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SUMMARY 

The phase equilibria of glass-metal heterogeneous systems are 

discussed; thermodynamic equilibrium is established in the presence of 

oxygen when the molten silicate becomes saturated with the low valence 

oxide of the metal. When the glass contains transition metal oxides 

whose metals have a lower oxidation potential than the base metal and 

form alloys with the base metal, reactions occur that result in adjust- 

ments of the compositions of the alloy and glass at the interface in a 

drive co achieve and maintain equilibrium. Presence of multivalent 

cations in the glass also assists in this drive by providing a transport 

mechanism for atmospheric oxidation of the base metal. If glass and 

metal are not at equilibrium and oxygen is not readily available, reac- 

tions of a redox type occur. Maintenance of equilibrium compositions 

at the.interface while the whole system moves toward thermodynamic 

equilibrium is dependent upon the kinetics of the,various reactions. 

It is theorized that when thermodynamic equilibrium is present in 

heterogeneous systems, chemical bonding can occur between the phases 

providing there are no complications of a physical nature. This condi- 

tion then corresponds to an equal attraction be'tween the atoms at the 

* 
To be,presented at the VII International Glass Congress, Brussels, 

Belgium, June-28-July 3, 1965. 

t~his work was done under- the auspices of the U. S. Atomic Energy 
Commiss ion. 
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i n t e r f a c e  l e a d i n g  t o  a  b a l a n c e  o f .  bond . energ ies  and a  c o n t i n u i t y  o f  t h e  

e l e c t r o n i c  s t r u c t u r e .  Th i s  h y p o t h e s i s  is a p p l i e d  t o  g l a s s - m e t a l  systems. 

Furthermore,  k i t h  t h e  development o f  a chemical  bond t h e  s u r f a c e  energy 
m 

o f  t h e  meta l  i s  lowered by a n  amount approx imate ly  equivaleril: t o  the 

s u r f a c e  energy  o f  t h e  mol ten  g l a s s ;  t h i s  c o n d i t i o n  cor responds  t o  a z e r o  

c o n t a c t  a n g l e  i n  a s e s s i l e  d r o p  experiment.  
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I. INTRODUCTION 

The n a t u r e  of  g lass -meta l  i n t e r f a c e s  i s  a l l - impor t an t  i n  a l l  types 

of  macrocomposites using these  d i s s i m i l a r  ma te r i a l s .  Good bonding i s  

necessary f o r  such composites a s  g lass - to-meta l  s e a l s ,  po rce l a in  enamels,' 

and p r o t e c t i v e  coa t ings ;  no bonding, on t h e  o t h e r  hand, is d e s i r e d  i n  

t h e  shaping of  g l a s s  a r t i c l e s  i n  metal  molds. Although adherence can be 

achieved phys i ca l ly  by such means a s  roughening. of t h e  metal  sur face ,  

t h e  b e s t  and s t r o n g e s t  s e a l s  a r e  a s soc i a t ed  w i t h  t h e  ex i s t ence  of chemi- 

c a l  bonding ac ros s  t h e  i n t e r f a c e  zone. Recent s tud ie s1  i n d i c a t e  t h a t  

an  understanding of  t h e  condi t ions  under which chemical bonding occurs  

a t  i n t e r f a c e s  i s  a s s o c i a t e d  wi th  an  understanding of  t h e  thermodynamics 

of g lass -meta l  heterogeneous systems. I f  two phases forming an  i n t e r -  

f a c e  a r e  n o t  a t  equi l ibr ium, then  a d r iv ing  f o r c e  e x i s t s  f o r  t h e  occur- 

rence of t h c  a p p r o p r i a t e  r e a c t i o n s  t o  atkain equil ibr ium. With t h e  

occurrence of  such . reac t ions  a t  t h e  in t e r f ace ,  chemical p o t e n t i a l  g ra -  

d i e n t s  r e s u l t  i n  t h e  bulk  of  t he  phases and t h e i r  homogenization pro- 

ceeds by d i f f u s i o n  processes.  These processes  cont inue  u n t i l  t h e  e n t i r e  

system i s  a t  thermodynamic equi l ibr ium;  i n  t h e  meantime, t h e  k i n e t i c s  

and thermodynamics of  a l l  t h e  i nd iv idua l  processes  determine t h e  success  

of a t t a i n i n g  and main ta in ing  equ i l i b r ium compositions a t  t h e  in t e r f ace .  

These s t u d i e s  have a l s o  r e s u l t e d  i n  t h e  development of  a theory 

t h a t  under equ i l i b r ium cond i t i ons  a t  t h e  i n t e r f a c e  a ba lance  of bond 

energ ies  e x i s t s  a l lowing t h e  formation o f  a .  continuous e l e c t r o n i c  s t r u c -  

t u re ,  i. e., a chemical bond, ac ros s  t h e  i n t e r f a c e .  Under t hese  condi- 

t i o n s  t h e  i n t e r f a c i a l  energy between the  two phases i s  a t  a minimum. 

Wetting, o r  s e s s i l e  drop, experiments t h a t  provide information on t h e  

i n t e r f a c i a l  energy changes a r e  thus  important.  
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This  paper.wi.11 explore  i n  d e t a i l  t he  p r i n c i p a l  s u b j e c t  a r eas  

mentioned. The d i scuss ion  w i l l  be  based p r imar i ly  on i n t e r p r e t i t i o n s  

and g e n e r a l i z a t i o n s  of  experiments performed i n  t h e  a u t h o r s '  l abora to-  

r i e s .  Only the  chemical f a c t o r s  w i l l  .be of  concern; .  t he  phys i ca l  f a c t o r s  

t h a t  p lay  a  r o l e  i n  matching d i s s i m i l a r  phases and t h a t  must be con- 

s i d e r e d  i n  t h e  making of succes s fu l  composites w i l l  no t  be  discussed.  

. . 

11. TERMODYNAMICS OF GLASS-METAL SYSTEMS 

I n  the  development of  t h e  gene ra l  p r i n c i p l e s  r e l a t e d  t o  chemical 

bonding a t  i n t e r f a c e s  of g lass -meta l  heterogeneous sysrems, t h e  sucliulll 

d i s i l i c a t e  (Na2Si205) and i r o n  (Fe) system w i l l  b e  used a s  an  example. 

S ince  enameling processes  a r e  performed i n  a i r ,  some ox ida t ion  of i r o n  

occurs ;  t he re fo re ,  i r o n  oxide w i l l  a l s o  be  included i n  t h e  d i scuss ion  of  

t h i s  system. 

A. Glass  wi th  No Mul t iva l en t  Cat ions  

1. I n  Contact wi th  Metal Oxide 

I f  o molten g l a s s  placed i n  con tac t  w i t h  a m e k a l  oxide i s  n o t  

s a t u r a t e d  wi th  t h e  oxide, then a  d r i v i n g  f o r c e  f o r  s o l u t i o n  of  t h e  oxide  

by t h e  g l a s s  e x i s t s .  I f  t h e  d i f f u s i o n  r a t e s  of  t h e  components of  the 

s u b s t r a t e  oxide  i n  t h e  g l a s s  a r e  slower than the  r a t e  of  s o l u t i o n  of t h e  

s u b s t r a t e  oxide, t h e  g l a s s  a t  t h e  i n t e r f a c e  immediately becomes s a t u r a t e d  

and a  concen t r a t ion  g r a d i e n t  i n t o  t h e  bu lk  g l a s s  forms from t h e  i n t e r f a c e .  

So lu t ion  of t he  oxide  i s ,  t he re fo re ,  dependent upon these  d i f f u s i o n  r a t e s  

and i t  w i l l  cont inue  u n t i l  t h e  e n t i r e  g l a s s  phase i s  s a t u r a t e d  wi th  t h e  

oxide, assuming t h a t  an excess  of ox ide  i s  present ,  A t  t h i s  p o i n t  t h e  

s a t u r a t e d  g l a s s  w i l l  be  i n  equ i l i b r ium wi th  t h e  oxide. 
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, 
As an  example, Fig. 1 shows t h e  publ ished equi l ibr ium phase diagram 

Jr 
f o r  Na 0-SiO -FeO. It a l s o  shows a n  i so thermal  s e c t i o n  a t  1000°C. A 

2  2 ' 

j o i n  between FeO and Na2Si205 i n d i c a t e s  t h a t  about  40% FeO can be d i s -  

solved i n  t h e  l i q u i d  phase a t  t h i s  temperature.  
2  

The drivin'g fo rce  f o r  s o l u t i o n  of  t h e  oxide  i s  b a s i c a l l y  due t o  a  

r educ t ion  of t h e  i n t e r n a l  energy of  t he  g l a s s .  The i n t e r n a l  energy is 

r e l a t e d  t o  t h e  degree of  sc reening  of  t h e  ca t ions ,  t h e  dominant c a t i o n  

being because of i t s  high charge. The screening  of a  c a t i o n  i s  

determined by the  number of  coord ina t ing  anions and the  na tu re  of t h e  

secondary neighbors.  I n  t h e  case  of  ~ i + ~ ,  t h e r e  a r e  four  coord ina t ing  

oxygen anions;  each of t hese  oxygen anions, i n  turn,  i s  coordinated ,w i th  

e i t h e r  another  ~ i + ~  o r  the  necessary  number of  ~ a +  o r  Fe2+ c a t i o n s  t o  

provide an e l e c  t r o v a l e n t  ba lance  f o r  t he  oxygen which w i l l  be  determined 

by the  g l a s s  s t r u c t u r e .  It has been shown Llllalr the Si -0  bond l eng th  i s  

no t  cons t an t  i n  a  number of s i l i c a t e s  b u t  t h a t  i t  i s  dependent on t h e  

second c a t i o n  neighbor, being s h o r t e r  and s t r o n g e r  when the  o t h e r  c a t i o n s  

coord ina t ing  t h e  oxygen a r e  of lower valence. The schematic S i -0-Si  

conf igura t ion ,  t he re fo re ,  i s  a t  a  h igher  energy s t a t e  than  Si-0-Na o r  

