l v i n g  t h e  g l a s s  a t  such p o s i t i o n s  t h e  s t r e s s  becomes more 

uniform. The a t t a c k  a l s o  t akes  p lace  a t  a l l  o t h e r  r eg ions ,  

b u t  s i n c e  t h e  g l a s s  i s  h igh ly  s t r e s s e d  i n  these  i r r e g u l a r i t i e s ,  

i t  has  a  %cAakened network which i s  more s u s c e p t i b l e  t o  a t t a c k .  

The f i n a l  r e s u l t  of  t h e  p r e f e r e n t i a l  a t t a c k  i s  a  rounding of 

p o i n t s  and dep re s s ions ,  y i c l d i n g  a smooth su r f ace .  

Regions of non-homogeneous composit ion such a s  t h o s e  

g iven  by voga l J2 )  may be p r e f e r e n t i a l l y  a t t acked  o r  l e f t  un- 

a f f e c t e d .  I f  a s i l i c a t e  g l a s s ,  w i t h  N a Z O ,  has a l t e r n a t i n g  

r e g i o n s  of h igh  s i l i c o n  con ten t  and h i g h  sod l  ccnt9n- :  qnc  

would expect  t h e  r e g i o n s  of h igh S i02  t o  h e  r e l a t i v e i v  TIT- 



n E f e c t e d  u n d e r  a c i d  a t t a c k  w h i l e  t h e  NaZO r i c h  r e g i ~ n s ~ d u e  

t o  t h e  h i g h  ; ~ o p o r t i o n  o f  n o n - b r i d g i n g  oxygen i o n s ,  would 

b e  p r e f e r e n t i a l l y  d i s s o l v e d .  The mechanism of i o n  exchangc 

woulcl a l s o  o p e r a t e  i n  t h e s e  r e g i o n s .  The g l a s s  would show 

p i t s  where N a Z O  was c o n c e n t r a t e d  and . c r y  l i t t l e  a t t a c k  i n  

r e g i o n s  o f  h i g h  Sit1 c o n t e n t .  2 

Rate  Laws ---- 

I n  most  c a s e s  whcn d e a l i n g  w i : ,  g l a s s  c o r r o s i o n  one 

is i n t e r e s t e d  i n  w e i g h t  l o s s  p e r  u n i t  t i m e  o r  t h e  v a r i a t i o n  

o f  some o t h e r  q u a n ; i t y  w i t h  t i m e .  Such v a l u e s  g i v e  a  good 

i n d i c a t i o n  o f  t h e  a b i l i t y  of  t h e  g l a s s  t o  r e s i s t  a t t a c k .  The 

a t t a c k  d e s c r i b e d  i n  t h e  ; ;eceding s e c t i o n s  a re  g e n e r a l l y  

found t o  be governed  by one o f  two t i m e  l a ~ % s .  (13) Tn ac id  

r j i ~ l  n e u t r a l  s o l u t i o n s  t h e  r a t e  o f  a t t a c k  i s  found exper imen-  

t a l l y  t o  be a d i f f u s i o n  c o n t r o l l e d  p r o c e s s .  t : ,  .- )La-l inie  : I ~ s . c ;  
+ 

s p e c i f i c a l l y ,  t h e  d i f f u s i o n  o f  Na i o n s  i s  found t o  b e  t h e  

c o n t r o l l  i r lg f a c t o r .  I n  a l k a l i n e  s o l u t i o n s ,  which a t t a c k  

and d e g r a d e  t h e  complete network ,  a l i n e a r  t ime clepe~lclence 

i s  f o u n d .  S p e c i f i c  examples  o f  t h e s e  t i m e  laws and c t l l e r s  

a r e  g i v e n  by I I o l l a n d .  (3) O f  c o u r s e ,  tlicrc. a r c  : r??.y vas- 

i a b l e s  which may a f f e c t  t h e  r a t e  of  a t t a c k  such  3 s  tempcr-  

a t u r c ,  s u r f a c e  f i l m s ,  and  t h e  i n i t a l  s t a t c  J l : l a s %  

. a s u r f a c e .  !lowcvcr, a t r e a t m e n t  of a11 possl!>ir ;if:; : r!: , t ~ i - .  

from t h e  b a s l c  tirrle laws i s  'beyond t h e  score  of t f i r . ;  T > ~ , : c !  



and o n l y  t h e  Inore g e n e r a l  f i n d i n g s  w i l l  b e  l i s t e d .  

The a t t a c k  o f  a l k a l i  g l a s s  by w a t e r  i s  a t t r i b u t e d  t o  

a n  i o n  exchange mechanism i n  which hydrogen i o n s  d i f f u s e  i n t o  

t h e  g l a s s  froin t h e  so11.1tion i n  o r d e r  t o  m a i n t a i n  e l e c t r o n i c  

n e u t r a l i t y  a s  sodium i o n s  d i f f u s e  o u t .  ( 3 )  A p a r a b o l i c  r a t e  

law i s  o b t a i n e d  f o r  t h i s  p r o c e s s  when one  assumes t h e  r e -  

a c t i o n  t o  be  governed  by t h e  d i f f u s i o n  o f  sodium i o n s  t o  t h e  

s u r f a c e ,  Allowance must  be  made, however,  f o r  t h e  i n i t i a l  

s t a t e  o f  t h e  s u r f a c e .  I n  f r e s h l y  formed g l a s s ,  f o r  i n s t a n c e ,  

t h e  a l k a l i  c o n t e n t  a t  t h e  s u r f a c e  i s  h i g h e r  a t  t h e  s u r f a c e  

t h a n  i n  t h e  b u l k  w h i l e  on a wea the red  s u r f a c e  t h e  s u r f a c e  

would have  a lower  a l k a l i  c o n t e n t .  A s  n o t e d  by Old£ i e l J  and 

.' 1. 1 iy r ight  v o l a t  i l i z a t i o n  o f  t h e  a l k a l i  may a l s o  t a k e  p l a c e  

which ivould t e n d  t o  d e p l e t e  t h e  s u r f a c e  l a y e r  of t h e s e  i o n s .  

I t  was s t a t e d  e a r l i e r  t h a t  t h e  r a t e  of a l k a l i n e  a t t a c k  

i s  l i n e a r  i n  t i m e ,  I t  i s  found,  however,  t h a t  t h e  s u r f a c e  

c o n d i t i o n s  may a l s o  a f f e c t  t h i s  r a t e  o f  a t t a c k .  (" 1-f 

powdered g l a s s  i s  su1)jectecl t o  a l k a l i n c  :tl lei, t hc  la.-.te of 

a t t a c k  i s  p a r a b o l i c  i f  the a l k a l i n i t y  o f  t h e  r e a g e n t  i s  n o t  

c o n t r o l l e d ,  whercas  when t h e  r e a g e n t  i s  c o n t i n u a l l y  changed,  

t h e  r a t e  of a t t a c k  i s  l i n e a r .  I t  was e s t a b l i s h e d  t h a t  due  

t o  t h e  l a r g e  s u r f a c e  t o  we igh t  r a t i o  of t h e  powder a l a r g e  

amount of  s i l i c a  and o t h e r  components were  disso;vca-: I c a c l i l : ~  

t o  a g r e a t l y  reduced. a t t a c k i n g  power o f  t h e  r e a g c r ( t ,  

I t  has been shown ( 3 )  t h a t  t h e  a t t a c k  of  a g l a s s  



surface follows the Arrhenius relation since activation of 

sodium diffusion or a surface reaction is activated. The 

velocity of this attack may be written as: r 

Where V is the velocity of attack, C is a constant, E is the 

activation energy (cal/g-mol), R is the gas constant (cal/deg- 

g-mo!) , and T is tlie absolute temperature. Alkaline attack 

which is not controlled by diffusion is found to follow this 

relationship, showing a linear plot of log V vs 1/T. The 

slopes of the plots are found to vary among different glasses, 

however, which implies that in some glasses the rate of attack 

may vary to such an extent with temperature that observations 

made at high temperatures may not be valid when generalizing 

the results to lower temperatures. When comparing the dur- 

abilities of glasses on the basis of high temperature data 

this may be of considerable importance since the glasses 

which are highly attacked at high temperatures may well be 

more duable under normal operating temperatures. 

EXPERIMENTAL ANALYSIS 

Techniques 

Experimental determination of the attack of aquecus  

solutions on glass was accomplished through the use of the 



t h e  e l e c t r o n  mic roscope .  F r e s h l y  f r a c t u r e d  s u r f a c e s  of E 

and 994  p l a t e  g l a s s e s  were b u i l e d  i n  a  r e f l u x e r  f o r  a  p e r i o d  

o f  2 4  hou r s .  The s o l u t i o n s  used i n  t h e  t r e a tmen t  were buf -  

f e r e d  w i t h  pI1 v a l u e s  r a n g i n g  i n  s t e p s  o f  one from 2 t o  11. 

