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ABSTRACT

T h e  s e r v i c e  p e r f o r m a n c e  o f  a n od i s e d  a l u m i n i u m  i n  
a r c h i t e c t u r e  i s  dependent  upon t h e  c o n t r o l  o f  t h e  
a n o d i s i n g ,  c o l o u r i n g  and s e a l i n g  p r o c e s s e s .  The q u a l i t y  of  
t h e  a n od i c  o x i d e  f i l m  i s  d e t e r m i n e d  by assessment  t e s t s .  
T h e  use o f  a n i t r i c  a c i d  ’ p r e d i p '  on s o f t  f i l m s  was shown 
t o  d i s s o l v e  a s o f t  o u t e r  l a y e r .  A new a d m i t t a n c e  t e s t  was 
d e v i s e d  i n  whi ch t h e  ’ d r i f t ’ , Y ,  was measured u s i n g  33/, 
n i t r i c  a c i d .  T h i s  t e s t  t h r e w  l i g h t  on t h e  s e a l i n g  q u a l i t y  
o f  f i l m s  exposed t o  t h e  e n vi r o n m e n t  and t h o s e  s e a l e d  i n  
n i c k e l  s a l t  s o l u t i o n s .  W e l l - s e a l e d ,  h a r d f i l m s  gave a Y 
v a l u e  o f  0 . 1  t o  0 . 2 .  A s e a l i n g  mechanism f o r  n i c k e l  a c e t a t e  
s o l u t i o n s  i s  p roposed i n  whi ch a g e i n g  o f  a N i —A1 complex i s  
t h o u g h t  t o  p l a y  a s i g n i f i c a n t  r o l e .  T he a d m i t t a n c e - a b r a s i o n  
( Y - J )  p r o f i l e  was used t o  supplement  o t h e r  t e s t  d a t a .  An 
a c c e l e r a t e d  s u l p h u r  d i o x i d e  t e s t  was i n v e s t i g a t e d ,  t h e  
optimum c o n d i t i o n s  f or  w hi ch  were 40®C f o r  6 h o u r s .  T he 
p r e s e nc e  o f  a s e a l i n g  bloom was d e t e r m i n e d  by a s i m p l e  
go/no go t h r e e  paper a b r a s i o n  t e s t .  T he  a s s u mp t i on  i s  made 
t h a t  Y t ( 2 5 * C )  = a + b t  and l i n e a r  r e g r e s s i o n  has been used 
t o  f i n d  b .  I t  has been found t h a t  f or  b a t c h e s  h a v i n g  a 
r a n g e  o f  t h i c k n e s s e s  bu t  a common s e a l i n g  t i m e ,  t h e  l i n e a r  
r e l a t i o n  i s  a r e a s o n a b l e  a ss u mp t io n  when t h e  g r a d i e n t  i s  
<+10.  T he  a d m i t t a n c e  v a l u e s  o f  e l e c t r o c o l c u r e d  t i n  b l a c k  
f i l m s  h av e been found t o  be anomal ous.  T h e  g r a d i e n t s  a r e  
n e g a t i v e  due t o  t h e  p r e s e n c e  o f  t i n  i n  t h e  p o r e s .  L i n e a r  
r e g r e s s i o n  has been used t o  o b t a i n  an a v e r a g e  v a l u e  o f  b 
o v e r  t h e  whol e t h i c k n e s s  r a n g e ,  w hi ch  g i v e s  i n f o r m a t i o n  as 
t o  t he  d e g r e e  of  s e a l i n g .  C o l o u r i n g  and s o a k i n g  i n  
s u l p h u r i c  a c i d  at  e l e v a t e d  t e m p e r a t u r e s  ( b e f o r e  s e a l i n g )  
r e d u c e s  t h e  a b r a s i o n  r e s i s t a n c e .  The a b r a s i v e  wheel t e s t  
was a l s o  used t o  show t h e  d e pt h  o f  t i n  w i t h i n  t h e  p o r e s .  
T h e  use o f  t h e  a d d i t i o n  agent  ’ T r i b r i t e ’ i n  t i n  c o l o u r i n g  
s o l u t i o n s  s u p p r e s s e s  t h e  o u t w a r d ,  w h i s k e r y  g r o wt h  o f  t i n  i n  
t h e  p o r e s .



CHtf*TER 1

INTRODUCTION

D u r i n g  t h e  e a r l y  p a r t  o f  t h i s  c e n t u r y  p r o c e s s e s  

wer e d e v e l o p e d  w h i ch  t o o k a d v a n t a g e  o f  t h e  f a c t  t h a t  a 

p r o t e c t i v e  o x i d e  c o a t  c o u l d  be grown on a l u m i n i u m  

a r t i f i c i a l l y  by a n o d i c  e l e c t r o l y s i s ,  t h e  n a t u r a l  f i l m  

h a v i n g  been removed b e f o r e  a n o d i s i n g .  Bengough and S t u a r t  

( 1 )  i n t r o d u c e d  t h e  f i r s t  c omme rc ia l  p r o c e s s  f or  ch romic 

a c i d  a n o d i s i n g  i n  t h e  U n i t e d  Ki ngdom,  w h i l e  t h e  o x a l i c  a c i d  

p r o c e s s  was r e v e a l e d  i n  Japan by  Se toh  and M i y a t a  In 

t h e  same p e r i o d  e l e c t r o l y s i s  i n  s u l p h u r i c  a c i d  was f ound t o  

p r o d u c e  a good a n o d i c  o x i d e  c o a t .  T h i s  was f i r s t  p a t e n t e d  

i n  t h i s  c o u n t r y  i n  1927 and i s  t h e  most w i d e l y  used 

p r o c e s s  f o r  a r c h i t e c t u r a l  a n o d i s i n g ,  b r i g h t  t r i m  a n o d i s i n g  

and h a rd  a n o d i s i n g .

Over  t h e  l a s t  50 y e a r s  t h e  b a s i c  a n o d i s i n g  

p r o c e s s e s  have changed v e r y  l i t t l e .  The e x c e l l e n t  

p r o p e r t i e s  e x h i b i t e d  by  a n o d i s e d  a l u m i n i u m  ( a r c h i t e c t u r a l  

and d e c o r a t i v e  u s e s ,  t h e  a b i l i t y  t o  be c o l o u r e d ,  t h e  v e r y  

good r e s i s t a n c e  t o  d e t e r i o r a t i o n ,  and t h e  s t r e n g t h  shown by 

such a l i g h t w e i g h t  m e t a l ) ,  has promote d r e s e a r c h  i n  or de r  

t o  keep pace w i t h  t h e  demands f o r  n o v e l ,  a t t r a c t i v e  and 

economic p r o d u c t s .

T he  p o p u l a r i t y  o f  c o l o u r e d  a n od i s e d  a l u m i n i u m  for  

a r c h i t e c t u r a l  u se s has i n c r e a s e d  o v e r  t h e  p a st  20 y e a r s .  

T h e  t h r e e  main methods f o r  c o l o u r i n g  a r e  a b s o r p t i v e  d y e i n g ,  

i n t e g r a l  c o l o u r i n g  and e l e c t r o l y t i c  c o l o u r i n g .  T h e  t r e n d  

h a s  been t o  move away from t h e  f i r s t  method and t o w a r d s  t he



l a t t e r  methods.  Howev er ,  e l e c t r o l y t i c  c o l o u r i n g  i s  n o t  a 

r e c e n t  a dvance s i n c e  t h e  f i r s t  p a t e n t  was i s s u e d  i n  193& t o  

Caboni  ( 3 ) ,  a l t h o u g h  c o mme rc i al  e x p l o i t a t i o n  d i d  not  o c c u r  

u n t i l  a f t e r  19&0.

T h i s  r e s e a r c h  i s  c o n c e r n e d  w i t h  t h e  u se of  

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

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

made t o  t h e  B r i t i s h  S t a n d a r d  S p e c i f i c a t i o n s  as  o u t l i n e d  i n  

T a b l e  I S  o f  t h e  E x p e r i m e n t a l  s e c t i o n ,  page 144.

T he  l i f e  e x p e c t a n c y  o f  a ny  e x t e r n a l  a r c h i t e c t u r a l  

component i s  25 t o  40 y e a r s .  T h i c k n e s s ,  c o l o u r i n g  and 

s e a l i n g  must a c h i e v e  a minimum q u a l i t y  f o r  t h e  a n od i c  o x i d e  

c o a t i n g  t o  p e r f o r m  w e l l  i n  s e r v i c e .  Many of  t h e  a n o d i s i n g ,  

c o l o u r i n g  and s e a l i n g  p r o c e s s e s  a r e  a de qu a te  f o r  i n t e r n a l  

e n v i r o n m e n t s  o n l y  and o t h e r  u se s where d e c o r a t i v e  

p r o p e r t i e s  a r e  more i m p o r t a n t  t h a n  p r o t e c t i o n .  In t h e s e  

c a s e s  t h e  l i f e  e x p e c t a n c y  i s  10 t o  I S  y e a r s  even t ho u gh  t he  

t h i c k n e s s e s  may be Snm or  l e s s .  As w e l l  as s e r v i n g  as 

p r o t e c t i o n  i n  a r c h i t e c t u r e  or  f o r  d e c o r a t i o n ,  a n ot h e r  

a p p l i c a t i o n  i s  as a p r e t r e a t m e n t  f o r  o t h e r  p r o c e s s e s  such 

as  p a i n t i n g ,  o r g a n i c  f i n i s h i n g ,  and e l e c t r o d e p o s i t i o n .  

S p e c i f i c  p r o p e r t i e s  o f  t h e  c o a t i n g s  such as  t h e  p o r o u s  

n a t u r e ,  h a r d n e s s  and wear r e s i s t a n c e ,  e l e c t r i c a l  and 

t h er m a l  i n s u l a t i o n ,  a r e  o f  v a l u e  f or  s p e c i a l i s e d  

a p p l i c a t i o n s .  T a b l e  1 g i v e s  t h e  minimum t h i c k n e s s e s  of  

a n o d i c  o x i d e  c o a t i n g s  f o r  s p e c i f i c  s e r v i c e  c o n d i t i o n s  

( B . S . 1 6 1 S : 1987)  .



T a b l e  1

Grade Minimum

A v e r a g e

T h i c k n e s s

(|im)

S e r v i c e  C o n d i t i o n s

AA2S 25 A g g r e s s i v e  e n v i r o n m e n t s ;

AA20 20 permanent  e x t e r n a l  

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

AAIS 15 O u t d o o r  a r c h i t e c t u r a l  use 

when c l e a n e d  f r e q u e n t l y ;  

a r d u o u s  i n d o o r  c o n d i t i o n s .

AAIO 10 S p e c i a l  o u t d o o r  u se  w i t h

AA5 5 f r e q u e n t  c l e a n i n g  e . g . ,  

d e c o r a t i v e  c a r  t r i m ;  i n d o o r  

use.

AA3 2 R e f l e c t o r s  and as a p a i n t

AAl 1 ba se .

T h e  e x t e n s i v e  use o f  a n o d i s e d  a l u m i n i u m  has 

c r e a t e d  a need f o r  g u i d e l i n e s  f o r  t h e  a n o d i s e r  and t h e  

p u r c h a s e r .  I n  t h e  U n i t e d  Kingdom t h e s e  a r e  t h e  B r i t i s h  

S t a n d a r d s .  O t h e r  i n d u s t r i a l  c o u n t r i e s  have s i m i l a r ,  b u t  not 

i d e n t i c a l  s p e c i f i c a t i o n s ,  and t h e r e  i s  a l s o  t h e  s e r i e s  of  

I n t e r n a t i o n a l  O r g a n i s a t i o n  f o r  S t a n d a r d i s a t i o n  documents.  

Both s e r i e s  s p e c i f y  c e r t a i n  r e q u i r e m e n t s  f o r  c l e a r  and 

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

u se .  However t h e y  do not  c o v e r  minimum p l a n t  r e q u i r e m e n t s



and as a r a s u l t  o f  d i s c u s s i o n s  bstween t h e  Eu ro pe an Wrought 

A l um i n i u m  A s s o c i a t i o n  ( E . W . A . A . )  and t h e  E u ro p ea n  A n o d i s e r s  

A s s o c i a t i o n  ( E . U . R . A . S . )  t h e  Qualanod l a b e l l i n g  scheme was 

la u nc he d  ( 4 1 .  Recommendations p u b l i s h e d  i n  1969 by  t he  

I E . W . A . A .  were v e r y  s i m i l a r  t o  t h e  s t a n d a r d  s p e c i f i c a t i o n s ,  

bu t  a l s o  i n c l u d e d  t h e s e  minimum p l a n t  r e q u i r e m e n t s  for  

s u l p h u r i c  a c i d  a n o d i s i n g ,  w hi ch  se t  out  t h e  needs f o r  the 

o p e r a t i o n  o f  each p r o c e s s  s t e p .  Howev er ,  t h e y  d i d  not 

i n c l u d e  a c l a s s  above 20Hm f i l m  t h i c k n e s s .  No p r o d u c t i o n  

c r i t e r i a  wer e drawn up f o r  o t h e r  p r o c e s s e s ,  but  i t  was 

su g ge s te d  t h a t  t h e  f i n i s h e d  p r o d u c t  s h o u l d  p as s t h e  same 

t e s t s  as  s u l p h u r i c  a c i d  a n o d i s i n g .  E l e c t r o l y t i c  c o l o u r  

a n o d i s i n g  h as shown anomal ou s r e s u l t s  f o r  some t e s t s  and 

a t t e n t i o n  i s  drawn t o  t h i s  s i n c e  c a u t i o n  i s  needed i n 

i n t e r p r e t i n g  t h e  r e s u l t s .  Each c o u n t r y  has i t s  own n a t i o n a l  

Qual anod o r g a n i s a t i o n  w h i c h  i s  r e s p o n s i b l e  f o r  i s s u i n g  

Qual anod l i c e n c e s .  T he  s p e c i f i c a t i o n  o u t l i n e s  t h e  r u l e s  for  

g r a n t i n g  t h e  l i c e n c e  and subsequent  q u a l i t y  i n s p e c t i o n s .  

Inde pe nde nt  i n s p e c t i o n s  a r e  c a r r i e d  out  at  p l a n t s  t o  e n s ur e  

a dequat e p r o d u c t  q u a l i t y  w hi ch  i s  a s s u r a n c e  f o r  both 

a n o d i s e r  and p u r c h a s e r .  T h e  Qual anod scheme g i v e s  t he  

g u a r a n t e e  t h a t  t h e  work i s  done by s p e c i f i c  p r o c e s s e s  under 

c o n t r o l l e d  c o n d i t i o n s .  T h e  scheme a l l o w s  minimum a v e r ag e 

t h i c k n e s s e s  o f  15, 20 and 2SHm f or  e x t e r n a l  a p p l i c a t i o n s

and t h e  c h o i c e  o f  t h i c k n e s s  c l a s s  depends upon t h e  r e l e v a n t  

n a t i o n a l  s t a n d a r d s .  R o u t i n e  e x a m i n a t i o n  o f  t h e  a n o d i s i n g  

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

a r c h i t e c t u r a l  p r o d u c t s  a r e  c a r r i e d  out  at  l e a s t  t w i c e  a 

y e a r .



P r i o r  t o  s t a n d a r d s  b s i n g  i mpl eme nt ed r e s e a r c h  

must be c a r r i e d  ou t  t o  e n s u r e  t h a t  a l l  s t a g e s  of  t h e
1

p r o c e s s e s  t o g e t h e r  w i t h  t h e  t e s t i n g  t e c h n i q u e s  a r e  r e l i a b l e  

and v a l i d .

T he  aim o f  t h i s  i n v e s t i g a t i o n  was t o  examine 

e x i s t i n g  p r o c e s s e s  and t e s t  t e c h n i q u e s  w i t h  a v i e w  t o  

m o d i f y i n g  and i m p r o v i n g  them i n  o r d e r  t o  e xt end t h e  

i n f o r m a t i o n  t h e y  p r o v i d e  about  c o a t i n g  q u a l i t y .  Q u a l i t y  

t e s t  p r o b l e m s  had a r i s e n  d i r e c t l y  from anomalous r e s u l t s  

w h i c h  were o b t a i n e d  i n  t h e  c o u r s e  o f  r e c e n t  l a r g e  a n o d i s i n g  

c o n t r a c t s ^  p a r t i c u l a r l y  where new p r o c e s s e s  were a p p l i e d  

w h i ch  d i d  not  seem amenable t o  e x i s t i n g  t e s t  methods,  and 

where v a r i a t i o n s  i n  t h i c k n e s s  and t h i c k n e s s - r e l a t e d  

p r o p e r t i e s  had been f ou nd.  T he  d i s t r i b u t i o n s  of  t h e s e  

p r o p e r t i e s  p r e s e n t  p r a c t i c a l  p r o b l e m s  i n  s p e c i f y i n g ,  

t e s t i n g ,  i n s p e c t i n g  and f o r  t h e  p e r f o r m a n c e ,  s i n c e  

s p e c i f i c a t i o n s  a r e  based on l a b o r a t o r y  work w i t h  mi ni mal  

t h i c k n e s s  v a r i a t i o n .  Subsequent  c o l o u r i n g  and s e a l i n g  

p r o c e s s e s  a r e  c o n t i n g e n t  on t h i c k n e s s  and a l l  p r o c e s s e s  a r e  

o p e r a t e d  assumi ng no t h i c k n e s s  d i s t r i b u t i o n  e x i s t s  i n  

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

c o n s e qu e nc e s and n a t u r e  o f  t h e s e  d i s t r i b u t i o n s  a l s o  

w a r r a n t e d  i n v e s t i g a t i o n .

T he  o b j e c t i v e s  o f  t h i s  t h e s i s  were s t u d i e d  by 

c a r r y i n g  o u t  s y s t e m a t i c  i n v e s t i g a t i o n s  o f  t h e  p ro bl e ms  

a r i s i n g  from t h e  t e s t i n g  and i n d u s t r i a l  uses o f  a nodi c  

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

1. Ka p e’ s t e s t  ( B . S . 6 1 6 11P a r t  4 : 1 9 8 1 )  u s e s  a 10 m i n u t e



p r e d i p  i n  n i t r i c  a c i d  b e f o r e  i mme rs io n i n  t h e  a c i d i f i e d  

I s u l p h i t e  s o l u t i o n .  A number o f  p o i n t s  had a r i s e n  f rom t h i s  

’ p r e d i p ’ . E u ro pe a n f i l m s  used t h e  a bs ence o f  a l a r g e  l o s s  

t o  ’ p r o v e ’ f i l m s  were h a r d .  I n  c o n j u n c t i o n  w i t h  t he  

j a b r a s i v e  wheel  t e s t ,  t h e  e f f e c t  o f  n i t r i c  a c i d  on v a r i o u s  

t y p e s  o f  a n o d i c  o x i d e  c o a t i n g s  was i n v e s t i g a t e d .  Whether 

n i t r i c  a c i d  i t s e l f  has a r o l e  i n  s o f t e n i n g  f i l m s  as 

d i s t i n c t  f rom a f f e c t i n g  f i l m s  a l r e a d y  s o f t e n e d  b y  o t he r  

a g e n t s  was d e t e r m i n e d .

2.  E a r l i e r  work l e d  t o  t h e  i d e a  o f  t h e  a d m i t t a n c e  d r i f t  

t e s t ,  Y .  T h e  u se o f  an a l t e r n a t i v e  e l e c t r o l y t e ,  n i t r i c  a c i d  

i s  p rop os e d and t h e  a d m i t t a n c e  t e s t  method m o d i f i e d  t o  

r e c o r d  any ’ d r i f t '  i n  t h e  a d m i t t a n c e  w i t h  t i m e .  S i m i l a r l y ,  

t h e  measurement o f  t h e  a d m i t t a n c e  b e f o r e  and a f t e r  the 

a p p l i c a t i o n  o f  t h e  n i t r i c  a c i d  i s  p r o p o s e d .  T h e  best  

t e c h n i q u e  i s  i n v e s t i g a t e d  t o  d e v e l o p  a c o n v e n i e n t  

r u c t i v e  t e s t .  T h i s  c o u l d  be a p p l i e d  as

i )  an a l t e r n a t i v e  t e s t  f or  t h e  e l e c t r o l y t i c  c o l o u r i n g

p ro bl e m when Y t ( 2 5 " C )  i s  g r e a t e r  t h a n  5 0 0 /t  ( h S ) ,  where t

i s  t h e  t h i c k n e s s  o f  t h e  c o a t i n g .

i i )  an a l t e r n a t i v e  t e s t  f or  we at he re d f i l m s  where Y t ( 2 5 « C )  

i s  l e s s  t h a n  5 0 0 / t  <mS ) .

i i i )  an a l t e r n a t i v e  t e s t  f o r  ’ A l c o a  4 8 2 ’ and i m p r e g n a t e d  

f i l m s .  Does t h e  ’ a g e i n g ’ o f  i m p r e g n a t e d  f i l m s  a f f e c t  t he  

d r i f t  r e s u l t ?

i v )  a u s e f u l  t e s t  f or  u n s e al e d f i l m s  s u b j e c t  t o  l o n g  term 

c o l d  i m m e r s i o n .



3 .  I n  i n d u s t r y  i t  had been found t h a t  t h e  d e gr e e  o f  s e a l i n g
I

o f  i n d i v i d u a l  samples from one b a t c h  v a r i e d  due t o  a r ange 

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

v a l i d a t i o n  o f  t h e  g r a d i e n t  b i n  Y t ( 2 5 ' C )  = a + bt  as a

I c r i t e r i o n  o f  good s e a l i n g  i n  t h i s  case was i n v e s t i g a t e d .

4 .  T he  a d m i t t a n c e  t e s t  i s  used t o  a ssess t h e  q u a l i t y  o f

s e a l e d  a n o d i c  o x i d e  c o a t i n g s  and i s  t h e  o n l y  

n o n - d e s t r u c t i v e  t e s t  a v a i l a b l e  f o r  a c c e p t an c e i n s p e c t i o n .  

F o r  a h y d r o t h e r m a l l y  s e a l e d  f i l m  t h e  v a l u e  s h a l l  not  be 

g r e a t e r  t h a n  5 00 /t  ( ) iS)  ( B .  S.  1 6 1 5 : 1 9 8 7 ) .  Howev er ,  i t  i s

n ot e d i n  t h e  s p e c i f i c a t i o n  t h a t  " t h i s  t e s t  may g i v e  

anomal ous r e s u l t s  w i t h  some e l e c t r o l y t i c a l l y  c o l o u r e d  

a n od i s e d  a l u m i n i u m . "  The e x t e n s i o n  of  t h e  use o f  b Cfrom 

Yt(25®C.> = a + b t ]  t o  anomal ous cases o f  e l  ec t r o l  y t  i  c a l  l y

c o l o u r e d  c o a t i n g s  ( d a r k  c o l o u r s  and e s p e c i a l l y  t i n - c o l o u r e d  

f i l m s )  was s t u d i e d  where Y t ( 2 5 ® C )  was g r e a t e r  t h a n  500/t  

(**S) even when a n od i c  o x i d e  c o a t i n g s  a r e  w e l l - s e a l e d .  

Hence,  was b s t i l l  v a l i d ?

5.  A c o n v e r s e  s i t u a t i o n  o f  o b j e c t i v e  4 a r i s e s  for  u nse al ed 

a n o d i c  o x i d e  c o a t i n g s  w h i ch  h av e been exposed t o  t he  

w e a t h e r .  T h e y  o f t e n  appear t o  be s e a l e d  C Y t ( 2 5 ” C)  i s  l e s s  

t h a n 5 0 0 /t  ( h S ) ]  a l t h o u g h  t h e y  f a i l  t he  Kape or P h o s p h o r i c  

a c i d / C h r o m i c  a c i d  t e s t s .  I s  b s t i l l  a u s e f u l  c r i t e r i o n  for  

s e a l i n g  i n  t h i s  case?

6.  W it h i n d u s t r i a l  f i l m s  e l e c t r o l y t i c a l l y  c o l o u r e d  b l a c k  i n 

t i n  s o l u t i o n s  b was found t o  be l a r g e  and n e g a t i v e .  Did



t h i s  i n d i c a t e  w e l l - s e a l e d  a n o d i c  o x i d e  c o a t i n g s  bu t  w i t h  

t i n  f i l l i n g  more t h a n  SO/C o f  t h e  p o r e  l e n g t h ?  D i d  b 

c o n t i n u e  t o  have a u s e f u l  c o n n e c t i o n  w i t h  t h e  q u e s t i o n  of  

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

t h i c k n e s s  bu t  a common s e a l i n g  t i m e ?  Comp ar is on o f  

c ommercial  e l e c t r o l y t i c a l l y  c o l o u r e d  b l a c k  f i l m s  w i t h  t h o s e  

p ro du c ed  h a v i n g  a d e l i b e r a t e  r a n g e o f  t h i c k n e s s  w i l l  be 

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

r a n g e i s  a r e a s o n a b l e  a s s u m p t i o n .  C o u l d  c o l o r i m e t r y  p r o v i d e  

a d d i t i o n a l  i n f o r m a t i o n  on t h e  c o l o u r i n g  p r o c e s s e s ?

7.  How c r i t i c a l  i s  t h e  c o n t r o l  o f  t h e  a c i d  t i n  b a t h  

t e m p e r a t u r e ?  I t  had been found t h a t  t i n  e l e c t r o l y t i c a l l y  

c o l o u r e d  f i l m s  p r o c e s s e d  i n  I t a l y  were v e r y  s o f t .  A l t h o u g h  

t h e  a n o d i s i n g  was c a r r i e d  out  at  18°C, d u r i n g  t h e  summer 

t h e  room t e m p e r a t u r e  woul d be i n  e x ce s s  o f  30°C.  The 

a p p l i c a t i o n  o f  t h e  a b r a s i v e  wheel  t e s t  may e l u c i d a t e  t h e  

p ro b l e m  as i t  can be used t o  p r o v i d e  a d e pt h  p r o f i l e  of  t h e  

f i l m .  T h i s  may r e v e a l  t h e  p o s i t i o n  o f  t h e  t i n  *n t h e  p o r e s .

8.  A v e r y  s i m p l e  go/no go a b r a s i o n  t e s t  i s  p rop o se d  t o  

supplement  i n f o r m a t i o n  p r o v i d e d  by  t h e  a b r a s i v e  wheel  t e s t .

9.  An h y p o t h e s i s  e x i s t s  t h a t  t h e  o u t w a r d  g r o w t h  t e n d e n c y  of  

t i n  p l a t i n g  b a t h s  was a caus e o f  t h e  t i n  g r o w i n g  up t h e  

p o r e s ,  compared w i t h  n i c k e l  and c o b a l t  d e p o s i t s  whi ch 

rema in  at  t h e  base o f  t h e  p o r e s .  An a d d i t i o n  agent  c a l l e d  

' T r i b r i t e ’ i s  known t o  cause l a t e r a l  g r o w t h  i n  t h e  

e l e c t r o d e p o s i t s  o f  t i n  i n  p r e f e r e n c e  t o  w h i s k e r y  g r o wt h  and



so c o u l d  t h i s  agent  be b e n e f i c i a l  t o  t h e  t i n  e l e c t r o l y t e  

i c o l o u r i n g  b a t h ?