Si-0-Fe; or ,  i n  e f f e c t ,  a  s t r u c t u r e  wi th  br idging  oxygens i s  a t  a  h igher  

energy s t a t e  than  one wi th  nonbridging oxygens. The nonbridg ing oxygens 

can be  increased  by inc reas ing  t h e  O/Si r a t i o  of t h e  g l a s s  which can be 

accomplished by s o l u t i o n  of an  oxide, i n  t h i s  c a s e  FeO. So lu t ion  con- 

t i n u e s  a t  a  g iven  temperature u n t i l  t h e  g l a s s  is s a t u r a t e d  wi th  t h e  

oxide a t  which p o i n t  equ i l i b r ium e x i s t s ,  and a  ba lance  of bond energ ies  

and an  e l e c t r o n i c  s t r u c t u r e  a l s o  e x i s t  ac ros s  t h e  i n t e r f a c e .  

9; 
The formula FeO is  used throughout t h e  t e x t  f o r  convenience; i n  a c t u a l i t y  
t h e  compound is nons to ich iometr ic  wi th  t h e  formula FexO where x i s  
0.875 - 0. 946 a t  1000" C. 
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No2O = N  N2S NS NS2 S i02=S 

System Na20- F e 0  - Si0, showing 1000°C isothermal cut 

M U - 3 3 8 2 5  

Fig. 1. NaZO-SO2-FeO phase  d i a g r a m  showing 1000°C i s o t h e r m a l  
cut. 
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2. I n  ~ o n t a c t ' w i t h  Oxidized Metal 

I f  a  molten g 1 a s s . i ~  placed i n  con tac t  wi th  a  metal  s u r f a c e  t h a t  

,has been oxidized,  t h e  g l a s s  w i l l  d i s s o l v e  t h e  oxide a s  descr ibed  i n  t h e  

previous sec t ion .  A s i m i l a r  type  of s o l u t  ion-dif  fu s  ion  zone . is the  r e -  

s u l t .  The d i f f u s i o n  i n t o  the  g l a s s  is  t h e  c o n t r o l l i n g  s tep .  ' P r i o r  t o  

complete s o l u t i o n  of  t he  oxide, a  c r o s s  s e c t i o n  through t h e  composite 

would r e v e a l  the  fol lowing t r a n s i t i o n  i n  phases: metal-metal ox ide-g lass  

s a t u r a t e d  wi th  metal  oxide grading  i n  composition away fr'om t h e  sub- 

s t r a t e  i n t e r f a c e  t o  t he  c.omposition of  t h e  o r i g i n a l  metal  ox ide - f r ee  

g l a s s .  Although equi l ibr ium compositions e x i s t  a t  t he  i n t e r f a c e s ,  t h e  

e n t i r e  system remains i n  a  s t a t e  of  nonequil ibr ium a s  long a s  any of  t he  

phases possess  a  concen t r a t ion  g rad ien t .  

Such a  s i t u a t i o n  cont inues  u n t i l  t h e  oxide i s  completely d isso lved ,  

i f  t h e  amount p re sen t  is  n o t  s u f f i c i e a t  to s a t u r a t e  t h e  bu lk  g l a s s .  

With con t inua t ion  of  t h e  d i f f u s i o n  processes ,  t h e  g l a s s  a t  t h e . i n t e r f a c e  

becomes unsaturated.  This  l o s s  of  equ i l i b r ium r e s u l t s  i n  a  d r i v i n g  f o r c e  

f o r  r e a c t i o n s  t h a t  would tend t o  r e s t o r e  equ i l i b r ium compositions a t  t he  

in t e r f ace .  

These s i t u a t i o n s  can be  b e s t  i l l u s t r a t e d  by the  use  o f  t h e  diagram 

i n  Fig. 2 which shows schemat ica l ly  t h e  change i n  t h e  a c t i v i t y  of  i r o n  

ac ros s  t h e  c r o s s  s e c t i o n  a t  va r ious  t ime i n t e r v a l s .  The curve a t  to 

r e p r e s e n t s  t h e  a c t i v i t i e s  j u s t  a t - t h e  t ime of contact.  when a  d i s c o n t i n u i t y  

e x i s t s  a t  t h e  g lass -oxide  i n t e r f a c e .  The curve t a  s h o r t  t ime l a t e r ,  
1 

shows t h a t  t h e  a c t i v i t i e s  of i r o n  i n  t h e  oxide and i n  t h e  g l a s s  phase a t  

t h e  g lass -oxide  i n t e r f a c e  a r e  equ iva l en t  which is t h e  requirement f o r  

s a t u r a t i o n  of  t h e -  g l a s s  and equi l ibr ium,  As s o l u t i o n  of t h e  - o x i d e  con- 

t i nues ,  t he  length  of  t h e  d i f f u s i o n  pa th  inc reases  b u t  t h e  a c t i v i t y  o f  
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D i s t a n c e  - 

Fig. 2. Hypotheti ca.1 i ron  activity vs  penetration distance diagram 
. fo r .  oxidized i ron-glass  contact zone showing fer rous  i ron  

activity in  the oxide and the glass  relative to  metall ic i ron  a s  
the s tandard state. 
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t h e  i r o n  i n  t he  two phases remains equal  a t . t h e  i n t e r f ace .  This  s i t u a -  

t i o n  cont inues u n t i l  t h e  l a s t  t r a c e  of  d i s c r e t e  ox ide .  i s  dissolved,  ' 

represented  by t i n  t he  f i g u r e ;  a t  t h i s  p o i n t  t h e  a c t i v i t i e s  of  i r o n  
2 

i n  t h e  metal  and g l a s s  a r e  equal, and these  two phases a r e  then i n  

equi l ibr ium. (An i so thermal  component t e t r ahed ron  of  Na-Fe-Si-0 would 

be necessary t o  show t h e  complete r e l a t i o n s h i p s  of  t h e  d i f f e r e n t  phases.) 

The curve t r e p r e s e n t s  t h e  s i t u a t i o n  when t h e  i r o n  oxide concent ra t ion  
3 

i n  t h e  g l a s s  a t  t h e  i n t e r f a c e  has dropped because of  d i f f u s i o n  r a t e s  

t h a t  a r e  f a s t e r  than  t h e  ox ida t ion  r e a c t i o n s  f o r  t h e  iron, a s  descr ibed  

i n  t he  next  s e c t  ion. 

3. I n  Contact wi th  Unoxidized Metal 

I f  a  metal  oxide-unsaturated g l a s s  i s  placed i n  con tac t  wi th  an 

unoxidized metal  sur face ,  a  s i m i l a r  s i t u a t i o n  e x i s t s  a s  t h a t  occurr ing  

a t  t ime t i n  t h e  previous sec t ion .  A d r i v i n g  f o r c e  f o r  a  r e a c t i o n  then 3 

e x i s t s  i n  an  e f f o r t  t o  a t t a i n  equi l ibr ium. I n  t h e  i ron-g lass  system 

two types of  r e a c t i o n s  a r e  poss ib le .  I n  t h e  .p resence  of oxygen, i ron  

may be  oxidized and e n t e r  t h e  g l a s s  s t r u c t u r e  a s  i r o n  oxide. With 

u n a v a i l a b i l i t y  of  oxygen a  redox r e a c t i o n  may occur  wi th  some component 

i n  t h e  g l a s s  which, i n  t h e  model system under d iscuss ion ,  i s  sodium. 

Equations (1) and (2) a r e  t h e  h a l f  c e l l  r e a c t i o n s  a s soc i a t ed  wi th  

t h e  atmospheric ox ida t ion  of  t he  i r o n  subs t r a t e .  Since oxygen has t o  

e n t e r  t he  system a t  t h e  s u r f a c e  of t he  g l a s s  and i r o n  i s  only a v a i l a b l e  

a t  t h e  in t e r f ace ,  some t r a n s p o r t  process  through the  g l a s s  e i t h e r  f o r  
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e l e c t r o n s  o r  atoms i s  necessary. According t o  o.ur p re sen t  understanding, 

no e l e c t r o n  conduction mechanism i s . p r e s e n t  i n  sodium d i s i l i c a t e  g l a s s  

and t h e  d i f f u s i o n  of  oxygen o r  i r o n  through t h e  g l a s s  i s  extremely slow. 

Atmospheric ox ida t ton  i s  thus not  expected t o  be prominent,. 