Trea tments  w i t h  . 1 N  s o l u t i o n s  of NalJIT and H C 1  were a l s o  made 

t o  de t e rmine  t h e  l i m i t i n g  c a s e s  of  t h e  a t t a c k .  The u s e  of 

f r e s h l y  f r a c t u r e d  , ? l a s s  p e r m i t t e d  o b s e r v a t i o n  o f  a  s i l r f a ce  

f r e e  o f  s c r a t c h e s  and wea the r i ng  e f f e c t s  and t h e  b u f f e r e d  

s o l u t i o n s  minimized t h e  e f f e c t s  of t h e  d i s s o l v e d  g l a s s  ,:on- 

s t i t u e n t s  on t h e  a t t a c k .  I n  unbuf fe red  s o l u t i o n s  it is found 

t h a t  t h e  a t t a c k  may b e  a c c e l e r a t e d  by i o n s  from t h e  g l a s s  

e n t e r i n g  t h e  a t t a c k i n g  s o l u t i o n ,  and r a i s i n g  tl ie pH of  t h e  

s o l u t i o n .  I t  was found t h a t  u s ing  t h e  bu f f e r ed  s o l u t i o n s  

kep t  t h e  pH w i t h i n  .4pH u n i t s  of t h e  i n i t a l  va lue .  

I n  o r d e r  t o  i d e n t i f y  s p e c i f i c  r e g i o n s  of t h e  g l a s s  

s u r f a c e  a g r i d  was s c r a t c h e d  on t h e  s u r f a c e  w i th  a  diamond 

p o i n t .  The m a t r i x  e l emen t s  formed by t h i s  g r i d  were i d e n t i . ' l c d  

by numbers which a l lowed  comparison o f  each r eg ion  b e f o r e  

and a f t e r  t r e a t m e n t .  

S i n c e  t h e  g l a s s  samples were t o o  t h i c k  t o  obse rve  

d i r e c t l y  i n  t h e  mic roscope  a  double  r e p l i c a t i o n  t e chn ique  ( 1 7 )  

was employed which produced an  e x a c t  r e p l i c a  of  t h e  g l a s s  

s u r f a c e .  A p r ima ry  r e p l i c a  was made by coa t i ng  t h e  g r i d e i l  

s u r f a c e  w i t h  a t h i n  l a y e r  of  1 0 %  p a r l o d i a n  i n  amyl a c e t a t e .  

A f t e r  d r y i n g  t h i s  l a y e r ,  i t  was s t r ipped  from t h e  p l x s s  



and a  r e p l i c a  of  t h e  p a r l o d i a n  was made. This w a s  done under 

vacuum by ,  f i r s t ,  evapo ra t i on  of Ge a t  an  angle  of 2 0 ° ,  t hen  

a 90' evapora t i on  of carbon.  The purpose  of t h e  Ge was t o  

produce c o n t r a s t  on t h e  r e p l i c a  which cou ld  not  be achieved 

by a  s i n g l e  carbon evapora t i on .  Fig .  4 i l l u s t r a t e s  t h e  

end r e s u l t  of  t h e  Ge "shadowing." The primary r e p l i c a  which 

now had t h e  C - Ge f i l m  on it was c u t  i n t o  s e c t i o n s  c o r -  

responding t o  t h e  i n s c r i b e d  g r i d  and each  s e c t i o n  was p laced  

on a  3 0 0  mesh Cu g r i d .  Acetone was employed t o  d i s s o l v e  

t h e  pr imary r e p l i c a  l e a v i n g  a  very  t h i n  C - Ge f i l m  on t h e  

specimen g r i d .  These specimens r e p r e s e n t e d  t h e  a c t u a l  s u r -  

f a c e  o f  t h e  g l a s s  a s  one would s e e  i t  looking through a  con- 

v e n t i o n a l  microscope.  I lepressions on t h e  g l a s s  s u r f a c e  would 

appear a s  d e p r e s s i o n s  and r i s e s  would appear  a s  r i s e s .  

When t h e  p a r l o d i a n  was complete ly  d i s so lved  t h e  Cu 

g r i d s  were p l a c e d  i n  t h e  e l e c t r o n  microscope and micrographs 

were t a k e n  of  each g l a s s  sample before  and a f t e r  t r ea tmen t .  

Figs .  5 and G show micrographs of t y p i c a l  reg ions  of E and 

994 g l a s s e s .  The s u r f a c e  appears  very  smooth a t  t h i s  mag- 

n i f i c a t i o n .  The t e x t u r e  of both  g l a s s c s  a r e  s i m i l a r  though 

t h a t  o f  994  g l a s s  appea r s  t o  be a l i t t l e  rougher.  F i g ,  7 ,  

a l s o  showing an u n t r e a t e d  f r a c t u r e  su>:fnce o f  E g l a s s ,  rcve:.xls 

a  d i f f e r e n t  t ype  of  f r a c t u r e  which l e a v e s  a very  rough s u r f a c c  

c o n t a i n i n g  f r a c t u r e  s t e p s ,  r i d g e s ,  and dep res s ions ,  %"it:: 

t h e  e x c e p t i o n  of  a  few c a s e s  t h e s e  r c ; ; i . ~ ~ ~ s  were no t  1_!5ef7 : c  



t h e  a n a l y s i s  o f  t h e  a t t a c k .  I t  was found t h a t  due t o  t h e  

g r o s s  f e a t u r e s  o f  s u c h  r e g i o n s ,  no meaningful  conc lu s ions  

cou ld  be r eached  r e g a r d i n g  t h e  a t t a c k .  Only r e g i o n s  whose 

u n t r e a t e d  s u r f a c e  w a s  s i m i l a r  t o  t h o s e  o f  F ig .  5  and 6 were 

u sed .  I t  must be  n o t e d  t h a t  F ig .  5  and 6 a r e  shown a t  8600X 

w h i l e  t h o s e  o f  t h e  t r e a t e d  s u r f a c e  a r e  shown a t  5500X. The 

h i g h e r  m a g n i f i c a t i o n  used  on t h e  u n t r e a t e d  sample was nece s -  

s a r y  t o  show t h e  t e x t u r e  o f  t h e  f r a c t u r e  s u r f a c e .  S ince  t h e  

a t t a c k e d  s u r f a c e  had much more d e t a i l ,  t h e  f e a t u r e s  cou ld  

e a s i l y  b e  p i cked  up a t  5500X.  

R e s u l t s  

pH 2 - Treatment  o f  E g l a s s  w i t h  a  pH 2 o x a l i c  a c i d  b u f f e r  

s o l u t i o n  y i e l J e d  t h e  fo rma t ion  of  a  c:ilcium s i l i c a t e  f i l m  on  

t h e  f r a c t u r e  s u r f a c e .  R e p l i c a t i o n  o f  t h e  s u r f a c e  w a s  r endered  

i m p o s s i b l e  by t h i s  f i l m  s i n c e  t h e  f i l m  was v e r y  t h i c k  and 

cove red  t h e  g l a s s  s u r f a c e .  The f o r m a t i o n  of t h i s  f i l m  i s  

t r e a t e d  s e p a r a t e l y  by t h e  a u t h o r s  and t h e  f i n d i n g s  a r e  r e -  

p o r t e d  i n  a  s e p a r a t e  pape r .  ( 1 0 )  

No f i l m  was observed on 994 g l a s s  a t  pH 2 and r e p -  

l i c a t i o n  was p o s s i b l e ,  ?ilicrographs o f  t h i s  g l a s s  c r e  shown 

i n  F i g .  8 and 9 .  'These micrograplrs c l e a r l y  sl.~cbi. t h e  e f f e c t  

o f  t h e  t r e a t m e n t .  Even a t  5500X t h e  s u r f a c e  appears  much 

roughe r  t h a n  t h a t  o f  t h e  u n t r e a t e d  g l a s s .  Phase s e p a r a t i o n  

and  p r e f e r e n t i a l  a t t a c k  a r e  a l s o  obse rved  on t h e  g l : i s s .  
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pH 3 - E g l a s s  t r e a t e d  i n  a pH 3 b u f f e r  s o l u t i o n  i s  shown i n  

F i g  10 .  Comparison w i t h  t h e  u n t r e a t e d  g l a s s  s u r f a c e  o f  F i g .  5 

r e v e a l s  a h i g h l y  a t t a c k e d  s u r f a c e .  The a t t a c k  a p p e a r s  q u i t e  

un i fo rm and  t h e r e  i s  no e v i d e n c e  o f  p h a s e  s e p a r a t i o n .  994 

g l a s s  shown i n  F i g .  11 i s  a l s o  s e e n  t o  have a  roughened s u r -  

Eace s i m i l a r  t o  t h a t  t r e a t e d  a t  pH 2.  Again a  r e g i o n  of  phase  

s e p a r a t i o n  is shown and t h e  d i f f e r e n c e  i n  a t t a c k  on t h e  two 

p h a s e s  is  e v i d e n t .  The t e x t u r e  of  t h e  994 g l a s s  a p p e a r s  t o  b e  

f i n e r  t h a n  t h a t  o f  E g l a s s  and i t  would appea r  t h a t  t h i s  g l a s s  

i s  a t t a c k e d  somewhat l e s s  t h a n  E g l a s s .  

pH 4 - E g l a s s  t r e a t e d  a t  p1.1 4  i s  shown i n  F i g s .  1 2  and  13.  