10. T he  s p e c i f i c a t i o n  f o r  a s s e s s i n g  s e a l i n g  q u a l i t y  does 

. not  i n c l u d e  u n s ea l e d or  i m p r e g n a t e d  c o a t i n g s .  T he  use of  

n i c k e l  s a l t s  i n  h y d r o t h e r m a l  s e a l i n g  i s  t h o u g h t  t o  ’ b l o c k ’ 

t h e  p o r e s .  Anomalous r e s u l t s  of  t h e  P h o s p h o r i c  a c i d / C h r o m i c  

a c i d  and a d m i t t a n c e  t e s t s  for  s h o r t  s e a l i n g  t i m e s  i n  ’ A l c o a  

4 8 2 ’ n i c k e l  s ea l  have been r e p o r t e d .  An i n d u s t r i a l  p l a n t  

u s i n g  o n l y  t h e  P h o s p h o r i c  a c i d / C h r o m i c  a c i d  t e s t  t h o u g h t  

t h e y  had d i s c o v e r e d  how t o  seal  i n  10 -  I Ss e c / ^ m ,  but

was g r e a t e r  t ha n 5000 and b was g r e a t e r  t h a n  +30.  

Which r e s u l t  s h o u l d  be a c c e p t e d ?  S i m i l a r  r e s u l t s  were 

a c h i e v e d  d u r i n g  an u n d e r g r a d u a t e  p r o j e c t .  The c au se  o f  t h i s  

p robl e m was i n v e s t i g a t e d .  I f  s e a l i n g  by a form of  

i m p r e g n a t i o n  i s  a s l o w e r ,  more e x t e nd e d p r o c e s s  t ha n 

h y d r o t h e r m a l  s e a l i n g ,  t he n t h e  t h e  p r o c e d u r e  t o  r e c o r d  t h e  

a d m i t t a n c e  w i t h i n  48 h o u r s  i s  c a l l e d  i n t o  d i s p u t e .

11. T he s u l p h u r  d i o x i d e  t e s t  i n  B . S . 1 6 1 5 : A p p endi x H : 1872 i s  

no l o n g e r  i n  t h e  r e v i s e d  1987 e d i t i o n .  Cou ld  t h e  v e r y  

s i m p l e  s u l p h u r  d i o x i d e  t e s t  d e v e l o p e d  f o r  g o l d  be a dapt ed 

t o  a s s e ss  t h e  d egr ee  o f  s e a l i n g  of  a n o d i c  o x i d e  c o a t i n g s ?  A 

gas t e s t  f o r  s e a l i n g  i s  u s e f u l  f o r  complex e x t r u s i o n  

p r o f i l e s  whi ch may p r e s e n t  d i f f i c u l t i e s  f or  a c i d  w e i gh t  

l o s s  t e s t s .  The e v a l u a t i o n  o f  t h e  ’ b lo o m’ may d e t e c t  

i n c o r r e c t  p r o c e s s  c o n d i t i o n s ,  for  e xa mple.



|2.1 A n o d i a in o  A l l o y « .  J i g «  and P r » t r « a t n i » n t «

2 . 1 . 1  A n o d l « in Q  A l l o y

A l l o y  c h o i c *  i s  o f  c r u c i a l  i m p o r t a n c s  whan 

d a c i d i n g  upon t h a  f i n i s h  o f  t h a  a n o d isa d  s u r f a c a .  

C o m p o s it io n  and p u r i t y  o f  t h a  a l l o y  can i n f l u a n c a  t h a  

a p p a a ra n c a  and c o l o u r ,  r a f l a c t i v i t y ,  a b r a s io n  and c o r r o s i o n  

r a s i s t a n c a ,  and a n o d ic  f i l m  t h i c k n a s s .  T h a  ra n g a  o f  a l l o y s  

i s  v a r i a d i  t h a  main a l l o y i n g  a la m a n ts  a r a  s i l i c o n  ( S i > ,  

magnasium ( M g ) ,  co ppar ( C u ) ,  i r o n  ( F a ) ,  manganasa (M n ) ,  

z i n c  ( Z n > ,  chrom ium ( C r ) ,  t i t a n i u m  ( T i )  and n i c k a l  ( N i )  

( 5 ) .  A lu m in iu m  can ba formad as s h a a t ,  a x t r u s i o n ,  f o r g i n g s  

and c a s t i n g s  and t h i s  t o o  i s  a d a c i d i n g  f a c t o r  whan 

c h o o s in g  t h a  a l l o y .  Many a l l o y s  hava  baan d a v a lo p a d ,  m a in ly  

f o r  h a r d n a s s ,  s t r a n g t h  and a b i l i t y  t o  ba ha a t  t r a a t a d .  O n ly  

a faw a r a  s u i t a b l a  f o r  s u l p h u r i c  a c i d  a n o d i s i n g i  m a in ly  

h ig h  p u r i t y  a l l o y s  w i t h  Mg, S i  and Mn. A l l o y s  w i t h  Cu, Zn 

and Cr a r a  n o t  s u i t a b l a .  Chrom ic a c i d  w i l l  t r a a t  t h a  w id a s t  

r a n g a ,  i n c l u d i n g  . Cu a l l o y s ,  b u t  i t  i s  usad o n l y  f o r  

p r o t a c t i o n  and c a n n o t  a a s i l y  g i v a  c o lo u r a d  f i l m s .  I n t a g r a l  

c o l o u r  a n o d i s i n g  naads s p a c i a l  a l l o y s  a c c o r d i n g  t o  t h a  

c o l o u r  r a q u i r a d .  O x a l i c  a c i d  g i v a s  a d i f f a r a n t  ra n g a  o f  

c o l o u r s  t o  t h a  o t h a r  a l a c t r o l y t a s .
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2. 1.2 J i M
I

T h *  co n p o n a n ts  t o  ba a n o d ia a d  a r a  f i t t a d  i n t o  

J i g a  o r  r a c k a  < 6 ) .  T h i a  i a  n o t  o n l y  f o r  h o l d i n g  tham  

a a c u r a l y  b u t  a l a o  t o  form  t h a  a l a c t r i c a l  c o n t a c t  batwaan  

' t h a  componant and t h a  c u r r a n t  a u p p l y .  J i g g i n g  i a  v a r y  

im p o r t a n t  and r a q u i r a a  c a r a f u l  f o r a t h o u g h t  fo r  aaaa o f  uaa  

i n  a a r v i c a «  J i g a  muat ba  w a l l  m a in t a in a d  t o  p r o l o n g  t h a i r  

l i f a  and t o  a n a u ra  good a l a c t r i c a l  c o n t a c t  a i n c a  p oor  

c o n n a c t io n a  c r a a t a  p ro b la m a  d u r i n g  a n o d i a i n g .  Tha  aaaam bly  

o f  t h a  componanta on t h a  J i g a  i a  a i g n i f i c a n t .  C o n ta c t  a ra a a  

muat ba on n o n - a i g n i f i c a n t  a u r f a c a a .  Hoi Iowa and c r a v i c a a  

c r a a t a  t r a p a  f o r  a i r  and a o l u t i o n a ,  and t h a  ' d r a g - o u t '  

( c a r r y i n g  o v a r  ona a o l u t i o n  t o  a n o t h a r )  r a a u l t a  i n  

c o n t a m in a t i o n  o f  o t h a r  a o l u t i o n a  and t h a  r i n a e  t a n k ,  

u n n a ca a a a ry  lo a a  o f  a o l u t i o n a  and n a c a a s i t a t a a  mora  

r i g o r o u a  a f f l u a n t  c o n t r o l .

2 ^ 1 .3  P ra tra a tm a n ta

P r a t r a a t m a n t  o f  a lu m in iu m  i a  r a q u i r a d  b a f o r a  

a n o d i a in g  t o  ramova a u r f a c a  in h o m o g a n a i t ia a ,  a c r a t c h a a  and 

a u r f a c a  c o n t a m in a n t a .  I n  d o in g  ao, p r a t r a a t m a n t a  g i v a  

c h a r a c t a r i a t i c  a u r f a c a  t o p o g r a p h i a a  t o  t h a  m a t a l . T h i a  

i n f l u a n c a a  t h a  t y p a  o f  a n o d ic  o x i d a  f i l m  a u b a a q u a n t ly  

formad d u r i n g  a n o d i a i n g .  Th a  uau a l p r a t r a a t m a n t a  a r a  

d a g r a a a in g ,  a t c h i n g  and d a a m u t t in g .  I f  t h a  a u r f a c a  o f  t h a  

matal c a r r i a a  much o i l  o r  g r a a a a ,  t h a  b u l k  muat ba ramovad  

by va p o u r  o r  a m u la io n  d a g r a a a in g .  Mora v i g o r o u a  c l a a n i n g

( 7 ) ,  whara h a a vy  l u b r i c a n t a  and t h a  o x i d a  a c a l a  a r a  t o  ba  

ramovad i a  p a rfo rm a d  by  l i q u i d  c l a a n a r a ,  u a u a l l y
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a l k a l i - b a m a d  a t  t m p a r a t u r a s  o f  &S t o  70*C. T h a  abaanca o f  

a h y d r o p h o b ic  a u r f a c a  f i l m  i a  i n d i c a t a d  by  t h a  'w a t a r  b ra a k  

t a a t ’ . T h a  w a ta r  forma a c o n t i ^ o u a  f i l m  on t h a  a u r f a c a  and 

doaa n o t  b ra a k  up i n t o  d r o p l a t a .  Th a  c l a a n i n g  a o l u t i o n  haa  

! a a u r f a c t a n t  t o  f a c i l i t a t a  d a g r a a a in g  and l i t t l a  foam i a  

I p r o d u c a d .  I t  doaa n o t  c o n t a i n  a i l i c a t a a  aa t h a a a  a t t a c k  t h a  

aur f a c a .

M a c h a n ic a l  p o l i a h i n g  i a  p a rfo rm a d  m a n u a l ly  or  

a u t o m a t i c a l l y  t o  g i v a  a am ooth, b l a m i a h - f r a a  a u r f a c a .  T h i a  

i a  a c h ia v a d  und a r t h a  i n f l u a n c a  o f  h ig h  l o c a l  t a m p a ra tu ra a  

and p r a a a u r a ,  p r o d u c in g  a f lo w a d  amorphoua a u r f a c a .  Manual 

p o l i a h i n g  i a  r a q u i r a d  t o  ramova daap a c r a t c h a a  and t o  

p ro d u c a  a m i r r o r a d  a u r f a c a .  H ow a va r, a t  t h a  m ic r o a c o p ic  

l a v a l  an i r r a g u l a r  a u r f a c a  r a m a in a .  M att f i n i a h a a  a r a  

o b t a i n a d  b y  aand and va p o u r  b l a a t i n g .  G r i n d i n g ,  b a n d in g  

and b r u a h in g  ( 8 )  g i v a  f i n i a h a a  w i t h  a d i r a c t i o n a l  t a x t u r a .

E l a c t r o p o l i a h i n g  r a q u i r a a  an a p p l i a d  p o t a n t i a l  t o  

f a c i l i t a t a  a m o o th in g  o f  t h a  a u r f a c a .  T h i a  ramovaa a b r a a i v a  

marka and a c r a t c h a a ,  and o c c u r a  whan h ig h  p o i n t a  a r a  

a a l a c t i v a l y  d i a a o l v a d .  B o u n d a r ia a  o f  t h a  c a l l u l a r  a t r u c t u r a  

h a v a  r i d g a a  g i v i n g  a a c a l l o p a d  a p p a a ra n c a .  D a p ra a s io n a  a r a  

p r o t a c t a d  b y  t h a  impadanca o f  t h a  a l a c t r i c a l  c u r r a n t  by  

f o r m a t i o n  o f  a v i a c o u a  l a y a r  ( 8 ) .  E l a c t r o p o l i a h i n g  

a o l u t i o n a  a r a  baaad on p h o s p h o r ic  a c i d .

E l a c t r o b r i g h t a n i n g  i s  a l a s s  i n t a n a a  p r o c a s s  th a n  

a l a c t r o p o l i B h i n g .  Lama m atal i a  ramovad dua t o  t h a  mora  

s u p a r f i c i a l  n a t u r a  o f  t h a  s u r f a c a  d a f o r m a t i o n s .  Tha  

o r i g i n a l  ' A l z a k '  a l a c t r o b r i g h t a n i n g  p r o c a s s  ( 8 )  was basad  

on a 2 .S X  s o l u t i o n  o f  h y d r o f l u o r o b o r i c  a c i d  a t  30*C. Tha
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' B r y t a l ’ p r o c M S  ( 8 )  s u p * r c « d « d  t h *  f o r im ir ,  and i a  a t i l l  

usad t o d a y  f o r  aup a r and h ig h  p u r i t y  a l u a i n i u a .  I t  c o n a ia t a  

o f  £Og/l a n h y d ro u a  t r i a o d i u m  p h o a p ha ta  and 2 0 0 g / l  a n h y d ro u a  

aodiuffl c a r b o n a t a  a t  80 t o  90*C.

Companiaa d o i n g  b r i g h t  a n o d i a in g  p o l i a h  

a a c h a n i c a l l y  f i r a t  and f o l l o w  t h i a  w i t h  a l a c t r o -  or  

ch a m ica l  p o l i a h i n g .  N a c h a n ic a l  p o l i a h i n g  i s  much mora 

a f f a c t i v a  a t  a m o o th in g  b u t  l a a v a a  a b r a a i v a a  ambaddad i n  t h a  

m a t a l .  E l a c t r o -  and c h a m ic a l  p o l i a h i n g  g i v a a  a f i n a l  

b r i l l i a n t  c l a a n  a u r f a c a .  C h a m ica l p o l i a h i n g  i a  cauaad b y  

t h a  o x i d ia n g  a g a n ta  i n  t h a  a o l u t i o n .  T h i a  p ro c a a d a  bacauaa  

t h a r a  i a  an a l a c t r o c h a m i c a l  p o t a n t i a l  d i f f a r a n c a  batwaan  

m ic r o a c o p ic  a n o d ic  and c a t h o d i c  r a g i o n a  on t h a  a u r f a c a .

Tha  o r i g i n a l  ch a m ic a l  p o l i a h i n g  p r o c a a s  was baaad  

on £0 t o  75X b y  vo lu m a  p h o a p h o r ic  a c i d  and 2S t o  40X by  

volum a a u l p h u r i c  a c i d  ( 8 > .  A w h i t a  f i l m  o f  a lu m in iu m  

p hoaphata  ra m a in a  a f t a r  im m araion w hich  can ba ramovad i n  

IX  ch ro m ic  a c i d  a o l u t i o n .  Tha  moat im p o r t a n t  a o l u t i o n a  fo r  

ch a m ica l  p o l i a h i n g  a r a  known as ’ P h o a b r i t a ’ ( t r a d a  nama o f  

A l b r i g h t  and M i la o n  L t d . )  a o l u t i o n a .  T h a  b a a ic  a o l u t i o n  

c o m p o a it io n  i a  p h o a p h o r ic  a c i d ,  n i t r i c  a c i d ,  a u l p h u r i c  

a c i d ,  b o r i c  a c i d ,  co p p ar a a l t a ,  w a t t i n g  a g a n ta  and 

a n t i - f u m i n g  a g a n t a ,  a t  a ta m p a r a t u r e  o f  95 t o  105*C. A f t a r  

t h i a  t r a a tm a n t  a d a a m u t t in g  s o l u t i o n  o f  n i t r i c  o r  ch ro m ic  

a c i d  i s  usad t o  ramova t h a  co p p ar i m p u r i t i a s  w hich  hava  

d i s s o l v a d  o u t  o f  t h a  a l l o y .  T h a s a  i m p u r i t i a s  a r a  d a p o s it a d  

on t h a  matal r i d g a s  o f  t h a  b o u n d a r ia s  o f  t h a  c a l l u l a r  

s t r u c t u r a  ( 9 )  w h ich  a c t  as t h a  c a t h o d i c  r a g i o n a .  Tha  a n o d ic  

r a g i o n s  a r a  batwaan t h a  b o u n d a r i a s .
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A l k a l i n «  « t c h « «  a r «  basad on c a u s t i c  soda l i q u o r  

SOX by  w a ig h t  ( 7 > .  T h a y  a r a  l o n g -1  i  f a  ayataniB i n  w h ic h  th a  

a l u m i n i u a  c o n t a n t  q u i c k l y  ra a c h a s  a q u i l i b r i u a .  A c i d  a tc h a s

( 8 )  c o n t a i n  h y d r o f l u o r i c  a c i d  and n i t r i c  a c i d  a i x t u r a a  or  

t h a  f o r a a r  a c i d  o n l y .  A c id  FPL a t c h  c o n t a i n s  sodium  

d ic h r o m a t a  and s u l p h u r i c  a c i d .  Th a  d r a g - o u t  i s  b a la n c a d  by  

t h a  d i s s o l u t i o n  o f  t h a  a lu m in iu m .  E t c h a s  a r a  r a l a t i v a l y  

chaap and can ba s t o r a d  i n  b u l k .  H o w a va r,  t h a y  a r a  v a r y  

i m p o r t a n t  s i n c a  t h a  s u r f a c a  t a x t u r a  i s  d a ta r m in a d  by  t h a  

a t c h ,  and a v a r i a t y  a x i s t  w h ich  g i v a  s p a c i f i c  f i n i s h a s .  Tha  

com ponants t o  ba a t c h a d  must ba f l a w l a s s  s i n c a  a t c h in g  

a m p h a sisa s a ny d a f a c t s .  Bo th  a l k a l i n a  and a c i d  FPL a tc h a s  

0 >  p ro d u c a  s c a l l o p a d  s u r f a c a s .  In  a c i d  f l u o r i d a  a tc h a s  

t h a r a  i s  p r a f a r a n t i a l  a t t a c k  a t  g r a i n  b o u n d a r i a s .

Smut, w hich  fo rm s on t h a  s u r f a c a  a f t a r  a t c h i n g ,  

c o n s i s t s  o f  u n d i s s o l v a d  m a t a ls  o t h a r  th a n  a lu m in iu m .  

D a s m u tt in g  ramovas t h a s a  and a l s o  n a u t r a l i s a s  any a l k a l i .  

P r o p r i a t o r y  s o l u t i o n s  h a v a  bacoma p o p u l a r ,  a l t h o u g h  n i t r i c  

a c i d  i s  s t i l l  u s a d .

A l l  p r a t r a a t m a n t s  g i v a  paaks and t r o u g h s  on t h a  

m a ta l s u b s t r a t a  o f t a n  p r o d u c in g  a s c a l l o p a d  t a x t u r a .  Matal  

r i d g a s  a r a  p r a f a r a n t i a l 1y  l o c a t a d  at  t h a  b o u n d a r i a s  o f  t h a  

s c a l l o p s  an d , as i n  c h a m ic a l  p o l i s h i n g ,  a r a  o f t a n  l o c a l  

s e g r a g a t i o n s  o f  m e t a l l i c  i m p u r i t i a s .  D a s m u tt in g  does not  

a lw a y s  s u c c e s s f u l l y  rem ove a l l  i m p u r i t i e s ,  and w i t h  second  

p hase m a t e r i a l ,  b oth  can ba l e f t  p r o t r u d i n g  from th e  

s u r f a c e .  S i m i l a r l y ,  v e r y  s m a l l  c o n c e n t r a t i o n s  o f  i m p u r i t i e s  

(e v e n  i n  9 9 .9 9 X  p u r e  a lu m in iu m )  may ba enhanced by  

p r a t r a a t m e n t s  g i v i n g  m e ta l s e g r e g a t e s ,  zo n a  f o r m a t io n  or
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i n t w r iM t a l l i c  compounds (1 0 ) .

R in s in g  i s  c s r r is d  out bstwssn s l l  p ro c s s s  stops 

to  c ls s n  th s  components and p re ve n t c o n ta m in a tio n  between 

s o lu t io n s .

2 .2  A n o d is in g  Alum inium  and I t s  A llo y s

I

2 .2 .1  In t ro d u c t io n

Alum inium  i s  anodised u sing  e le c t r o ly t e s  which 

are in  two c a te g o rie s i those which produce porou s f ilm s  and 

those g iv in g  b a r r ie r  f i lm s . Below a re  some e le c t r o ly t e s  of 

each ty p e  and the  c o n d it io n s  under which th e y  produce 

anodic o x id e  f ilm s . O p e ra tin g  c o n d it io n s  v a ry  w it h in  these 

ranges, and sta nda rd  p rocedures a re  found in  th e  l i t e r a t u r e  

( 1 1 ) .

Porous F ilm s  

Hard a n o d is in g i

HsSO«, 15-35V. w t . ,  -S  to  + 5 »C , 2 .5 -lS A / d m », 40 -100V  ( 8 ) .  

C rO », 2 - lS X w t . ,  u s u a lly  3 X w t., 4 0 »C , 0.3A/dm* or lO X w t., 

5 4 »C , 1.2A/dm* ( 8 ) .

Other p ro ce sse si

(COOH)a, 3 -5 X , IS  to  3S*C, l-3A/dm *, 30-60V d .c .  or 40-60V 

a .c .  ( 8 ) .

HciPO*, 2 S -3 0 X , 2 5 »C , l-2 A / d m », 30 -60V ( 8 ) .

S u lp h o s a lic y l ic  a c id , 4 0 -1 0 0 g / l, p lu s  3 0 -6 0 g / l HaSO«, 30*C, 

2 .5 -3 .5 A / d m o , 80V ( 8 ) .

15



I
B a r r i T  F i l  —

B (O H )a , 4X, p lu s  0 .0 5 -0 .5 X b o rs x , 70 to  100*C, O .S -l .O A / d s * , 

S0-730V < 8 ).

T a r t a r i c  a c id , 3X p lu s  NH«0H, 2A/ds * ( 8 ) .

A sson iu s p s n ta b o ra ts  S X w t., lA /d s* , 2S*C (1 2 > .

Upon th s  a p p lic a t io n  o f an s l s c t r i c  p o te n t ia l  to  th e  c a l l  

Cwhich c o n s is ts  of th e  e le c t r o ly t e ,  anode (a lu e in iu m ) and 

cathode (u s u a lly  l e a d ) ] ,  th e  s u rfa c e  o f th e  anode i s  

c o n ve rte d  in t o  o x id e . T h is  o x id e  f i l e  adheres s t r o n g ly  to  

th e  e e t a l ,  a l t e r in g  i t s  p h y s ic a l and c h a e ic a l p r o p e r t ie s . 

D u rin g  a n o d is in g  w ith  d ir e c t  c u rre n t  ( d . c . ) ,  hydrogen gas 

i s  l ib e r a t e d  a t th e  cathode and th e  a lu a in iu e  coebinas w ith  

w ater to  fo re  th e  o x id e , w ith  v e ry  l i t t l e  e v o lu tio n  of 

oxygens

anodes 4A1 -  12e~ — •) 4A1* (12a>

cathodes 30a 12 e“  — 4 60*”

or 2 H .0  + 2e---------4 20H~ + H . <12a>

The porous f ilm s  have more w idespread 

a p p lic a t io n s  than b a r r ie r  f i lm s . The main d if f e re n c e  

between th e  two ty p e s  is  th e  degree of s o l u b i l i t y  o f  th e  

f i lm  in  th e  e le c t r o ly t e .  Porous f ilm s  a re  s p a r in g ly  s o lu b le  

and p ore  grow th competes w ith  o th e r procssssas o c c u rin g  on 

th e  m etal s u rfa c e . The a c tu a l s t r u c tu r e  i s  known as a 

’ d u p le x ’ s t r u c t u r e ,  h a vin g  a b a r r ie r  la y e r a d ja ce n t to  th e
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M t a l  «nd  • p o ro u s  Is y s r  s x ts n d ln g  outw ards f r o «  t h i s  th in  

' la y a r .  T h «  a p p sa ra n c« o f th a  r s s u lt a n t  o x id a  f i l s  and i t s  

a s so c ia ta d  p ro p a rt ia s  a ra  dapandant upon th a  a n o d is in g  

c o n d it io n s  and a lu a in iu «  a l lo y  usad. Oxida f i lm s  w ith  

d if f a r a n t  p ro p a rt ia s  can ba producad by changing thasa 

v a r ia b la s .  8 o «a  a n o d is in g  v a r ia b la s  can ba a lta ra d  to  g iv a  

u n d a s ira b la  p ro p a rt ia s  to  th a  o x id a  f i l a .

Porous f i l a  grow th procaads as fo r b a r r ia r  f ilm  

g ro w th , but grow th i s  accoapaniad by d is s o lu t io n  o f  tha  

f i l a .  Poras a ra  formad w it h in  th a  o x id a  w hich axtand t o  tha  

b a r r ia r  la y a r .  F i l a  grow th slow s as f i l a  th ic k n a s s  

in c ra a s a s . F ilm  th ic k n a s s  a t t a in s  a co n sta n t va lú a  whan tha  

r a t a  of f i lm  grow th a q u a ls  th a  ra ta  o f f i l a  d is s o lu t io n .  

Maxiaua f i lm  th ic k n a s s  i s  dapandant upon th a  a la c t r o ly t a ,  

i t s  a b i l i t y  t o  d is s o lv a  th a  f i lm  and tha  o p a ra tin g  

c o n d it io n s . F ilm  grow th i s  favourad by h ig h  c u rra n t 

d a n s it ia s  ( c . d . > ,  low a la c t r o ly t a  ta a p a ra tu ra  and low  a cid  

c o n c a n tra tio n . D is s o lu t io n  i s  favourad by low c u rra n t 

d a n s it ia s ,  h ig h  a n o d is in g  ta a p a ra tu ra  and h ig h  a c id  

c o n c a n tra tio n . Tha f ilm  grows f r o «  'w i t h i n '  th a  o x id a  at 

th a  a a ta l/ o x id a  in t a r  fa ca . Tha o u ta r su r faca of th a  o xida  

i s  mora prona to  d is s o lu t io n  th a n  th a  m a ta l/o xid a  

in t a r f a c a .  F o r a va ry  Spa o f c o a tin g  fora ad, th a  a a ta l 

sur faca r a t r a a t s  a p p ro x ia a ta ly  2|ia and th a  a x t a r io r  s u rfa c a  

advancas about I h s . Tha v o lta g a  in c ra a s a s  l i n a a r l y  and 

a f t a r  p a ssin g  through a a a x ia u a , a s ta b lis h in g  th a  b a r r ia r  

la y a r ,  th a  v o lta g a  dacraasas to  a r a l a t i v a l y  co n sta n t 

v a lú a . Tha th ic k n a s s  o f  th a  b a r r ia r  la y a r i s  d i r a c t l y  

p ro p o rtio n a l to  th a  form ing v o lta g a  w hich i s  not th a  casa
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for th e  porous la y s r .