Equation (3) has  been experimental ly  observed by Hagan.and Ravitz  
4 

i n  mixtures  of powdered i r o n  and powdered sod ium 'd i s ' i l i c a t e  g l a s s  i n  

t h e  temperature range 900 t o  100U°C under vacuum condi t ions .  . :.The reac-  

t i o n  proceeds only  through the  maintenance o f  a low p a r t i a l  p re s su re  of  

sodium gas. Tn c n n t r a s t  t n  t h ~  reactton of Eqs .  (1) p lus  (2), Eq. (3) 

proceeds wi th  no change i n  t h e  O/Si r a t i o  s i n c e  only  sodium and i r o n  

a r e  involved a s  long a s  no r e a c t i o n  phases a r e  p r e c i p i t a t e d .  Reference 

t o  Fig. 1 i n d i c a t e s  t h a t  Si02 w i l l  f i r s t  p r e c i p i t a t e  a s  a r e s u l t  o f  t h i s  

r e a c t i o n ;  t h e  f i n a l  phases which would be i n  thermodynamic equ i l i b r ium 

wi th  Fe a r e  not  c e r t a i n  because of  l ack  of i n f o r ~ l ~ a t i o n  UII phase e q u i l i b -  

r i a  wi th  elemental  iron. B ~ r o m , ~  however, has shown t h a t  Eq. (3) does 

n o t  take  p l ace  a t  t h e  i n t e r f a c e .  S tud ie s  of d i f f u s i o n  couples  of bu lk  

i r o n  and sodium d i s i l i c a t e  g l a s s  annealed i n  t h e  above temperature range 

i n  a flowing argon atrnosphcre ind ica t ed  t h a t  t he  i r o n  ev iden t ly  e n t e r s  

t he  g l a s s  a s  atoms wi th  some coalescence i n t o  c o l l o i d a l  p a r t i c l e s  a l s o  

occurr ing.  ~ i c h a r d s o n ~  observed a s i m i l a r  phenomenon on hea t ing  

Ca0-Si02-A1203 mel t s  i n  con tac t  w i th  copper where a d i s p e r s i o n  of micro- 

s cop ic  p a r t i c l e s  of  m e t a l l i c  copper formed a s  a rosy  fog. React ion (3) 

thus  occurs  p r imar i ly  w i t h i n  the  g l a s s  r a t h e r  than a t  t h e  in t e r f ace .  

The t r a n s f e r  of  e lemental  i r o n  i n t o  the  g l a s s  i s  a slow s t e p  which 

r e s u l t s  i n  an  i n t e r f a c i a l  i r o n  concen t r a t ion  t h a t  i nc reases  wi th  time. 
. . 

As t h e  concen t r a t ion  of  e lemental  i r o n  increases ,  r e a c t i o n  (3) begins 

t o  proceed t o  t h e  r i g h t .  The f e r rous  ions t h a t  a r e  produced d i f f u s e  
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i n t o  the  bulk  g l a s s  f a s t e r  than  t h e  elemental  i r o n  wi th  t h e  r e s u l t  t h a t  

t h e  maximum i n t e r f a c i a l  i r o n  concen t r a t ion  obta ined  i n  t h e  .experiments 

was l e s s  than  1.5 w t  %. This does not  r ep re sen t  an  equi l ibr ium condi- ' 

t i o n  a t  t h e  i n t e r f a c e ;  consequent ly no adherence was observed wi th  t h e  

base metal. It should be noted t h a t  Eq. (3) would no t  be o p e r a t i v e  i f  

t h e  meta l -g lass  i n t e r f a c e  is  s a t u r a t e d  wi th  FeO. 

R. Glass with  Mul t iva len t  Cat ions 

L t  has been found by p r a c t i c e  t h a t  p o r c e l a i n  enamel adherence i s  

improved by t h e  a d d i t i o n  of a  small  percentage of  c e r t a i n  mu l t iva l en t  

ca t ions ,  such a s  Co, Mn, N i ,  and Cu. These c a t i o n s  normally a r e  p re sen t  

i n  t h e  low va lence  form and a r e  of t h e  network modi f ie r  type. The 

g l a s s e s  t h a t  w i l l  be  used f o r  i l l u s t r a t i v e  purposes i n  t h i s  a n a l y s i s  

a r e  Na2Si205 w i t 1 1  about  4% of COO and a  complex low-melting enamel 

g l a s s  of composition shown i n  Table I. 

1. . I n  Contact wi th  Metal Oxide 

The n a t u r e  of t h e  s o l u t i o n  process  of  a metal  o x i d e . 1 ~  s i m i l a r  t o  

t h a t  descr ibed  i n  Sec t ion  I T - A - 1  f o r  a  g l a s s  wi thout  mu l t iva l en t  ca t ions .  

Table I1 shows t h a t  t h e  s o l u b i l i t y  of  FeO i n  enamel g l a s s e s  wi th  and 

without  mu l t iva l en t  c a t i o n s  is e s s e n t i a l l y  t h e  same wh.en t h e  g l a s s e s  

a r e  placed i n  c0ntac.t w i th  PeO (concent ra t ion  i n  t a b l e  expressed i n  

terms of e lemental  i ron) .  An i r o n  concen t r a t ion  g r a d i e n t  i s  s e t  up i n  

t h e  g l a s s  a s  a  r e s u l t  of t he  s o l u t i o n  of  t h e  oxide  which subsequent ly 

e s t a b l i s h e s  a  counter  d i f f u s i o n  p r o f i l e  f o r  t h e  c o b a l t ' a n d  o t h e r  c a t i o n s  

i n  t h e  g l a s s .  Establ ishment  of  equ i l i b r ium a t  t h e  i n t e r f a c e  may a l s o  

involve some d i f f u s i o n  of  t he  mul t iva l en t  c a t i o n s  i n t o  FeO u n t i l  t h e  

a c t i v i t i e s  f o r  t h e  r e s p e c t i v e  elements would be  equal  i n  t he  two phases. 
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T a b l e  I. F r i t  g l a s s  compos i t ions  

G l a s s  A 
w t  % 

G l a s s  B 
wt % 

CaO 

BaO 

F2 

'2'5 

coo  

N iO 

Mno 

c u o  



Table  11. T a b u l a t i o n  of exper imenta l  c o n d i t i o n s .  

Approx t h i c k .  o f  
Expt. No. p r e o x i d i z e d  l a y e r  C r u c i b l e  Net w t  Conc. Fe 
t y p e  g l a s s  on i r o n  Temp Time m a t e r i a l  Atmos. g a i n  a t  i n t e r f a c e  

(microns) (" c) (hr-min) (mg 1 (wt %) 

8 70 24 - 0 P t  a i r  3 6 19. 1 

I I $ 1  I I  11 4 1 * 

FeO - A 900 0  - 30 A1203 a rgon  
- 25.8 

* 
n o t  determined. 

Note: g l a s s  B = g l a s s  A + adherence  oxides .  

I 
I-' 
I-' 
0 2  
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2. I n  Contact  wi th  Oxidized Metal 

I f  ox id ized  metal  i s  used, t h e  cond i t i ons  f o r  t h e  f i r s t  s t a g e s  of  

s o l u t i o n  whi le  t h e  oxide  i s  s t i l l  p r e sen t  a r e  s i m i l a r  t o  those  descr ibed  

i n  Sec t ion  11-A-2. EqulliLrium compositions a r e  maintained a t  t he  oxide- 

g l a s s  i n t e r f a c e  a s  long a s  any oxide  remains, and a l s o  t h e  s a t u r a t e d  

g l a s s  a t  t h e  i n t e r f a c e  i s  i n  equi l ibr ium wi th  t h e  metal  a t  t he  i n s t a n t  

t h e  l a s t  t r a c e  of oxide is  d isso lved .  A t  t h i s  point ,  however, an  

i ~ ~ h a l a n c e  i n  equ i l i b r ium occurs  as t h e  iron, cont inues  t o  d i f f u s e  i n t o  

t h e  hillk g l a s s ,  and a  d r i v i n g  f o r c e  f o r  ox ida t ion  wi th  atmospheric 

oxygen and re -es tab l i shment  o f  equ i l i b r ium develops. 

React ions ( I ) ,  (2), and (3) a r e  aga in  p o t e n t i a l l y  opera t ive .  The 

previous ly  desc r ibed  d i f f i c u l t i e s  i n  regard  t o  r e a c t i o n  (3) s t i l l  e x i s t  

i n  t h i s  case,  b u t  those  i n  regard  t o  r e a c t i o n s  (1) and (2) a r e  n o t  t h e  

same. The g l a s s  conta in ing  c a t i o n s  capable  of  a t t a i n i n g  s e v e r a l  oxida-  

t i o n  s t a t e s  possesses  a  mechanism f o r  t r a n s p o r t  o f  e l e c t r o n s  a s  i nd ica t ed  

by t h e  d a t a  f o r  weight ga ins  f o r  s e v e r a l  g l a s s e s  l i s t e d  i n  Table I1 

(experiment V;  experiments I and I1 i n d i c a t e  t h a t  t h e  P t  c r u c i b l e  pro- 

7. 
v i d e s  a  conduct ion pa th  1. 

An a d d i t i o n a l  r e a c t i o n  wi th  t h e  formation of an  a l loy ,  however, 

becomes p o s s i b l e  a s  t h e  Co ions reach the  i n t e r f a c e  a s  represented  by 

Eq. (6) which i s  a  summation of t h e  s t e p  r e a c t i o n s  ind ica t ed  by Eqs. (4) 

and (5). 