F i g .  1 2  shows t h e  b a s i c  t e x t u r e  o f  t h e  g l a s s  w h i l e  F i g .  13 

shows a  r e g i o n  where some p i t t i n g  h a s  o c c u r e d ,  p r e f e r e n t i a l l y  

d i s s o l v i n g  some components  o r  i m p e r f e c t i o n  of t h e  g l a s s .  The 

background t e x t u r e  o f  t h e  p i t t e d  r e g i o n  i s  seen  t o  b e  t h e  same 

a s  t h a t  o f  F i g .  9.  F i g s .  14  and 15  show micrographs  o f  t h e  

393 g l n s s  s u r f a c e .  F i g .  14 i s  most t y p i c a l  of  t h e  g l a s s  

t r e a t e d  a t  t h i s  pII w h i l e  F i g .  1 5  a g a i n  r e v e a l s  phase  s e p a -  

r a t i o n .  I n  t h e  r e g i o n  o f  phase  s e p a r a t i o n ,  t h e  background 

t e x t u r e  o f  t h e  g l a s s  a p p e a r s  t o  be much nlorc h i g h l y  a t t a c k e d  

t h a n  t h a t  o f  f i g .  14  w h i l e  t h e  s m a l l  c i r c u l a r  r e g i o n s  a r e  

a t t a c k e d  t o  a b o u t  t h c  same e x t e n t ,  Tllis would impiy t h a t  

t h e s e  r e g i o n s  a r e  more n e a r l y  o f  t h e  same compos i t ion  and 

s t r u c t u r e  o f  t h e  b u l k  g l a s s  t h a n  i s  t h e  background s t r u c t ; u r e . ,  

pH 5 - E g l a s s  t r e a t e d  i n  a pH b u f f c l c d  s o l u t i o n  1s sho?+~ii ~c 



F i g .  1 6 .  The a t t a c k  i s  s e e n  t o  be  much more un i fo rm.  A l -  

though t h e r e  a r e  some r e g i o n s  o f  p r e f e r e n t i a l  a t t a c k ,  p i t t i n g  

h a s  n o t  o c c u r e d  t o  a  g r e a t  e x t e n t .  Comparing F i g s .  1 3  and 14 

w i t h  F i g .  1 6 ,  a  s l i g h t  change is s e e n  i n  t h e  t e x t u r e .  The 

pH 4 t r e a t e d  g l a s s  h a s  a  somewhat f i n e r  t e x t u r e  t h a n  t h a t  

t r e a t e d  a t  pI1 5 ,  a l t h o u g h  t h e  g l a s s  t r e a t e d  a t  pH 5 h a s  a  more 

c o n t i n u o u s ,  smoother  appea rance .  A p l a u s i b l e  e x p l a n a t i o n  f o r  

t h i s  w i l l  b e  g i v e n  i n  a  l a t e r  s e c t i o n .  A s i m i l a r  t r e n d  t o  a  

smoother  t e x t u r e ,  b u t  morc h i g h l y  a t t a c k e d  g l a s s  i s  found i n  

994 g l a s s  t r e a t e d  a t  pIj 5 .  F ig .  1 7  shows a micrograph o f  t h i s  

g l a s s  which i s  t y p i c a l  o f  t h e  s u r f a c e  r e s u l t i n g  from t h e  pH 5 

t r e a t m e n t .  F i g .  1 3  shows a  r e g i o n  of p h a s e  s e p a r a t i o n  and  

a g a i n  t h e  t e x t u r e  of  t h e  s e p a r a t e d  p h a s e  i s  s e e n  t o  b e  much 

f i n e r ,  b e i n g  a l m o s t  l i k e  t h a t  o f  t h e  u n t r e a t e d  g l a s s .  In 

t h i s  c a s e ,  however ,  t h e  phase  s e p a r a t i o n  was v e r y  l o c a l i z e d  

and  d o e s  n o t  secm t o  a f f e c t  t h e  a t t a c k  i n  t h e  surrouncl ing 

r e g i o n s .  I t  i s  suspected t h a t  i f  t h e  p h a s e  s e p a r a t i o n  had 

o c c u r e d  o v e r  a wide r  a r e a ,  t h e  a t t a c k  would have been  a f f e c t e d  

s i m i l a r  t o  t h a t  a t  pH 4. 

pI1 6 - E g l a s s  t r e a t e d  a t  pIi 6  i s  shown i n  F i g s .  1 9  and 2 0 .  

An i s o l a t e d  r e g i o n  o f  non uniform f r a c t u r e  i s  shown which 

i s  p r o b a b l y  duc  t o  p h a s e  s e p a r a t i o n .  The a t t a c k  d i f f e r s  from 

t h a t  s e e n  i n  F i g .  2 0  b u t  w i t h i n  t h i s  r e g i o n  the re  r s  1,s d i f -  

f e r e n c e  i n  a t t a c k .  F i g  20 shows a  morc t y p i c a l  r c q i o n  o f  

v e r y  u n i f o r m  and v e r y  l i t t l e  a t t a c k .  T h c r e  i s  no e v i d e n c e  o f  



p r e f e r e n t i a l  d i s s o l u t i o n  of a l k a l i  o r  any o t h e r  c o n s t i t u e n t  

i n  t h i s  r e g i o n .  

F ig s .  21 and 2 2  show t y p i c a l  r eg ions  of 994 g l a s s  

t r e a t e d  a t  pII 6 .  The e f f e c t  of phase s e p a r a t i o n  i s  c l e a r l y  

v i s i b l e  i n  Fig .  2 1 .  I n  t h e  phase s e p a r a t e d  r e g i o n  t h e  s u r f a c e  

is q u i t e  rough wh i l e  i n  t h e  reg ion  a d j a c e n t  t o  i t  t h e  g l a s s  

appears v e r y  uniform and smooth. F ig .  2 2  shows a  more 

t y p i c a l  r e g i o n  of t h e  a t t a c k .  The s u r f a c e  is  l i k e  t h a t  seen 

a t  pH 5  p o s s i b l y  showing a  more p r e f e r e n t i a l  d i s s o l u t i o n  of 

one c o n s t i t u e n t  which would l e a d  t o  t h e  type of  s u r f a c e  

observed.  

pH 7 - A s l i g h t  change i n  t h e  type of  a t t a c k  observed occurs  
u 

a t  pH 7 .  Areas a r e  observed i n  which t h e  s u r f a c e ,  whi le  no t  

l i k e  t h a t  of  t h e  u n t r e a t e d  g l a s s ,  i s  s t i l l  ve ry  smooth and 

uniform. I n  o t h e r  r e g i o n s  t h e  a t t a c k  s t i l l  resembles t h a t  

observed a t  lower pH v a l u e s .  F igs .  23, 2 4 ,  and 25 c l e a r l y  

show t h i s .  The t e x t u r e  of t h e  E g l a s s  of Fig.  23 i s  seen  

t o  be  q u i t e  smooth. The a t t a c k  has n o t  progressed very  f a r  

and has  been very  unif rom.  A d i f f e r e n t  s e c t i o n  of t h e  same 

g l a s s  i s  shown i n  F i g s .  24  and 2 5 .  F ig .  24  i s  a  t r a n s i t i o n  

zone where t h e  background t e x t u r e  is s i m i l a r  t o  t h a t  of  Fig.  

but  t h e r e  a r e  many more g ros s  f e a t u r e s  caused by d i s s o l u t i o n  

of t h e  g l a s s .  Fig .  2 2  shows an a r e a  of  un i fo rm a t t a c k  whjc!~  

appears  much l i k e  t h a t  o f  t h e  g l a s s e s  t r e a t e d  a t  p1-i 5 .  