The b a r r ie r  f i l e  i s  a le o s t n o n -c o n d u c tin g . F i l e  

grow th c o n tin u e s  u n t i l  re s is ta n c e  o f  th e  f i l e  p re ve n ts  

c u rre n t fro e  re a c h in g  th e  anode. These f i l e s  a re  e x tre e e ly  

t h in  and d i e l e c t r i c a l l y  c o e p a c t. The e le c t r o ly t e s  used 

e x e rt no s o lv e n t a c tio n  on th e  o x id e  and v o lta g e  in cre a s e s  

l i n e a r ly  w ith  t im e , u n t i l  a maximum i s  reached beyond which 

d i e l e c t r i c  breakdown o c c u rs . I f  th e  v o lta g e  i s  not a llow ed 

to  reach th e  breakdown v a lu e , th e  c u rre n t  decreases to  a 

v e ry  low va lu e  c a lle d  th e  leakage c u rre n t (1 3 ) .  A f te r  a 

s h o rt tim e f i lm  grow th ceases and th e  l i m it in g  th ic k n e s s  i s  

much sm a lle r th a n  can be achieve d  w ith  porous f ilm s .

Th e re  i s  a f in e  d iv id in g  l i n e  between porous and 

non-porous f i lm s . Sm all changes in  c o n d it io n s  can b r in g  

about s ig n if ic a n t  v a r ia t io n s  in  s t r u c t u r e .  G e n e ra lly  th e  

maximum th ic k n e s s  o f b a r r ie r  f ilm s  i s  Inm and porous f ilm s  

can a t t a in  hundreds of m icrons in  th ic k n e s s  (1 3 ) .

2 .2 .2  Porous F ilm  Growth From A c id ic  S o lu t io n s

F ig s  1 and 2 show a schem atic c u rra n t  d e n s ity 

tim e curve  at co n sta n t v o lta g e , and t y p ic a l  v o lta g e -t im e  

c u rv e  at c o n s ta n t c u rra n t d e n s it y ,  r e s p e c t iv e ly .  Both 

graphs show an i n i t i a l  n o n -s te a d y  s ta te  re g io n  fo llo w e d  by 

a steady s ta te  re g io n  o f c o n s ta n t c u rre n t  d e n s ity  or 

v o lta g e  a c c o rd in g ly . D u rin g  th e  n o n -s te a d y  s ta te  p e rio d s  

n o n -u n ifo rm  grow th occu rs  accompanied by pore  developm ent. 

The porous anodic f i lm  th ic k e n s  c o u lo a ib lc a lly  in  th e  

s te a d y -s ta te  p e rio d  (1 4 ) .

IB



Fig. 1 (14)
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The c u rra n t  d a n s it y ,  i f  ia  ra la ta d  to  th a  f ia ld  

a tra n g th , V/d a croaa th a  b a r r ia r  la y a r  of th ic k n a a a  d by 

th a  a xp ra a a io ni

A a xp (B V /d) ( 2 . 1 )

whara A and B a ra  ta a p a ra tu ra -d a p a n d a n t param atara 

(c o n a ta n ta ). T h ia  a xp ra a a io n  ahowa th a t th a  anodic f ilm  

p a ra a a ta ra  a ra  d i r a c t i y  dapandant upon th a  form ation  

v o lta g a  and th a  c u rra n t  d a n a ity , w hich i t a a l f  govarna tha  

ra ta  o f f i lm  fo rm a tio n . A ltho u gh  th a  d ia c u a a io n  o f  tha  

abova grapha im p lia a  th a t any d a a ira d  th ick n a a a  co u ld  ba 

a ch ia va d , in  r a a l i t y  a v o lta g a  maximum ia  raachad fo r  a l l  

a c id a , and t h ia  maximum ia  o fta n  accompaniad by a la c t r ic a l  

braakdown of th a  f i lm .

Tha a p p lia d  v o lta g a  la r g a ly  da tarm inaa tha  

a tru c tu ra  of th a  f i lm i  b a r r ia r  la y a r  th ick n a a a f c a l l  w all 

th ic k n a a a , c a l l  d iam atar and p o ra  d ia m a ta r. Howavar, 

p a r t ic u la r  f ilm a  may ba formad by changing a n o d ia in g  

param atara aa ahown in  T a b la  2.

B a rr ia r  and poroua f ilm  dim anaiona v a ry  a c co rd in g  

to  th a  a la c t r o ly t a  and c o n d it io n a  uaad. O’ S u ll iv a n  and Wood 

( I S )  mada d ir a c t  maaauramanta from photom icrographa of 

film a  formad in  phoaphoric  a c id . I t  waa found th a t th a  c a l l  

w a ll th ick n a a a  waa a lw aya 0 .7 1  x b a r r ia r  la y a r  th ick n a a a . 

B a rr ia r  la y a r  nm/V r a t i o  waa 1.04 and c a l l  d iam atar nm/V 

r a t i o  waa 2 .7 7 .
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T a b i «  2

^/a ria b l« E f f a c t  on Anodic n i m

T « a p « r a t u r « F i l « s  bacoaa s o fta r  as ta a p a ra tu ra  

r i s a s .

^ i d  c o n c a n tra tio n As abova, as c o n c a n tra tio n  r is a s .

C u rra n t D a n s ity Rata o f f i l a  fo ra a tio n  In c ra a s a s  

g iv in g  a dansar c o a tin g  ( r i s k  o f b u rn 

in g )  as c . d .  r is a s .  Poras a n la rg a .

i o d i s i n g  T ia a F i l a  th ic k n a s s  in cra a s a s  w ith  t ia a ,  

( l i m i t i n g  th ic k n a s s  may bs ra a c h a d ), 

f ilm s  may s o fta n .

I t  can b «  aliown th a t

c -  2 X 0 .7 ld <2 . 2 )

w h «r«  p ia  t h «  p o r «  d i a « « t « r ,  

c i s  t h «  c « l l  d i a « « t « r ,  

d i s  t h «  b a r r i « r  la y « r  t h ic k n « s i
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I f  c 2 .7 7 V

and d ■ 1 .0 4V ,

•xpraaaad in  nanoaatraa (w hara

V ia  fo ra a t io n  v o lta g a )

than p "1 .2 9 V

I f  both  c a l l  and pora  r a d i i  o f c u rv a tu ra  wara th a  aaina, 

0  in  F i g . 3 i s  g iva n  by cos~‘ 0 .7 1 . Tha o x id a  c a l l  was formad 

a t lOOV.

2 .2 .3  B a r r ia r  F ilm s

A b r ia f  d is c u s s io n  of b a r r ia r  f i l a s  i s  nsca ssa ry  

in  p ra p a ra t io n  for a d is c u s s io n  o f porou s la y a r grow th in  

d is s o lv in g  a ls c t r o ly t a s  bacausa soma fundaaantal fa c to rs  

a ra  c r u c ia l  to  both p ro cassa s.

In  th a  a a r ly  days i t  appsarad as i f  b a r r ia r  f i l a s  

had no d a f in i t a  s t r u c tu r a  dua to  t h a i r  s a a ll  s iz a  and th a  

d i f f i c u l t y  in  o b ta in in g  h igh  r a s o lu t io n  on an a la c tro n  

n ic ro s c o p a . Thay wara thought to  ba a it h a r  'a a o rp h o u s ' or 

a ic r o c r y s t a l l i n a  Y .-A la 0 a  or t ' -A l a O a .  On la t a r  a x a a in a tio n  

whan ta c h n iq u a s  had p ro g ra s sa d , soma w orkars found a f in a  

s t r u c t u r a  whan f ilm s  wara formad abova lOOV. Th a y (1 6 ) 

proposad a s t r u c tu r a  in  which c r y s t a l l i n a  is la n d s  wara 

w it h in  th a  amorphous f i lm .

F ra n k lin  (1 7 ) s tu d ia d  b a r r ia r  f ilm s  fo r usa as
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277 ,104

where c I s  pore  d i a m e t e r ,

b i s  r a d i u s  o f  c u r v a t u r e  of  p o re  b a s e ,  

6  i a  coB~*

u n i t s  a r e  i n  nanome tr es

F i g .  3 ( 1 5 )



• la c t r o ly t i c  c a p a c ito rs . Whan u sin g  a b o r ic  a c id -b o ra x  

a la c t r o ly t a  ha showad th a t th a ra  was an haxagonal c a l lu l a r  

s t r u c t u r a .  Tha c a l l s  d if f a r a d  in  dagraa of h y d ra tio n  and 

c r y s t a l l i n i t y ,  but wars coaposad of an o u ta r ra g io n  of 

V’ -A la O a  w ith  an aaorphous c a n tra . Tha d ia a a ta r  o f th a  c a l l  

was shown to  ba p ro p o rt io n a l to  th a  a p p lia d  v o lta g a . Tha 

th ic k n a s s  was a ls o  govarnad by th a  v o lta g a  and a p p ro xia a ta d  

to  1 .4na/V for s o lu t io n s  w ith  l i t t l a  or no s o lv a n t a c tio n . 

I t  was found to  ba l .lS n a / V  fo r  b a r r ia r  la y a r  f i l a s  formad 

undar porous anodic c o n d it io n s .

Io n ic  co n d u ctio n  in  th a s s  f i l a s  c o u ld  bo by a a ta l 

c a t io n s , a c id  a n io n s , oxygon io n s , h yd ro x id a  io n s , p ro to n s  

or a c o a b in a tio n  o f soaa o f th a a . I t  was not c la a r  whathar 

th a  io n s  aova th ro u gh  th a  f i l a  undar th a  in f lu a n c a  of th a  

f i a l d ,  a skin g  Juaps in  th a  aaorphous s t r u c t u r a ,  o r bocaaa 

tra p p a d  a f to r  a o vin g  s o va ra l l a t t i c a  s p a c in g s . S i a i l a r l y ,  

aovaaant co u ld  occur w ith in  th a  c r y s t a l l i n a  or amorphous 

ra g io n s .

I t  i s  now thought th a t  two s ia u lta n a o u s  procassas 

occur in  b a r r ia r  la y a r f o ra a t io n i

1. Naw o x id a  i s  foraad at th s  a a ta l/ o x id a  in t a r f a c a .  Growth 

o c cu rs  dua to  th a  m ig ra tio n  o f  Al>-^, 0 * -  and O H- io n s  

through th a  a x is t in g  f ilm .

2 . At th a  f i la / a la c t r o ly t a  in ta r f a c a  a s o l id  f i lm  forms by 

d is s o lu t io n / p r s c ip it a t io n  or d is s o lu t io n / d s p o s it io n  undar 

f ia ld  a achanisas and/or s o l id  s t a t s  a a ch a nisa s.

24



Tha f i l a  foraed by a it h a r  aachaniaa ia  dapandant upon th a  

fa ta  o f A l* *  io na  a ja c ta d  i n i t l a ^ ^  a t th a  f i la / a o lu t io n  

in t a r  fa ca . Whathar th a a a  io n a  c o n tr ib u t a  to  a o lid  f i l a  

grow th  a t th a  f i la / a o lu t io n  in ta rf a c a  dapanda on t h a ir  

a f f ic ia n c y  o f p r a c ip it a t io n / d a p o a it io n  (1 8 ) .

2 .2 .4  Poroua F i la a

Many a u th o ra  hava propoaad aachaniaaa fo r b a r r ia r  

la y a r  g ro w th , p o ra  i n i t i a t i o n  and g ro w th , and th a  

i n t a r -r a la t io n a h ip a  batwaan th a  b a a ia  a a ta l and th a  b a r r ia r  

and poroua la y a ra .

Tha f i r a t  aodal to  ba propoaad fo r poroua o x id a  

grow th  in  a c id  a la c t r o ly t a a  (a u lp h u r ic ,  c h ro a ic  and o x a lic  

a c id a ) waa th a t o f  K a l la r ,  H untar and Robinaon ( 1 9 ) .  T h a ir  

work waa baaad on o b a a rv a tio n a  f r o «  a la c tro n  M ic ro g ra p h «. 

Tha a a c h a n ia « o f b a r r ia r  la y a r  grow th waa not p u t fo rw a rd , 

but th a t i t  waa fora ad  r a p id ly  and c o a p la ta ly  onca th a  

laakaga c u rra n t  waa ra a ch a d. Tha th ick n a a a  o f t h i a  la y a r ,  

w hich waa n o n -p o ro u a , waa found to  ba 1 .4 n «/ V , b a in g  a 

fu n c tio n  of th a  a p p lia d  v o lta g a . Tha aodal propoaad th a t 

th a  poroua o x id a  la y a r  axtandad f r o «  a t h in  coapact and 

a c a llo p a d  b a r r ia r  la y a r ,  which waa a dja ca nt to  th a  a a t a l .  

C lo a a-p a ck ad  haxagonal c a l l a ,  w ith  a a ta r-a h a p a d  

c ro a a -a a c tio n a l c a n tra l p o ra , axtandad th ro u gh  th a  poroua 

la y a r  f r o «  th a  o x id a / a o lu t io n  in ta r f a c a  a la o a t to  th a  

b a r r ia r  la y a r .  S in g la  rowa o f c a l la  foraad a lo n g  th a  a id a a  

o f  a u b g ra in  b o u nda ria a  o f  th a  a lu a in iu a  dua t o  lowar 

ra a ia ta n c a  f r o «  th a  'o p a n -a tru c tu ra d *  o x id a . Each of thaaa
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c a l l s  was i n l t i a t s d  by th a  s o lv a n t a c tio n  of th a  

a la c t r o ly t a  a t a s p a c lf ic  p o in t .  C u rra n t flow ad th rou gh  th a  

th in n a d  araa ca u sin g  a ora  o x id a  d is s o lu t io n  dua to  

ra s is ta n c a  h a a tin g  o f  th a  a la c t r o ly t a .  Tha haxagonal shapa 

of th a  c a l l  was dua to  g a o a a tric  ( s t a r i c )  f a c t o rs , s in e s  

aach in d iv id u a l  c a l l  had s ix  nsar n a ig h b o u rs . A c o n tin u o u s 

o x id a  f i lm  ra s u lta d  bacausa th a  p i l l a r s  of matal trappad 

batwaan th a  haxagonal a r ra y  m a intainad a la c t r ic a l  co n ta ct 

w hich c o n va rts d  tham in t o  o x id a , F i g . 4 . Ths th ic k n a s s  of 

th a  o x id a  w a ll in cra a sa d  l i n a a r l y  w ith  v o lta g a , as shown by 

a s t r a ig h t  l i n a  on th a  graph of c a l l  s iz a  a g a in s t form ing 

v o lt a g s , w h ila  th a  p ora  diam atar ram alnad c o n s ta n t. Tha 

d if f a r a n c s  bstwaan c a l l  s iz a  and th ic k n a s s  o f o x ida  

c o m p ris in g  two s id a s  o f c a l l  w a ll ,  was a co n sta n t va lú a

i . a .  th a  pora  d ia m a ta r, which was found to  ba 12nm by 

a x tra p o la t io n  to  z s ro  form ing v o lt a g s . O thar dim ansions 

co u ld  ba a s ta b lis h a d . C a ll  s iz a  formad a t any v o lta g a  co uld  

ba c a lc u la ta d  from th a  a q u a tio n  ( 1 9 ) i

C -  2ME ♦ P ( 2 .3 )

whara C i s  c a l l  s iz a ,

M i s  w a ll th ic k n a s s  (nm/V)

E i s  th a  form ing v o lta g a ,

P i s  th a  pora  d ia m a ta r.

Tha d iam a tsr o f th a  c a l l  was a p p ro x im a ta ly  tw ic a  th a  

b a r r ia r  la y a r th ic k n a s s , w hich was p ro p o rt io n a l to  l in a a r  

form ing v o lta g a . Tha r a t a  o f c a l l  w a ll fo rm a tio n  was Inm/V.
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x 6 5 , 0 0 0

120V H3PO* f i l m

P I 9 . 4 ( 1 9 )

u n i t s  a r e  i n  Angs tr om
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Th* p o r M  «M r* indapandant o f v o lta g a , but dapandant upon 

a la c t r o ly t a  c o a p o a itio n  and c o n d it io n a l th a  a la c t r o ly t a  

a x a rt in g  a o lva n t a c tio n  along th a  pora w a lla . C o n c a n tra tio n  

and ta a p a ra tu ra  had o n ly  a l i a i t a d  a ffa c t on th a  p ora  a iz a .

T h ia  ’ id a a lia a d ’ aodal had aoaa a b o rt coainga 

which aubaaquant w orkara a tta a p ta d  to  c o r r a c t .  HoiM var, 

t h ia  c la a a ic  work haa baan th a  c o rn a r-a to n a  fro a  which 

aubaaquant idaaa hava baan fo ra u la ta d . In  19S9 Hoar and 

H o tt (2 0 ) ahowad th a t i t  waa not a ia p ly  th a  a o lv a n t a c tio n  

of th a  a la c t r o ly t a  (a u lp h u ric  and c h ro a ic  a c id )  which waa 

c o a p a tin g  w ith  f i l a  grow th , but th a t th a  d ia a o lu t io n  waa 

f ia ld -a a a ia t a d  a t th a  baaa of th a  poraa. T h ia  kapt th a  

b a r r ia r  la y a r  f i l a  th ick na a a  c o n a ta n t, and a ia u lta n a o u a ly  

o x id a  io n a  paaaad through th a  f i l a  froa  th a  p ora  baaaa, th a  

baaa b a in g  th a  p o in t  of i n i t i a t i o n ,  ao th a t th a  whola f i l a  

graw t h ic k a r .  I t  fo llo w a d  th a t f i l a  d ia a o lu t io n  ra ta a  at 

th a  p o ra  baaaa incraaaad a t h ig h a r f o ra a t io n  c u rra n t 

d a n a it ia a , whan th a  f i l a  th ick a n a d  fa a ta r. Tha tra n a fa r  of 

o x id a  io n a  waa achiavad bacauaa p ro to na  praaant at th a  pora  

baaaa foraad h yd ro x y l iona w ith  tha  o x id a  io n a . Thaaa 

h yd ro x y l io n a  ra q u ira d  la a a  ana rgy to  aova th ro u gh  th a  f i l a  

than th a  o x id a  io na  dua to  t h a i r  a a a lla r  a in g la  charga. 

Undar th a  in flu a n c a  of th a  h ig h  f ia ld  thaaa io na  wara 

p u lla d  through th a  f i l a  f ro a  tha  a la c t r o ly t a ,  and 

n a u t ra liz a d  th a  a lu a in iu a  io n a  at th a  a a ta l/ o x id a  

in t a r f a c a .  T h ia  ra a u lta d  in  o x id a  fo ra a tio n  w ith  th a  

ra la a a a  of p ro to na  back to  th a  a la c t r o ly t a .  C o n va ra a ly , th a  

a lu a in iu a  Iona  n a u tra liz a d  th a  o x id a  iona and th a  b a r r ia r  

la y a r  th ick n a a a  waa kapt c o n a ta n t. Tha n a u t r a l iz a t io n  of
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th *  « lu M in iu a  io n «  « t  t h «  M t a l / f i l *  i n t « r f « c *  causad t h «  

b o tto a  o f  t h «  p o r «  t o  approach c lo s a r to  t h «  « « t a l ,  

a llo w in g  o x id a  io n «  to  ba «p ra a d  o va r a la r g a r  araa i . « ,  

th a  « « t a l  «u rf a c a  ra th a r  th a n  th a  pora  basa. T h is  was 

anothar fa c to r  in  kaaping th a  b a r r ia r  la y a r  t h i c k n « « «  

c o n s ta n t. Poras w a r« i n i t i a t a d  by lo w a rin g  th a  s u rfa c a  

p o ta n t ia l b a r r ia r  of th a  p ro to n  and pora grow th  o c cu rra d  at 

t h ic k  ra g io n s  of th a  d a va lo p in g  f i l «  (2 1 ) .  P oras wars not 

found to  ba p a rp a n d ic u la r to  th a  b a s is  « « t a l ,  but in c lin a d  

to  aach o th a r whan foraad on cóncava and convax sur facas

( 9 ) .

Hoar and Mott (2 0 ) gava a «o ra  d a ta ila d  account 
0 1

of th a  « « c h a n is «  of d is s o lu t io n  and growth than th a t of 

K a lla r  a t a l (1 9 ) ,  but i t  was not u n t i l  1970 whan 

O’ S u ll iv a n  and Wood ( I S )  showad th a  «a ln  d is c ra p a n c y  to  ba 

th a t  p o ra  d i a « « t « r  was not indapandant o f  form a tion  

v o lta g a . B a r r ia r  la y a r th lc k n a s s , c a l l  d ia a a ta r , as w a ll as 

pora  d ia a a ta r  w a r« a l l  p ro p o rt io n a l to  tha  fo ra in g  v o lta g a . 

F u n d a a a n ta lly , th a  aodal o f K a lla r  a t «1 (1 9 ) was 

c o n fira a d . Tha b a r r ia r  la y a r  th ic k n a s s  (r a th a r  than tha  

porous la y a r )  was formad by th a  s ta a d y  s ta ta  batwaan o xida  

grow th and f ia ld -a s s is t a d  o x id a  d is s o lu t io n .  P ora and c a l l  

d ia m a ta rs  and b a r r ia r  la y a r  th ic k n a s s  w ars in flu a n c a d  by 

B v o a a tric  f a c t o rs , and d is s o lu t io n  may hava baan a idad by 

lo c a l h a a tin g  a f f a c t s .  Tha r a g u l a r i t y  in  p ora  and c a l l  

« i z a s ,  and th a  haxagonal pa cking w a r«  found, but not to  tha  

sama a x ta n t as p ra d lc ta d  K a lla r  a t a l (1 9 ) .  Naw d is c o v a r ia s  

by O’ S u ll iv a n  and Wood ( I S )  and Wood and O’ S u l l iv a n  (2 2 ) ,  

which w a r« th a  ««asuram ant o f th a  b a r r ia r  la y a r  th ic k n a s s
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fo r th a  f i r s t  t i s s ,  and t h i s  to g a th a r w ith  pora  and c a l l  

d ia a n s io n a  wara th ou ght to  ba in flu a n c a d  by 

h yd ro gan -b o n din g  and anion in c o rp o ra t io n . I t  was found th a t 

poras o fta n  d id  not axtand th ro u g h  th a  whola f i l a  but 

aargad, branchad or ta ra in a ta d  o c c a s io n a lly .  T h is  was a 

consaquanca o f th a  aachanisa  o f p o ra  i n i t i a t i o n  wharaby 

l o c a l ly  th ick a n a d  o x id a  ra g io n s  margad and th a  c u rra n t  was 

co n cs n tra ta d  in t o  t h in  a ra a s . No a vid a n ca  was found fo r tha  

s ta r-s h a p a d  p o ra s , nor fo r pora w id a n in g  a long th a  pora 

la n g th . Cham ical d is s o lu t io n  p la ya d  a sm all p a r t  in  

w idaning th a  ’ m ouths' of poras p ro d u cin g  ’ tru a p a t-s h a p a d ’ 

p o ra s. A g g ra s s iv a  a la c t r o ly t a s  causad p ora  w ida ning and 

f i lm  c o l la p s a  upon d ry in g , wharaas n o n -a g g ra s s iv a  

a la c t r o ly t a s  producad th ic k  b a r r ia r  la y a rs  naxt to  which 

formad la rg a  p o ra s . Mood and O’ S u l l iv a n  (2 2 ) found th a t  low 

pH gava porous f i lm s , and as pH was ra is a d  towards 

n a u t r a l i t y ,  th a  im portanca o f p i t t i n g  by a a ta l d is s o lu t io n  

bacama g r a a ta r .  Tha main in d ic a t io n  o f  f ia ld -a s s is t a d  oxida  

d is s o lu t io n  was th a t d is s o lu t io n  a t p ora  basas o c c u i j^  

fa s ta r a t 80A/dm* than a t lOA/dm*. O’ S u l l iv a n  and Hood ( I S )  

gava a modal o f f la ld -a s s ls t a d  o x id a  d is s o lu t io n ,  F ig .S .  

Hhsn a f i a l d  was a p p lia d  th a  A l -0  bonds wara p o la r iz a d  and 

th a  o x id a  io n s  wara drawn tow ards th s  grow ing o x id a  w h ila  

alum inium  io n s  wara pushad in t o  th a  a la c t r o ly t a  F ig .S b .  Tha 

alum inium  io n s  wara s o lva ta d  by w atar m olaculas and tha  

o x id a  io n s  wara ramovad by H»0*- io n s  F ig .S c  and Sd. F ig .S  

shows a ra p ra s a n ta tio n  o f a pora and th a  d ir a c t io n  o f tha  

l in a s  o f  fo re s  o f th a  f i a l d .  T h is  a ls o  ra p ra s a n ts  th a  la a s t 

ra s ls t a n t  path fo r c u rra n t  to  f lo w . Tha  f ia ld  was g ra a ts r
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a t AB than a t CD and t h i s  halpad th e  d ia a o lu t io n  a t th a  

o x id a / a o lu tio n  In t a r f a c a ,  w h ila  th a  avaraga f ia ld  batwaan 

AB and CD c o n tr o lla d  f i l a  gro w th . Th a ra fo ra  upon pora 

i n i t i a t i o n ,  d ia a o lu t io n  waa g ra a ta r  than o x id a  g ro w th . I f  

th a  ra d iu a  of c u rv a tu ra  o f th a  p ora  baaa in cra a a a d  to o  

auch, th a  f ia ld  acroaa AB dacraaaad and th a  pora caaaad to  

grow . Oxida grow th undar th a  avaraga f ia ld  a cro a a  th a  

b a r r ia r  la y a r ,  o x id a  d ia a o lu t io n  undar th a  lo c a l f i a l d  at 

th a  o x id a / a la c t r o ly ta  in ta r f a c a , th a  pora  d ia a a ta r and pora 

baaa ra d iu a  of c u rv a tu ra  wara f in a ly  balancad under aat 

c o n d it io n a . T h ia  th a o ry  p u ta  forw ard th a  augga ation  th a t 

th a ra  ia  a la rg a r  p ro p o rtio n  of h yd ro x id a  Iona and a c id  

a n iona  at th a  o x id a / a la c t r o ly ta  in ta r f a c a  than a t th a  

o x ld a /a a ta l in t a r f a c a .  Tha aaount o f  aniona ia  in flu a n c a d  

by t h a ir  a is a , charga and aaaa of d ia ch a rg a  a t th a  

o x id a / a la c t r o ly ta  in t a r f a c a .  C o n va ra a ly , th a ra  a ra  aora 

a lu a in lu a  io na  a t th a  o x id a / a a ta l in ta r f a c a  than a t th a  

o x id a / a la c t r o ly ta  in t a r f a c a .  I t  ia  praauaad th a t h yd ro x id a  

io n a  fo ra  0*~ io n a , aa w a ll aa p ro to n a  which aova out of 

th a  o x id a  undar th a  f i a l d .  Tha p o ta n t ia l anargy o f  th a  ion  

ia  changad dua to  in t a r a c t io n  by th a  f i a l d ,  w ith  th a  ra a u lt  

th a t  th a  ion  aovaa in  th a  d ir a c t io n  o f th a  f i a l d .  Othar 

p ro to n a  and h yd ro x id a  io n a  w ith in  th a  o x id a  la y a r  may ba 

h a ld  by h yd ro g a n -b o n din g . Howavar, h yd ro x id a  io n a  watar 

a o la c u la a  and a c id  aniona a l l  coapata to  a n ta r th a  f i l a .  