Wr i t t en  i n  terms of a  g e n e r a l  a l l o y  equ i l i b r ium wi th  t h e  metal  ions i n  
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t h e  g l a s s ,  Eq. (6) becomes: 

Two d i s t i n c t  s i t u a t i o n s  e x i s t  regarding a l l o y  formation a s  a r e s u l t  

o f  t h e  dynamics of t h e  system. The f l u x  of t he  i r o n  i s  away from t h e  

- s u b s t r a t e  metal  and t h e  f l u x  of  t h e  c o b a l t  i s  toward the  s u b s t r a t e .  The 

system i s  complicated by the  f a c t  t h a t  i t  is composed of ,  i n  essence, an  

i n f i n i t e  supply of  Fe and a l imi t ed  supply of  C O + ~ ,  ~t t h e  o r i g i n a l  

i n t e r f a c e  and i n  t h e  reg ion  immediately ad j acen t  t o  i t  t h e  change wi th  

t ime i s  i n i t i a l l y  one of i nc reas ing  c o b a l t  concen t r a t ion  and decreas ing  

i ron ;  however, a p lane  f a r  removed from t h e  i n t e r f a c e  c o n s t a n t l y  exper i -  

ences an  inc rease  i n  i r o n  concen t r a t ion  due t o  t h e  advancing Fe concen- 

t r a t i o n  g r a d i e n t  and a corresponding 'decrease i n  c o b a l t  concent ra t ion ,  

Equation (8) t o  t h e  r i g h t  desc r ibes  t h e  necessary  adjustment  of t h e  

compositions a t  t he  s u b s t r a t e  i n t e r f a c e  which' have l o s t  equ i l i b r ium due 

t o  t h e  decreas ing  ~ e + ~  and t h e  inc reas ing  C O + ~  concen t r a t ion  r e s u l t i n g  

i n  t h e  formation of  a new a l l o y  and a change i n  t h e  ~ e + *  and C O + ~  conten t  

of  t h e  g l a s s  t o  r e - e s t a b l i s h  equi l ibr ium. 

s u b s t r a t e  
Cox + mFe+? + nCo +2 - 

Fe( l  - x) *. Fe(1 - x . -  
d e n d r i t e  

plCO (x + P) 

+ (m + p) ~ e + ~  + (n - p ) ~ o + ~  . (8 

The r e v e r s e  d i r e c t i o n  expresses  t he  changes occurr ing  a t  a d e n d r i t e  

f a r  removed from t h e  in te r face . :  The e f f e c t  of t hese  changes w i l l  b e  

d iscussed  i n  more d e t a i l  i n  Sec t ion  11-B-5. 

I n  a g lass -meta l  system involving "adherence oxides" and r e s u l t a n t  

a l l o y  formation, t h e  h a l f  c e l l  r e a c t i o n  of Eq. (1) must be expressed i n  
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t h e  more gene ra l  terms of  Eq. (9) i n  which t h e  summation of  t h e  sub- 

s c r i p t s  f o r  t he  a l l o y s  i s  no t  intended t o  be equal  t o  one: 

The h a l f  c e l l  r e a c t i o n s  (9) p lus  (2) then  r ep re sen t  atmospheric oxida- 

t ion.  P r e f e r e n t i a l  o r  s e l e c t i v e  ox ida t ion  is  ind ica t ed  by use  of t h e  

s u b s c r i p t s  p and q. 

It i s  ev ident  t h a t ,  i n  o rde r  t o  ma,intain equ i l i b r ium,  t h e  drop of 

a c t i v i t y  o r  chemical p o t e n t i a l  o f  t he  i r o n  i n  t h e  g l a s s  a t  t h e  i n t e r f a c e  

due t o  d i f f u s i o n  i n t o  t h e  bulk  unsa tu ra t ed  g l a s s  must be counteracted.  

The f i r s t  r e a c t i o n s  t o  occur  a r e  atmospheric  ox ida t ion  o f . t h e  i r o n  

[Eqs. (1) and (2)  ] and t h e  formation o f  an  a l l o y  a s  c o b a l t  d i f f u s e s  t o  

t h e  i n t e r f a c e  [Eq. (6) 1. Equil ibr ium i s  maintained subsequent ly by t h e  

necessary  adjustments  i n  t he  compositions of  t h e  phases a t  t h e  i n t e r f a c e  

through a l l o y  composition modi f ica t ions  [Eq. (8) ] and atmospher i c  oxida- 

t i o n  IEqs. (9) and (2) 1. The e x t e n t  t o  which each of  t hese  r e a c t i o n s  

w i l l  occur  w i l l  b e  determined by t h e i r  r e l a t i v e  k i n e t i c s .  Theore t i ca l ly ,  

t h e s e  r e a c t i o n s  w i l l  cont inue  u n t i l  t h e  chemical p o t e n t i a l  g r a d i e n t s  i n  

t h e  o v e r a l l  system have been el iminated.  The system w i l l  then  c o n s i s t  

of homogeneous g l a s s  and a l l o y  phases i n  which the  a c t i v i t y  of i r o n  and 

of  c o b a l t  i n  each of  t he  phases is equal ;  f u r t h e r  atmospheric ox ida t ion  

would only lead  t o  t h e  conversion of t h e  a l l o y  t o  a  d i s c r e t e  oxide phase. 

3. I n  Contact w i th  Unoxidized Metal 

I f  g l a s s  wi th  mul t iva l en t  c a t i o n s  is  placed i n  con tac t  w i th  unoxi- 

d ized  metal, r e a c t i o n s  (8) and (9) wi th  (2) s t i l l  apply a s  descr ibed  i n  

t h e  previous sec t ion ,  However, i n  t h i s  case, s i n c e  t h e  a c t i v i t y  of  i r o n  

i n  t h e  g l a s s  a t  t h e  s t a r t  is e s s e n t i a l l y  zero  and t h e  a c t i v i t y  of t h e  
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c o b a l t  i n  t he  g l a s s  is  r e l a t i v e l y  high, t h e  d r i v i n g  fo rce  f o r  r e a c t i o n  

(8) i s  a t  f i r s t  much g r e a t e r  than  i n  t he  previous case  r e s u l t i n g  i n  t h e  

formation of an  a l l o y  cons iderably  h igher  i n  cobal t .  The r a t e  f o r  reac-  

~ t i o n  (9) is then r e t a rded  because of t h e  much lower ox ida t ion  p o t e n t i a l  
I 

of  h igh  c o b a l t  a l l oy ,  Therefore,  a l though t h e  r e l a t i v e  r a t e s  and phase 

compositions aye d i f f e r e n t ,  t h e  same types of r e a c t i o n s  c a r r y  on u n t i l  

no f u r t h e r  chemical p o t e n t i a l  g r a d i e n t s  e x i s t  i n  t he  system. However, 

a s  before,  t h e  g lass -meta l  i n t e r f a c e  i t s e l f  can maintain equal  a c t i v i t i e s  

of  i r o n  and of coba l t  i n  both phases only when the  k i n e t i c s  of  r e a c t i o n s  

(8) and (9) a r e  s u f f i c i e n t l y  rapid.  

4. Experimental Evidence 

The experimental  d a t a  of  Borom and pask7 can be  used t o  i l l u s t r a t e  

t h e  foregoing d iscuss ions .  For t h i s  purpose an  a n a l y s i s  w i l l  b e  made of 

t he  weight gain-vs-time curves shown i n  Pig. 3 which p e r t a i n  t o  t h e  d a t a  

given i n  Table 11. The curves were obta ined  by hea t ing  specimens i n  a i r  

t h a t  were formed by sandwiching d i s k s  of  ox id ized  i r o n  between r e l a t i v e l y  

t h i c k  d i s k s  of  g l a s ses ,  whose .compositions a r e  given i n  Table I, and 

s e a l i n g  the  composite a t  t he  t e s t  temperature i n  argon. 

Comparison of t he  t o t a l  weight ga ins  of  experiments I - A  and 1 1 - A  

wi th  V-A demonstrates t h e  importance of  t h e  choice  of  c r u c i b l e  ma te r i a l .  

The enhanced t r a n s p o r t  mechanisms r e s u l t i n g  from t h e  presence of  "adher- 

ence c a t i o n s "  i s  ev ident  from t h e  much h igher  weight ga in  of  experiment 

V-B r e l a t i v e  t o  V-A; however, t h i s  d i f f e r e n c e  is no t  a s  pronounced wi th  

the  use  of  plat inum c r u c i b l e s  a s  shown by experiments I and 11. The 

plat inum c r u c i b l e  s e rves  a s  an e x t e r n a l  pa th  f o r  t he  t r a n s f e r  of. e l e c -  

t rons  and thereby enhances t h e  coupling of  t h e  i n t e r f a c e  and s u r f a c e  

r e a c t i o n s  involved i n  atmospheric ox ida t ion  of  t h e  base  metal  through 
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Time (hours)  

Fig. 3. Net weight gain vs  time curves  for oxidized i ron-glass  , 

composites. Experimental conditions a r e  given in Table 11. 
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t h e  g l a s s .  Because of  t h i s  a m p l i f i c a t i o n  of  atmospheric e f f e c t s ,  

experiments conducted i n  plat inum c r u c i b l e s  hav'e.been chosen f o r  i l l u s -  

t r a t i v e  purposes. 

Curves I - A  and 1 1 - A  a r e  e s s e n t i a l l y  pa rabo l i c  i n  shape which i s  

t y p i c a l  of d i f f u s i o n  c o n t r o l l e d  processes;  t h e  only  r e a c t i o n s  t o  con- 

s i d e r  wi th  g l a s s  A t hen  a r e  t h e  h a l f  c e l l s  corresponding t o  atmospheric 

oxida t ion ,  Eqs. (1) and (2).  Curves I - B  and 11-B,  however, d e v i a t e  

cons iderably  from a  pa rabo l i c  shape and r e q u i r e  a  more c a r e f u l  ana lys i s .  