994 g l a s s  e x h i b i t s  t h e  same phenomena. F i g .  26  zk . 



a  r e g i o n  of  v e r y  un i fo rm t e x t u r e  which appears  t o  be some- 

what l i k e  t h o s e  obse rved  a t  lower pII v a l u e s .  Other  a r e a s  a r e  

s i m i l a r  i n  appearance  t o  F ig .  2 7  which shows a  m ix tu r e  of 

roughened, p i t t e d  a r e a s  and smooth a r e a s .  I n  bo th  g l a s s e s  

t h e  g e n e r a l  appearance  is one of v a r i e d  a t t a c k  w i t h  ve ry  

smooth a r e a s  i n t e r m i n g l e d  w i th  a r e a s  o f  v e r y  t i n y  p i t s  from 

which some componer-t 'was p r e f e r e n t i a l l y  d i s s o l v e d .  The p i t s  

appear  t o  be  much l a r g e r  i n  994 g l a s s .  

pH 8 - The t e x t u r e  o f  bo th  g l a s s e s  a t  pH 8 has  become q u i t e  

smooth. E g l a s s  a s  shown i n  Fig .  28 i s  ve ry  smooth. The 

t e x t u r e  i s  q u i t e  u n l i k e  t h a t  o f  t h e  g l a s s  t r e a t e d  a t  a c i d i c  

pH v a l u e s .  The m i c r o s t r u c t u r e  i s  s een  t o  c o n s i s t  of  rounded 

p o i n t s  r a t h e r  t h a n  t h e  i n t e n s e l y  l e ached  s u r f a c e  observed 

a t  t h e  lower pH v a l u e s .  The on ly  p i t t i n g  observed occur red  

i n  t h e  r e g i o n s  whose u n t r e a t e d  s u r f a c e  i s  s i m i l a r  t o  t h a t  of  

F i g .  7 .  (See F ig .  29)  Even h e r e ,  however, t h e  b a s i c  s t r u c -  

t u r e  i s  smooth and a t t a c k  q u i t e  uni form.  Th i s  i s  a l s o  t r u e  

of 994 g l a s s  t r e a t e d  w i t h  t h e  pII 8 s o l u t i o n .  F ig .  30 shows 

t h e  most t y p i c a l  a r e a  observed.  The s u r f a c e  appears  ve ry  

smooth and no p r e f e r e n t i a l  a t t a c k  has  occured.  Fig .  31,  

however, does  show a  rough s u r f a c e .  Iiere a g a i n ,  Ilowever, 

t h e  u n t r e a t e d  g l a s s  s u r f a c e  was s r n i l a r  t o  t h a t  o f  F i g .  7. 

pH 9 - A t  pH 9 t h e  a t t a c k  on E g l a s s  i s  about  t h e  same a s  

a t  pII 8 .  F i g .  32 shows t h e  t e x t u r e  o f  t h e  g l a s s  s u r f a c e  t o  

be  v e r y  smooth. The v e r y  sma l l  f e a t u r e s  a r e  rounded and 



a p p e a r  t o  b e  t h e  r e s u l t  oE v e r y  un i fo rm d i s s o l u t i o n .  There  

is ev idence  o f  some p r e f e r e n t i a l  a t t a c k ,  however, a s  shown 

b y  t h e  l a r g e  c i r c u l a r  f e a t u r e s  i n  t h e  micrograph.  These 

were n o t  p r e s e n t  i n  t h e  u n t r e a t e d  g l a s s  and must be c o n s i d e r e d  

a r e s u l t  o f  t h e  a t t a c k .  It shou ld  a l s o  be n o t e d p a s  f u r t h e r  

e v i d e n c e , t h a t  c i r c u l a r  r e g i o n s  o f  t h i s  t y p e  were n o t  ob-  

s e r v e d  a t  any lower  pFi v a l u e s .  3lany o f  t h e  r e g i c n s  b lend  

i n t o  one a n o t h e r ,  h u t  some of  them have  d i s t i n c t  boundar i e s  

which a p p e a r  t o  have  been p r e f e r e n t i a l l y  d i s s o l v e d .  There  

i s ,  however,  no n o t i c a b l e  d i f f e r e n c e  i n  t h e  t e x t u r e  of t h e s e  

r e g i o n s ,  which would i n d i c a t e  t h a t  t h e y  a r e  e i t h e r  o f  t h e  same 

c o m p o s i t i o n  o r  a r e  a t t a c k e d  i n  a b o u t  t h e  same manner. I t  

may bc  t h a t  t h e  b o u n d a r i e s  a r e  of  a d i f f e r e n t  composi t ion .  

The c i r c u l a r  r e g i o n s  a p p e a r i n g  on E g l a s s  a r e  n o t  

obse rved  on t h c  994  g l a s s .  I n  t h i s  g l a s s  t h e r e  i s  a r a t h e r  
" 

wide r a n g e  o f  a t t a c k .  Sonc regio::s a p p e a r  a lmos t  f e a t u r e l e s s  

w h i l e  o t h c r s  e x h i b i t  t h e  t y p e  of  a t t a c k  re sembl ing  t h a t  seen  

a t  pi1 7 .  A t  t h i s  pH, however,  t h e r e  i s  p r a c t i c a l l y  no 

p i t t i n g  and t h e r e  i s  nonc of  t h e  t y p e  obse rved  a t  lower 

pII v a l u e s .  F i g .  33 shows n micrograph o f  a t y p i c a l  r e g i o n  

of  994 g l a s s .  The a t t a c k  has  p roceeded  i n  such  a  way a s  t o  

remove l a y e r s  a t  a t i m e .  The t e x t u r e s  of t h e  two l a y e r s  

a r e  a b o u t  t h e  same. F i g .  34 shows a r c g i o n  of  s l i z h t  phase  

s e p a r a t i o n .  There  i s  some e f f e c t  o f  t h e  phase  s e p a r a t i o n  on 

t h e  a t t a c k  a l t h o u g h  it i s  d i f f i c u l t  t o  d e t e r m i n e  whet.her 



t h e  smal l  f e a t u r e s  surrounding t h e  phase  s epa ra t ed  a r e a s  a r e  

p i t s  o r  s imply  s m a l l e r  phase s e p a r a t e d  r eg ions .  

plI 10 - There i s  a  dec ided  d i f f e r e n c e  i n  E and 994 g l a s s  a t  

pH 1 0 .  I n  a l l  c a s e s  a t  t h i s  pH v a l u e  t h e  t e x t u r e  of E g l a s s  

is ve ry  smooth. There  a r e  a few c a s e s  noted of p r e f e r e n t i a l  

d i s s o l u t i o n ,  b u t  t h i s  i s  ve ry  l o c a l i z e d .  Fig.  35 shows such 

an a r e a .  The background t e x t u r e  o f  t h i s  a r e a  i s  t y p i c a l  

of t h e  g l a s s .  The f i r s t  example of  d e f i n i t e  phase sepa-  

r a t i o n  i n  E g l a s s  i s  s een  i n  F ig .  36 .  An e a r l i e r  example of 

posS ib l e  phase  s e p a r a t i o n  was g iven ,  b u t  i t  was no t  pos s ib l e  

t o  make a  d e f i n i t e  conc lus ion .  I n  t h i s  case  t h e  e x i s t e n c e  

of two d i s t i n c t  phases  i s  obvioals. D e n d r i t i c  growth of one 

o r  more components i s  observed i n  t h i s  r eg ion .  I t  should  be 

added t h a t  t h i s  was r a t h e r  l o c a l i z e d  and was n o t  seen on 

o t h e r  r e g i o n s  of  t h e  g l a s s .  The a t t a c k  i s  no t  n f f e c t e d  a t  

a l l  by t h e  phase  s e p a r a t i o n  i n  t h i s  c a s e .  

The s u r f a c e  o f  994 g l a s s  s u b j e c t e d  t o  t h e  pH 10 

s o l u t i o n  i s  q u i t e  d i f f e r e n t  from t h a t  of  E g l a s s .  Although 

t h e r e  a r e  a  few sma l l  a r e a s  which a r e  very  smooth, t h e  most 

t y p i c a l  r e g i o n s  a r c  those  shown i n  F igs .  36 and 3 7 .  F ig .  36  

shows some sma l l  a r e a s  which a r e  v e r y  smooth. There i s  

c l e a r l y  some p r e f e r e n t i a l  a t t a c k  a s  evidenced by t h e  p i t t i n g  

which has  occu r r ed .  F ig .  37 shows a v e r y  uniform reg ion  

where t h e  a t t a c k  has  d i s so lved  away a l l  components of t h e  g l a s s  

t o  about  t h e  same e x t e n t .  I t  should b c  noted t h a t  t h e  p r e f -  



e r e n t i a l l y  a t t a c k e d  r e g i o n s  of Fig .  36 a r e  more l i k e  t h e  

r e g i o n  s e e n  i n  F ig .  37  t h a n  a r e  t h e  smooth a r e a s .  Although 

no micrographs  a r e  shown, phase s e p a r a t i o n  was a l s o  observed 

i n  t h e  994  g l a s s  and t h e  a t t a c k  was a f f e c t e d  i n  e x a c t l y  t h e  

way obscrved  a t  p1I 9 .  

pH 11 - E g l a s s  t r e a t e d  a t  pH 11 d i f f e r s  s t r o n g l y  from 994 

g l a s s  i n  t h e  a t t a c k .  E g l a s s  s u r f a c e s  t r e a t e d  a t  t h i s  pH 

were n e a r l y  f e a t u r e l e s s  resembling t h e  u n t r e a t e d  E g l a s s .  