Tha h yd ro x id a  and o x id a  io n a  w ith in  th a  f i l a  aay hava 

ra a u lta d  fro a  th a  w atar or a c id  a n io n a . Th a ra  ia  a 

fundaaantal fla w  w ith  t h ia  ’ h yd ro x id a ’ th a o ry . In  a c id  

a o lu t lo n a , at pH 0 th a  c o n c a n tra tio n  ia  o n ly  1 x 10~’ *
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g io n / 1 . In  • M o n o l«y «r o f  %M t«r ooIocuIm  ro s id in g  noxt to  

th o  « lu M ln iu o  s u rfa c o  th *  q u a n tity  o f  0H~ Iona ia i

tOH-3 - l x  1 0 -“ * X  lOOOx

whara x la  th a  aaount o f  0H~ lo n a .

Now , i f  th a  c u rra n t d a n a ity  ia  200A/a*, than

th a  d ia c h a rg a  ia  200 x 1  O H- par aacond 

96900 3

T ia a  t o  d ia ch a rg a  a l l  O H- in  a a onola ya r x , ia

i  X  i O - “ x X  i  X 10» aac 

200

«  3 X l 0 - ‘ * aac

I f  d ia a o c ia t io n  o f th a  H-OH bond ia  co naidarad t o  ba 

ra p ra aa ntad  by d o u b lin g  th a  bond la n g th  fro a  1 x 10—*® t o  1 

X 10-*® a i . a  a d ia ta n c a  o f  1 x 1 0 -»® a , than

v a lo c it y  -  1 X 10-«®  

9 X 1 0 -«*

9 0 00 a a -«
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T h is  would bs to o  fa s t to  s u s ta in  th s  r a t a  of 200A/S*.

Csokan (2 3 ) a ls o  d isco u n ta d  sosa o f th a  K a lla r  a t 

a l (19> a s s u a p tio n s . Tha a la c t r o ly t a  a t th a  basa o f th a  

p ora  co uld  n o t hava baan haatad by J o u la  h a a tin g  bacausa 

t h i s  %rauld havs ra s u lta d  in  a n la rg s d  p ora  basas. K a lla r  at 

a l <19> assuaad th a t th a  sur faca s t r u c tu r a  a t th a  

f lw t a l/ f i la  in t a r f a c a  was d a ta ra in a d  by i n i t i a l  c u r r a n t ,  and 

was not in flu a n c a d  by la t a r  changas. Tha convarsa o f t h i s  

was t r u a .  I t  was thought th a t th a  a x ta rn a l o x ida  la y a r  was 

a l a c t r i c a l l y  in s u la t in g  and i t  was v ia  th a  a la c t r o ly t a  th a t 

io n ic  co n d u ctio n  o f c u rra n t and a a t a r ia l  t ra n s p o rt  co u ld  

o c c u r . T h is  c o u ld  not hava baan tru a  bacausa i t  would not 

a x p la in  how th a  w a lls  of th a  c a l l s  th ick a n a d . A c co rd in g  to  

K a lla r  a t a l <19) th a  d a n s ity  of poras on th a  s u rfa c a  wara 

in  a u n ifo rm  d is t r ib u t i o n ,  but Csokan found th a t th a  

d is t r ib u t io n  was i r r a g u la r .  Tha c o in c id a n c a  of cham ical 

d is s o lu t io n  a lo n g  th a  a la c t r ic a l  l in a s  of fo rc a  d u rin g  p ora  

fo rm a tio n  had no foun d in g .

So, soma o f th a  K a lla r  a t a l assum ptions wars 

shown to  ba in c o rra c t  and a lt a r n a t iv a  a x p la n a tio n s  g iva n  

ovar a dacada l a t a r .  Howavar, soon a f ta r  th a  K a lla r  p a p a r, 

in  1961, Hurphy and liic h a ls o n  (2 4 ) proposad a modal which 

in tro d u c a d  c o l lo id a l  c h a m is try  as an a x p la n a tio n  fo r o x id a  

f i lm  growth in  s u lp h u r ic ,  phosphoric  o r o x a lic  a c id . Tha 

main fa a tu ra s  wara th a t a g a l - l i k a  m a trix  formad c o n s is t in g  

o f two typ s s  o f  o x id a s  which mads up th a  o u ta r porous 

ra g io n . An hydro us o x id a  was formad by h y d ra t io n , 

h yd ro ga n -b o n d in g  and p ro to n  m ig ra tio n  which surro undsd a
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r « l * t i v « l y  anhydrous o x id s . Ths hydrous p o rt io n  c o n ts in s d  

s n lo n s  and w atsr M o la cu ls s , w h ila  ssbsddsd in  th s  m a trix  

wars th a  anhydrous s u b -a i c r o c r y s t a l l i t a s .  An im p o rta n t 

j s t r u c t u r a l  fa a tu rs  o f t h is  modal, a lth o u gh  p u ra ly  

s p a c u la t iv a , was th a t th a  hydro us o x id a  formad ' i n t a r n a l  

s u rf a c s s ' and v ia  th a s a , o x y g s n -c o n ta in in g  s p a cia s  w ars 

bro u ght to  th a  b a r r is r  la y a r ,  so th a t f i lm  grow th occurad 

a t th a  b a r r ia r  la y a r/ o x id a  in t a r f a c a .  Alum inium  io n s

m igrata d  from th a  matal to  th a  b a r r ia r  la y a r  whara th a y

formad th a  anhydrous o x id a  by com bining w ith  o x id a  io n s .
I

Tha o x id a  io n s  w ars p ro v id s d  by h yd ro x id a  io n s  and w atar 

m ola cula s w ith  th s  rs s u lt a n t  ra la a s a  o f p ro to n s . Ths s u p p ly  

o f h yd ro x id a  io n s  i s  d o u b tfu l as d iscu ssa d  p r a v io u s ly .

I Anothar im p o rta nt p o in t  was th a t th a  a n o d is in g  f ia ld  

a s s is ta d  p ro to n  m ig ra tio n  lo a d in g  to  h yd ro gan -b o n din g  and 

s u b s a q u s n tly  a s s is t in g  c u rra n t c o n d u c tio n . I f  c u rra n t paths 

convargad, for axampls at d a fs c t s i t a s ,  th a  o x id a  was 

d is s o lv a d  by th a  haatad a c id  p ro d u cin g  la s s  dansa a ra a s and 

th a sa  a ra a s u lt im a t a ly  bacama p o ra s . Pora fo rm a tio n  was not 

co n s id a ra d  to  ba a c o n d it io n  o f  o x id s  g ro w th . Poras w ars 

found to  ba o r ia n ta ta d  at an a n g la  or normal to  th s  matal 

su r fa ca . Upon p ro p o sin g  th a t h yd ro g a n -b o n d in g , anion 

in c o rp o ra t io n  in  in ta rn a l s u rfa c a s  and lo c a l v a r ia t io n s  o f 

o x id a  s o l u b i l i t y  wars g o vs rn in g  o x id a  f i lm  fo ra a t io n , 

Murphy and M ichalson co n sid a ra d  th a t a la c t r o ly t a  typ a  and 

th a  cham ical n a tu ra  o f  th s  o x id s  wars th a  im p o rta nt 

f a c t o rs . L a ta r <2S> both Murphy and M ichalson axpoundad 

upon t h a ir  o r ig in a l  w ork. Ths b a r r ia r  la y a r  graw by Al*'*' 

io n s  moving undsr th a  f ia ld  and ra a c t in g  in  th a  o u ta r
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re g io n s  w ith  0H~ io n s  to  fo rs  s lu s in s .  The b a r r ie r  la y e r 

c o n ta in e d  anhydroMS a lu e in a  but d is c r e te  p a r t i c le s  of 

d is o rd e re d  hydrogen-bonded areas fo re s d , and th e  degree of 

h y d ra t io n  in cre a s e d  w ith  d is ta n c e  fro e  th e  e e t a l . The 

p ro to n s  and h yd ro x id e  io n s  eoved in  o p p o s ite  d i r e c t io n s  at 

h ig h  r a te s  and th e  b a r r ie r  la y e r  th ic k n e s s  was d e te re in e d  

by th e  d e h y d ra tin g  and h y d ra t in g  ra te s . The th ic k n e s s  of 

th e  b a r r ie r  was p ro p o rt io n a l to  th e  v o lt a g e . The 

a i c r o c r y s t a l l i t e s  «»ere c lo s e -p a c k e d  and «»ere n o t r e a d i ly  

a v a ila b le  to  th e  e le c t r o ly t e .  C o nse qu e ntly , as th e  s e v e r it y  

o f th e  a n o d is in g  c o n d it io n s  in cre a s e d , th e  i n t e r c r y s t a l l in e  

re g io n s  becaee s o re  'o p e n '.  However, th e  in v o lv e e e n t of 

h yd ro x id e  io n s  oust be doubted.

At about th e  saee t i n e  as th e  above Model 

S in s b e rg  and U e fe rs  (2 6 ) d e s crib e d  the  o x id e  s t r u c t u r e  as 

f ib r o u s . They c la ie e d  to  have is o la te d  in d iv id u a l  f ib re s  

«»hose o p t ic a l  s t r u c tu r e s  were a r e s u lt  o f  a grow th p ro cess. 

The f ib r e s  had o n ly  a s h o rt range order and were cooposed 

o f an aeorphous o u te r c o a t, w ith  h yd ro x id e  io n s  and 

e le c t r o ly t e  anion s a t an in n e r 'a c t i v e '  s u rfa c e  o f the  

h o llo w  f ib ro u s  tu b e s . These tubes «»ere se pa ra ted  by 

h yd ro x id e  io n s  a ls o . Both s u lp h u ric  and o x a lic  a c id s  were 

used b u t no c o n c lu s io n s  «»ere reached about th e  b in d in g  of 

th e  a n io n s , except th a t th e y  c o n s titu te d  p a rt  o f  th e  f i l a .  

No o p t ic a l  s t r u c tu r e  was found w it h in  th e  f ib re s  and i t  was 

suggested th a t  th e  re a c t io n s  took p la c e  e it h e r  by ion 

exchange o r by th e  io n s  Moving as a ' l i q u i d ' .  The 

e le c t r o ly t e  p e n e tra te d  to  th e  a e t a l/ f i la  in te r f a c e  v ia  the  

a c t iv e  s u rfa c e  and by a tta c k  o f  th e  b a r r ie r  la y e r  a t  the
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b « M  o f  th o  gro w ing  f ib r * .  W ith  th ic k o n in g  around th o  p o in t 

o f  a t t a c k , th a  f i l a  In cra a aa d  In  a l i a .  Tha f ib r a s  wara 

o r ia n ta ta d  n o ra a l to  th a  a lu a ln lu a . Tha cu rva d  f ib r a  basa 

waa foraad dua to  a tw o -zo n a  a tru c tu ra  and waa dapandant 

upon th a  a lz a  and a rra n ga aa n t o f a lu a in iu a , oxygan and

a u lp h u r Io n a .

Tha tw o a odala  propoaad a f ta r  th a t o f K a lla r  at 

a l ( 1 9 ) ,  wara th a  a la c t r ic  f la ld -a a a la t a d  d ia a o lu t lo n  by

Hoar and H o t t ,  and a a t r u c t u r a l  aodal baaad on a

hydrogan-bondad a a t r lx  o f o x ld a , anlona and w a ta r, by 

Murphy and M ich a la o n . Tha aodal of Q lnabarg and W afara la  

an in ta ra a d la t a  batwaan thaaa tw o. O thara  hava fo llo w a d  

w ith  a i a l l a r  a x p la n a tio n a  baaad on thaaa a odala  (2 1 , 27, 

2 8 , 31, 3 2 ).

S ia jk a  and O rta ga  (2 7 ) propoaad a aora  coaplax 

aodal o f  p ora  fo ra a tio n  by io n ic  c u rra n ta i ia  th a

tr a n a f a r  o f oxyganatad a n io n a  fro a  a o lu tio n  (a u lp h u r ic  

a c id )  to  th a  a a ta l/ o x id a  in t a r f a c a ,  I a i  la  th a  tra n a fa r  of 

a lu a in iu a  iona th ro u gh  th a  baaa la y a r and paaaing d i r a c t l y  

i n t o  a o lu t io n , I a m  ia  th a  tra n a f a r  o f io na  ganaratad by 

f ia ld -a a a la t a d  d a co a p o a itio n  o f th a  o x id a , I^m m  “  ia  tha  

t r a n a f a r  by c a tio n a  to  a o lu t io n ,  * la  th a  t ra n a fa r  of

a niona  to  th a  a a ta l/ o x id a  in t a r f a c a ,  I a i «  la  th a  t o t a l  

in t a r f a c i a l  tra n a f a r  c u rra n t  of c a tio n a  paaaing in t o  

a o lu t io n ,  whara

lAt. - Ia » *  Ia a . *

An tr a c in g  ta ch n iq u a  waa uaad in  which th a  b a r r ia r

37



l « y « r  was fo r«* d  froM an la b a lla d  s o lu t io n  and fu rth e r  

a n o d is in g  was c a r r ie d  out in  a n o n -la b e lle d  e le c t r o ly t e .  I t  

was found th a t th e  0** c o n te n t o f th e  b a r r ie r  la y e r , a f te r  

re a n o d is in g , was r e d is t r Ib u t s d  to  th e  o u te r p o rt io n  of the  

porous la y e r ,  and th a t  th e  0** changes were not due to  

oxygen lo s s e s . I t  was suggested th a t a ig r a t io n  of oxygen 

va ca n cie s  th ro u gh  'e a s y  p a th s ’ caused porous o xide  grow th. 

The o x id e  was fore ed  at th e  o x id a / e a ta l in te r f a c e  fro e  the  

oxygen at th e  base o f th e  pore s as w e ll as oxygen fro e  the  

s o lu t io n . As th e  pore s fo re e d , th e  0** d is p la c e d  by thee 

was found Ju s t below  th e  e n ric h e d  la y e r .  S ie jk a  and 

O rte ga  proposed th a t a b a r r ie r  la y e r  s u b -s t ru c tu re  was 

p re se n t w hich re s u lte d  in  th e  0^* t r a n s f e r r in g  to  th e  outer 

re g io n s  d u rin g  g ro w th . I t  was found th a t 8 0 » anion 

in c o rp o ra t io n  was p ro b a b ly  due to  th e  fa c t th a t the  

in te ra to e ic  d is ta n c e s  between th e  oxygen atoes in  both 

AlaOa and th e  8 0 « ion  were th e  saee. C a tio n s  eoved v ia  

an i n t e r s t i t i a l  p o s it io n .  Two Mechanises were proposed for 

th e  novenent o f o x id e  io n s  o r ig in a t in g  from o xide  

d e c o n p o s itio n , I « « « .  They v a r ie d  o n ly  in  th e  mode of oxygen 

m ig ra t io n . They a re  th e  i n t e r s t i t i a l  th e o ry  (Hoar and M o tt) 

and vacancy m otion th rou gh  ’ easy p a th s ’ (8 is jk a  and 

O rte g a ).

In  1978 Thompson, Furneaux, Wood, Richardson and 

Oooda (2 8 ) extended th e  f ie ld -a s s is t e d  d is s o lu t io n  th e o ry  

to  in c lu d e  d ir e c t  lo s s  of A l* ”' io n s  in t o  s o lu t io n , as 

proposed p re v io u s ly  (2 7 ) .  By u s in g  phosp h oric  a c id  i t  was 

shown th a t no phosphate anion in c o rp o ra t io n  o c c u ^ ^  fo r 25 

to  3SX o f th e  b a r r ie r  la y e r from th e  m e ta l/o xid e  in te rfa c e .
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They co n sid e ra d  th a t tw o s ia u lta n s o u *  p ro c s s M S  procsododi 

r o l a t i v s l y  p u ro  a lu a in a  was fo rs s d  naar th a  a a ta l/ o x ld a  

in ta r f a c a  dua t o  io n ic  a ig r a t io n  o f  th a  a o b ila  io n a  A l* * , 

OH- and 0*~r and a ic r o c r y a t a l l in a  a n io n -c o n ta in in g  a a t a r ia l  

occurad a t th a  o x id a / a o lu tio n  in ta r f a c a  by d a p o a it io n . 8oaa 

Al*'*' io na  wars in c o rp o ra ta d  h ara  in  th a  gro w in g  o x id a  w h ila  

o th a ra  foraad h yd ra ta d  io n a  in  s o lu t io n .  Tha f i l a  was 

aasuaad to  ba s o lid  at th a  in n a r la y a r  and g a l - l i k a  a t th a  

o u ta r la y a r .  Tha s o l id  o x id a  foraad fro a  a c o l lo id a l  

h yd ra ta d  o x id a  by d a p ro to n a tio n  o f th a  h yd ra ta d  Al*'*’ io n .

2 A l(H a O )a  — -> A1 .0 a  *  3 H .0  * ( 2 . 4 )

Th a rs  was p ra fa ra n t ia l th ic k a n in g  o f th a  o x id a  abova a a ta l 

r id g a a  (to p o g ra p h ic a l fa a tu ra a ) and at c a l l  bou n d a ria a . Tha 

r id g a s  wmrm  f la tta n a d  as th a  o x id a  th ick a n a d  l o c a l l y .  W ith 

subasquant a n o d is in g , p o ra s  wars foraad in  p r a f a r a n t ia l  

c a l l s  g iv in g  a s c a llo p a d  a a ta l a u rfa c a . Thaaa c a l l s  wars 

shown to  ba haxagonal by a la c tro n  a ic ro s c o p y .

Anothar in v a s t ig a t io n  which nay ba coaparsd w ith  

th a  Hoar and M ott nodal i s  th a t  by P a rk h u tik  (2 1 ) .  A c id  

anion in c o rp o ra t io n  was propoaad a g a in , a long w ith  pora 

i n i t i â t io n .S u lp h u r ic ,  o x a l ic  and p ho sp h o ric  a c id s  w ars usad 

to  in v a s t ig a t a  a c id  anion p a r t ic ip a t io n  w hich was s tu d ia d  

by Augar E la c tro n  S p a ctro sco p y (A ES) and io n  s tc h in g . In  

t h i s  nodal th a  s p a c s -c h a rg a  of th a  a n io n s  p la ya d  an 

in p o rta n t p a rt  o f  porous f i l n  fo rn a tio n . O xid a  d is s o lu t io n  

procaadsd dua t o  a p r o to n -a s s is ta d  na ch a nisn  whsraby th a  

p o ta n t ia l b a r r ia r  of th a  o x id a / s ls c t r o ly t a  in ta r f a c a  was
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d a c r M M d . At t h «  a o M n t o f  p o r «  i n i t i a t i o n ,  th a  anion 

c o n c a n tra tio n  raachad a a tu ra t io n  p o in t and aniona aovad 

in t o  th a  o x id a . Aa th a  o x id a  graw , th a  a n io n  aaxiaua 

apraad, a lth o u gh  d ia t r ib u t io n  waa not u n ifo rm . An anion 

aaxiatua waa b u ria d  in  th a  o x id a , a lth o u g h  aa in  ra fa ra n c a  

28, anion in c o rp o ra t io n  waa c o n fin a d  to  th a  o u ta r ra g io n a  

th a  o x id a  f i lm .  S u lp hu r waa found to  ba praaant aa 

8 0 « S i m i la r ly ,  CaO« ■“  and PO» ■“  wara found fo r o x a lic

and phoaphoric a c id  r a a p a c t iv a ly .  Howavar, th a  PO« ■“  anion 

a x h ib ita d  aoma a p a c la l fa a tu ra a . A fta r  p ro lo n ga d  a la c tro n  

i r r a d i a t i o n  th a  b iv a la n t  phoaphorua ion  waa in d ic a ta d i a 

ra d u c tio n  ra a c t io n . PO« •“  a n io n  d ia t r ib u t io n  d if f a r a d  from 

thoaa o f SO« and CaO« Th a ra  waa no phoaphorua

maximum b u ria d  in  th a  o x id a  fo r th ic k  o x id a a  but anion 

d ia t r ib u t io n  waa lo c a ta d  a t th a  o x id a / a la c t r o ly ta  

in ta r f a c a . T h ia  waa dua to  th a  anion a iz a  and a tru c tu ra  

g iv in g  i t  a low  m o b ilit y .  CAa a a r ly  aa 19S8 Plumb (2 9 ) 

ahowad th a  phoaphorua waa In c o rp o ra ta d  in t o  th a  o x id a , but 

auggaatad th a  form waa P .0 a .1 Poraa warm i n i t i a t a d  at th in  

ra g io n a  of th a  b a r r ia r  o x id a , u n lik a  t h ic k  ra g io n  

i n i t i a t i o n  p o a tu la ta d  by Hoar and M ott. I t  haa baan found 

<30) th a t fo r f ilm a  w ith  a la rg a  c a l l  a iz a ,  grow th occu ra  

p r a f a r a n t ia l ly  abova r id g a a  on th a  b a a ia  m a ta l. Rldgaa 

co u ld  ba da a criba d  aa fla w a , and th a ra  w i l l  ba h ig h ly  

lo c a lia a d  a tra a a  davalopmant in  th a  f ilm  grow th abova tham. 

Tha conaaquant h igh  c u rra n t  d a n a lty  w i l l  produca a 

cra ck /ha a l procaaa in  th a  o x id a . High p o in ta  on th a  o x id a  

form and th a  matal r id g a a  a ra  f la tta n a d  aa th a  b a r r ia r  

la y a r  batwaan r id g a a  ia  th ic k a n a d . E v a n tu a lly  th a  h ig h
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c u rra n t  d e n s ity  aiovM  t o  th a  th ln n a r  a ra a a , a in ca  thaaa 

than a t t a in  low er ra a ia ta n c a  than th e  r id g a a . Pore 

davalopaant and s c a llo p in g  of th e  b a s is  « a t a l  o c c u rs  at 

these t h in  a re a s .

O 'S u l l iv a n ,  Hockey and Wood <31) gave e vid e n ce  

fo r a g a l - l i k e  M a trix  o f  anhydrous and h yd ra te d  re g io n s  

s im ila r  to  th a t  of Murphy and M ichelson ( 2 4 ) .  They showed 

by i n f r a -r e d  s p e c tro sc o p y  ( I . R . )  th a t a f r e s h ly  p repared 

f i lm  co n ta in e d  m o le cu la r w ater which was removed upon 

e v a c u a tio n . I t  was shown th a t on th e  e x t e r io r  of 

c r y s t a l l i t e s  w ars h yd ro x y l groups o r io n s . Both th e  

m o le cula r w ater and h y d ro x y l groups were w it h in  th e  

i n t a r c r y s t a l l i t a  re g io n s  s in c e  i t  was found th a t deute riu m  

exchange took p la c e  h e re . I f  th e  groups were bound w it h in  

th e  c r y s t a l l i t e s  th e re  would be no exchange. Thus th e  

m a trix  was d e s c rib e d  as an amorphous 'o p e n  a r r a y ' of 

anhydrous c r y s t a l l i t e s ,  in te rs p e rs e d  w ith  hydro us 

i n t e r c r y s t a l l i t e  re g io n s .

Xu, Thompson and Wood (3 2 ) d e s c rib e d  th e  o x id e  

f i lm  in  te rm s o f  c e l l  boundary bands and extended th e  

th e o ry  of m ic r o c r y s t a l l i t e s  by s u g g e s tin g  th a t th e  in n e r 

la y e r  o f porou s o x id e  was compact and d id  not c o n ta in  anion 

a p e c ie s . The o u te r re g io n s  were open and contam inated by 

PO* •“  io n s . By means o f exposure to  an e le c t ro n  beam in  an 

e le c tro n  m icro sco p e, th e  f i lm  m a te ria l was analysed and was 

shown to  c o n ta in  d e cre a s in g  amounts of phosphorus from th e  

pore  w a l l .  F i g . 7 ( a ) ,  tow ards th e  c e l l  boundary band. 

F i g . 7 ( c ) .  The c e l l  boundary band i t s e l f  co n ta in e d  no 

s ig n i f ic a n t  amount o f phosphorus. S i m i l a r l y ,  th e  amount of
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c e l l  b ou n d a r y  band

F i g .  7

p o c k e t  f o r m a t i o n

( a )

( b )

F i g .  8 ( 3 5 )



a n ion  a p o c lM  a x ta n d in g  fro a  th *  f i la / s o lu t io n  in ta rf a c a  

dacraaaad tow ards th a  a a t a l/ f i la  in t a r f a c a .  I t  was 

suggastad th a t th a  d iff a ra n c a  in  ta x tu ra  batwaan th a  pora 

w a lls  and c a l l  boundary bands was shown up a o ra  undar th a  

a la c tro n  baaa dua to  th a  i n t a r c r y s t a l l i t a  ra g io n s  

da co ap osing. T h is  ra s u lta d  in  a r a l a t i v a l y  la rg a  in ta rn a l 

s u rfa c a  t o  ra v a a l th a  phosphorus c o n ta n t. E la c tro n  

m icroscopy and a l l i a d  ta chniqu a s in  h igh  vacua and h ig h  

f ia ld s  a ra  s a id  by soaa c r i t i c s  to  r a s u lt  in  a r t a f a c t s .  Tha 

d i f f r a c t i o n  p a tta rn  obsarvad may ba th a t o f  th a  fa a tu ra s  

w hich wara haatad and changad d u rin g  a n a ly s is .

O thar modals hava baan proposad vrtiich d a s c rib a  

f a c to rs  th a t hava fo rm a rly  baan g iv a n  sacondary im portanca 

or w hich a ra  t o t a l l y  naw co n ca p ts. Thasa in c lu d a i 

d is s o lu t io n  by lo c a l Jo u la  h a a tin g  a f f a c t s  (3 3 > , a 

n u c la a t io n  modal (3 4 ) and a c o l lo id a l  modal c o n ta in in g  

p o cka ts  (3S>.

Laach and N aufald  (3 3 ) showad th a t o x id a  

s o l u b i l i t y  was th a  main fa c to r in  porous o x id a  grow th and 

th a t f ilm s  co u ld  show t y p ic a l  b a r r ia r  or porous s tru c tu ra s  

a c co rd in g  to  th a  tam paratura  o f th a  a la c t r o ly t a .  Tha 

a la c t r ic a l  and o p t ic a l  p ro p a rtia s  o f f ilm s  formad at h igh  

c u rra n t  d a n s it ia s  wara d if f a r a n t  from th osa  formad at low 

c u rra n t  d a n s it ia s . Thasa d iffa ra n c a s  wara p ro b a b ly  dua to  

h ig h  f ia ld s  or ta m p a ra tu ra st and not a r a s u lt  o f  changas in  

p ora  s t r u c t u r a .  Tha incra a sa d  lo c a l ta m p a ra tu ra  causad 

g ra a ta r  d is s o lu t io n  o f  th a  c a l ls  which in  tu r n  incra a sa d  

th a  c u rra n t  th rou gh  th a  poras. B a r r ia r  f ilm s  d if f a r a d  from 

porous f i lm s  o n ly  in  th a  ra ta  of th ic k a n in g  a t constant
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• p p li» d  v o lta g * . Poras da vslop sd  in  b a r r ie r  f i l a s  whan 

c u rra n t  was a llo w a d  to  decay to  a r e l a t i v e l y  low v a lú a . At 

SO*C a d i s t i n c t  c u rra n t a in ia u a  occulted. I t  was found th a t 

th e  f in a l  c u rra n t  was h ig h e r a t SO*C than a t 2S*C. No pore s 

ware observed i f  c u rra n t decay was o a it t a d .  P ore  d ia a n s io n s  

ware n o t o n ly  a fu n c tio n  o f e le c t r o ly t e  c o e p o s itio n  and 

f ie ld  c o n d it io n s  but a ls o  a fu n c tio n  of t i e s .  Thus a l l  

b a r r ie r  f i l e s  would show soea porous grow th i f  th e  v o lta g e  

was kept co n sta n t fo r a s u f f ic ie n t  le n g th  of t i e e .