Due t o  t h e  l i g h t  preoxida t ion  i n  experiment 1 1 - B ,  t h e  f l u x  of i r o n  away 

from the  i n t e r f a c e  on complete s o l u t i o n  of  t h e  oxide i s  r ap id  which 

r e s u l t s  i n  an i n i t i a l l y  s t rong  demand f o r  a d d i t i o n a l  ox ida t ion  of  t h e  

base  metal. The easy pa th  f o r  t he  t r a n s p o r t  o f  e l e c t r o n s  provided by 

t h e  c r u c i b l e  permi ts  t h e  l o s s  i n  i r o n  a t  t h e  i n t e r f a c e  t o  be compensated 

i n  p a r t  by t h e  a c t i o n  of Eqs. (9) p lus  (2) which is evidenced by t h e  

i n i t i a l l y  r a p i d  r a t e  of weight ga in  f o r  curve 11-B. As t h e  "adherence 

c a t i o n s f s  d i f f u s e  t o  t h e  s u b s t r a t e  metal  i n t e r f a c e  from t h e  bulk  g l a s s ,  

a l l o y  formation occurs  by a  r e a c t i o n  represented  by Eq. (8). The a l l o y  

t h a t  i s  formed becomes inc reas ing ly  more noble and se rves  a s  a  " b a r r i e r  

layer1 '  t o  t h e  con t inua t ion  of t h e  i n i t i a l  r a t e  of  atmospheric oxidat ion.  

This  e f f e c t  can be observed i n  t h e  change i n  s l o p e  o f  curve 1 1 - B  i n  t he  

i n i t i a l  s tages .  As t h e  r a t e  of  supply of "adherence ca t ions1 '  t o  t he  

i n t e r f a c e  becomes i n s u f f i c i e n t  t o  main ta in  t h e  r equ i r ed  equi l ibr ium 

compositions, atmospheric ox ida t ion  once-aga in  becomes t h e  predominant 

reac t ion .  The r a t e  of  weight g a i n  inc reases  a s  t h e  a l l o y  ' b a r r i e r  l aye r "  

i s  by-passed by p r e f e r e n t i a l  a t t a c k  along high energy s i t e s  such a s  

g r a i n  boundaries,  and a s  new s u r f a c e s  a r e  exposed t h a t  become r i c h e r  i n  

i r o n  a s  t h e  p e n e t r a t i o n  proceeds. This  ' b a r r i e r  l a y e r "  i s  l e f t  a s  a  
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marker of t h e  o r i g i n a l  i n t e r f a c e  and can be r e a d i l y  observed i n . F i g .  4. 

A s i m i l a r  a n a l y s i s  can be appl ied  t o  curve I - B  wi th  t h e  except ion t h a t  

t h e  g r e a t e r  amount of  preoxida t ion  inc reases  t h e  t o t a l  amount of  i r o n  

which has been introduced i n t o  t h e  g l a s s  a t  t h e  time of complete so lu -  

t i o n  of  t h e  oxide  and, thereby, reduces t h e  f l u x  of t he  i r o n  away from 

t h e  in t e r f ace .  This  e f f e c t  e l imina te s  t h e  i n i t i a l l y  high demand f o r  

atmospheric ox ida t  ion  exh ib i t ed  by exper i~oent  1 I - B .  Figure 4 a l s o  shows 

t h e  c ros s  s e c t i o n  o f  t h e  specimen from experiment 1 1 - A ;  absence of t h e  

' h a r r i e r  l a y e r "  r e f l e c t s  i t s  dependence upon t h e  formation of  an  a l l o y  

which, i n  turn ,  i s  dependent on t h e  presence of "adherence cat ions".  

5. Formation of Dendri tes  i n  Glasses  Containing "Adherence Oxides" 

The presence of i s o l a t e d  dendr i t e s ,  i n  t h e  d i f f u s i o n  zone, a s  ob- 

served  i n  Figs. 4 and 5, i s  a  phenomenon t h a t  was no t  covered i n  t h e  

previous d i s c u s s  ion. The d e n d r i t e s  a r e  composed of  a l l o y s  whose i r o n  

content  decreases  w i th  d i s t a n c e  from t h e  i n t e r f a c e .  Another f e a t u r e  01 

t h e  d e n d r i t e s  is  t h e  c r o s s - s e c t i o n a l  composition a s  determined wi th  an  

e l e c t r o n  microprobe; t h e  i r o n  concen t r a t ion  was found t o  i nc rease  from 

t h e  c c n t c r  of  t h e  d e n d r i t e  t o  ~ t s  sur face ,  and the  cobalr concentraLiuli 

t o  decrease.  This f e a t u r e  i s  more pronounced i n  t h e  d e n d r i t e s  f u r t h e s t  

away from t h e  subs t r a t e .  

As t h e  i r o n  d i f f u s e s  from t h e  g l a s s - s u b s t r a t e  metal  i n t e r f a c e ,  a  

g r a d i e n t  is e s t a b l i s h e d  i n t o  t h e  bulk  g l a s s .  Likewise, a  counter  

g r a d i e n t  of  c o b a l t  toward t h e  i n t e r f a c e  r e s u l t s  a s  d i scussed  previously.  

A t  some d i s t a n c e  from t h e  i n t e r f a c e ,  then, t he  composition of  t h e  g l a s s  

i s  such t h a t  t h e  a c t i v i t i e s  of  t h e  i r o n  ions and c o b a l t  ions a r e  equiva- 

l e n t  t o  th0s.e i n  a  s p e c i f i c  mixed oxide of  t h e s e  metals ,  i. e. ,  t he  g l a s s  

is  s a t u r a t e d  wi th  t h i s  oxide. This  mixed oxide, i n  turn,  would be i n  
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Fig. 4. Photomicrographs of the glass-metal interfaces of exper- 
iments 11-A (left) and 11-B (right) taken with reflected light 
(X 100). 



UCRL-11816 Rev. 

Fig. 5. Photomicrograph of glass -metal interface from experiment 
11-B taken with dark field illumination showing extensive den- 
drite formation (X 100). 
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equi l ibr ium wi th  a  s p e c i f i c  a l l o y  of i r o n  and cobal t .  I n  t he  presence 

of a v a i l a b l e  e l ec t rons ,  and wi th  a s u i t a b l e  nuc lea t ion  s i t e ,  i t  becomes 

thermodynamically more favorable  f o r  t he  appearance of t he  d e n d r i t e  

i n s t ead  of t h e  mixed oxide. The d e n d r i t e  forms and grows according t o  

Eq. (10). 

The e l e c t r o n s  become a v a i l a b l e  through r e a c t i o n  (9) a t  t h e  i n t e r f ace .  

The t r ansmi t t ance  of e l e c t r o n s  through t h e  g l a s s  becomes p o s s i b l e  by 

means of t h e  mechanism provided by t h e  mul t iva l en t  c a t i o n s  i n  t h i s  zone, 

o r  poss ib ly  by means of  t h e  e x i s t i n g  d e n d r i t e s  themsklves. A type  of 

galvan& c e l l  a c t i o n  is thus  e s t a b l i s h e d  i n  which a  flow of  e l e c t r o n s  

.occurs  from t h e  base  metal  t o  t h e  d e n d r i t e s ,  and a  flow of  c a t i o n s  a l s o  

occurs  i n  t h e  same d i r e c t i o n  because t h e  c a t i o n s  o r  p lus  charges t h a t  

a r e  necessary  t o  r e p l a c e  t h e  c a t i o n s  removed from t h e  g l a s s  by the  den- 

d r i t e  formation a r e  a l s o  suppl ied  through t h e  same r e a c t i o n  (9). This  

a c t i o n  inc reases  t h e  c o r r o s i v e  a t t a c k  on t h e  base meta l  and a l s o  a f f e c t s  

t h e  g l a s s  compositions a t  t h e  s u b s t r a t e  i n t e r f a c e .  

With t h e  con t inua t ion  o f  ox ida t ion  and d i f f u s i o n  processes ,  t h e  

concen t r a t ion  of  i r o n  i n  t h e  g l a s s  a t  a  g iven  po in t  from t h e  i n t e r f a c e  

w i l l  i nc rease  r e l a t i v e  t o  t h e  cobal t .  A t  t h i s  po in t ,  t h e  corresponding 

a l l o y  t h a t  would be i n  equ i l i b r ium wi th  t h e  g l a s s  would a l s o  be  h igher  

i n  i ron.  The necessary  adjustment  of t h e  equ i l i b r ium compositions a t  
r. ., 

t he  d e n d r i t e  i n t e r f a c e  could be achieved by t h e  r e a c t i o n  represented  by 

Eq. (8) moving t o  t h e  l e f t  w i th  no growth of t h e  dendr i te .  However, with 

t he  a v a i l a b i l i t y  of  an  e x i s t i n g  d e n d r i t e  a s  a  growth s i t e  and e l e c t r o n s  

by a c t i o n  of Eq. (9), an equ i l i b r ium a l l o y  can grow by means of  Eq. (10). 
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The predominance of t h e  l a t t e r  process  i s  supported by the  phys i ca l  

growth of t h e  d e n d r i t e  and t h e  n a t u r e  of t he  d e n d r i t e  c ros s - sec t ion  

composition which would r e s u l t  from a  con t inua t ion  of  t h e  mechanism 

represented  by Eqs. (9) and (10). Homogenization of  a  d e n d r i t e  cannot 

be  a c h i e v e d ' a s  long a s  t h e  g l a s s  composition ad jacen t  t o  i t  is  con- 

s t a n t l y  changing, s i n c e  . t he  d i f f u s i o n  r a t e s  of  c o b a l t  and i r o n  wi th in  

t h e  a l l o y  a r e  s lower than  those  w i t h i n  the  g l a s s .  