(See F ig .  38) There  a r e  a  few r eg ions  which a r e  p i t t e d  p r e f -  

e r e n t i a l l y ,  b u t  cou ld  n o t  be c a l l e d  t y p i c a l  of t h e  g l a s s .  

Vicrographs  o f  9 9 4  g l a s s  t r e a t e d  a t  pl? 11 a r e  shown 

i n  F i g s .  39 and 4 0 .  The s u r f a c e  f e a t u r e s  a r e  v e r y  g:.dss i n  

both  c a s e s ,  b u t  a r e  un i formly  a t t a c h e d .  The s u r f a c e  t e x t u r e  

i s  a lmos t  d e s t r o y e d  i n  some r eg ions ,  a s  evidenced by F ig .  39 ,  

whi le  o t h e r  r e g i o n s  r e t a i n  a r a t h e r  f i n e  t e x t u r e .  F ig .  50  

resembles  t h o s e  micrographs  t aken  a t  r i i 7  i n  t h a t  t h e  

a t t a c k  seems t o  have progressed  by d i s s o l u t i o n  of complete 

l a y e r s  of  t h e  g l a s s .  

Before  d i s c u s s i n g  t h e  r e s u l t s  ob t a ined  i t  i s  necessary  

t o  r e c a l l  a  few f a c t s  about  t h e  s t r u c t u r e  of t h e  s p e c i f i c  

g l a s s e s  we a r e  u s i n g .  Goth 994  g l a s s  and C g l a s s  have t r i -  

v a l e n t  network fo rmer s ,  A 1  i n  994 g l a s s ,  A 1  and B i n  E g l a s s .  

A 1  normal ly  has  t h e  t e t r a h e d r a l  c o o r d i n a t i o n  i n  t h e  v i t r e o u s  

s t a t e  ancl Boron may assume b o t h  t r i a n g u l a r  and t e t r a t ~ e c l r a l  



c o o r d i n a t i o n .  S i n c e  t h e i r  ions  a r e  t r i v a l e n t ,  t h e r e  w i l l  be 

an  exces s  n e g a t i W  charge a s s o c i a t e d  with each t e t r a h e d r o n  

which i s  ba lanced  i n  9 9 4  g l a s s  w i th  M ~ + +  i ons  and i n  E g l a s s  

w i t h  ~ a * * ,  ~ a + ,  and M ~ + +  i ons .  ~ i * ~  i s  capable  of  forming 

c o v a l e n t  bonds w i t h  4 oxygens wi th  no r e s u l t i n g  nega t ive  

charge  on t h e  t e t r a h e d r a ,  and t h e r e f o r e  no meta l  ion  i s  

found around t h e  s i l i c a t e  t e t r a h e d r a  un l e s s  a  non-br idging 

oxygen i s  p r e s e n t .  I t  would t h e r e f o r e  be expected t h a t  t h e  

s i l i c a t e  network,  because  of a  sma l l  non-br idging oxygen ion  

c o n t e n t  would be r e l a t i v e l y  u n c f f e c t e d  under a c i d i c  a t t a c k ,  

wh i l e  t h e  boron and aluminum t e t r a h e d r a  w i l l  be c f f e c t e d  by 

d i s s o l u t i o n  of t h e  meta l  i o n s .  

Another f a c t o r  a s s o c i a t e d  w i t h  t h e  f a c t  t h a t  A 1  and B 

may be t e t r a h z d r a l l y  coord ina ted  i s  t h e  degree  of i o n i c i t y  of  

t h e  A1-0 and B-0 bonds.  Because of e l e c t r o n e g a t i v i t y  d i f -  

f e r e n c e s  t h e  A1-0 bond i s  no rn~a l ly  q u i t e  i o n i c  i n  n a t u r e .  A1 

h a s  an  e f f e c t i v e  p o s i t i v e  charge a s s o c i a t e d  w i t h  it and t h e  

oxygen i o n  an e f f e c t i v e  nega t ive  charge  even i n  t r i a n g u l a r  

c o o r d i n a t i o n .  W l ~ m  ,ql and  B kccone t e t r a h e d r a l l y  coord ina ted  

t h e  energy p e r  bond dec rease s  a l though  t h e  t o t a l  bond energy,  

determined i n  a  p r ev ious  s e c t i o n  of t h i s  pape r ,  i n c r e a s e s .  

The degree  of i o n i c i t y  of each bond a l s o  i n c r e a s e s  s i n c e  

t h e  t r i v a l e n t  A 1  and B now must s h a r e  4 oxygen i o n s .  Each 

A 1 - 0  and B - 0  bond w i l l  t h e r e f o r e  be more i o n i c  i n  n a t u r e  

w i t h  t h e  e l e c t r o n s  spending more t ime i n  t h e  oxygen o r b i t z l s ,  



w i t h  t h e  r e s u l t  be ing  t h a t  each oxygen has a  g r e a t e r  e f f e c t i v e  

n e g a t i v e  charge t han  i n  t r i a n g u l a r  c o o r d i n a t i o n . ( l 8 )  This  

can b e  of importance a t  a c i d i c  pII v a l u e s .  I n  s i l i c a t e  

t e t r a h e d r a  t h e  S i - 0 - S i  bonds a r e  s t a b l e  and 1i+ ions  do no t  

s i g n i f i c a n t l y  a t t a c k  t h e s e  bonds. I n  t h e  A1 t e t r a h e d r a ,  

however, where t h e  A1-0-A1 bonds a r e  weakened and q u i t e  
+ 

i o n i c ,  I1 i o n s  w i l l  have an i nc rea sed  e f f e c t .  S ince  t h e  

hydrogen i o n  i s  a s t r o n g  e l e c t r o p h i l e  it w i l l  be a t t r a c t e d  

t o  t h e  p a r t i a l l y  charged oxygens of t h e  A 1  t e t r a h e d r a ,  and 

by e l e c t r o p h i l i c  a t t a c k  on t h e  b r idg ing  oxygens t h e  alum- 

inum network may be broken. The r e a c t i o n  f o r  t h i s  i s  shown 

below. 
! 

I I 

I t  should  be noted from the  above r e a c t i o n  t h a t  s i n c e  

A 1  i s  t r i v a l e n t  t h e r e  i s  no need f o r  an 01-1- ion  t o  bond t o  

t h e ,  now t r i a n g u l a r l y  coord ina ted ,  A l  ion.  I f  t h e  bond 

be ing  a t t a c k e d  were t h e  A1-0-Si bond t h e  fol lowing r e a c t i o n  

would govern.  I I 



In  t h e  above r e a c t i o n  i t  is noted t l -a t  t h e  H+ i on  must 

combine wi th  tile oxygen of t h e  s i l i c o n  t e t r a h e d r a  i n  o r d e r  

t o  p r e s e r v e  e l r c t r o n i c  n e u t r a l i t y .  I t  i s  a l s o  s een  t h a t  

i f  f u r t h e r  a t t a c h  i s  t o  t ake  p l a c e  on t h e s e  t e t r a h e d r a  a  

011- i o n  w i l l  be r e q u i r e d  t o  i n su re  e l e c t r o n i c  n e u t r a l i t y .  

I t  i s  t h e r e f o r e  b e l i e v e d  t h a t  t h i s  r e a c t i o n  i s  of secondary 

importance a t  low pH v a l u e s .  ~t should  a l s o  be noted he re  

t h a t  i n  some g l a s s e s  ( 9 9 4  g l a s s  being one example) whose 

o / A l  r a t i o  i s  g r e a t e r  than  two, some A 1  may be found a s  a  

network mod i f i e r  i n  t h e  i n t e r s t i c i a 1  p o s i t i o n s  and such A 1  

ions  w i l l  be p r e f e r e n t i a l l y  d i s s o l v e d  a t  low pH va lues  a s  

w i l l  t h e  o t h e r  m o d i f i e r s .  (18) 

AS was s t a t e d ,  t h e  mechanism of e l e c t r o p h i l i c  a t t a c k  

of I f +  i ons  on t h e  S ~ - O - S ~  and Si-0-A1 networks is  be l i eved  

t o  b e  o f  l i t t l e  importance a t  low p11 v a l u e s ,  b u t  e l e c t r o -  

p h i l i c  a t t a c k  on t h e  A I - O - A ~  bond i s  thought  t o  be of some 

importance even a t  t h e s e  low plI v a l u e s .  The micrographs of 

994 g l a s s  t r e a t e d  a t  p1-l 2 and 3 provide  evidence f o r  t h i s .  