Csokan (34> used c in e  f i l e  to  re c o rd  th e  p ro ce ss  

o f  anodic o x id a tio n  and concluded th a t i t  o ccu rre d  by a 

n u c le a t io n  eachanise  o f which th e re  were s e v e ra l s ta g e s . 

The  f i r s t  s ta g s  was an i n i t i a l  ( in d u c t io n )  p e rio d  d u rin g  

which 'c l u s t e r s ’ o f  a lu e in iu e -o x id e  o r a lu e in iu e -o x y g s n  

foreed a t e n e r g e t ic a l ly  fa vo u ra b le  p o in ts . The second s ta g e  

was a p e rio d  o f n u c la a t io n . N u c le i o f  p r ie a r y  a lu e in iu m  

o x id e  foreed in  c o n c e n tric  c i r c l e s ,  a lth o u gh  th e  grow th was 

not u n ifo rm . Subsequent n u c le i appeared and th e  s u rfa c e  was 

v e ry  r a p id ly  covered w ith  an o x id e  f i l e .  T h is  foread th e  

b a r r ie r  la y e r  which reached a l i e i t i n g  th ic k n e s s  in  

e le c t r o ly t e s  w ith  no s o lv e n t power. Upon a n o d is in g  in  

e le c t r o ly t e s  w ith  d is s o lv in g  pow er, secondary o x id a tio n  

foread on th e  edges o f th e  p rim a ry  n u c le i .  The f in a l  

s t r u c t u r e  was a s u rfa c e  covered by 'r o s e t t e s ’ «Aiich 

th e e s e lv a s  wars eade up of te x tu re d  't e r r a c e s ’ . The f in a l  

s ta g e  was p o re  f o re a t io n . T h is  re s u lte d  from io n  and 

e le c tro n  d if f u s io n  as w e ll as p ro to n  t r a n s f e r .  Pores were 

foreed i r r e g u l a r l y  by th e  s o lv e n t a c tio n  o f th e  e le c t r o ly t e  

at s p e c if ic  are a s due t o  th e  n o n -u n i fo re  secondary o x id e



s t r u c t u r * .  T h «  o x ld *  gr*w  n o r M l to  th *  M »t* l/o xid o  

In t o r f a c o , but lo M o lla r  grow th w«* a lo o  found p « r « l l « l  to  

th o  b o o ls  « a t o l .  T h is  wss s o ld  to  bs duo to  d l f f s r s n t  

p o t s n t ls l  d lf f s r s n c s s  o va r th a  su r faca which causad

i n t a r la a a l la r  c u rra n t  conductanca u n t i l  th a  p o ta n t ia l 

d iff a ra n c a s  a q u a lis a d .

Tha la s t  papar d id  not g iv a  an a x p la n a tio n  for 

th a  fo ra a tio n  o f  th a  pora s th s a s a lv a s . Habar (3S> proposad 

a M c h a n is a  which d a s c rib a d  'p o c k a ts ' as p ra ca a d in g  pora 

davalopaant w it h in  a c o l l o i d .  Tha th a o ry  o f Murphy and 

M ichalson (2 4 ) was basad on c o l lo id  c h a a is t ry  but i t  was 

I d a scrib a d  in  ta ra s  o f a a a t r ix  of two la y s rs  and no 

' d is c u s s io n  was g iv a n  about in t a r  faca r a la t io n s h ip s . Habar 

 ̂ proposad th a t in  an aquaous s o lu t io n  a c o l lo id a l  la y a r  of 

' a lu a in iu a  h y d ro x ld a  fo ra ad  a t th a  a la c t r o ly t a / a a ta l

in t a r f a c a ,  i f  c o n d it io n s  wars fa vo u ra b la  F lg .B a .  I f  th a  

a lu a in iu a  was an a n o d ic a lly  p o la r is a d  a la c tro d a , any o x id a
I

la y a r  aust ba p a r t i a l l y  c o l l o i d a l .  As a n o d is in g  procaadad 

a ora  c o l lo id  was fo ra a d . Two a lt a r n a t iv a  aachanlsas wars 

I g iv s n  fo r th a  fo ra a t io n  o f  'c lo s a d  p o c k a ts '«  F ig .8 b .  Tha 

f i r s t  d a scrib a d  a foaa o f h yd ro x id a  covarsd  d ro p la ts  %#hich 

would rsduca  th a  sur faca  ts n s io n  of th a  l i q u id  and 

I a c cu a u la ta  a t th a  in t s r f a c a .  Each pockat would ba covarad 

by an h yd ro x id a  s k in . Tha o th a r a x p la n a tio n  was th a t w h ir ls  

of in c o a in g  h yd ro x id a  io n s  would ra a c t w ith  a 'b o u n d a ry  

la y a r ' to  fo ra  a c o l l o i d .  Each pockst would ba c lo s a d  by a 

dynaaic boundary la y a r .  Pockats grsw dua to  in c ra a s ln g  

in n a r p ra s s u ra  o f  io n s . Each pockat would raach a q u l l ib r iu a  

h o r iz o n t a l ly ,  in  a aannar s i a i l a r  to  th a  s q u a lis in g  of
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p o te n t ia l d lf f e r a n c M  as d e s crib e d  by Csokan (3 4 ) .  The 

grow th stopped and th e  c o ve rs  were d is s o lv e d  by

a c c u e u la tio n  o f  charge on th e e . T h is  corresponded to  th e  

d e c c e le ra tio n  on th e  v o lt a g e -t in e  c u rv e , F i g . 2 . Pores 

foreed in  a n o n -s o l id if ie d  c o l l o i d .  S o l i d i f i c a t io n  occured 

because th e  a lu e in iu e  h yd ro x id e  h yd ro so l coa gula te d  in  th e  

presence of th e  s u lp h a te  io n , aeongst o th e rs . Once th e  

pocket cover was d is s o lv e d , f ie ld -a s s is t e d  o x id e  

d is s o lu t io n  took p la ce  as d e s crib e d  by o th e rs .
I

By u s in g  X -ra y  p h o to e le c tro n  s p e ctro sco p y (XP8>, 

T re v e rto n  and D a vie s (3 6 ) found th a t th e re  were two ty p e s  

I o f  su lp h u r s p e c ie s  p re se n t in  th e  o x id e  la y e r .  These were 

s u lp h a te  and s u lp h id e  io n s . I t  was concluded th a t th e  

d if f e r e n t  s p e c ie s  co u ld  be accounted fo r in  two ways. One 

' th e o ry  was th a t o x id e  foreed a t th e  n a ta l/ o x id e  in te rf a c e  

and s u lp h a te s  p re se n t th e re  co u ld  have bean in  the  c o rre c t

e n v iro neent  to  fo re  s u lp h id e s  upon e tc h in g . The o th e r
I

th e o ry  was th a t h yd ra te d  a lu e in a  was foreed by A l** io n s  

e n te r in g  th e  s o lu t io n  and re a c t in g  w ith  water a t th e  

s o lu tio n / o x id e  in t e r f a c e .  The s u lp h a te  io n s  nay have helped 

in  a r a p r e c ip it a t io n  process or be re s id u e s  o f c o a g u la tio n  

of A 1(O H )a as d e scrib e d  by Haber. S in c e  s u lp h id e s  a re  

is o e la c tro n ic  w ith  o x id e  io n s  i t  nay be p o s s ib le  th a t th e  

s u lp h id e s  re p la ce d  th e  o x id e  io n s . T h is  nay account fo r th e  

fa c t th a t th e  s u lp h a te s  a re  found in  a h ig h e r p ro p o rtio n  

w ith in  th e  anodic f i l e s  than any o th e r a n io n .
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I t  would f i r o t  a p p M r th a t a .c .  a n o d is in g  has an 

advantaga ovar d .c .  a n o d is in g  in  th a t two lo a d s  o f  work can 

ba anodisad d u rin g  th a  anodic h a lf -c y c la s .  Howavar, on th a  

a lta r n a t a  c a th o d ic  h a lf -c y c l a  a d lf f a r a n t  a la c t r o ly t ic  

aachaniaa  o c c u rs . S u lp h u ric  a c id  i s  c a th o d ic a lly  raducad to  

s u lp h u r and i t s  coapounds, both o f which a ra  in c o rp o ra ta d  

in t o  th a  f i l a ,  and H«8 i s  g iva n  o f f .  T h is  i s  th a  a a in  

 ̂ drawback of a .c .  a n o d is in g  0 7 ) .  S u lp h id a s  aay coa bins w ith  

a l lo y  a a ta ls  to  producs in ta g r a l  c o lo u rs . Racant work has 

I bssn p a rfo ra a d  on th a  a d d it io n  o f o x id is in g  a gsn ts  to  

c o u n ta ra c t th a  su lp h u r coapounds. Ths o x id a n t d a p o la ris a d  

I th a  c a th o d ic  h a lf -c y c la  ra a c t io n  of Ha a v o lu t lo n , so 

' a l i a i n a t i n g  8 0 « ■ -  ra d u c tio n  (3 8 ) .  I t  was found th a t  by 

adding f a r r lc  s a lt s ,  p a r t i c u la r ly  th s  c h lo r id s ,  a ra d u c s r ,

t h ic k  c o a tin g s  wars producad whara a a r l ia r  In v a s t ig a t io n s
I

had o n ly  foraad th in  c o a tin g s  of 6 to  Spa. I t  was o f 

In t a r a s t  t h a t ,  d a s p ita  th a  ca th o d ic  p ro d u c tio n  o f s u lp h u r , 

i t  was o n ly  d a ta ctsd  in  th a  o u ta r ra g io n s  o f tha  o x id a , and 

i no ir o n  was d sta cta d  w ith in  th a  f i l a .  C u rra n t

! in v a s t ig a t io n s  (3 0 ) a ra  undar way to  f in d  out how ia p o rta n t 

th s  s u lp h a ta -s u lp h ld s  rs a c t io n  i s  as an in h ib it o r  in  f i l a  

grow th and whathar th a  F a * ^ -F a ^  radox ra a c t io n  i s  an anoda 

ra a c t io n  %«hich aay produca an o xida nt i n t a r n a l ly .  F a rro u s  

or f a r r i c  s u lp h a ts  and fa rro u s  o x a la ta  a ra  a ls o  usad, and 

a ra  fa voursd  ovar f a r r ic  c h lo r id a  s in c a  i t  i s  known th a t 

c h lo r id s s  u ndaralna  c o rro s io n  p a rfo ra a n c a . As w a ll as 

rs d u c a rs , n a u tra l a o d if ia r s  such as Naa80« hava bsan usad.
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Th* K « l l « r  a t «1 (1 9 ) Modal gava a good

fundaaantal b a s is  froM  which a g ra a ta r  u nd arsta n d in g  of 

porou s anodic o x id a  gro«#th has d a va lo p sd . U ith  advancas in  

ta c h n o lo g y , ra s a a rc h  has s u b s ta n tia ts d  or d is p ro v s d  

h yp otha sa s. C a u tio n  i s  s t i l l  naadad, howavar, in

in t a r p r a t in g  d a ta  and a p p ly in g  i t  to  th a  d if f a r a n t  

t h a o r ia s .

2 .3  Mathods o f C o lo u r in g  th a  Anodic F i l s

2 .3 .1  In t ro d u c t io n

I t  was d is c o v a rs d  in  th a  f i r s t  days o f  a n o d is in g  

w ith  th a  Bangough and S tu a rt p ro ca s s  (1 )  th a t a l is a r in a  

dyas co u ld  produca nany c o lo u rs . Othar d ya ing  procassas 

hava baan davalopad w hich a x p lo it  th a  porous n a tu ra  o f  th a  

anod ic  o x id a  f i l a .  Onca anodisad a lu M ln iu a  had bacoaa 

a s ta b lis h a d  as a p o p u la r a a t s r ia l  fo r usa in  a r c h ita c tu r a  

damand graw fo r c o lo u ra d  f in is h a s  as opposad to  th a  shadas 

o f  g ra y  a v a ila b la  fro n  s u lp h u r ic  a c id  a n o d is in g , or p a ls  

y a llo w  froM o x a l ic  a c id  a n o d is in g . A a s th a it ic s  bacaaa 

in c r a a s in g ly  ia p o r t a n t .

Tha d i f f a r a n t  c o lo u r in g  Mathods can ba 

d is t in g u ls h a d  by th a  typ a  o f  c o lo u r in g  coaponant and i t s  

p o s it io n  w ith in  th a  o x id a  f l lM i  a b s o rp tiv a  d ya in g  F i g . 9 , 

in t a g r a l  c o lo u r a n o d is in g  F i g . 10, and a la c t r o ly t ic  

c o lo u r in g  F i g . i l  ( in ta r f a r a n c a  c o lo u r in g  F i g . 12 a and b> . 

Ovar th a  la s t  10 t o  IS  y a a rs  th a ra  has baan a nova away 

fro n  th a  f i r s t  two nathods and a la c t r o ly t ic  c o lo u r in g .
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C togathar w ith  i n t * r f « r » n c a  c o lo u r in g )  h M  bocoM* th *  

dom inant p ro c o d u r« . T h is  can ba a t t r ib u t e d  to  improvaMants 

in  u n if o r m ity  and r e p r o d u c i b i l i t y  o f  c o lo u r ,  c o rro s io n  

ra a ia ta n c a , ease o f use and low ar c o a t. E le c t r o ly t ic  

c o lo u r in g  produces shades of g o ld , b ro n ze , b la c k , g ra y  and 

red but c omm ercial p re s s u re  has prompted te c h n ic a l 

a p p lic a t io n  in t o  d is c o v e rin g  more v a r ie d  c o lo u rs . In te g ra l 

c o lo u r in g  g iv e s  a broader range o f c o lo u rs  than 

e l e c t r o l y t i c  c o lo u rin g  but in te r f e re n c e  c o lo u r in g  p ro v id e s  

th e  s p e c tra l c o lo u rs  now demanded. Sometimes p a r t ic u la r  

in te r f e re n c e  f in is h e s  do not g iv e  th e  h ig h  standard  of 

weather re s is ta n c e  re q u ire d . Most s p e c tra l c o lo u rs  can be 

ob ta in e d  by th e  co n ve n tio n a l a b s o rp tiv e  d ye in g  te c h n iq u e s , 

but th e  l i g h t  fa stn e ss can be poor compared to  in te rfe re n c e  

I c o lo u r in g  fo r long term  a r c h it e c t u r a l  uses. T h ic k  anodic 

I f ilm s  (2 5  -  SOpm) and s t r i c t  c o n tro l of a n o d is in g  and 

s e a lin g  c o n d it io n s  a re  re q u ire d . D yeing i s  adequate for 

in t e r n a l uses where l i g h t  fa stn e ss  i s  le s s  c r i t i c a l .

2 .3 .2  A b s o rp tiv e  and A d s o rp tiv e  Dveino

The porous s t r u c tu r e  o f  anodised alum inium  a llo w s  

i t  to  be c o lo u re d  by a b s o rp tio n  or a d s o rp tio n  o f dyes in to  

th e  p o re s . T h is  i s  achieved by in o rg a n ic  pigm ents or 

o rg a n ic  d y e s tu ffs  r e s p e c t iv e ly .  F i g . 9.

Th e re  a re  two main methods fo r th e  a p p lic a t io n  o f 

in o rg a n ic  c o lo u r in g i  im m ersing th e  o x id e  in t o  a s o lu t io n  of 

a heavy metal s a lt  which h y d ro ly s e s  to  g iv e  th e  pigm ent,

I and th e  d o u b le  decom position method in  which th e  o x id e  is
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iiMM»rs*d in  o n « s o lu t io n , r in s « d  and ia M rs a d  in  a sacond 

s o lu t io n . Tha  two s o lu t io n s  ra a c t w it h in  th a  pora s to  form 

a p r a c ip it a t a .  Tha  most n o ta b la  p ro ca s s  for th a  immarsion 

aathod i s  th a  usa o f f a r r ic  ammonium o x a la ta  (39> which 

g iv a s  a y a llo w / g o ld  c o lo u r r a s u lt in g  from th a  d a p o s it io n  of 

iro n  o x id a , T a b la  3 . Anothar im m arsion aathod i s  th a  

com bination  of c o b a lt a c a ta ta  and potassium  parmanganata 

w hich g iv a s  a g o ld /b ro n za  c o lo u r . I t  can ba s a id  th a t t h is  

i s  a doubla dacoaiposition mathod a ls o , Ta b la  4.

Tha aaiount o f pigm ant p r a c ip it a ta d  w i l l  dapand on 

th a  a b s o rp tio n  and d if f u s io n  of sm all c a tio n s  and anions 

in t o  tha p o ra s . T h is  d if f u s io n  w i l l  dapand on th a  s u rfa c a  

charga w ith  ra s p a c t to  a g iv a n  s o lu t io n  (4 2 ) .

Whan c o lo u rin g  w ith  o rg a n ic  d y a s tu ff s , th a  o x id a  

f i lm  is  immarsad in  th a  dya fo r a p a rio d  of tim a  a t a 

s a la c ta d  ta m p a ra tu ra . Tha th ic k n a s s  must ba a t la a s t 2SMS. 

H o  m ix tu ra s  o f d y a s tu ffs  a ra  usad, o n ly  p r o p r ia t o r y  

p ra p a ra t io n s . U n lik a  in o rg a n ic  d y a in g , th a  o rg a n ic  dyas a ra  

thought to  ra a c t w ith  th a  o x id a  la y a r  and a ra  adsorbad in to  

th a  f ilm  ( 4 3 ) .  I f  tha  o x id a  f ilm  i s  tra a ta d  w ith  a c id  p r io r  

to  d ya in g , th a  a c id  a n io n s  on th a  s u rfa c a  a ra  ra p la ca d  by 

th a  anions o f th a  d y a s tu ff . I t  was anvisagad th a t th a  o xida  

s u rfa c a  was d is s o lv a d  or atchad by th a  a c id  which causad an 

in cra a s a  in  s u rfa c a  araa and in cra a sa d  th a  amount o f dya on 

th a  a x ta rn a l s u rfa c a . Tha dya d iffu s a d  in t o  th a  pora s which 

was thought to  ba tha  ra ta -d a ta rm in in g  s ta p . I f  th a  s u rfa c a  

i s  s u b ja c t to  d is s o lu t io n ,  pora  w ida ning must occur which 

may a ffa c t c o rro s io n  ra s is ta n c a .

52



T a b i*  3 (4 0 )

Compound C o n c e n tra tio n

(g / 1 )

pH Te m perature

(• C)

Tim e

( a in )

F*N H «(C 0 0)a l O ( l i g h t )

2 S (d a rk )

S .S

± 0 .S

SO 2

Co(CHaCCX})a SO - SO 2

•»■KMnO« 30 - 30 2

Exampl** of th *  doubl* d* co M p o »itio n  **thod a ra  g ive n  in  

T a b i*  4 , (4 1 ) .

T a b i*  4

C o lo u r R e a ction

Red-brown 2CU80. *  C F e (C N )« lK «  — > C F e (C N )« lC u . *  2 K .8 0 «

Brown 2AgN0. +  KaCraO^ " 4  A g .C r .O 7  *  2KNO.

Dark brown Pb(CHmCOO). + (NH« ) . 8 ------> PbS ♦ 2 N K »(CH .C 00)

Y e llo w Pb(CHmCOO). K . C r O « ------) PbCrO* + 2K(CH.CCX))

W hite P b (C H .C 0 0 ). N a . 8 0 « ------> PbSO« *  2N a(CH.C00)

B lu e 2 F e . (8 0 * ) .  + 3 C F a (C N ).lK «  — » [ F e ( C N ) . l .F e 4  ■*

& K.80«

B la ck Co(CHtaCOO). Ma. 8 ------> C0 8  *  2Na(CH*C00)

O y a s tu ff*  may b* aquaou* or s o lv * n t-b a * * d . 

Aqumous dy** a r*  a it h a r  adsorbed onto th e  o x ld *  by a nion*
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such as t h e  s u lp h o n a t e  gro u p  fo rm in g  c o v a l e n t  bonds w i t h  

t h e  a lu m in iu m  i o n s ,  o r  by  c h e l a t i o n  where a h y d ro g e n  or 

metal atom i s  h e ld  between two atoms o f  a s i n g l e  m o le c u le  

i . e .  t h e  o x id e  l a t t i c e ,  or b y  t h e  c o u p l i n g  o f  d ia z o n iu m  

s a l t s  (A r H  + A r 'N a  ■*'X- where Ar i s  t h e  a r o m a t ic  gro u p  and 

X -  a h a l i d e )  t o  form azo  dyes o f  t h e  f o rm u la  A r - N = N - A r ’ . 

T a b l e  5 g i v e s  some e x a m p le s .

T a b 1e 5

F i x a t i o n  mechanism Dye G t r u c t u r a l  F o rm u la

—  N -N  — n
A d s o r p t i o n  by Orange U
c o v a l e n t  b o nding I I

SOaNa
CO OH

C h e l a t i o n A 1 i z a r i n f i l l
Red

SOaNa
CO

___ -OH ------ -
(  >------ - N»N -------- (  ^ N O a

Di a z o t i  s a t  io n Pa ra  Red o
N o n -a q u e o u s -b a s e d  d y e s  can be used i n  s o l u t i o n  i n  ben ze n e , 

t o l u e n e ,  a c e to n e ,  e t h a n o l ,  c h l o r i n a t e d  b e n ze n e s or 

s u b s t i t u t e d  n a p h th a le n e s .  I t  was c la im e d  t h a t  th e s e  dyes 

have b e t t e r  heat and l i g h t  f a s t n e s s  th a n  a q u e o u s-b a se d  dyes 

and t h a t  a d s o r p t io n  i s  im m e d ia te .  C a re  i s  needed when u s in g  

th e s e  d y e s  due t o  t h e  h a z a rd o u s  n a t u r e  of  t h e  s o l v e n t s .

O p e r a t in g  c o n d i t i o n s  fo r  b o th  i n o r g a n i c  and 

o r g a n i c  d y e in g  must be c a r e f u l l y  c o n t r o l l e d .  T e m p e ra tu r e ,  

t i m e ,  c o n c e n t r a t i o n ,  pH and f i l m  t h i c k n e s s  a f f e c t  th e
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c o lo u r .  Th* t mmp mr mt u r m  «tust not a xc M d  80*C o th o rw is*  

M A l ln g  iiay o c c u r, p ro v o n tin g  in c o rp o ra t io n  of th a  dya. I t  

ahould ba kapt w it h in  t l* C  of th a  o p a ra tin g  tam paratura and 

th a  pH w it h in  t  O.S| th a  aoat common ranga ia  S .5  to  7 .0 .  

C o n c a n tra tio n  a la o  v a r ia a , but th a  aora  co n ca n tra ta d  th a  

a o lu t io n ,  th a  da rk ar th a  c o lo u r . Cold d ya in g  ia  alowar and 

a a a ia r to  c o n t r o l .  H aina w atar ahould ba avoidad aa ca lciu m  

and magnaaium form in a o lu b la  compounda w ith  th a  d y a a tu ffa . 

Tha a o lu tio n a  and «lork loa da  ahould ba kapt f ra a  from d i r t  

and graaaa aa thaaa im p a ir th a  c o lo u rin g  a b i l i t y .  Slow 

a g it a t io n  g iva a  u n if o rm ity  of c o lo u r . R in a in g  tim aa a ra  

a la o  c r i t i c a l .  Q a n a ra lly  in o rg a n ic  pigm anta hava b a tta r 

l i g h t  and haat faatnaaa than o rg a n ic  dyaa.

R a c a n tly  a a p ra y d ya in g  ta c h n iq u a  haa baan 

davalopad fo r o rg a n ic  dyaa which la  p ro v in g  v a ry  aconomical

( 4 4 ) .  O p a ra tin g  a t th a  aama c o n c a n tra tio n , tim a and 

ta m p a ra tu ra  aa c o n va n tio n a l immaraion d y a in g , anodiaad 

f ilm a  a ra  mountad in  an ancloaad chambar and th a  orga n ic  

dya ia  aprayad from d lf f a r a n t  d ir a c t io n a . Tha axcaaa dya 

d ra in a  o f f  and ia  r a c y c la d . Tha q u a l it y  o f  th a  fin ia h a a  

haa baan good, but th a  apparatua muat ba daaignad to  

a c c o M ^ a ta  d if f a r a n t  ahapaa and th a  a o lu t io n  muat not 

accum ulata in  i n t r i c a t a  p a rta . T h ia  co u ld  cauaa unavan 

d ya in g  and d ra g -o u t o f  th a  dya. Tha d iaa dva nta ga  ia  th a  

la rg a  c a p ita l  c o a t. Tha advantagaa ara numaroua.
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2 .3 .3  In t « o r * l  C o lo u r A n o d la ln o

The o x a lic  a c id  procaaa (4 S > , f i r s t  used in  Japan 

in  1923, can bs c o n s id a rs d  to  bs ons fo ra  o f  in te g ra l 

c o lo u r a n o d is in g . A lt e r n a t in g  c u rre n t or a c o a b in a tio n  of 

a lt e r n a t in g  and d i r e c t  c u rre n t  was used and h ard  anodic 

c o a tin g s  wars produced which v a r ie d  in  c o lo u r f ro a  ye llo w  

to  b ro n ze . The c o lo u r  was th e  le a s t im p o rta n t aspect at 

th a t tim e  and was not c o n tr o lle d  v e ry  w e ll because the  

p rocess was not f u l l y  u n d ersto o d . In  th e  1 9 30 's in te re s t  

grew in  c o lo u rs  o th e r th a n  g re y  which were p ro vid e d  by t h i s  

p ro c e s s .

A lco a  p a te n te d  th e  'D u ra n o d ic  300’ p ro c e s s . The 

a a in  c o n s titu e n t  was s u lp h o p h th a lic  a c id  e le c t r o ly t e .  The 

A lcoa h e a d q u a rte rs  in  P it ts b u r g h , USA was one o f th e  f i r s t  

b u ild in g s  to  be c la d  in  i n t e g r a l ly  anodised a lu a in lu a  using  

a s i l i c o n  a l lo y ,  a lth o u g h  th e  c o lo u r re a a ine d  g re y . 

The D uranodic p ro ce s s  i s  s t i l l  used to d a y .

A s im ila r  p rocess i s  'K a lc o lo r '  which was 

developed a t th e  end o f  th e  19S0’ s (4 3 ) .  3 -s u lp h o s a l ic y l ic  

a c id  was used and g o ld s , bron ze s and brow n, as w e ll as g ra y  

were produced Ta b le  6 . T h is  p rocess was th e  c o rn e r-s to n e  of 

in te g r a l  c o lo u r a n o d is in g , but i s  no lo n g e r used.