I n  t hese  s t u d i e s  no d e n d r i t e  growth from t h e  s u b s t r a t e  metal  

3u r facc  hao becn o b ~ c r v c d  ac i nd i ca t ed  by c a r e f u l  examination o f . F i g ~ ,  

4 and 5. The f i g u r e s  do show, however, t h a t  t h e  roughening of  t h e  

i n t e r f a c e  i s  cons iderably  i n t e n s i f i e d  when t h e  g l a s s  con ta ins  mu l t i -  

v a l e n t  ca t ions ;  some of  t h e  r e s u l t i n g  protuberances have a  pen insu la r  

shape t h a t  could be i n t e r p r e t e d  a s  dendr i t e s .  The roughening i s  due t o  

t h e  ox ida t ion  of  t h e  s u r f a c e  wi th  t h e  a t t a c k  being g r e a t e r  along h igh  

energy s i t e s ,  l i k e  g r a i n  boundaries.  This a n a l y s i s  was ve ' r i f i ed  by 

8  Gaidos and Pask who showed t h a t  no a t t a c k  of  t h e  i r o n  s u r f a c e  occurred 

when t h e  g l a s s  was s a t u r a t e d  wi th  FeO, wh i l e  g l a s s  s a t u r a t e d  wi th  Fe 0  
2  3 

a t t a c k e d  and roughened t h e  i r o n  s u r f a c e  according t o  t h e  r e a c t i o n  ind i -  

ca t ed  by Eq. (11). 
. . 

F ~ O  + 2 ~ e ~ '  = 3Fe 2+ (11) 

The in t ens  i f  i ed  roughening v i s i b l e  . i n  Figs. 4 and 5 i s  due t o  incrcascd  

ox ida t ion  r a t e s  r e s u l t i n g  both from enhanced conduction mechanisms pro- 

vided by t h e  presence of  mu l t iva l en t  ca t ions ,  a s  descr ibed  e a r l i e r ,  and 

from a d d i t i o n a l  o x i d a t i o n  demands imposed on the  s u b s t r a t e  meta l  by the  

formation o f  d e n d r i t e s  i n  t he  bulk  g l a s s ,  However, t h e r e  i s  a  poss i -  

b i l i t y  of a c t i v i t y  a t  t h e  meta l  s u r f a c e  equ iva l en t  t o  many small  ga lvan ic  
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c e l l s  due t o  a l l o y  composition f l u c t u a t i o n s  brought about by f a s t e r  

I ; 

r e a c t i o n  r a t e s  a t  g r a i n  boundaries;  i n  t h i s  case,  Eqs. (9) and (10) would 

1 .  a l s o  be opera t ive .  It w i l l  no t  be  p o s s i b l e  t o  prove t h i s  po in t  u n t i l  

experimental  techniques a r e  developed f o r  determining compositions on 

such a small  s ca l e .  

111. GLASS-METAL INTERFACES 

It is now of  i n r e r e s t  t o  examine t h e  g lass -meta l  i n t e r f a c e  i n  

g r e a t e r  d e t a i l  because i t s  n a t u r e  determines t h e  behavior  of composite 

systems. P a r t  I1 discussed  t h e  cond i t i ons  under which equ i l i b r ium was 

reached a t  t h e  g lass -meta l  i n t e r f a c e s  and maintained a s  t he  o v e r a l l  

system approached thermodynamic equ i l i b r ium by homogenization w i t h i n  

t h e  bulk  phases. 

A. Nature of  I n t e r f a c e s  

A s  an  in t roduct ion ,  i t  is of i n t e r e s t  t o  considdr  t h e  cond i t i ons  

ac ros s  any a r b i t r a r y  imaginary p lane  through a homogeneous condensed 

phase f r e e  of i s o l a t e d  defec ts .  There a r e  no d i s c o n t i n u i t i e s  ac ros s  

such a plane: a )  no phys i ca l  d i s c o n t i n u i t y  i n  t h e  sense  t h a t  no i n t e r -  

mediate phase i s  present ,  b) t h e  atomic s t r u c t u r e  i s  continuous i n  t h a t  

t h e r e  i s  no d i s s i m i l a r i t y  i n  t h e  s t r u c t u r e  of t he  phases ad jo in ing  t h e  

plane, and c )  t h e  e l e c t r o n i c  s t r u c t u r e  i s  continuous whether it r ep re -  

s e n t s  chemical bonding of  a m e t a l l i c ,  ion ic ,  o r  covalen t  n a t u r e  o r  some 

combination. The ex i s t ence  of t h e  continuous e l e c t r o n i c  s t r u c t u r e  is 

a s s o c i a t e d  wi th  t h e  e x i s t e n c e  of a ba lance  of bond ene rg i e s  i n  t h e  sense  

t h a t  t h e  e l e c t r o n s  i n  t h e  i n t e r f a c e  a r e  equa l ly  a t t r a c t e d  t o  ad jo in ing  

atoms. (The terminology of  a ba lance  of  bond energ ies  has no r e fe rence  

t o  bond lengths  o r  t h e  energy l e v e l s  a t  which a balance may occur.)  
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Under t hese  condi t ions ,  a  thermodynamic equi l ibr ium e x i s t s  a t  such an 

imaginary p lane  and no d r i v i n g  f o r c e  e x i s t s  f o r  chemical r e a c t i o n s  t o  

occur. Also, s i n c e  t h e r e  a r e  no d i s c o n t i n u i t i e s  and no r e a l  i n t e r f a c e ,  

i t  i s  obvious t h a t  t he  i n t e r f a c i a l  energy a t  such a  p lane  (or  t h e  s u r f a c e  

energy of a  s o l i d  i n  c o n t a c t  wi th  s o l i d  wi th  a  contiguous s t r u c t u r e )  i s  

zero. 

1. Metal Sur face  

The formation of  a  s o l i d  (as a  meta l )  s u r f a c e  i n  a  p e r f e c t  vacuum 

r e p r e s e n t s  a  plane ac ros s  which t h e r e  is a  d i s c o n t i n u i t y  i n  both t h e  

atomic and e l e c t r o n i c  s t r u c t u r e s .  Because of  t he  d i s c o n t i n u i t i e s  a  

h ighe r  energy l e v e l  e x i s t s  a t  t he  s u r f a c e  exposed t o  vacuum i n  comparison 

wi th  a  p a r a l l e l  p lane  through the  bulk so l id .  This  d i f f e r e n c e  i n  energy 

l e v e l  is  r e f e r r e d  t o  a s  t h e  s u r f a c e  energy of t he  s o l i d  i n  c o n t a c t  wi th  

vacuum, o r  more c o r r e c t l y ,  t h e  i n t e r f a c i a l  energy of  t he  s o l i d  r e l a t i v e  

t o  vacuum. The reason f o r  t h i s  energy l e v e l  is  the  poorer  sc reening  of  

t h e  atoms o r  ions a t  t h e  su r f ace ;  an  atom a t  t h e  s u r f a c e  has a  lower 

coo rd ina t ion  number than a  corresponding atom i n  t h e  bulk  ma te r i a l .  The 

degree  of  i t s  screening  determines t h e  energy leve l .  

The s u r f a c e  i n  a l l  c a ses  w i l l  a t tempt  t o  reach the  lowest p o s s i b l e  

energy leve l .  Because of  t h e  r i g i d  na tu re  of a  s o l i d  no major rear range-  

ment of  atoms can t ake  place;,  a d i s t o r t i o n  and a  p o l a r i z a t i o n  of  atoms 

a t  and near  t he  sur face ,  however, can t ake  p l ace  which r e s u l t s  i n  b e t t e r  

sc reening  and a  r educ t ion  of t h e  s u r f a c e  energy. This  p o l a r i z a t i o n  

e f f e c t  i s  more dominant f o r  compounds and f o r  c e r t a i n  atoms. 

I n  the  presence of a  gas  the  s u r f a c e  atoms of a  me.tal i nc rease  

t h e i r  sc reening  and thereby reduce t h e i r  energy l e v e l  by adso rp t ion  o f  

t h e  gas.  Whether t h i s  adso rp t ion  is  phys ica l  o r  chemical is dependent 
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on whether a  chemical bond forms by a  r e a c t i o n  which would be requi red  

f o r  thermodynamic equ i l i b r ium of  t h e  system. A chemical bond leads  t o  

a  lower energy s t a t e  because of t h e  c o n t i n u i t y  of t h e  e l e c t r o n i c  s t r u c -  

t u r e  and, thus,  a  lower s u r f a c e  energy of t h e  metal  i n  con tac t  w i th  the  

gas. Such a  chemical r e a c t i o n  can lead  t o  a  s o l u t i o n  of  t he  product 

l a y e r  o r  i t s  growth; i n  each case, adsorp t ion  of  t he  gas  w i l l  cont inue  

u n t i l  thermodynamic equ i l i b r ium f o r  t h e  e n t i r e  system is  reached. The 

k i n e t i c s  of t he  va r ious  r e a c t i o n s  involved w i l l  determine t h e  r a t e s .  