The i n t e n s e  p i t t i n g  observed a t  p ~ i  2 i s  most probably  t h e  

r e s u l t  of t h e  11+ i o n  p r e f e r e n t i a l l y  a t t a c k i n g  r e g i o n s  of 

h igh  A 1  con t en t  t h u s  c r e a t i n g  t h e  p i t s .  kThe background t e x -  

t u r e  i s  seen t o  be  q u i t e  smooth. T h i s  w o ~ l d  be expected 

s i n c e  t h e  r eg ions  having a high s i l i c o n  c o n t e n t  would b e  

u n a f f e c t e d  b y  a c i d i c  a t t a c k .  

Comparing 994 and E g l a s s e s  a t  the  low pH v a l u e s  the  

d i f f e r e n c e  i s  seen  t o  be q u i t e  pronounced. 9 3 4  gPas:> 45 

s t r o n g l y  a t t a c k e d  i n  very  smal l  r eg ions  of  phase s e p a r a t i o n  



whi le  t h e  E g l a s s  i s  q u i t e  uniformly a t t acked .  The r e s u l t  

of t h e  a t t a c k  on E g l a s s  i s  seen t o  b e  a  very  porous s u r f a c e .  

Brooks and Eakins (14) found by chemical  a n a l y s i s  of t h e  

a t t a c k i n g  r e a g e n t  t h a t  t h e  non s i l i c a  s t r u c t u r e  of E g l a s s  

i s  p r e f e r e n t i a l l y  d i s s o l v e d  below pII 4 .  The micrographs 

t aken  a t  pH 3 s u b s t a n t i a t e  t h i s .  Although t h e  a t t a c k  i s  

uniform,  showing no evidence of l a r g e  s c a l e  phase  s e p a r a t i o n ,  

t h e  deg ree  t o  which t h e  s u r f a c e  of f i g .  1 0  i s  a t t a c k e d  would 
+ 

i n d i c a t e  t h a t  more t han  ~ a * ' ,  Na , and big++ i ons  have been 

d i s s o l v e d .  I t  i s  p robable  t h a t  t h e  mechanism of e l e c t r o -  

p h i l i c  a t t a c k  on t h e  n o n - s i l i c a  network has a l s o  t aken  p l a c e .  

A s  t h e  pH of t h e  a t t a c k i n g  s o l u t i o n  i s  increased  

from 2 t o  5 ,  t h e  994 g l a s s  s u r f a c e  becomes somewhat rougher 

than t h a t  of  E g l a s s .  Even though t h e  c a t i o n  c o n c e n t r a t i o n  

of t h e  994  g l a s s  i s  lower than  t h a t  of  E g l a s s ,  i t  must be 

remembered t h a t  i n  994 g l a s s  t h e  A 1  i s  p r a c t i c a l l y  a l l  

t e t r a h e d r a l l y  coo rd ina t ed  and t h e r e  may a l s o  be  some A 1  w i th  

a  c o o r d i n a t i o n  of 6 .  I t  i s  be l i eved  t h a t  pH 5 i s  about  t h e  

v a l u e  a t  which t h e  OH- concen t r a t i on  would be h igh  enough 

t o  a t t a c k  t h e  A1-O-Si bond causing t h e  somewhat rougher 

s u r f a c e  of 994 g l a s s .  A t  pH 6 t h e  p r e f e r e n t i a l  a t t a c k  i s  

c l e a r l y  ev iden t  i n  r e g i o n s  of phase s e p a r a t i o n ,  The b a s i c  

t e x t u r e  has  fol lowed t h e  t r end  toward a smoother g l a s s  

s u r f a c e  of more rounded f e a t u r e s .  Th is  i s  i n  c o n t r a s t  t o  

t h e  v e r y  rough s u r f a c e s  found a t  pI1 2 - 3 ,  e s p e c i a l l y  on E 

g l a s s .  



A s  t h e  pH of t h e  a t t a c k i n g  s o l u t i o n  was i nc rea sed  

t o  7 ,  a  d i s t i n c t  change i n  t h e  appearance was observed.  A t  

t he se  pH v a l u e s  bo th  e l e c t r o p h i l i c  and nuc l eoph i l i c  a t t a c k  

i s  t a k i n g  p l a c e ,  b u t  s i n c e  n e i t h e r  H* o r  OH' a r e  p r e s e n t  i n  

the  s o l u t i o n  t o  a  g r e a t  e x t e n t ,  t h e  a t t a c k  i s  l i m i t e d .  Again 

t h e  s u r f a c e  seems t o  be p r e f e r e n t i a l l y  a t t acked ,  a l though 

both g l a s s e s  do show reg ions  of uniform a t t a c k .  I t  i s  thought 

t h a t  t h e  mechanism d e s c r i b e d  e a r l i e r  i s  c o n t r o l l i n g  t h e  

a t t a c k  a t  t h i s  p o i n t .  The s i l i c a  network i s  somewhat a t -  

tacked,  b u t  a s  evidenced by t h e  s u r f a c e ,  some c o n s t i t u e n t s  

a r e  a t t a c k e d  much f a s t e r ,  l e ad ing  t o  t h e  type of s u r f a c e  

most t y p i c a l l y  shown i n  t h e  micrographs of E g l a s s  t r e a t e d  

i n  pH 7 .  The n a t u r e  of  t h e  a t t a c k  i s  ev iden t  a s  about 5 0 -  

60% of t h e  a r e a  has  a  s t r u c t u r e  which would be expected of 

a  h igh  s i l i c a t e  c o n t e n t  g l a s s .  The r e s t  of t h e  g l a s s ,  how- 

eve r ,  c o n s i s t s  of r a t h e r  s m a l l ,  deep p i t s  which would be 

caused by t h e  n o n - s i l i c a  network being d i s so lved .  This e x -  

p l a n a t i o n  of c o u r s e ,  r e q u i r e s  t h e  e x i s t e n c e  of more than  one 

phase ,  and a s  w i l l  be  shown l a t e r ,  t h i s  i s  indeed t h e  ca se  

f o r  a l l  b o r o s i l i c a t e  g l a s s e s .  (19) 9 9 4  g l a s s  a l s o  e x h i b i t s  

t h e  same t y p e  s u r f a c e .  S ince  our work has  e s t a b l i s h e d  t h e  

e x i s t e n c e  of phase  s e p a r a t i o n  i n  994 g l a s s  on a r a t h e r  l a r g e  

s c a l e  t h e  e x p l a n a t i o n  would a l s o  be v a l i d  f a r  t h i s  g l a s s .  

A s  i s  no ted  i n  t h e  micrographs of  bo th  g l ~ s s e s ,  

t h e  behav io r  of  t h e  two g l a s se s '  beg ins  t o  d e v i a t e  s o m e -  



what at pH 8 and above, E glass appears to be attacked more 

or less uniformly at the higher pH values while 994 glass 

exhibits preferential attack. Considering E glass, it is 

seen that except for isolated regions of phase separation, 

which was observed, the surface has very few gross features. 

The glass is attacked uniformly in most cases and the basic 

texture approaches that of the untreated glass. The uniformity 

of the attack may be associated with the strpcture of E glass. 

As we have seen, most phase separation which occured in the 

E glass used has been on too small a scale to observe at 

low magnification. The glass may therefore be considered 

more or less a continuous, random network consisting of 

boron, aluminum, and silicon polyhedra. At high pH values 

even if the submicroscopic A1 and Boron phases were pref- 

erentially dissolved, the silicate network would be exposed 

to the attack with the net result being a very smooth surface. 

If the separated phases were much larger, it would be ex- 

pected that the surface would appear similar to that of 994 

glass. 

Fig. 30 of the E glass surface suggests lim- 

ited phase separation in E glass. The roundish regions seen 

in this micrograph were not observed on untreated glass or 

at a pH below 8. The boundaries, some of which are quite 

well defined, have been preferentially dissolved.  his wouid 

suggest that they are either of a different composition from 



t h e  i n n e r  r e g i o n s  and /or  t h a t  t h e r e  i s  a  s t r e s s  concen t ra -  

t i o n  a t  t h e  b o n d a r i e s .  The s t r e s s  cou ld  be caused by a  d i f -  

f e r e n c e  i n  compos i t ion  o r  be  a  r e s u l t  of  non-uniform cool ing 

of t h e  b a t c h .  