The b a s is  o f th e  method i s  th e  in c o rp o ra tio n  of 

p a r t i c le s  in to  th e  gro w in g  o x id e  f i l e ,  F i g . i O .  I t  i s  the  

use o f  o rg a n ic  a c id  e le c t r o ly t e s  which i s  p e c u lia r  to  t h is  

p ro c e s s . A sm all q u a n t ity  o f s u lp h u ric  a cid  i s  e s s e n tia l 

s in c e  th e  o rg a n ic  a c id  a lone  g iv e s  a b a r r ie r  f i lm . The 

s u lp h u r ic  a c id  can be re p la ce d  by a m etal s u lp h a te . The
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a l lo y  co M p o sitio n  a ls o  a f f a c ta  th a  c o lo u r and ia  a a a jo r 

c o n a id a ra tio n . 8 a n a ra lly  g ra y  c o lo u ra  a ra  producad by 

a i l  ico n  a llo y a  w h ila  y a llo w / g o ld  c o lo u ra  a ra  foraad on 

c h ro a iu a  a l lo y a .  C u rra n t d a n a it y ,  v o lta g a , ta m p a ra tu ra  and 

t ia a  a ra  a t r i c t l y  c o n t r o l la d .  Tha  a lu a in iu a  c o n ta n t auat ba 

kapt w it h in  1 .5  to  3g/l o f  a o lu t io n  and a c a t io n  axchanga 

ra a in  ia  uaad to  raaova th a  axcaaa a lu a in iu a . Tha o x a lic  

a c id / o rg a n ic  a c id / a u lp h u ric  a c id  a ix tu ra a  t o la r a t a  laaa 

a lu a in iu a  than do th a  a ulphonatad a ro a a tic  a c id a .

T a b la  6

'K a lc o lo r ’ C o a p o a itio n

S u lp h o a a lic y lic  a c id SO -  lOOg/1

S u lp h u ric  a c id 5g/l

Tam paratura 25» C

C u rra n t d a n a ity  and v o lta g a 2 .5  -  3A/da*, up to  70V

’ O u ra n o d ic ’ ia  v a ry  a i a i l a r  to  ’ K a lc o lo r ' axcapt lOOg/1

a u lp h o p h th a lic  a c id  ra p la c a a  a u lp h o a a lic y lic  a c id .

In ta g ra l c o lo u r a n o d ia in g  g iv a a  h a rd a r and aora 

a b ra aio n  ra a ia ta n t  c o a tin g a  than a u lp h u ric  a c id  a n o d ia in g , 

dua to  th a  uaa o f h igh  v o lta g a a . H igh c u rra n t d a n a it ia a  and 

v o lta g a a  aaka th a  procaaa a o ra  a xpanaiva. H igha r haat 

o u t -p u t  ra q u ira a  a f f i c ia n t  c o o lin g  ayataaa. C o lo u r c o n tro l 

ia  a la o  c r i t i c a l .  T h ia  procaaa haa baan p op u la r and haa had 

auch auccaaa, a lth ou gh  c o lo u ra  a ra  r a a t r ic t a d .

S u lp h u ric  a c id  ia  w a ll known fo r g iv in g  hard
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t ra n a p a r«n t  c o a tin g S f but I t  can a la o  produca c o lo u ra d  

f l la a  by a l t e r i n g  th a  c o n d ltio n a  ( 4 6 ) .  Hard c o a tin g s  a ra  

foraad by ra d u c in g  tha  a b i l i t y  of th a  a la c t r o ly t a  to  a tta c k  

th a  f i l a  and t h i s  i s  achiavad by ra d u cin g  th a  ta a p a ra tu ra . 

Howavar, th a  v o lta g a  a ust ba ra is a d  in  o rd a r t o  a a in ta in  

th a  c u rra n t  d a n s ity*  C olourad  f i l a s  can a ls o  ba producad by 

ra d u cin g  th a  s u lp h u ric  a c id  c o n c a n tra tio n . Thasa c o n d it io n s  

a rs  not p r a c t ic a l ,  howavar.

Tha in ta g r a l  c o lo u r procass can ba ragardad as 

a n o d is in g  in  low c o n c s n tra tio n s  o f s u lp h u ric  a c id , or th a  

s u lp u r ic  a c id  can ba s a id  to  ba a o d if ia d  by s u lp h o n a tio n

i . a .  XSOaH whara X is  th a  a ro a a tic  a c id  g ro u p .S u lp h o n a tio n  

fliakas th a sa  groups aora s u ita b la  for a n o d is in g  by 

in c ra a s in g  th a  s o l u b i l i t y  and c o n d u c t iv ity .  O rg a n ic  a c id s  

in c o rp o ra t in g  th a  c a rb o x y la ta  group a ra  a ls o  usad, but 

s u lp h a ta  i s  p ra s a n t. O rganic a c id s  usad a ra i a a la ic ,  

s u c c in ic ,  c i t r i c ,  c rs s o ls u lp h o n ic , t a r t a r i c ,  f o r a ic ,  

s u lp h o a n th ra n i1i c . Th a ra  should not ba to o  g ra a t a 

d if f a ra n c a  batwaan th a  a n o d is in g  s tra n g th s  of th a  a ixa d  

a c id s  ( 4 7 ) .  Tha c o n e a n tra tio n s  of th a  a c id s  should ba 

in v a r s a ly  p ro p o rtio n a l to  t h a ir  a n o d is in g  s tra n g th s .

A t h i r d  a la c t r o ly t a  may ba in c o rp o ra ta d  and t h i s  

i s  c a lla d  a 'b r i d g in g ' a la c t r o ly t a .  I t  i s  u s u a lly  of 

in ta ra a d ia ta  s tra n g th , s in c a  i f  a waak and a s tro n g  

a la c t r o ly t a  a ra  usad to g a th a r , th a  a n o d is in g  ta k a s  p la c a  as 

i f  o n ly  th a  s tro n g a r a c id  wara p ra s a n t. For axam pla, waak 

t a r t a r ic  a c id  and s tro n g  s u lp h u ric  a c id  ara mixad w ith  th a  

In ta rm a d ia ta  o x a l ic  a c id .

Rasaarch has baan c a rr ia d  out on a n o d is in g  in
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o rg a n ic  a d d s  o n ly .  Perhaps th a  bast known a la c t r o ly t a  i s  

o x a lic  a c id .  T h is  g iv e s  good p o lis h e d  f in is h e s  u n lik e  othe r 

in t e g r a l  c o lo u r a n o d is in g  which ta ndr to  roughen th a  

a e ta l/ o x id a  in t e r f a c e .  A l l  o rg a n ic  a c id  e le c t r o ly t e s  a re  

s e n s it iv e  to  c h lo r id e  co n ta m in a tio n  w hich causes p i t t i n g  of 

th e  f i lm .  Kaps (4 8 ) gave a d e ta ile d  account of f ilm s  formed 

in  v a r io u s  o rg a n ic  a c id s . I t  was concluded th a t anodic f i lm  

fo rm a tio n  was achieve d  in  d i -  and t r i b a s ic  a c id s , but not 

so r e a d i ly  in  monobasic a c id s . P i t t i n g  tended to  be th e  

predom inant p ro ce s s  fo r th e  la t t e r  a c id s . Tha fa c to r which 

de te rm in e s  whether f i lm  form ation  or p i t t i n g  o c cu rs  i s  th a  

s tre n g th  o f  th e  a c id  i . e .  degree o f  io n is a t io n .  The 

s tre n g th  in flu e n c e s  th e  th ic k n e s s  and c o lo u r of th a  f ilm s .

A l lo y  co m po sitio n  (4 9 ) a ls o  in flu e n c e s  c o lo u r as 

w a ll as q u a l i t y  of th e  f i lm , and t h i s  to g e th e r w ith  

e le c t r o ly t e  co m po sitio n  must be c a r e f u l ly  c o n t r o lle d . As 

th e  anodic f i lm  th ic k e n s , th e  c o lo u r in g  e ffe c t  in c re a s e s . 

The a l lo y in g  co m po sitio n  can be made up of prim e elem ents 

or in t e r m e t a ll ic  p a r t i c le s .  T h e ir  s o l u b i l i t y  in  th a  

e le c t r o ly t e  i s  another c o n s id e ra tio n  as i s  th a  s iz e  and 

d i s t r ib u t i o n  of th a  p a r t ic le s .  Ir o n , manganese, n ic k e l and 

s i l i c o n  a re  in s o lu b le  and causa c o lo r a t io n .  A lthough 

magnesium and z in c  a re  d is t r ib u t e d  u n if o rm ly , the  anodic 

f ilm  i s  c le a r .  Copper causes c o lo ra t io n  a f te r  a ge in g . Ta b le  

7 g iv e s  th a  c o lo u rs  produced w ith  th a  'K a lc o lo r '  p ro ce ss. 

In  th a  case of th a  KE4S a l lo y ,  th e  a l lo y in g  elem ents 

produce A l -P a -S i  c o n s titu e n ts  w ith  copper or manganese 

re p la c in g  th e  i r o n  (S O ). They a re  in s o lu b le  in  th e  

e le c t r o ly t e  and g iv e  th a  f i lm  i t s  c o lo u r .
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Ta b i I

E x tru s io n C o lo ur

« 9 Bronza

hE20 Black

or HE30 G ra y/b la ck

KE45 (H E 9 -typ a  w ith

0.2X  Cu and Mn> Dark b ro n za

D a a p it*  tha  «a n y  v a r ia b lM  and p r o c M M «  a v a i la b l« ,  th e  

ra n g «  o f c o lo u rs  i s  l i n i t a d ,  la a v in g  th a  a r c h ita c t  to  

choosa batwaan «a n y  a n o d is in g  s y s ta «s  which g iv a  b a s ic a l ly  

th a  s a « «  c o lo u rs .

Tha p ra c is a  « « c h a n is «  of f i lm  c o lo u rin g  i s  unsura 

and th a ra  has baan l i t t l a  in v a s t ig a t io n  in t o  t h i s .  A numbar 

of th a o r ia s  a x is t  (51>• in c lu d in g  a l u « i n i u «  p a r t ic la s  or 

a l lo y in g  c o n s titu a n ts  d lsp a rsa d  in  th a  f ilm t a ra a c t io n  

s im ila r  to  tha  K o lb «  ra a c t io n , whara a n io n s  ambaddad in  th a  

f i lm  ara p o lym a risa d i c o lo u r d is p a rs io n  of 

c a rb o n -c o n ta in in g  compounds w it h in  th a  f i lm  (ra d u c t io n  or 

dacompostion o f o rg a n ic  a c id s )|  c o lo u r by ra d u c tio n  

p ro d u cts  of s u lp h u r. Tha c o lo u r must ba ra la ta d  to  p ora  and 

c a l l  dim ansions s in e s  c o lo u rs  a ra  v o lta g a  dapandant. Tha 

c o lo u rs  a ra  producad by th a  s c a t ta r in g  of in c id a n t l i g h t  

causad by thasa p a r t ic la s  and th a ra fo ra  dapth of shads 

dapands s o la ly  on f i lm  th ic k n a s s . I t  i s  l i k a l y  th a t th a  

machanism procaads by a com bination  o f  th a  abova th a o r ia s ,
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but a l lo y in g  c o n s titu a n ta  have a « a j o r  r o la  to  p la y .

T a j ia a ,  Baba, Mori and S tiia u ra  (S2> uaad aupar 

p u r i t y  9 9 .99 X  a lu a in iu a  a p a c ia a n «. Thay ahowad th a t  th a  

a la c t r o ly t a  a niona a la o  p la ya d  an intportant r o la  in  th a  

fo rm a tio n  o f  th a  f i lm  w ith  ra a p a c t to  a t r u c tu r a  and c o lo u r . 

By u a in g  r a a i a t i v i t y  aaaauraaanta th a y ahowad th a t at 

h ig h a r c u rra n t  d a n a it ia a  and w ith  in c ra a a in g  th ic k n a a a , 

mora a niona  wara in c o rp o ra ta d  in t o  th a  f i lm . T h ia  ra a u lta d  

in  a la a a  than par fa c t a t r u c t u r a .  Tha r a a i a t i v i t y  waa 

unchangad w ith  changing th ic k n a a a  whan a d d it io n a  of o rg a n ic  

a c id a  wara aada to  a it h a r  a u lp h u r ic  or a a lo n ic  a c id . Tha 

o rg a n ic  a c id a  had l i t t l a  a f f a c t  on th a  r a a i a t i v i t y  and i t  

waa th a  dom inant aniona w hich in flu a n c a d  th a  c o lo u r . 

In f r a -r a d  a p actroa cop y c o n fira a d  th a  th a o ry  th a t aniona 

wara in c o rp o ra ta d  in t o  th a  f i lm .  From a la c tro n  m icrographa 

th a  a u th o ra  thought th a t th o  c a l la  had tra n a p a ra n t c a n tra a  

w h ila  th a  o th a r ' c i r c l a '  waa c o lo u r .  Aa th a  th ick n a a a  

in cra a a a d  th a  c o lo u r apraad o va r th a  whola a u rfa c a . From 

t h ia  th a  a u th o ra  in d ic a ta d  th a t th a  m a ta ria l batwaan th a  

c a l la  gava r ia a  to  th a  c o lo u r .  Howavar, th a  't r a n a p a r a n t ’ 

c a n tra a  wara a ia p ly  th a  c a l l  p ora  which r a f la c t a d  w h ita  

l i g h t  in  th a  m icroacopa.

2 .3 .4  E la c t r o l v t i c  C o lo u r in g

Tha procaaa of a l a c t r o l y t i c  c o lo u r in g  ia  a im p la . 

A lu a in iu a  ia  anodiaad in  a c o n va n tio n a l a u lp h u r ic  a c id  

a la c t r o ly t a ,  r in a a d  , and tra n a f a rra d  to  an a la c t r o ly t a  

c o n ta in in g  a a t a l l i c  a a lt a .  S in u a o id a l a . c .  a u p p ly  ia
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a p p lie d  and a e t a l l i c  p a r t i c la s  a ra  de p oa itad  i r r a v a r a i b ly  

at th a  a a ta l/ o x ld a  in ta r f a c a  i . a .  th a  p ora  baaa, d u rin g  th a  

c a th o d ic  h a lf  c y c le , F i g . 11. Other w avaforaa have bean 

t r i a d  w ith  aoma degree o f  auccaea. C o u n ta r -a la c tro d e a  can 

be aada of e ith e r  th a  aaaa a a ta l aa th a  a a lt  a o lu t io n , or 

g ra p h ite , a ta in la a a  a ta a l or le a d .

Tha main advantage of t h la  procaaa over in te g ra l  

c o lo u r  a n o d la ln g  la  th a t i t  la  a l g n l f ic a n t ly  ch e a p e r. The 

d e a ira d  c o lo u r can be achieve d  re g a rd la a a  of th e  th lc k n a a a , 

a lth o u g h  ’ o v e r -c o lo u r in g ’ auat be a vo ida d i th a  c o lo u rin g  

procaaa la  aapa ra ta  fro a  a n o d la in g  a llo w in g  c o lo u r in g  to  be 

c o n tr o lle d  In d e p e n d e n tly ! th a  ba a la  e a ta l doea a f fe c t  th e  

c o lo u r  but euch la a a  ao th a n  w ith  in te g r a l  c o lo u r in g ! low 

v o lta g e a  and c u rre n ta  a re  uaad. A range o f g o ld , bronze  and 

b la c k  c o lo u ra  a im ila r  to  in te g r a l  c o lo u ra  a re  produced when 

n ic k e l ,  t i n  or c o b a lt  a a lta  a re  uaad, or c o a b ln a tlo n a  of 

th e a e . Copper-baaed a la c t r o ly t a a  g iv e  re d  and b lack  

fln i/fa he a , but th e  l a t t e r  c o lo u r la  not uaed in  th e  UK due 

to  doubta about l i g h t  faatneaa and c o rro a lo n  re a ia ta n c e . 

Q a n a ra lly , e le c t r o ly t ic  co lo u re d  f llm a  have a ln l la r  

p ro p a rt ie a  to  ’ n a t u r a l ’ a u lp h u ric  a c id  f l l a a ,  a ln c e  th a  

c o lo u r in g  coeponanta a re  de p oa lte d  at th e  baae o f  th e  porea 

and do not a ffe c t a u rfa c e  phenomena auch aa l i g h t  faatneaa. 

F i g . 11.

In  1936 Cabonl (S 3 ) d ia c lo a e d  a method of 

c o lo u r in g  a n o d lc a lly  formed film a  by e le c t r o ly t ic  

te c h n lq u e a . He uaed co p p e r, n ic k e l or a i l v a r  a a lta  and an 

a .c .  a u p p ly . E l e c t r o l y t i c  c o lo u rin g  waa made com m e rcia lly  

f a a a ib la  by Aaada in  Japan d u rin g  th a  I9 6 0 ’ a , and in  1966
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t h «  A lca n  coapany o b ta in a d  th a  w o rld  r ig h t s  fo r th a  procass 

o u ts id a  Jap a n . 'A lc a n ' producad th a  w a ll known 'A n o lo k ' 

c o lo u r ranga u sin g  f i r s t  a n ic k a l s a lt  s o lu t io n  and la ta r  

c o b a lt s a l t s .  Today a l a c t r o l y t i c  c o lo u r in g  i s  w idaspraad in  

th a  a r c h it a c t u r a l  a n o d is in g  in d u s tr y ,  and auch ra sa a rch  has 

baan c a r r ia d  out to  ia p ro v a  th a  ta c h n iq u a s . Tha p ra c is a  

machanisms in v o lv a d  and p ro b la a s  ancountarad a ra  s t i l l  

undar s c r u t in y ,  and in v a s t ig a t io n  in t o  thasa forms p a rt of 

t h i s  t h a s is .

N ic k a l-b a s a d  a la c t r o ly t a s  (5 4 ) a ra  s t i l l  w id a ly  

usad in  Japan a lth o u g h  usa alsaw hara i s  la s s  common. Thay 

a ra  chaapar than t i n  or c o b a lt a la c t r o ly t a s  but black 

f in is h a s  can ba d i f f i c u l t  to  o b ta in . Thay hava low co lo u r 

th ro w in g  powar i . a .  th a  v a r ia t io n  in  c o lo u r batwaan h igh  

and low c u rra n t d a n s it ia s , and a ra  s a n s it iv a  to  

contam inants such as sodium . Thasa problam s can ba ra s o lva d  

by a dding s a l t s  such as magnasium s u lp h a ta , alum inium  

s u lp h a ta  and s u lp h o n ic  a c id s . N ic k a l and c o b a lt f in is h a s  

g iv a  good a b ra sio n  ra s is ta n c a  and l i g h t  fa stn a ss , and 

compara w a ll w ith  'n a t u r a l '  s u lp h u ric  a c id  f i lm s . C o rro s io n  

ra s is ta n c a  i s  good a ls o .

C o b a lt-b a s a d  a la c t r o ly t a s  a ra  tha  most a xpansiva, 

but b ro nza  and b la ck  f in is h e s  can ba producad. Tha co lo u r 

th ro w in g  powar i s  good and c o b a lt s o lu t io n s  a ra  le s s  

s e n s it iv e  to  conta m ina nts  than n ic k a l-b a s e d  e le c t r o ly t e s .  

C o b a lt-b a s a d  e le c t r o ly t e s  a ra  s ta b le  and lo s s  i s  due to  

d ra g -o u t and e l e c t r o l y t i c  d e p o s itio n  o n ly .

T in -b a s e d  e le c t r o ly t e s  a ra  o f  in ta rm e d ia ta  c o s t, 

and c la im s  hava baan made th a t th a y  g iv a  good co lo u r
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u n if o rm ity  mnd f « « t  c o lo u r in g  ra ta * . Howmvmr, thmrm has 

bmsn racm nt co ncsrn  o vs r th s  q u a l i t y  o f dark bronzm and 

b la ck  f in is h e s  which have been in v e s t ig a te d  in  t h is  th e s is .  

S e n s i t i v i t y  to  conta m ina nts  i s  f a i r l y  low| o n ly  n i t r a t e s  

and c h lo r id e s  have an e f fe c t  at c o n c e n tra tio n s  of ig/1 or 

more. C o lo u r th ro w in g  power i s  h ig h . The stannous compounds 

p r e c ip it a t e  and do not r e d is s o lv e . These components no 

longe r p e rform  any u s e fu l fu n c t io n . In  o rd e r to  reduce lo s s  

by o x id a t io n , s t a b i l i s i n g  agents a re  added such as phenol 

s u lp h o n ic  a c id , c re s o l s u lp h o n ic  a c id  or s u lp h o p h th a lIc  

a c id . Doubts have been ca st over th e  a b ra sio n  re s is ta n c e  

and c o rro s io n  re s is ta n c e  o f t in -c o lo u r e d  f in is h e s , a lth o u gh  

th e re  i s  l i t t l e  d if f e re n c e  between th e  l i g h t  fa stn e ss  of 

t i n ,  c o b a lt  and n ic k e l f in is h e s . Th e re  i s  low p i t t i n g  

re s is ta n c e  fo r dark bronze  and b la c k  t i n  f in is h e s , even 

when th e  th ic k n e s s  i s  2St>m, a lth o u gh  l i g h t  bronzes f a ir  

wel 1.

C opper-based f in is h e s  g iv e  d o u b tfu l perform ance 

q u a l i t ie s .  P ink  and maroon shades a re  o b ta in e d , as w e ll as 

b la c k , but th e  l i g h t  fa stn e ss  compares o n ly  w ith  c o lo u rin g  

in  d y e s tu ff s . B lack  copper f in is h e s  have low p i t t i n g  

re s is ta n c e  d e s p ite  th e  good l i g h t  fa s tn e s s .

Q e n e ra lly , s o lu t io n s  of th e  s u lp h a te s  a re  used 

fo r c o lo u r in g  w ith  n ic k e l ,  c o b a lt ,  t i n  and cop pe r. The 

former two m etals o p e ra te  at a pH o f 3 .S  to  5 .S .  B o ric  a c id  

i s  added as a b u ff e r in g  agent and ammonium s u lp h a te  i s  

added to  in c re a s e  c o n d u c t iv i t y .  T y p ic a l  c o n c e n tra tio n s  a re  

g ive n  in  T a b le  B.
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T a b i*  8 (68>

C o lo u rin g  S o lu tio n Com poaition

(g / 1 )

1. B o ric  a c id 25

C o b a lt au lph a ta 20

Ammonium a u lph a ta 15

2 . B o ric  a c id 30

N ic k a l a u lph a ta 30

Ammonium a u lph a ta 15

3 . Coppar a u lph a ta 20

S u lp h u ric  a c id 7

4 . Stannoua a u lph a ta 20

S u lp h u ric  a c id 20

Phanol a u lph on ic  a c id 20

T in  and coppar ■ la c t r o ly t a s  o p a ra t*  at th a  low pH ranga of 

1 to  1 .5 . C o lo u rin g  ia  c a r r ia d  out a t am biant ta m p a ra tu ra a, 

c u rra n t d a n a ity  rangaa f r o «  0 .2  to  0.8A/dm* and a v o lta g a  

of S to  25V. C o lo u rin g  may ba c a r r ia d  out fo r a f ix a d  tim a 

a t v a rio u a  vo lta g a a  or v ic a  va ra a . A fix a d  v o lta g a  ia  tha  

mora common p rocadu ra . In  o rd a r to  m a in ta in  c o n a ia ta n t 

c o lo u r in g , th a  v o lta g a  ahould ba incraaaad to  th a  optimum 

a t th a  aama ra ta  for aach lo a d .

C olour ia  dapandant upon th a  la n g th  of c o lo u rin g  

tim a and hanca tha  amount o f  matal d a p o a ita d . In  th a  a a r ly
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d a y « i t  w « «  thought th a t  a a ta l o x id a «  war# d a p o sita d  (5 S > , 

b u t i t  now *aaa* c a r t a in  th a t th a  d a p o * it «  a ra  a a t a l l i c  in  

n a tu ra  (S 6 > . T in  a la c t r o ly t a s  g iv a  a l i g h t  chaapagna c o lo u r 

a t la in  c o lo u r in g  t i a a ,  b ro nza  a f ta r  S a in  and b la c k  a f ta r  

lO a in . S i a i l a r l y ,  la n g th  o f  t ia a  v a r ia «  th a  c o lo u r «  fo r th a  

o th a r a l a c t r o l y t a « .  Tha  c o lo u r  i «  cauaad by l i g h t  

« c a t t a r in g  of th a  a a t a l l i c  p a r t i c l a « .  Dark b ro n za  and b la c k  

t i n  f in ia h a « ,  and b la c k  coppar f in ia h a «  do no t parform  w a ll 

in  c o rro a io n  and a b ra a io n  ta a ta  dua to  th a  d ia t r ib u t io n  of 

th a  a a ta l in  th a  p o ra a . Scanning a la c tro n  a ic ro g ra p h a  o f 

c o b a lt and t i n  b la c k  f in ia h a a , T i g « . 13 and 14, «how th a  

p o a it lo n  o f  th a  a a t a l .  T in  approachaa th a  a u rfa c a  and haa 

an i r r a g u la r  d i a t r ib u t io n .  C o b a lt ia  a o ra  coapact and 

r a g u la r .  For l i g h t  to  a id -b ro n z a  c o lo u r «  th a  d iff a ra n c a  1 « 

not aa pronouncad, a lth o u g h  t i n  d a p o a ita  tand to  convarga 

in  p la c a a . X -ra y  a n a rgy d ia p a ra lv a  a n a ly a ia  haa baan uaad 

t o  show th a  a a ta l 'r o d a ’ and d a p o a it -f r a a  ra g io n a  batwaan 

c o n va rg ln g  roda (S 7 > . Tha  d if f a r a n c a «  in  a a ta l d ia t r ib u t io n  

a ra  th ou ght to  account fo r th a  d i f f a r in g  f i l a  p ro p a rt ia a  

auch aa c o rro a io n  ra a ia ta n c a . Whara a a ta l axtanda to  th a  

o u ta r a u rfa c a  of th a  f i l a ,  p i t t i n g  o c c u r«  (S B ).  Thaaa 

a ra  araaa o f l o c a l l y  h ig h  c o n d u c t iv i t y ,  and c o rro a iv a  

a a d la , auch aa th a t uaad in  th a  a c id i f ia d  « a l t  «p ra y  t a a t ,  

p ro a o ta  p i t  f o ra a t io n . Shaaaby and Cooka (S 3 ) found no 

a f fa c t  on a bra aion  r a a u lt a  w ith  a h ig h  t i n  c o n ta n t.

H igh a d a itta n c a  va lu a a  hava baan found (S 3 ) fo r 

d a rk  c o lo u r « ,  and t h i a  waa dua to  th a  c o a b in a tio n  of th a  

h ig h  c o n d u c t iv it y  o f th a  a a ta l d a p o a ita  and t h a i r  p o a lt io n . 