I f  a  d e f i n i t e  product l a y e r  does form, r e f e rence  t o  t he  s u r f a c e  energy 

of  t h e  metal  i n  con tac t  wi th  the  gas  becomes meaningless because of a  

phys i ca l  d i s c o n t i n u i t y  due t o  t h e  in te rmedia te  product  pahse. I n  t h a t  

case,  ' r e f e rence  only t o  t h e  s u r f a c e  energy of  t h e  metal  i n  con tac t  wi th  

t h e  p r o d u c t . l a y e r  becomes meaningful. '  

2. Liquid  surface^ 

The s u r f a c e  i n  con tac t  w i th  a  vacuum, a s  before,  r e p r e s e n t s  a  d i s -  

c o n t i n u i t y  i n  both  t h e  atomic and e l e c t r o n i c  s t r u c t u r e s .  The preceding 

d i scuss  ion  i n  regard  t o  s u r f a c e  ene rg i e s  i s  thus  g e n e r a l l y  appl icable .  

A l i q u i d ,  however, because of  t h e  mob i l i t y  of  t h e  atoms and of  no long 

range o rde r  s t r u c t u r e ,  can i n  a d d i t i o n  experience a  rearrangement o f  

atoms a t  i t s  s u r f a c e  i n  an a t tempt  t o  reach  t h e  lowes t ' pos s ib l e  ene rgy .  

leve l .  This  c a p a b i l i t y  i s  o f  p a r t i c u l a r  s i g n i f i c a n c e  f o r  l i q u i d s ,  l i k e '  

molten s i l i c a t e  g l a s ses ,  , t h a t  have complex compositions and s t r u c t u r e s .  

The a b s o l u t e  o r  i n t e r n a l  energy l e v e l  of a  bu lk  g l a s s  is  determined 

by the  degree of  sc reening  of  t h e  c a t i o n s  and t h e  n a t u r e  of t h e  e l e c -  

t r o n i c  s t r u c t u r e ,  a s  d i scussed  i n  Sec t ion  11-A-1: A lower i n t e r n a l  

energy i s  normally a t t a i n e d  wi th  a  h igher  O/Si r a t i o  which i s  achieved 

by an  increased  amount of  oxides t h a t  provide network modifying ca t ions .  
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The s t r u c t u r e  a t  t h e  s u r f a c e  o f  t h e  glass., however, a d j u s t s  i t s e l f  so  

t h a t  i t  i s  s i l i c a - r i c h  wi th  a  minimum number of coordinated network 

modifying ca t ions ,  i. e., a  lower O/Si r a t i o .  It can be  shown . s t r u c t u r -  

a l l y  t h a t  such a s u r f a c e  call lilaiiltain an c l c c t r o v a l c n t  balance without  

a  decrease  i n  t h e  coo rd ina t ion  nu111ber of  four  f o r  t h e  s i l i c o n ;  whereas, 

presence of modifying c a t i o n s  wi th  coo rd ina t ion  numbers normally g r e a t e r  

than  four  would r e q u i r e  a  decrease  i n  t h e i r  coord ina t ion  number a t  t he  

sur face .  Of t h e s e  two p o s s i b i l i t i e s  t he  former would have a  lower energy 

level ,  and wnu1.d thus  be  p re fe r r ed ;  it  would, however, be a t  a  h igher  

energy l e v e l  than a  p a r a l l e l  p lane  through t h e  bulk  g l a s s  and hence t h e  

source  of s u r f a c e  energy f o r  t h e  g l a s s .  Because of  t h i s  d r i v e  f o r  a  

s i l i c a - r i c h  rearrangement a t  t h e  sur face ,  t h e  s u r f a c e  s t r u c t u r e s  do no t  

va ry  g r e a t l y  f o r  d i f f e r e n t  g l a s s e s  and t h e  s u r f a c e  energ ies  of s i l i c a t e  

g l a s s e s  thus do no t  vary  considerably;  va lues  quoted i n  t h e  l i t e r a t u r e  

2 g e n e r a l l y  f a l l  i n  t h e  range of  275 t o  350 ergslcm . 
3*. Liquid-Solid I n t e r f a c e s  

I f  a  s o l i d  and l i q u i d  placed i n  con tac t  form a n  in t e r f ace ,  no 

phys i ca l  d i s c o n t i n u i t y  i n  t h e  form of  a gap o r  a.li i n r e m e d i a t e  p l ~ a s e  

e x i s t s  between them. There is  a  d i s c o n t i n u i t y  i n  t h e  atomic s t r u c t u r e  

s i n c e  t h e  phases have d i s s i m i l a r  s t r u c t u r e s ,  The c o n t i n u i t y  of  t h e  

e l e c t r o n i c  s t r u c t u r e ,  however, i s  dependent upon t h e  ex i s t ence  of  chemi- 

c a l  bonding o r  a  ba lance  of bond ene rg i e s  ac ros s  t h e  i n t e r f a c e  which 

occurs  under condi t ions  of thermodynamic equi l ibr ium. 

I n  t h e  c a s e  of a  metal, l i k e  i r o n  and molten g l a s s ,  s i n c e  t h e  

s u r f a c e  energy of  t h e  metal  i s  cons iderably  g r e a t e r  than t h a t  of  g l a s s  

and w i l l  thus  dominate t h e  system, t h e  formation of  an  i n t e r f a c e  ind i -  

c a t e s  t h a t  t h e  s u r f a c e  energy of t h e  metal  i n  con tac t  w i th  g l a s s  i s  l e s s  
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than when i t  i s  i n  con tac t  w i th  gas. I f  thermodynamic equi l ibr ium does 

n o t  e x i s t ,  then  t h e  s u r f a c e  s t r u c t u r e  of t h e  g l a s s ,  a l though d i s t o r t e d  

by phys i ca l  sc reening  demands of the .meta l ,  remains i n t a c t  and a  van de r  

Waals type of a t t r a c t i v e  fo rces  develop. A d i s c o n t i n u i t y  i n  t h e  e l ec -  

t r o n i c  s t r u c t u r e  ac ros s  t h e  i n t e r f a c e  then e x i s t s .  I f ,  on t h e  o the r  

hand, thermodynamic equ i l i b r ium between the  phases e x i s t s ,  t h e  g l a s s  

s t r u c t u r e  a t  t h e  s u r f a c e  is modified because t h e r e  a r e  a t t r a c t i v e  fo rces  

between t h e  atoms i n  t he  two phases equ iva l en t  t o  t h e  bonding energ ies  

o f  t h e  atoms i n  t h e  s u r f a c e  of  t he  g l a s s ,  and a  ba lance  of  bond energ ies  

o r  a  chemical bond r e s u l t s .  No d i s c o n t i n u i t y  i n  t h e  e l e c t r o n i c  s t r u c -  

t u r e  ac ros s  t h e  i n t e r f a c e  e x i s t s  under t h e s e  condi t ions ;  t h e  s u r f a c e  

energy of  t he  meta l  i n  con tac t  wi th  t h e  , g l a s s  i s  then reduced i n  com- 

pa r i son  wi th  t h e  s i t u a t i o n  where chemical bonding does n o t  exis t .  There 

t 

is s t i l l ,  however, an  i n t e r f a c i a l  energy, o r  a  s u r f a c e  energy of  t he  

metal  i n  con tac t  wi th  g l a s s ,  because of  t h e  d i s c o n t i n u i t y  i n  t h e  atomic 

s t r u c t u r e .  

A more s p e c i f i c  d i scuss ion  of  t h i s  phenomenon r e l a t i v e  t o  t h e  

systems i n  ques t ion  may be informative.  A "clean" metal  normally has 

a  thermodynamically s t a b i e . c h e m i c a l l y  adsorbed l a y e r  of oxygen. A 

molten g l a s s  placed on t h i s  s u r f a c e  w i l l  h a v e . i t s  s u r f a c e  i n t e r a c t  w i th  

t h e  oxygen l a y e r  because of  i t s  e f f o r t  t o  reach a  lower energy l e v e l  by 

inc reas ing  i t s  oxygen-'sil icon r a t i o  o r  t h e  number of nonbridging oxygens. 

This  process  r e q u i r e s  a  pre l iminary  s t e p - o f  breaking some of t h e  bonds 

e x i s t i n g  between t h e  atoms i n  t h e  o r i g i n a l  s u r f a c e  of  t h e  g l a s s .  I f  t he  

bulk  g l a s s  ad j acen t  t o  t h e  sur . face i s  no t  s a t u r a t e d  wi th  t h e  oxide, i . e . ,  

no t  i n  thermodynamic equ i l i b r ium wi th  the  oxide, then  an  imbalance e x i s t s  

i n  t h e  demand f o r  t he  oxygen l a y e r  between t h e  bulk  g l a s s  and t h e  metal. 
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The l a y e r  i s  absorbed by the  l i q u i d  g l a s s ,  and wi th  no a v a i l a b l e  f r e e  

oxygen the  g l a s s  s u r f a c e  aga in  r e a d j u s t s  i t s ,  s t r u c t u r e  t o  t h e  lowest 

p o s s i b l e  energy l e v e l ;  t h i s  s u r f a c e  is then  i n  con tac t  wi th  metal  atoms 

and an  a t t r a c t i v e  f o r c e  of  a  van de r  Waals type develops wi th  a  discon-  

t i n u i t y  i n  t h e  e l e c t r o n i c  s t r u c t u r e  ac ros s  t h e  in t e r f ace .  On t h e  o t h e r  

hand, i f  t h e  b,ulk g l a s s  ad j acen t  t o  t h e  s u r f a c e  i s  s a t u r a t e d  wi th  the  

meta l  oxide, i. e, , i n  thermodynamic equ i l i b r ium wi th  t h e  oxide, a  ba lance  

e x i s t s  i n  t h e  demand f o r  t he  oxygen l a y e r  between t h e  bulk  g l a s s  and t h e  

metal  a f t e r  t h e  pre l iminary  i n t e r a c t i o n  of t h e  ~ u r f a c e c .  Conccqucntly, 

a  ba lance  of  bond ene rg i e s  and no d i s c o n t i n u i t y  i n  t h e  e l e c t r o n i c  s t r u c -  

t u r e  e x i s t .  