A p l a u s i b l e  exp lana t ion  of t h e  p r e f e r e n t i a l  

a t t a c k  o c c u r r i n g  a t  t h e  boundar ies  of  t h e s e  reg ions  i s  t h a t  

a l o c a l i z e d  d i s t o r t i o n  of t h e  network i s  caused by a  r a t h e r  

h igh  b o r i c  ox ide  c o n c e n t r a t i o n  i n  t h e s e  r e g i o n s ,  a l though  

a  b o r i c  ox ide  phase  has  n o t  p r e c i p i t a t e d .  I t  i s  known ( 2 0 )  

t h a t  t h e  b o r i c  ox ide  t r i a n g l e s  and s i l i c a  t e t r a h e d r a  a r e  

not  cornpatable. Tha t  i s ,  t h e  t r i a n g l e s  being of d i f f e r e n t  

geometr ic  shape and s i z e  cause  a c o n s i d e r a b l e  d i s t o r t i o n  

of t h e  s i l i c o n  network bonding. S e p a r a t i o n  i n t o  two phases 

could  o c c u r ,  b u t  i n  t h e  c a s e  of E g l a s s ,  phase s e p a r a t i o n ,  

on a  l a r g e  s c a l e , i s  a b s e n t ,  The re fo re ,  a  s t r e s s  concen t r a t i on  

i n  t h e s e  r e g i o n s  would have been f r o z e n  i n ,  which would make 

t h e  g l a s s  i n  t h e s e  v e r y  l o c a l i z e d  r e g i o n s  more s u s c e p t i b l e  

t o  a t t a c k .  

I t  was noted t h a t  t h e s e  r eg ions  were no t  observed 

a t  a c i d i c  pH v a l u e s .  Th is  i s  exp la ined  by t h e  f a c t  t h a t  M+ 

ions  a r e  n o t  capab le  of  a t t a c k i n g  t h e  SiOq o r  B 2 0 3  network. 

S ince  it i s  t h e  network which i s  being a t t a c k e d  i n  t h e s e  

r eg ions  t h e  H+ ha s  l i t t l e  e f f e c t .  A s  t h e  011- c o n c e n t r a t i o n  

i n c r e a s e s , a t t a c k  on t h e  network i n c r e a s e s  and p r e f e r e n t i a l  . -. 
a t t a c k  of  t h e  weakened network t akes  p l a c e .  

A t  t h e  h i g h e s t  pH va lues  s t u d i e d ,  t h e  a t t a c k  on 



on the two glasses is seen to be quite different. 994 glass 

at the pH 10-11 level inhibits a very rough surface, while 

the E glass has been uniformly attacked. Again the dif- 

ference in attack may be attributed to the structural dif- 

ference in the glasses. 994 glass having a high A1 content, 

but low non-bridging ion content, would be much more highly 

attacked due to the preferential dissolution of the A104 

structure which opens the glass network to the attacking 

solution resulting in an accelerated attack. 

Although the E glass contains Al, it is not 

present to the same extent as in 994 glass, and, as we have 

shown earlier, it is expected that the network is a random 

distribution of A l ,  B and Si. It should also be noted that 

boron has a high electronegativity and is not attacked to 

as great an extent as Al. The combined effect of the random 

composition of the network and the retarding action of the 

boron tends to limit the attack on E glass. The result as 

seen from the micrographs is a uniformly attacked surface 

with very few gross features. 

Phase Separation 

Since phase separation does play an important 

role in the attack on 994 glass and also does have some ef- 

fect on E glass it would be profitable to discuss some of 

the reasons for the occurrance of the phase separation and 

the effects which it has on the attack. As was discussed 



I 
e a r l i e r ,  t h e  + 3  v a l e n c e  of  A 1  can a f f e c t  t h e  chemical a t t a c k  

I 
I on 994 and E g l a s s .  Th i s  charge d i f f e r e n c e  between A 1  and 
I 

S i  i s  a l s o  thought  t o  p l ay  an important  r o l e  i n  t h e  phase 

s e p a r a t i o n  of 994 g l a s s .  S u b s t i t u t i o n  of aluminum i n t o  t he  

network f o r  a s i l i c o n  atom w i l l  cause  a  l o c a l i z e d  d i s tu rbance  

i n  t h e  S i - 0 - S i  bonding.  There a r e  two reasons  f o r  t h i s :  

f i r s t ,  A 1  and S i  have a  d i f f e r e n t  atomic r a d i i ,  .SO$ and .411 

r e s p e c t i v e l y .  The second reason  i s  t h a t  normally aluminum i s  

found i n  t h e  form A 1 2 0 3 ,  having t r i a n g u l a r  coo rd ina t ion .  A s  

was n o t e d  e a r l i e r ,  however, when A 1  i s  s u b s t i t u t e d  i n  t h e  

g l a s s  network it t e n d s  t o  assume t h e  t e t r a h e d r a l  coo rd ina t ion .  

There i s  an e f f e c t i v e  n e g a t i v e  charge on t h e  A 1  t e t r a h e d r ~ n  

which causes  some d i s t o r t i o n  of t h e  S i - 0 - S i  and/or Si-0-A1 

bond i n  t h e  immediate neighborhood of  t h e  aluminum. Fur ther -  

more, i n  o r d e r  t o  s a t i s f y  e l e c t r o n e u t r a l i t y ,  t h e r e  i s ,  assoc-  

i a t e d  w i t h  each A 1  t e t r a h e d r a ,  a  c a t i o n  which occupies  an 

i n t e r s t i c i a l  p o s i t i o n .  The c a t i o n  can a l s o  i n t e r r u p t  t h e  

chemical bonding as w e l l  a s  f u r t h e r  d i s t o r t  t h e  network 

p h y s i c a l l y .  I t  ha s  been found ( 2 0 ) ,  f o r  i n s t a n c e ,  t h a t  

even though t h e  arr-angement of  t he  oxygen ion  i n  t h e  s i l i c a t e  

network i s  l a r g e l y  determi:ned by t h e  rsilic,3n. i o n s ,  the ca.- 

t i o n s ,  w i l l  i n f l u e n c e  t h i s  arrzngement by a t t empt ing  t o  

achieve t h e i r  e q u i l i b r i u m  coo rd ina t ion ,  The r e s u l t  of t h : . ~  

i s  a  d i s t o r t i o n  of t h e  s i l i con-oxygen  bond ang le s  I-::: 
+ 

ions such a s  Na and K* whose f i e l d  s t r e n g t h s  (1 .1  and 55 



r e s p e c t i v e l y )  a r e  s m a l l ,  t h e  e f f e c t  i s  neg l igab l e .  They 

I may be accommodated w i t h  l i t t l e  d i s t o r t i o n  of t h e  network 

1 bonding. Magnezium which has  t h e  h i g h e s t  f i e l d  s t r e n g t h  

I o f  a l l  network ~ o d i f i e r s  may impose i n t o l e r a b l e  d i s t o r t i o n  

on t h e  s i l i con -oxygen  network. The combined e f f e c t s  of t h e  

aluminum and magnesium i n  994 g l a s s  l e a d  t o  t h e  l a r g e  

phase  s e p a r a t e d  r e g i o n s  observed.  

1 One o t h e r  important  p o i n t  must be emphasized 

I 
I 

i n  connec t ion  w i th  t h e  phase s e p a r a t i o n .  The g l a s s e s  we 

a r e  dea l ing  w i t h  a r e  r a t h e r  t h i c k ,  be ing  approximately 1 / 4  

I 

I 
inches  i n  t h i c k n e s s .  Because of t h i s ,  t h e r e  w i l l  be a  

I l a r g e  t empera ture  g r a d i e n t  i n  t h e  g l a s s  a s  i t  forms. I t  

is  probable  t h a t  i n  t h e s e  g l a s s  p l a t e s  t h e  c e n t e r  cooled 

s u f f i c i e n t l y  s lowly  t o  a l low t h e  phase  s epa ra t ed  reg ions  t o  

grow q u i t e  l a r g e ,  I t  would be expected t h a t  i n  g l a s s  f i b e r s ,  

which a r e  very  t h i n ,  t h e  temperature  would pas s  t h e  c r i t i c a l  

I p o i n t  qu i ck ly  and t h a t  t h e  phase s e p a r a t i o n  would only occur 

on a  submicroscopic  s c a l e .  I t  should  be  remembered, how- 

e v e r ,  t h a t  994 g l a s s  does e x h i b i t  a  s t r o n g  tendency f o r  

phase  s e p a r a t i o n  and t h a t  t h e  attadc i s  d e f i n i t e l y  a f f e c t e d .  