C o naa qu a n tly, thaaa f i l a a  a ra  aora  d i f f i c u l t  to  aaal than
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F i g .  13

c o b a l t  d e p o s i t s

~/  /  / /  / /  / /  / /  l « y e i

a l u m i n i u m



f i l m  w ith  m t a l  co n fin a d  to  th o  p o r*  b a * m . Furnoaux <58>

s u g g m ta d  th a t  th a m  p o ta n t ia l p i t t i n g  a i t m  a ra  dapandant
I
upon f i l a  t h ic k n m a , but d id  not a x p la in  why. P raauaably ho 

ra f a r ra d  t o  t h ic k  c o b a lt -c o n ta in in g  f i l m  and ia p lia d  th a t 

' t h i n  f ilm s  would ba s u s c a p tib la  to  p i t t i n g  i f  co lou rod  for 

lo ng  p a r io d s . T h is  'o v a r -c o lo u r in g ' has baan found (3 9 ) to  

occur mora in  t i n  than c o b a lt  f in is h a s . Extandad c o lo u rin g  

t i m s  do n o t changa th a  c o lo u r (a lth o u g h  th a  t i n  m y  appoar 

a t th o  s u rfa c a , im p a rtin g  a g ra y  c o lo u r ) ,  but f ilm  

adm itta nca  c o n t in u m  to  in c ro a s a . Furnaaux (3 8 ) has

ra p o rts d  th a t  i t  was p o s s ib la  to  o v a r -c o lo u r  c o b a lt f ilm s
I
whan a n o n -u n ifo rm  d is t r ib u t io n  was p ra s a n t. Dapanding on 

th a  m t a l  io n  and/or pH o f  th a  s o lu t io n ,  d i f f a r in g  amount 

of d a p o s its  a ra  ra q u ira d  to  produca th a  b la c k  c o lo u r .

Tha  pH a f fa c ts  th a  b a r r ia r  la y a r  d u rin g  th a  a .c .  

tra a tm a nt ( 3 8 ) .  I t  has baan found t h a t ,  for a c id ic

a la c t r o  U y a s ,  procassas in v o lv a d  in  c o lo u rin g  a ra

in flu a n c a d  by th a  m agnitudas of th a  a f f a c t iv a  a n o d is in g  and 

c o lo u r in g  v o lta g a s .

D oughty a t a l (6 0 ) showad th a t d u rin g  a .c .  

a n o d is in g  in  a c id ic  s o lu t io n s  (pH 1 ) ,  th a  th ic k n m s  of th a  

b a r r ia r  la y a r  was datarm insd by th a  a p p lia d  v o lta g a  and was

1.1 nm V-*, a t paak v o lta g a . Whan u s in g  s u lp h u ric  a c id  

ra a n o d is in g  o c cu rrs d  bsnaath tha  o r ig in a l  b a r r ia r  la y a r 

(form ad in  o x a lic  a c id )  a f ta r  a ra c o v a ry  p a r io d . I t  was 

s u g g m ta d  th a t  th a ra  wara t h r m  s ta g m  d u rin g  a la c t r o ly t ic  

c o lo u r in g . D urin g  th a  ra c o v a ry  p a rio d  f ia ld -a s s is t a d  

d is s o lu t io n  procaadad u n t i l  th a  b a r r ia r  la y a r  dacraasad to  

a va lu a  govarnad by th a  c o lo u rin g  v o lta g a , whan i t  was
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low *r than th a  fo ra in g  v o lta g a . R aanodiaing than took

p la c a . D u rin g  th a  ra c o v a ry  p a r lo d , naw In c lp ia n t  poras

fo ra a d , s in c a  d la s o lu t io n  and a c id  anion p a n a tra tio n

p ra d o a in a ta d  ovar o x id a t io n , and b a r r ia r  la y a r  th in n in g
r

occui^ad lo c a l l y .  T h is  waa dua t o  th a  low f ia ld  a c ro ss  th a  

b a r r ia r  la y a r  and c u rra n t was c o n ca n tra ta d  a t c a r ta in  

a ra a s, p ro b a b ly  at poras whosa basas had f la w s . Uhan 

' c o lo u rin g  v o lta g a  was h ig h a r than th a  fo ra in g  v o lta g a ,

' d a p o s it io n  o c c u i ^  ia a a d ia t f ly  and s ia u lta n a o u s ly  b a r r ia r  

la y a r  th ic k a n in g  took p la c a . N a ta l o x id a tio n  was favoured 

by th a  f ia ld  d is t r ib u t io n  a cro ss  th a  o r ig in a l  b a r r ia r  la y a r 

(S 8 ) .

 ̂ Tha sacond sta ga  was d a p o s it io n  of a a ta l in  tha

' o r ig in a l  p o re s  d u rin g  th a  c a th o d ic  h a l f -c y c l a .  E le c tro n ic  

co n d u ctio n  a cro ss  th a  b a r r ie r  la y a r  was thought to  occur by 

means o f fla w s which b rid g e d  th a  ' i n s u l a t i n g '  b a r r ia r  la y a r 

between th a  porous f ilm  and th a  matal s u b s tra ta .

A l t e r n a t iv e ly ,  co nd uctio n  may occu r by e le c tro n  tu n n e lin g  

or s o l i d -s t a t e  co n d u ctio n .

R aanodising o ccu rre d  on th a  anodic h a l f -c y c l a .  

However, ra a n o d is in g  and d a p o s it io n  may in te r  fa re  w ith  each 

o th e r s in c a  m ig ra tio n  of s o lu t io n  s p e c ie s  co u ld  be

in h ib it e d  by th e  matal d e p o s its  ( S 8 ) .  Doughty a t a l (SO) 

gave evide nce  for th a  absence o f a c id  a n io n s  in  tha  

raanodisad la y a r ,  s u g g e s tin g  th a t th e se  s p e c ie s  ware too 

la rg e  to  pass th a  de p o sited  m a ta l. S i m i la r ly ,  s o lva te d  

alum inium  io n s  cannot pass out o f  th a  oxide  la y a r .  T h is
I y  I

assumes th a t th a  matal comi^ai'aty f i l l s  th a  p o re  diam eter 

(33nm> and no spaces e x is t  which a re  la rg e  enough to  a llo w
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s o lu t io n  s p scisB  th ro u g h . ( Io n ic  r s d i i  o f  Sn'*-^ i s  70 -  

9 S p «, O H- i s  118 -  123p« and Al*-^ i s  S3 -  6 7 .5 p « .  >

No a lt e r a t io n s  o f th e  b a r r ie r  la y e r  were thought 

to  o ccu r in  n e u tra l pH s o lu t io n s  (S 8 > , but Ta c h ih a ra  e t al 

(6 1 ) showed th a t whan th e  c o lo u r in g  v o lta g e  was h ig h e r than 

th e  form ing v o lta g e , b a r r ie r  la y e r  th ic k e n in g  o c c u rre d , as 

in  a c id ic  s o lu t io n s . No s ig n i f ic a n t  th in n in g  o c cu rre d  due 

to  th e  absence of an a c id ic  medium. I t  was found th a t 

i n t e r f a c i a l  impedance o f a .c .  c o lo u re d  f ilm s  (u s in g  n ic k e l 

s u lp h a te  and b o ric  a c id  m ix tu re ) was la r g e r  than th a t of 

u n co lo ure d  f ilm s . Th e y concluded th a t t h is  was due to  the  

new b a r r ie r  la y e r g ro w th . However, t h is  in fo rm a tio n  must 

not be confused w ith  f i lm s  c o lo u re d  in  t i n  b a th s , in  which 

impedance va lu e s  a re  low er than u ncoloured f i lm s . The 

n ic k e l-c o n t a in in g  f ilm s  were o n ly  co lo u re d  fo r 120sec. I t  

was suggested th a t impedance va lu e s  may be d if f e r e n t  for 

lo n g e r c o lo u rin g  tim e s . The experim ent was designed to  show 

th e  presence o f th e  new b a r r ie r  and not th e  e f f e c t  o f  the  

d e p o site d  m e ta l.

A problem  encountered in  e l e c t r o l y t i c  c o lo u rin g  

i s  s p a l l in g  of th e  f i lm  from th e  b a s is  m etal| where the  

o x id e  c o a tin g  f la k e s  away. T h is  can o ccu r w ith  a l l  

e le c t r o ly t e s .  I t  had been found (S 9 ) th a t h ig h  c o lo u rin g  

v o lta g e s  or in c re a s in g  th e  v o lta g e  to o  fa s t a t the 

b e g in n in g  o f the  c o lo u r in g  tre a tm e n t, re s u lte d  in  s p a l l in g .  

I t  te n d s  to  occur at low er v o lta g e s  in  n ic k e l and c o b a lt 

e le c t r o ly t e s  than in  th e  more a c id ic  ones. S p a ll in g  is  

p o s s ib ly  due to  hydrogen e v o lu tio n  which competes w ith  

m etal d e p o s itio n  on th e  c a th o d ic  h a l f -c y c l e .  A l t e r n a t iv e ly ,
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rs a n o d is in g  «a y  fo r*  a lama M e c h a n ic a lly  mound f i lm  bmnmath 

th a  o r ig in a l  b a r r ie r  la y e r .  BalamubraManian and Shenoi <62> 

review ed th e  use o f c h e e ic a l a d d it io n s  and pH c o n tro l to  

l i m i t  the  r i s k  of s p a l l in g .  U sing  c o u n te r -e le c tro d e s  o f  th e  

same metal as th a t to  be de p o sited  has proved b e n e f ic ia l .  

Double a n o d is in g  was d iscu sse d  which i s  covered in  th a  next 

s e c t io n .

2 .3 .S  In te rfe re n c e  C o lo u rin g

O p t ic a l in te rfe re n c e  i s  th e  most re c a n t advance 

in  c o lo u rin g  anodised a lum inium . The advantages over 

e le c t r o ly t ic  c o lo u rin g  a re  th a t d if f e r e n t  c o lo u rs  can be 

ob tain e d  from one s o lu t io n , and th e  amount o f  metal 

de p o sited  i s  much le s s  T i g . 12. The drawback i s  th a t an 

in te rm e d ia te  stage i s  re q u ire d  between co n ve n tio n a l 

a n o d is in g  and c o lo u r in g . T h is  in v o lv e s  a second a n o d is in g  

s ta ge  where phosph oric  a c id  i s  used to  a l t e r  th e  p ore  

dim ensions in  ord e r to  f a c i l i t a t e  th e  fo rm a tio n  of 

in te rfa ra n c e  c o lo u rs . T y p ic a l p hosp h oric  a c id  c o n c e n tra tio n  

i s  100 to  lSO g/1. T h is  i s  used at 15 to  35*C fo r 2 to  lOmin 

a t 10 to  40V. A .c .  and d .c .  c o n d it io n s  or a com bina tion  of 

them can be used. C o n ve n tio n a l metal s a lt  s o lu t io n s  of 

n ic k e l ,  c o b a lt or t i n  a re  used fo r th e  e le c t r o ly t ic  

c o lo u rin g  s ta g e . In ste a d  o f b ro nze  shades, g r e y -b lu e , 

g re e n -g ra y , y e llo w  and re d d is h -p u rp le  a re  produced.

A n o d is in g  in  phosphoric  a c id  i s  th a  most 

im p o rta nt ste p  in  in te rfe re n c e  c o lo u r in g  ( 6 3 ) .  The pore  

bases a re  e n la rg e d . F i g . 12. Other e le c t r o ly t e s  were found
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t o  g iv *  s lM i la r  r » * u l t s ,  but phosphoric  a c id  was th e  Most 

c o n v a n is n t. Shsasby a t  a i <63> found th a t a d s p o s it s iz e  of 

29na was rs q u irs d  b a fo rs  in ta r f s r a n c s  s f f a c t s  wars saan. 

Tha o r ig in a l  pora  s iz a  was found to  ba 14.6na, F i g . 9, 

s a a l la r  than th a  f in a l  p ora  s iz a  w hich was s l i g h t l y  

a n la rg a d  th rou ghou t i t s  p ora  la n g th , a p p ro x ia a ta ly  20na. 

Tha a u th o rs  conciudad th a t a n la rg a a a n t was g ra a ta s t at th a  

bottoM  I mm and was causad by d is s o lu t io n .  F ig s  12 and 9 

show th a  d iff a ra n c a  in  th a  s iz a  of th a  poras a f ta r  

p ho sp h o ric  a c id  a n o d is in g  and c o n va n tio n a l s u lp h u ric  a c id  

a n o d is in g  r a s p a c t iv a ly .  Thasa f ig u ra s  show tha  p o s it io n s  of 

th a  d a p o s its . In  in ta r f a ra n c a  c o lo u r in g  tha  d a p o s its  a ra  

co n fin a d  to  th a  pora basas. T h is  c ra a ta s  a ' t h i n  la y a r ’ 

a f f a c t .  Tha d is ta n c a  batwaan th a  d a p o sita d  a a ta l sur faca 

and th a  a lu a in iu a / o x id a  in t a r  faca should  ba of th a  o rd a r of 

th a  w avalangth of l i g h t .  Thasa two sur facas causa 

r a f la c t io n  and r a f r a c t io n ,  F i g . I S .  As mors a a ta l is  

d a p o sita d  th a  d is ta n c a  batwaan th a  two sur facas in c rs a s a s , 

changing th s  in ta r f a rs n c a  c o lo u rs . C o nvantio nal bronzas a ra  

foraad whan th a  matai axtands in to  th a  narrow  p a rt  o f th a  

p o ra . Evan i f  s a p a ra tio n  batwaan th a  two sur facas was 

a p p ro p ria ta  in  a l a c t r o l y t i c  c o lo u r in g , th a  d a p o sit d ia n a ta r 

would ba to o  sm all to  g iv a  in ta rfa ra n c a  c o lo u rs . Not a l l  

p o ra s  a ra  a nlargad in  th a  in ta rm a d ia ta  s ta g s  and bronza 

o va rto n s s  may ba d s ta c ta d . T h is  b ro n zin g  a ffa c t in cra a s a s  

as c o lo u r in g  procaads. Ths a u th o rs  a ls o  showad by a la c tro n  

m icroscopy th a t d a p o s its  in  c o n va n tio n a l a la c tro c o lo u ra d  

f i lm s  wars v a ry  i r r a g u la r  in  h a ig h t, wharaas th oss of 

in ta r f a ra n c s  f ilm s  w ars compact and ra g u la r  <63).
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where X i s  beam o f  i n c i d e n c e  l i g h t ,

X and Z a r e  r e f l e c t e d  beams,

A i s  s u r f a c e  o f  d e p o s i t e d  m e t a l ,

B i s  s u r f a c e  o f  a l u m i n i u m  s u b s t r a t e i

C o n s t r u c t i v e  I n t e r f e r e n c e  o c c u r s  a t  nX 

when n i s  an odd I n t e g e r  and X 

i s  the w a v e l e n g t h  o f  l i g h t .

D e s t r u c t i v e  i n t e r f e r e n c e  o c c u r s  when

t h e  o p t i c a l  p a t h  d i f f e r e n c e  i s  o A
2



I t  wa* d ia co va ra d  (63> th a t b r lg h t a r  c o lo u rs  wara 

producad in  a c id ic  c o lo u r in g  a la c t r o ly t a s .  T h is  was causad 

by f i l a  grow th banaath th a  a a ta l d a p o s it la y a r  F ig .1 2 b . 

T h is  was achiavad d u rin g  th a  a l a c t r o l y t i c  sta ga  or in  a 

p o s t—c o lo u r in g  s ta g a . By u s in g  an a la c t r o ly t a  of pH < 2 .5  

fo r th a  fo ra a r p ro c a s s , i t  was found th a t  a f ta r  a c a r ta ln  

p a rio d  o f tim a , a a ta l d a p o s it io n  caasad and a n o d is in g  

bsnaath th a  d a p o s it la y a r bagan. Howavar, c o n d it io n s  wara 

c r i t i c a l  t o  a ch ia va  t h i s .  As th s  dapth of naw o x id a  f i l a  

was in cra a s a d  th a  whola s p a c tru a  o f  in ta rf a ra n c a  c o lo u rs  

wara producad| fro a  b lu a  th ro u g h  to  ra d . Co—d a p o s its  of 

c o b a lt  and n ic k a l wara found to  ba a ora  a c id  r a s is ta n t  than 

s in g la  m atal d a p o s it io n . T r a n s f a r r in g  th a  c o lo u ra d  f i l a s  to  

a p o s t—a n o d is in g  s o lu t io n  of s u lp h o s a lic y l ic  a c id f 

c o n ta in in g  no c o lo u r in g  coaponants, showad th a  naw o x id a  

g ro w th .

La rga  s c a la  la b o ra to ry  ta s ta  hava p ro vid a d  good 

c o lo u r  ra p ro d u c ib i1i t y  and u n if o r a it y  fo r b lu a -g ra y  

in t a rf a ra n c a  f in is h a s , and s a v a ra l b u ild in g s  hava 

a r c h it a c t u r a l  coaponants c o lo u ra d  by t h i s  p ro ca ss  < 6 4 ).

Tha p ro p a rt ia s  of th a sa  f in is h a s  a ra  s im ila r  to  

a l a c t r o l y t i c a l l y  c o lo u ra d  f i l a s  but th a y  a ra  not so 

a b ra s io n  ra s is ta n t  dua to  c h a a ic a l d is s o lu t io n  d u rin g  

p h o s p h o ric  a c id  a n o d is in g . C a ra fu l c o n tro l i s  naadad to  

a n la rg a  th a  poras s u f f i c i a n t l y  but not to  undara ina  th a  

anodic  f i lm .
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A r » « h i n « t l o n »  o f  Two F in is h in g  8 v » t —

Th* p o s it io n s  o f th s  c o lo u r in g  cosponsnts in  th s  

anodic o x id a  f i lm  a ra  shown in  F ig s .S t  10 and 11. Tha 

d is t r ib u t i o n  i s  d i f f a r a n t  fo r aach oiathod and hanca 

a b s o rp tiv a  (o r  a d s o rp t iv a ) d ya in g  can ba combinad w ith  

in t a g r a l  or a l a c t r o l y t i c  c o lo u r in g .

Tha a la c tro n  n ic ro p ro b a  has baan usad (4 4 ) to  

show th a  p o s it io n s  of th a  c o lo u r in g  componants in  tha  

com bina tion  mathod o f a la c t r o ly t ic / d y a  c o lo u r in g . S p a isa r 

(4 4 ) concludad th a t  a la c t r o ly t ic  c o lo u rin g  doas not 

o b s tru c t dya a b s o rp tio n  and th a  p ro p a rt ia s  of th a  two 

procassas ram ainad in dap a nd a nt. Tha author s ta ta s  th a t 

o va rd ya in g  w ith  t i n  d u r in g  th a  a la c t r o c o lo u r in g  s ta g a  doas 

not a lt a r  th a  amount of matal d a p o s ita d , but o th a rs  hava 

shown th a t t i n  can axtand to  th a  o u ta r s u rfa c a  of th a  oxida  

f i lm  (5 8 , 5 9 ) .  T h is  would i n h i b i t  a b s o rp tio n  o f d y a s tu ff s . 

'O v a rd y a in g ' would im p ly  th a t a b la ck  c o lo u r was producad 

and subsaquant a b s o rp tiv a  d ya in g  would ba ra d u nd a n t. O nly 

l i g h t  to  mid bron za s would b a n a fit  from d y a in g . Tha 

a n o d is in g  and a l a c t r o l y t i c  c o lo u r in g  sta ga s a ra  c a r r ia d  out 

in  accordanca w ith  B81&15I1987 and B83987sl974. Tha d ya in g  

sta p  i s  c a r r ia d  out a c c o rd in g  to  th a  'S a n o d a l' systam  (4 4 ) .  

A numbar of b u ild in g s  hava baan b u i l t  w ith  a r c h it a c t u r a l  

componants c o lo u rs d  by th a  com bination  p rocass ’ S a n d a lo r’ 

( 4 4 ) ,  which par forms w a l l ,  a lth o u g h  a Sandalor b lu a  systam 

in s t a l la d  7 y a a rs  ago i s  b a g in n in g  to  fada.

Tha q u a l i t y  o f th a  sa alad  f i lm  was found to  ba 

th a  sama as a b s o rp tiv a  dyad f in is h a s . C o rro s io n  ra s is ta n c a

75



•nd «M »«th«r r M is t a n c *  war* u n a ffe cte d  by th e  u n d e rly in g  

m e ta l. L ig h t  fastneea was found to  be b e tte r  than dyed 

f ilm s  because l i g h t  i s  not re f le c t e d  from  th e  b a s is  m e ta l. 

I t  i s  absorbed by th e  e le c t r o ly t ic  la y e r  and fa d in g  o c cu rs  

o n ly  from th e  l i g h t  in c id e n t  d i r e c t l y  on th e  e x te rn a l 

s u rfa c e . Th e re  i s  no 'b a ck  r e f le c t io n ’ which n o rm a lly  fades 

th e  dye from ' i n s i d e '  th e  o x id e  f i lm .

The d isa d va n ta ge  o f t h i s  com bination  p ro ce ss  i s  

th a t  a lth o u gh  o n ly  one tank i s  re q u ire d  fo r th e  

e l e c t r o l y t i c  s ta g e , a number of ta nk s a re  re q u ire d  to  h o ld  

th e  dyes. A l t e r n a t iv e ly  th e  d y e s tu ff  may be a p p lie d  by th e  

s p ra y in g  te c h n iq u e . The com bination  process must be 

c a r e f u l ly  c o n tr o lle d  to  a t t a in  re p ro d u c ib le  f in is h e s . 

C a u tio n  is  needed d u rin g  th e  r in s e  between e le c t r o ly t ic  and 

d y e in g , s in c e  co n ta m in a tio n  of th e  l a t t e r  bath by th e  metal 

s a lt  would im p a ir th e  dye ing  a b i l i t y .

By v i r t u e  of th e  c o lo u r component d i s t r ib u t i o n ,  

d ye in g  fo llo w e d  by e le c t r o ly t ic  c o lo u r in g  i s  g e n e ra lly  not 

p o s s ib le . 'Sa n oda l B lue  Q’ or 'T u rq u o is e  PLM’ (4 4 ) may be 

used b e fo re  e l e c t r o l y t i c  c o lo u r in g , but these a re  a ffe c te d  

by th e  a c id i t y  o f th e  e le c t r o ly t ic  c o lo u r in g  e le c t r o ly t e .

I n t e g r a l ly  co lo u re d  f ilm s  have th e  c o lo u r in g  

component in c lu d e d  in  th e  oxide  f i lm  i t s e l f ,  le a v in g  th e  

pores open for a d s o rp tiv e  d y e in g . Due to  th e  d i f f i c u l t y  in

j o b ta in in g  c o n s is te n t th ic k n e s s  o f 2S>>m, th e re  were
I
I d iffe re n c e s  in  a d s o rp tio n  of d y e s tu ffs  and th e re fo re  l i g h t  

fa s tn e s s . To overcome t h i s  th e  a n o d is in g  te m perature  was 

v a r ie d  in  o rd e r to  achieve  c o n s is te n t th ick n e s s e s  <6S>. 

However, 1igh t/w e a th e r fa stn e ss  te s t s  showed lo s s e s  of 5 to
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2SX of o rg a n ic  dya v;hich w a r« a cca p ta bla  and corraapondad 

to  a x ta rn a l w a a th a rin g  o f a p p ro x lm a ta ly  10 y a a rs . 

A d m lttanca va lu a a  fo r in ta g ra l/ d y a d  c o a tin g s  coaparad w a ll 

w ith  n a tu ra l in t a g r a l  c o a tin g s , showing th a t  th a  dya d id  

not a ffa c t  s a a lin g  q u a l i t y .  Tha chrom ic a c id / p h o p h o ric  a c id  

w aight lo s s  ta s t  showad r a s u lt s  w ith in  th a  w aight lo s s  

l i m i t .  Th a ra  was no d if f a ra n c a  in  c o rro s io n  ta s t s  batwaan 

dyad in ta g r a l  c o lo u rs  and n a tu ra l in ta g ra l c o lo u r s . I t  was 

found th a t th a  amount of dya adsorbad dacraasad w ith  

in cra a sa d  in t a n s it y  o f th a  in ta g r a l  c o lo u r . T h is  was dua to  

v a ry in g  th a  a n o d is in g  ta m p a ra tu ra  and v o lta g a  in  o rd a r to  

m a in ta in  a th ic k n a s s  o f 25)>m. As in ta g ra l c o lo u rs  bacama 

d a rk a r , th a  numbar o f pora s par sur faca u n it  araa and pora  

volunta dacraasad. In ta g ra l/ d y a in g  systams a ra  basad on th a  

E .U .R .A .S .  s p a c if ic a t io n s .  V a rio u s  shadas of g o ld  and 

b ro nza  w ith  y a llo w , ra d , b lu a  and tu rq u o is a  o va rto n a s  can 

ba producad. Thasa a ra  not as b r ig h t  as c o n va n tio n a l 

a d s o rp tiv a  dyaing  m athods.

Tha d isa d va n ta g a s  of t h i s  com bination  p rocass a ra  

th a t th a  c o a tin g  must ba kapt to  a co n sta n t th ic k n a s s  in  

o rd a r to  a chiava  ra p ro d u c ib la  r a s u lt s i  d i f f a r a n t  in ta g r a l  

c o lo u r  f i n i s h « «  hava d i f f a r a n t  dya a d s o rp tiv a  c a p a c it ia s  

and t h i s  to o  must ba takan in t o  account. Tha ra n g « of 

c o lo u rs  i s  alm ost id a n t ic a l  to  th a  a la c t r o ly t ic /  a b s o rp tiv a  

d ya in g  systam s, and as fa r as i s  known, th a  in ta g ra l/ d y a d  

systam  has not baan usad c o m m a rc ia lly . Tha advantaga i s  

th a t o n ly  two s ta g a s  a ra  in v o lv a d .
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2i3i7 .CglQri— tr.Y

T h «  c o lo u r of p ig o o nto d  anodic o x id *  f i l a »  in  

•ost p ro d u c tio n  p la n ts  i s  aatchsd by a ys . Not o n ly  i s  th a  

v is u a l appaaranca dapandant upon th a  a c tu a l c o lo u r , but 

a ls o  on th a  ta x tu ra  o f th a  f in is h a d  s u rfa c a  and on tha  ty p a  

of i l lu a in a n t  usad. Tha aya i s  aora  v a r s a t i l a  than any 

in s tru a a n t bacausa of i t s  s a n s i t i v i t y  to  g a o a a tric  fa c to rs  

such as r o l l i n g  d ir a c t io n  or d i a - l i n a s ,  and atchad or 

p a tta rn a d  s u rfa c a s . Tha c o n s is ta n c y  of th a sa  g a o a a tric  

fa c to rs  i s  as im p o rta nt as th a  c o n tro l o f  th a  c o lo u rin g  

ta c h n iq u a  i t s a l f .  Howavar, a v a lu a t io n s  by aya a ra  

s u b ja c t iv a  and v a r ia b la  w ith  changas in  v ia w in g  c o n d it io n s  

and from ob sa rva r to  o b s a rv a r. In s tru m a n ts  a ra  la s s  

f la x ib la  than th a  aya but th a y p ro v id a  n u a a ric a l q u a n t it ia s  

which a ra  a o ra  ra p a a ta b la  and u s u a lly  aay ba c o rra la ta d  

w ith  v is u a l a v a lu a t io n s .