B. Wetting Behavior 

Wetting o r  s e s s i l e  drop experiments become of  i n t e r e s t  because they 

provide  q u a n t i t a t i v e  information on i n t e r f a c i a l  ene rg i e s  which, i n  turn,  

provide information on t h e  n a t u r e  of  bonding a t  t h e  g lass -meta l  i n t e r -  

faces. 

I f  t he  s u r f a c e  energy of  a  n e t a l  i s  lowered when i n  c o n t a c t  wi th  a  

l i q u i d ,  t he  d r i v i n g  f o r c e  r e s u l t i n g  from t h e  decrease  i n  s u r f a c e  energy 

provides  a  spreading f o r c e  around t h e  per iphery  of  a  drop placed on t h e  

metal  a s  shown i n  Fig. 6. The only r e s t r a i n i n g  f o r c e  is t h e  s u r f a c e  

t ens ion  of t h e  l i qu id .  A balance of  t he  h o r i z o n t a l  componcnts of  t h e s e  

fo rces  determines t h e  o f t e n  quoted con tac t  angle,  t h e  c ros s - sec t iona l  

ang le  between t h e  meta l -g lass  p lane  and a p lane  drawn tangent  t o  t h e  

l i q u i d  s u r f a c e  a t  t h e  three-phase junct ion,  represented  by Eq. (12) where 

and y a r e  t h e  sol id-gas,  s o l i d - l i q u i d ,  and l iqu id-gas  s u r f a c e  
s Y g 9  sY.49 a g 

tens ions ,  r e spec t ive ly .  
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Fig. 6. The driving force due to a decrease in  the surface energy 
of the solid by the liquid, F - ,FQ, manifests itself a s  a 
tensile force acting on the pe%iphery of the drop i n  contact 
with the solid. 
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It can be seen  t h a t  when t h e  con tac t  angle,  8, approaches zero, t he  

amount of  r educ t ion  i n  t h e  s u r f a c e  t ens ion  of t h e  metal  (which i s  roughly 

equal  t o  s u r f a c e  energy) by t h e  l i q u i d  approaches t h e  s u r f a c e  t ens ion  of 

t h e  l iqu id .  As d iscussed  e a r l i e r  t h i s  ba lance  i n d i c a t e s  t h a t  t h e  bonding 

f o r c e s  between t h e  atoms a t  t he  i n t e r f a c e  a r e  e s s e n t i a l l y  equiva len t  t o  

t h e  bonding ene rg i e s  of  t h e  atoms i n  t h e  g l a s s  which is  the  requirement 

f o r  a  continuous e l e c t r o n i c  s t r u c t u r e  o r  chemical bonding a t  t h e  i .nter- 

face. T h i s  concept h a s  been v e r i f i e d  experimental ly  by measurements of 

adherence. A c e r t a i n  amount 'of leeway seems t o  e x i s t  i n  t h a t  good 

adherence begins t o  develop a t  con tac t  angles  sma l l e r  than  about  30°, a t  

which po in t  t h e  r educ t ion  o f  t h e  s u r f a c e  energy of t h e  metal  by t h e  g l a s s  

is  equ iva l en t  t o  about '85% of t h e  s u r f a c e  energy of t he  molten g l a s s .  

Na2Si205 g l a s s  s a t u r a t e d  wi th  i r o n  oxide on i r o n  showed a con tac t  ang le  

of  about  ze ro  degrees,  and Na S i  0  g l a s s  a lone  showed a con tac t  ang le  2 2 5  

o f  55" ; lilccwioc, t h c  formc.1- configuration sl~owed good adherence by Irac- 

t u r i n g  i n  t h e  g l a s s  on deformati.on, and t h e  l a t t e r  showed poor adherence 

by easy sepa ra t ion  o f  t h e  g l a s s  drop from t h e  metal. 

I f  t he  spreading f o r c e  manifested by the  r educ t ion  of  t h e  s u r f a c e  

energy of t h e  metal  exceeds t h e  s u r f a c e  t ens ion  of t h e  l i qu id ,  then t h e  

chemical bonds a t  t h e  s u r f a c e  of  t he  g l a s s  a r e  exceeded a n d . a n  e x t e n ~ i o n  

of  t he  s u r f a c e  occurs  r e s u l t i n g  i n  spreading. This phenomenon can be 

a t t r i b u t e d  e i t h e r  t o  f a s t e r  k i n e t i c s  t h a t  may occur under c e r t a i n  condi- 

t i o n s  o r  t o  r e a c t i o n s  leading  t o  t h e  formation of  lower energy bonds, 

The 'formation o f  a n  obtuse  ang le  i n  wet t ing  experiments is  an 

i n d i c a t i o n  t h a t  t h e  s u r f a c e  energy of t h e  s o l i d  i n  con tac t  wi th  t h e  
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l i q u i d  is g r e a t e r  than t h a t  of  t he  s o l i d  i n  con tac t  wi th  t h e  gas. 

Wetting of t h e  s o l i d  by t h e  l i q u i d  i s  thus  unfavorable.  ,The formation 

o f - a n  i n t e r f a c e ,  however, i n  most 'cases i n d i c a t e s  t h a t  t h e  s u r f a c e  

energy of  t he  l i q u i d  i n  .contac t  wi th  t h e  s o l i d  ' i s  lower than  t h a t  of  

t h e  l i q u i d  i n  con tac t  wi th  gas. This  s i t u a t i o n  normally occurs  when 

.the s u r f a c e  energy of t he  l i q u i d  is  cons iderably  h igher  than  t h a t  of  

t h e  s o l i d ,  i. e. ; molten meta l  on' a r e f r a c t o r y  oxide. 

IV .  CONCLUS IONS 

Fundamental i n t e r p r e t a t i o n s  of  experimental  observa t ions  of  t h e  

behavior  a t  g lass -meta l  i n t e r f a c e s  i n d i c a t e  t h a t  thermodynamic e q u i l i b -  

rium e x i s t s  i n  g lass -meta l  systems i n  t h e  presence of  oxygen when t h e  

g l a s s  i s  s a t u r a t e d  wi th  t h e  low va lence  oxide of t h e  metal, element, o r  

a l loy .  I f  thermodynamic equ i l i b r ium does not  e x i s t ,  then a d r iv ing  

f o r c e  e x i s t s  f o r  r e a c t i o n s  a t  t he  i n t e r f a c e  t o  achieve  such an e q u i l i b -  
I 

rium whose success  is dependent upon t h e  k i n e t i c s ' o f  t he  reac t ions .  

The maintenance of equ i l i b r ium compositions a t  t h e  i n t e r f a c e s  whi le  t he  

r e s t  of t h e  system moves toward homogenization and thermodynamic equ i l i b -  

rium is  dependent upon t h e  k i n e t i c s  of  t h e  a s s o c i a t e d  r eac t ions .  Quanti- 

t a t i v e  d a t a  t o  support  t hese  hypotheses, o t h e r  than  t h e  experimental  

observa t ions  descr ibed,  a r e  q u i t e  meager. Thermodynamic d a t a  f o r  equi-  

l i b r ium condi t ions  i n  g lass -meta l  heterogeneous 'systems a r e  p a r t i c u l a r l y  

lacking. Work i n  t h i s  a r e a  is  p r e s e n t l y  i n  progress.  

A second concept of p a r t i c u l a r  importance which has been s t rengthened  

by t h i s  s tudy i s  t h a t  a continuous e l e c t r o n i c  s t r u c t u r e  o r  chemical bond- 

ing can e x i s t  a t  t he  i n t e r f a c e s  of phases only when they a r e  i n  e q u i l i b -  

rium. Glass-metal adherence i s  b a s i c a l l y  dependent upon t h i s  concept 
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a l though t h e r e  a r e  many r ami f i ca t ions  because of  t h e  complexi t ies  

involved. Under equ i l i b r ium condi t ions ,  the  i n t e r f a c i a l  energy of  t he  

metal  i s  lowered by the  molten g l a s s  by a n  amount approximately equiva- 

l e n t  t o  the  s u r f a c e  energy of t he  molten g l a s s .  S e s s i l e  drop experiments 

performed under c o n t r o l l e d  condi t ions  thus  a r e  important;  con tac t  angles  

approaching ze ro  degrees,  i n d i c a t i n g  good wett ing,  r ep re sen t  t h e  e x i s t -  

ence o f  condi t ions  f o r  chemical bonding and good adherence a t  t h e  g l a s s -  

metal  i n t e r f a c e s .  
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