The mechanism by which phase s e p a r a t i o n  a f -  

f e c t s  t h e  a t t a c k  may be  exp la ined  i n  t h e  fo l lowing  way. I n  

9 9 4  g l a s s  t h e r e  a r e  two major p o s s i b i l i t i e s  f o r  a  s e p a r a t e d  

phase .  E i t h e r  a  p u r e  s i l i c a t e  o r  a  magnesium-alumfnum 

s i l i c a t e  phase  may develop.  I t  i s  d o u b t f u l  t h a t  a  pure  



magnesium-alumi1lz19 phase  would be formed s i n c e  t h e  s i l i c a t e  

c o n c e n t r a t i o n  i s  v e r y  h igh  i n  994  g l a s s .  I f  one were t o  

form w i t h  such a  composi t ion i t  would t h e r e f o r e  be l i m i t e d  

i n  i t s  s i z e .  A phase  con ta in ing  aluminum a s  t h e  primary 

network former ,  and s i l i c o n  t o  a  l e s s e r  e x t e n t  would, there-  

f o r e ,  be more p r o b a b l e ,  

I n  most ca se s  t h e  s e p a r a t e d  phases observed i n  

994 g l a s s  a r e  thought  t o  be of t h e  s i l i c a t e  s t r u c t u r e  con- 

t a i n i n g  very  l i t t l e  aluminum. The smal l  s epa ra t ed  phases 

a r e  s e e n  t o  be l e s s  a t t a c k e d  a t  t h e  a c i d i c  pH v a l u e s ,  

whi le  t h e  a r e a  immediately surrounding t h e  reg ions  a r e  

more h i g h l y  a t t a c k e d  t h a n  t h e  b a s i c  g l a s s  s t r u c t u r e .  Since  

s i l i c a  i s  very  s t a b l e  under a c i d  a t t a c k  it i s  thought 

t h a t  t h e  smal l  r e g i o n s  a r e  h igh  i n  s i l i c o n .  Fur ther  evidence 

f o r  t h i s  is t h e  f a c t  t h a t  t h e  reg ion  immediately surrounding 

t h e  s i l i c a t e  r e g i o n s  a r e  more h igh ly  a t t acked .  This i s  be- 

cause t h e  h igh  s i l i c a t e  reg ions  form us ing  s i l i c o n  from t h e  

sur rounding  r e g i o n s ,  l e av ing  t h e  surrounding g l a s s  network 

much h i g h e r  i n  aluminum and magnesium. Such a  network i s  

a t t a c k e d  much more r e a d i l y  a t  a c i d i c  va lues .  The r e s u l t i n g  

g l a s s  s u r f a c e  i s  t h e r e f o r e  much rougher and t h e  a t t a c k  i s  

seen t o  p e n e t r a t e  t h e  g l a s s  much more deeply.  

Very few reg ions  were o k s ~ r v e d  where , the sep-  

a r a t e d  phase was h igh  i n  aluminum. One such reg lon  i s  

shown i n  F ig ,  4 1 ,  The oppos i t e  e f f e c t  on t h e  a t t a c k  i s  



s e e n  t o  occur  i n  t h e s e  r eg ions .  I n  t h e  high aluminum conten t  

p h a s e  t h e  a t t a c k  is  seen  t o  have p e n e t r a t e d  q u i t e  deep by 

p r e f e r e n t i a l  d i s s o l u t i o n  of t h i s  phase whi le  i n  t h e  reg ion  

immediately sur rounding  i t  t h e  a t t a c k  i s  neg l igab l e .  As 

the d i s t a n c e  from t h i s  phase  i s  inc rea sed  t h e  a t t a c k  r e -  

sembles  t h a t  s een  i n  t h e  non-phase s e p a r a t e d  r eg ions .  Since 

t h e  phase  s e p a r a t e d  r e g i o n  i s  h igh  i n  aluminum it  w i l l  have 

d e p l e t e d  t h e  g l a s s  i n  t h e  a d j a c e n t  r eg ion  i n  t h i s  com- 

ponen t  l e av ing  an  a lmos t  pure  s i l i c a t e  s t r u c t u r e  which i s  

n e g l i g a b l y  a t t a c k e d  a t  p1-I 6 .  

CONCLUSIONS 

I t  shou ld  be emphasized t h a t  t h e  r e s u l t s  of 

t h i s  work do n o t  p rov ide  in format ion  a s  t o  t h e  ex t en t  t o  

which t h e  g l a s s e s  were a t t a c k e d .  Some conclus ions  a s  t o  

which c o n s t i t u e n t  o f  t h e  g l a s s  was d i s so lved  may be drawn, 

b u t  q u a n t i t i e s  such a s  weight l o s s  of a s p e c i f i c  c o n s t i t u e n t  

and  t o t a l  weight  l o s s  were n o t  i n v e s t i g a t e d .  

The e f f e c t s  of  l a r g e  and smal l  s c a l e  phase 

s e p a r a t i o n  were observed and it was foultd t h t  in  9 9 4  

g l a s s  t h e  r eg ions  sur rounding  and w i t h i n  a  h igh ly  phase 

s e p a r a t e d  a r e a  were a t t a c k e d  t o  a  g r e a t e r  o r  l e s s e r  e x t e n t  

depending on which phase  had s e p a r a t e d .  A t  a c i d i c  pH 

v a l u e s  t h e  a t t a c k  was found t o  be much more g ros s  i n  reg ions  

where  a  s i l i c a t e  phase  had s e p a r a t e d ,  whi le  i n  r eg ions  



I where a  h i g h  aluminum c o n t e n t  phase had formed t h e r e  was 

l i t t l e  a t t a c k  on t h e  sur rounding  g l a s s .  The aluminum i n  

I such r e g i o n s  was found t o  be  p r e f e r e n t i a l l y  d i s s o l v e d  a t  
' /  low pH v a l u e s  caus ing  deep p i t s  i n  t h e  s e p a r a t e d  phase,  I s  

I whi le  t h e  su r round ing  g l a s s ,  having a  h ighe r  than  normal 

s i l i c o n  c o n t e n t ,  was neg l igab ly  a t t a c k e d .  This  may be 

I r e l a t e d  t o  t h e  a t t a c k  on g l a s s  r e i n f o r c e d  p l a s t i c s .  I t  I I 

I 

I i s  p robab le  t h a t  i f  such non-uniform reg ions  occur i n  t h e  I 
I g l a s s  f i b e r s  t hey  w i l l  a c t  as s i t e s  f o r  p r e f e r e n t i a l  

d i s s o l u t i o n  of t h e  g l a s s ,  thereby des t roy ing  t h e  g l a s s -  

p l a s t i c  bonding and opening t h e  i n t e r f a c e  t o  f u r t h e r  

a t t a c k  by t h e  s o l u t i o n ,  , I 

I n  E g l a s s  very  l i t t l e  phase  s e p a r a t i o n  was ? 
I 

i observed on a  l a r g e  s c a l e .  I t  has  been found,  however, (19) 
I 
I t h a t  phase  s e p a r a t i o n ,  on t h e  submicroscopic s c a l e ,  does ! 
I I 

occur  i n  a l l  b o r o s i l i c a t e  g l a s s e s  and t h i s  mechanism would 

i a l s o  b e  impor tan t  i n  g l a s s  r e i n f o r c e d  p l a s t i c s  us ing boro- 
I 

s i l i c a t e  f i b e r s .  
I 

I 
With few excep t ions  it was a l s o  found t h a t  

p r e f e r e n t i a l  a t t a c k  was of  l e s s  importance when dea l ing  

w i t h  h igh  pH v a l u e s .  One p o s s i b l e  excep t ion  was seen on 

E g l a s s  t r e a t e d  a t  pH l l .  I t  i s  su spec t ed ,  however, t h a t  

a  s t r e s s  c o n c e n t r a t i o n  f rozen  i n t o  t h e  g l a s s  durnng format:-on 

was t h e  cause  of  t h e  p r e f e r e n t i a l  a t t a c k  r a t h ? ;  +12ai! ?I~.SL~.Z 

s e p a r a t i o n .  



1 .  A s  a  r e s u l t  of  t h e  obse rva t ions  of t h e  a t t acked  

s u r f a c e s  p o s s i b l e  mechanisms f o r  a c i d i c  a t t a c k  on g l a s s e s  

c o n t a i n i n g  t r i v a l e n t  network formers have been suggested.  

These mechanisms i n v o l v e  t h e  e l e c t r o p h i l i c  a t t a c k  of M* ions 

on t h e  n o n - s i l i c a t e  network a t  ve ry  low pH v a l u e s ,  and t h e  

combined e l e c t r o p h i l i c  and n u c l e o p h i l i c  a t t a c k  of R* and OH- 

on A1-0-Si bonds a t  pII va lues  of 4 through 7 .  I t  is prob- 

a b l e  t h a t  t h e s e  mechanisms may be extended t o  most g l a s s e s  

which c o n t a i n  a n  a p p r e c i a b l e  amount of  t r i v a l e n t  network 

formers .  I t  was a l s o  found t h a t  a s  t h e  pII va lue  was i n -  

c r e a s e d  above pH 7 t h e  mechanisms desc r ibed  above decreased 

i n  importance s i n c e  t h e  s i l i c a t e  s t r u c t u r e  i s  a l s o  sus -  

c e p t a b l e  t o  a t t a c k  a t  t h e  h ighe r  pII v a l u e s .  
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