In s tru m a n ts  aay ba groupad in t o  two c a ta g o ria s i 

thosa which maasura chrom atic  a t t r ib u t a s ,  i . a .  c o lo u r , and 

thosa d a f in in g  gaom atric a t t r ib u t a s ,  i . a .  ta x tu ra , g lo s s  

a t c . (6 7 > .  Tha formar is  dua to  s a la c t iv a  a b s o rp tio n  w h ila  

th a  la t t a r  r a f a r s  to  th a  mannar in  which th a  in c id a n t  l i g h t  

is  d is t r ib u t a d  in  v a r io u s  d i r a c t io n s .  Sacondly 

in stru m a n ts  may g iv a  p h y s ic a l or p sych o p h ysica l 

a v a lu a t io n s . S p actrophotom atars a ra  p h y s ic a l a n a ly s is  

in s tru m a n ts , w h ila  c o lo r im a ta rs  a ra  p s ych o p h ys ic a l a n a ly s is  

in stru m a n ts  which g iv a  maasuramants th a t c o r r a la t a  w ith  th a  

human a y a -b ra in  im p ra s s io n s . E v a ry  in stru m a n t in c o rp o ra ta s  

both  ch ro m a tic  and gaoaiatric fa c to rs  to  soma a x ta n t, but
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for t h a t  %rtiich maasuras c o l o u r ,  a p a c tra l  p r o p a r t i a a  ara  

tha  moat im p o rta n t .

n a t a la  w ith  d i f f u a i n g  matai ox idaa auch aa 

anodiaad alum inium  a ra  c on aidarad aa opaqua o b ja c t a  whara 

c o lo u r  i a  aaan by d i f f u a a  r a f l a c t i o n .  An inatrum ant which 

may ba uaad t o  maaaura th a  c o lo u r  of auch a a u rfa c a  i a  th a  

Shaan M in ia t u r a  C o lo r im a t a r .  T h ia  haa a l i g h t  a ourca, a 

p la ca  fo r  th a  o b ja c t  t o  ba obaarvad and a p h o t o a la c t r ic  

l i g h t  r a c a i v a r .  A c o l l im a t a d  baam, which haa baan paaaad 

through a narrow  band c o lo u r  f i l t a r ,  f a l l a  on tha  a u rfa c a  

at an a n g la  o f  in c id a n c a  o f  45* . Any a p a c u la r ly  r a f la c t a d  

l i g h t  i a  abaorbad on th a  b la c k  w all o f  tha  c o lo u r  haad. A 

p h o t o a la c t r ic  c a l l ,  w ith  an araa c o n a id a ra b ly  la r g a r  than 

th a  i l lu m i n a t a d  a ra a , i a  p la ca d  normal to  th a  a u rfa c a ,  and 

d a ta c ta  l i g h t  d iff u a a d  ovar a ranga of anglaa on a i t h a r  

a id a  of th a  norm a l.  Tha main componanta o f  l i g h t  d if f u a a d  

in  tha  d i r a c t i o n a  in  which c o lou rad  f in ia h a a  ara  obaarvad 

by aya a r a  maaaurad, but thoaa at low g la n c in g  anglaa a ra  

n o t .  Tha r a f la c t a n c a  of th a  inatrumant i a  c a l ib r a t a d  

againat b la c k  v a lv a t  (OX r a f la c t a n c a )  and a b lock  o f  w h ita  

magnaaium ca rbonata  (lOOX r a f l a c t a n c a ) . Tha r a f la c t a n c a  of 

th a  panai i a  maaaurad at a ix  wavalangtha u a in g  a ix  C . I . E .  

(Commiaaion I n t a r n a t io n a la  da L ’ a c la i r a g a )  c o lo u r  f i l t a r a i  

660Hm ( r a d ) ,  610|im (o r a n g a ) ,  S70«>m ( y a l l o w ) ,  S20>im ( g r a a n ) ,  

480Mm ( b l u a ) ,  4S0Hm ( v i o l â t ) .  Tha inatrum ant i a  c a l i b r a t a d  

a f t a r  aach ra a d in g ,  fo r  aach c o lo u r .  Tha f a c t o r a  which 

a f f a c t  th a  appaaranca of anodiaad aluminium on which tha  

anodic o x id a  i a  c o lo u ra d  a r a  mora complax than thoaa 

a f f a c t i n g  p a in ta d  a u rfa c a a . T h ia  i a  bacauaa tha  c o lo u ra d
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anodic o xid a  i a  t r a n a p a r a n t ,  and both i t a  own a u rfa c a  and 

t h a t  o f  tha  matal banaath d i f f u a a  l i g h t  which c o n t r ib u t a a  

t o  th a  appaaranca. Tha n a ta l  a u rfa c a  ia  almoat alwaya 

a n ia o t r o p ic ,  which cauaaa th a  appaaranca t o  v a r y  q u i t a  

m arkadly w ith  th a  d i r a c t i o n a  of in c id a n c a  of l i g h t  and t h a t  

f ro n  which th a  a u rfa c a  ia  viawad.

Both ahaat and a xtrudad a l l o y a ,  whan a tcha d , 

davalop  ta x tu r a a  whoaa appaaranca d i f f a r a  w ith  d i r a c t i o n .  

Tha l i m i t a  of h ig h  and low r a f l a c t i v i t y  ara  u a u a l ly  found 

in  th a  d i r a c t i o n a  p a r a l l a l  t o  and normal t o  tha  d i r a c t i o n a  

in  which ahaat waa r o l l a d ,  or axtrudad a l lo y a  paaaad 

th rou gh  tha  d i a .  Both g loaa and c o lo u r  r a f la c t a n c a a  v a r y  

batwaan l i m i t a  corra ap on d in g  t o  th a  in c id a n c a  of 

i l l u m i n a t i o n  p a r a l l a l  t o  and normal t o  th a  r o l l i n g  or 

a x t r u a io n  d i r a c t i o n a .  Tha a im plaat c h a r a c t a r ia a t io n  o f  

anodiaad aluminium th a r a f o r a  r a q u ir a a  two maaauramanta t o  

ba mada at aach w a valangth , p a r a l l a l  t o ,  and normal t o  th a  

t a x t u r a  axaa o f  th a  m a ta l.

Tha c o lo u r  can ba rapraaantad aa a graph of 

parca n taga  r a f la c t a n c a  a g a in s t w avalangth) tha s p a c t r a l  

r a f l a c t i v i t y  c u rv a .  I t  can a ls o  ba c h a r a c ta r is a d  by 

num arical v a lú a s ,  th a  c h r o m a t i c i t y  c o -o r d in a t a s ,  and can ba 

p ra santad in  tarm s o f  tha C . I . E .  c o lo u r  t r i a n g l a .  T i g .  16

( 6 8 ) .  Tha c o - o r d in a t a s  a ra  a va lu a ta d  from a q u a tio n s  

i n v o l v i n g  tha r a f l a c t i v i t i a s  at 660Hm, 520Hm and 480t>m, th a  

X, Y ,  Z t r i s t i m u l u s  v a lú a s .  CA spactrophotom atar maasuras 

tha  parcantaga r a f la c t a n c a  from th a  o b ja c t  o n ly ,  w h i la  a 

c o lo r im a t a r  takas i n t o  account th a  i l lu m i n a n t  and obsarvar 

a ls o .  Tha ra a d in g s  g iv a n  by a c o lo r im a ta r  a ra  a c t u a l l y  th a

80



P i g .  16 ( 6 8 )

1 lg)itness



X, Y ,  Z i n t a g r a l B .  A « p v c t r a l  c urva  can ba p lo t t a d  fro a  th a  

c o l o r i a a t a r  va lú as  s in c a  i t  i s  th a  sama shapa as th a t  

producad by ra a d in g s  takan froa  a s p a c tro p h o to a a ta r , axcapt 

th a t  tha  v a lú a s  ara  a v a lu a ta d  in  d i f f a r a n t  ways

C olour can ba considarad t o  ba a v a c to r  whosa 

coaponants a ra  l i g h t n a s s ,  hua and s a t u r a t i o n ,  F i g . 17 (67>. 

Tha hua i s  u s u a l ly  r a f a r r a d  to  as th a  c o l o u r .  S a tu r a t io n  i s  

whara c o lo u r s  o f  th a  saaa hua d i f f a r  in  th a  dapth of 

c o lo u r .  W hile  tha  t r i s t i a u l u s  v a lu e  Y c o r r e la t e s  w ith  

l i g h t n e s s  or tha  lum inance, X and Z do not c o r r e l a t e  w ith  

hua, s a t u r a t i o n ,  or any v i s u a l l y  meaningful a t t r i b u t e  of 

c o lo u r  appearance. C h r o m a t ic i t y  c o -o r d in a t e s  a ra  defin e d  

asi

X + Y + Z X + Y + Z X + Y + Z

A lon e  X ,  y  and z  do not c o r r e la t e  w it h  any a t t r i b u t e  of 

c o l o u r ,  but whan in c o rp o ra te d  i n t o  th e  C . I . E  c o lo u r  

t r i a n g l e  tha  r e l a t i o n s h i p s  o f  th a  c o -o r d in a t e s  a re  

e s t a b l is h e d .

The c o lo u r  t r i a n g l e  i s  not u n ifo rm  in  th a  spacing 

o f  c o lo u r s i  the  r e l a t i v e  s iz e s  o f  d i f f e r e n c e s  between 

c o lo u r s  on th a  diagram do not correspond to  th a  s iz e s  of 

th e  d if f a r a n c a s  sensed by th a  aye. T h e r e f o r e  attem pts have 

baeen made t o  develop  uniform  c o lo u r  s c a le s  on which 

measured v a lu e s  o f  c o lo u r  ware more e a s i l y  r e la te d  to  

v i s u a l  a t t r i b u t e s  o f  c o lo u r .  The C . I . E .  L , a , b  

(o p p o n e n t -c o lo u r s )  c o lo u r  s o l i d  i s  one such u niform  s c a le
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I
I (67>. T h i s  i *  d e r iv e d  f re e  th e  t r i e t i m u l u *  va lu e s .  L i s  

l i g h t n e s s ,  a i s  re d n a ss-gre a n n e ss  and b is

y e l lo w n e s s -b lu e n e s s .  L , a , b  can be regarded as combining to  

form a v e c to r  in  r e c ta n g u la r  c o -o r d in a t e s .  Two d i f f e r e n t  

c o lo u r s  may have th e  d i f f e r e n c e  expressed as a E from the 

equ a tion I

a E •J ( a L ) »  ♦ (A a )*  ~ (Ab)^

T h i s  i s  th e  d i f f e r e n c e  between LoSobo and L* a tb i  in  T i g .  IB

i . a .  a L  Aa Ab i s  th e  d i f f e r e n c e  between the c o -o r d in a t e s  o f  

each o f  th e  two p o in t s .  T h i s  g i v e s  o n ly  th e  s iz e  of the 

d i f f e r e n c e  and not the  d i r e c t i o n  or n a tu re  of the 

d i f f e r e n c e  from th e  re fe re n c e  c o lo u r .  Hence i t  i s  more 

advantageous t o  re c o rd  L ,  a, b and aE v a lu e s  in  order to  

assess co lo u r d i f f e r e n c e  in  a 3 -d im e n sion a l re p re s e n t a t io n ,  

F i g . 18 ( 6 7 ) .

The C . I . E .  Y, x, y  s c a le  can be a p p l ie d  t o  a l l  

s t i m u l i ,  but the  C . I . E .  L ,  a ,  b s c a le  i s  used for opaque 

d i f f u s e  o b je c t s .  A l l  s c a le s  a re  based on v is u a l  u n i t s  of 

c o lo u r  p e rce p tio n  and r e l a t e  to  p e rce iv e d  c o lo u r  and c o lo u r  

d i f f e r e n c e s .  Two c o lo u r s  th a t  can be d i f f e r e n t i a t e d  

v i s u a l l y  can be re p re se n ted  q u a n t i t a t i v e l y  by the measured 

va lu e  d i f f e r e n c e .  I f  a l l  p ro d u c t io n  sta ge s, in c lu d in g  

c o lo u r  q u a l i t y  c o n t r o l  a re  under s t r i c t  p rocessing  

c o n d it io n s ,  the  anodised c o a t in g  w i l l  not o n ly  look good 

I n i t i a l l y ,  but w ith s ta n d  many ye a rs  o f  s e r v ic e  although 

fading  may occur i n  c e r t a i n  c ircu m sta n ce s.
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2 .4  S M l i n o

2 . 4 . 1  In t r o d u c t io n  t o  S c a l in o

The porous n a tu ra  o f  anodisad a l u a i n i u a  a l lo w s  i t  

to  ba co lo u ra d  by a numbar o f  p rocassa s. I f  no fu r t h a r  

tra a tm a n ts  a ra  usad a f t a r  c o lo u r in g  th a ra  r a a a in s  tha 

p r o p a n s ity  fo r  aadia  t o  p a n a tra ta  tha  p o ras. I f  tha  nadia 

ara  c o r r o s iv a  tha  o x id a  f i l m  w i l l  ba undarminad. Tha naad 

a r i s a s  t o  b lo c k  or d o s a  th a  poras in  ord a r t o  m inim isa 

c o r r o s io n  and to  h a l t  th a  p o t a n t ia l  d a gra d a tion  of

c o lo u r in g  componants. Q a n a r a l ly ,  i t  has baan obsarvad th a t 

tha  longar anodisad f i lm s  ara  l a f t  axposad t o  tha  

atmospharai th a  mora d i f f i c u l t  i t  bacomas to  c o lo u r  tham. 

T h i s  was a t t r i b u t a d  to  an i r r a v a r s i b l a  r a a c t io n  batwaan tha 

o x id a  and watar vapour in  th a  a i r ,  r a s u l t i n g  in  a dacraasad 

p o r o s i t y .  I t  was suggastad th a t  th a  anhydrous o x id a  bacama 

h yd ratad t o  form boahmita c r y s t a l s ,  A I O . OH or AlaOa.HaO. 

T h i s  procass i s  a c c a la ra ta d  at h ig h  tam paraturas i . a .  

iam arsion  in  s o lu t i o n s  abova 90*C or suspansion ovar staam.

AlaOa HaO — -) 2A10.0H boahmita (2.S>

At lowar tam paraturas another c r y s t a l l i n a  form, b a y a r i t a ,  

i s  producad, A l(OH>a or A la0a.3H a0, which doas not saal 

th a  poras as w a ll  as boahmita.

2A10.0H 2 H a O ----- > Ala0a.3Ha0 b a y a r i t a ( 2 . 6 )
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S a a l ln g  i s  c s r r i s d  out i n  d s io n is s d  or d M i n s r s l i s s d  wstsr 

t o  a i n i s i s s  th a  d s l a t a r i o u s  o f f s e t s  o f  c a lc i u a  and 

aagnssiua, s i l i c a t a s  and phosphatas. Tha oxact aochanisa of 

s a a l in g  has baan th o  s u b ja c t  o f  auch dabata. Mith iaprovad 

a n a l y t i c a l  ta c h n iq u a s  i n  ra can t y a a rs ,  a x p oria a nta l  

a v idanca has thrown aora l i g h t  on th a  aachanisms in v o lv a d .

S o a l in g  i s  a ls o  parformod in  wator c o n ta in in g  

c h a a ic a l  a d d i t i v a s  such as n ic k a l  s a l t s  (a c a t a to ,  su lph a ta  

or n i t r a t a ) ,  aaaioniua a c a ta ta ,  t r io t h a n o la m in o ,  dichromata 

s o lu t i o n s  and sodiua  s i l i c a t o .  In  n ic k a l  s a l t  s a a l in g  the 

mechanisms a re  d i f f e r e n t  from those of hydrothermal 

s a a l in g ,  a lth o u gh  h y d r a t io n  s t i l l  o c cu rs  w ith  high 

tam p e ra tu ra s. Tha a d d i t i v a s  augment tha  s e a l in g  process by 

form ing ' p l u g s '  in s id e  th e  p o re s .  Dichromata s a a l in g  i s  

a ls o  a com bination  of two processes! th e  a b s o rp tio n  of 

chromate ion s  p lu s  h y d r a t io n .  Sodium s i l i c a t e  i s  th e  least 

used s o l u t i o n .  I t  a ls o  s e a ls  by forming p lu g s  of aluminium 

s i l i c a t e ,  but i t  i s  known th a t  the  presence of s i l i c a t e  

i n h i b i t s  h y d r a t io n .  T h i s  re n d e rs  th a  process la ss  

a t t r a c t i v e  than the  other p ore  p lu g g in g  s o lu t i o n s .

Cold  s e a l in g  or im pregnation processes are 

c u r r e n t l y  under development and i n v e s t i g a t i o n ,  but th e y  are 

a more re c a n t  advance and th e re  i s  l i t t l e  p u b l ic  

in fo rm a t io n  on th e  pore c lo s u r e  mechanisms or performance 

in  s e r v ic e .  Many op erate  below £0*C and h y d ra t io n  i s  

u n l i k e l y  t o  occur t o  any s i g n i f i c a n t  e x t e n t .  Pore p lu g g in g  

takes p la ce  by p r e c i p i t a t i o n  of s a l t s .

Another form of s e a l in g  i s  ' p h y s i c a l '  s a a l in g  

where c o a t in g s  such as o i l s ,  waxes or la c q u e rs  are a p plie d
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t o  th *  o x id a  f i l a .  Th a ra  i a  no c h a a ic a l  p a r t i c i p a t i o n  of 

thasa aubstancaa i . a .  th a y  do not ra a c t  w it h  th a  o x id a  but 

i a p a r t  a a u p a rf i c i a l  la y a r  on th a  a u rfa c a .  Thay aay a la o  

' i a p r a g n a t a '  th a  p oraa. Thaaa and o th a r  o rg a n ic  a aalanta  

a ra  uaad o n ly  for a p a c ia l ia a d  purpoaaa) whara au rfa ca  

phanoaana a ra  mora im p orta n t than th a  in h a ra n t  p r o p a r t ia a  

of th a  o x id a  l a y a r .  Maxaa and o i l a  ara  o fta n  a p p l ia d  a f ta r  

a a a l in g  aa a tam porary b a r r i a r  t o  a l k a l i n a  madia uaad 

d u r in g  b u i l d i n g  c o n a t r u c t io n .

2 . 4 . 2  H vdrotharm al S a a lin n  Machaniama

Tha aim plaat a x p la n a t io n  for tha  a a a l in g  

machaniam i a  tha  h y d r a t io n  o f  a lumina AlaOar to  g iv a  

boahmita A lO .OH  . T h i s  compound c lo s a a  th a  p o ra  dua t o  tha  

voluma axpanaion w i t h i n  tham. But th a  machanism ia  mora 

complax than t h i a  and a numbar o f  th a o r ia a  a x i a t .

Barnard and Randall  (6 9 )  auggaatad th a t tha 

h yd ra ta d  p ro d u ct formad, whan aluminium matal raactad w ith  

b o i l i n g  w a ta r ,  waa tha  aama aa th a t formad on b a r r i a r  

la y a r a  i n  b o i l i n g  w a ta r.  Tha r a t a  of h y d r a t io n  of tha  oxida 

f i l m  and th a  r a t a  o f  form a tion  of tha  prod u ct on aluminium 

warm a i m i l a r .  Thay conciudad th a t  th a  machaniams muat ba 

th a  aama. Tha aaaumptiona wara o n ly  baaad on r a te s  and 

X - r a y  d i f f r a c t i o n  p a tt e r n a  which ware a i m i l a r  in  both 

caaaa. I t  i a  f a i r  t o  aay t h a t  a lthough a compound s im i la r  

t o  boahmita was found i n  both in s ta n c e s ,  which has s in ce  

bean p rove d , the  mechanisms of form a tion  wera not 

s u b s t a n t ia t e d .
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Q in « b » r g  and U a fa ra  (70> ■xaminad f i l a s  formad on 

a lu a i n i u a  by watar and staam. Thay c a l l a d  th a  prod u cts  

'h y d r o x id a  f i l a s ’ s in c a  n o a a n cla tu ra  had not baan w all 

d a f in a d .  O nly  a small p r o p o r t io n  o f  f i lm  a a t a r i a l  was 

c r y s t a l l i n a ,  and t h i s  was found t o  ba b a y a r i t a  whan 

a lu a i n i u a  was ra a cta d  w ith  p r a s s u r is a d  s taaa balow 1S0*C. 

Abova t h i s  tam paratura boahmita was formad. Tha admission 

by tha  a u th o rs  th a t o n ly  a small amount of hydratad 

matari a l  was c r y s t a l l i n a  suggastad th a t  soma othar 

amorphous compound dominatad th a  h yd ra ta d  l a y a r .  In a 

subsaquant papar Ginsbarg  and Mafars (7 1 )  daser ib a d  

naadla-shapad c r y s t a l l i t a s  which graw mormal t o  th a  ’ f ib r a  

bun d la s ’ of  tha  anodic o x id a .  Thasa bundlas c o n s is ta d  of 

% -boahm ita which graw inwards from tha  s u r f a c a .  T h i s  formad 

dua to  movamant of h yd ro x y l  io n s  through th e  l a t t i c a  undar 

a f i a l d .  Tha f i a l d  was causad by tha d i f f u s i o n  o f  hydrogen 

io n s  through th a  f i lm .  Spoonar and T o r s y t h  (7 2 )  showad by 

maans o f  X -r a y  spactroscop y  th a t  s a a l in g  procaadad inwards. 

A lthough a boahmite s t r u c t u r a  was formad, i t  was not 

i d a n t ic a l  t o  AlaOa.HaO and had p r a v io u s ly  (6 9 )  baan found 

t o  c o n ta in  s t o i c h i o m a t r i c a l l y  mora w a ta r.

In  1969 O’ S u l l i v a n ,  Hockay and Mood (7 3 )  s tu d ia d  

unsaalad and saalad f i lm s  by i n f r a - r a d  s p a c tro sc o p y .  Thay 

too conciudad th a t a lth ou gh  th a  boahmita was found for 

f i lm s  axaminad at ambiant tam p a ra tu ra s, no p o s i t i v a  

i d a n t i f i c a t i o n  o f  a l l  h yd ratad sp acia s  c o u ld  ba mada. I t  

was not p o s s ib la  t o  c a l c u l a t a  tha  p r a c is a  amount of 

m olacular watar r a ta in a d  w i t h i n  th a  f i l m s ,  a lth ou gh  t h i s  

had baan astim atad p r a v io u s ly  ( 7 2 ) .  Tha s t r a t c h in g
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v i b r a t i o n  of watar anhancad ona p a r t i c u l a r  a b s o rp tio n  band, 

and t h i s  was th a  c h a r a c t a r i s t i c  band o f  b o a h a ita  and 

b a y a r i t a .  Thasa c r y s t a l s  wara in  tha  a i n o r i t y  s in c a  t h i s  

a b s o rp t io n  band changad l i t t l a .  C r y s t a l  growth tandad to  

occur a a i n l y  at th a  pora s ou th s  and a lth ou gh  th a  avidanca 

showad t h a t  a f t a r  a s a a l in g  t im a  o f  24 h o u rs ,  tha  whola 

pora had baan s a a la d ,  th a  m a ta r ia l  was o f  an undafinad 

form. I n i t i a l l y  a ' p l u g '  foraad at th a  s u r f a c a ,  but 

a v a n t u a l ly  th a  whole pora se aled  by a gglom eration  o f  tha 

amorphous anhydrous alumina c r y s t a l l i t e s .  Oautaron exchange 

of th e  a c c e s s ib le  h yd ro yl groups was p r o g r e s s i v e ly  re ta rd e d  

as s e a l in g  proceeded, i n d i c a t i n g  th a t  these groups had 

become ' l o c k e d '  i n  tha s t r u c t u r e .  E le c t r o n  m icrographs (74) 

c l e a r l y  showad th e  changes which o c cu i^d  t o  the  porous 

s t r u c t u r e .  As s a a l in g  p rogressed the  more d i f f i c u l t  i t  

became t o  d e f in e  the pore w a l ls  as th e y became f i l l e d  w ith  

p r e c i p i t a t e d  s e a l in g  m a t e r ia l .

Pseudoboehmite was proposed by Vedder and 

V e rm ilye a  (7 S )  to  be the  c r y s t a l l i n e  m a t e r i a l .  T h is  has the 

form ula AlaO ».nH aO  where n i s  between l . S  and 2 . 5 .  I t  i s  

l i k e  boehmite but w ith  an excess of c r y s t a l l i n e  w ater.  

These m olecules were c h e m ic a l ly  bound t o  th e  la r g e  su rfa c e  

area of th e  c r y s t a l 1i t e s .

Mefers (76) d e s cr ib e d  a d e t a i le d  mechanism for 

s a a l in g  i n  which water p e n e tra te d  th e  pores and pore w a l ls ,  

and d is s o lv e d  th e  ox id e , l i b e r a t i n g  th e  anion SO« from 

s u l p h u r ic  a c id  f i lm s .  R e p r e c ip i t a t i o n  oc cu rre d  forming 

pseudoboehmite which c r y s t a l l i s e d  and sealed  the  pore 

mouths. The a qu a tion  for t h i s  r e a c t io n  i s i
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A la 0 «0 .2 8 0 a  -f 2.8HaO — > 2A1*« *  S .6 0 H -

+ 0 .280* • - <2 . 7 )

Th* m o b i l i z a t io n  o f  tha  80* i o n «  by d i s s o l u t i o n  

dmcrsassd th s  pH at th *  o x id m / liq u id  i n t s r f a c s  and h yd ra tsd  

aluminium oxidm ra p rm cip ita tm d  on thm pore w a l ls  and at thm 

pora  mouths. T h i s  ion  axchanga machanism was not a p p l ic a b la  

t o  oxidas formad in  s o lu t i o n s  such as chromic a c id  whara 

th a  anion contant was low ( 7 7 ) .  Chromata or dichrom ata  ions 

wara not as r a a d i l y  absorbad by tha f i lm  as s u lp h a ta  io n s,  

and i t  was thought th a t  th a  chromium was in c o rp o ra ta d  as 

d ichrom ata r a th a r  than chromata ion s  which accountad for 

th a  small amount. I t  was at th a  o x i d a / l iq u i d  i n t a r f a c a  th a t 

p ro to n s ,  sat f ra a  by h y d r o ly s i s  o f  tha  a lum ina, war« 

ramovad by d i f f u s i o n .  F i g .  19 (7 8 )  shows how t h i s  o c c u rra d ,  

r a la a s in g  watar in  a condansation ra a c t io n  at a l a t a r  s ta g «  

o f  tha procass. I n i t i a l l y ,  a s o l i d  formad r a p i d l y  at tha 

s u rfa c a  o f  tha  f i l m .  Tha h yd ratad a lum ina f i r s t  

p r a c i p i t a t a d  as a h yd ro xid a  gal and as th a  pH dacraasad, 

c r y s t a l l i n a  boahmita formad. Condansation g r a d u a l l y  slowad 

t o  laava small c r y s t a l l i t a s  which containad axcass amounts 

o f  bound w a ta r.  Soma of th a  condansad watar prograssad 

inwards down tha  poras which continuad t o  saal in w a r d ly .  A 

' g l a z a '  la y a r  ( 7 8 ) ,  a ls o  known as an in ta r m a d ia ta  la y a r ,  

was formad Just banaath tha a x t a r i o r  s u rfa c a  of th a  ox id a . 

F i g .  20 ( 7 8 ) .  8oma of tha  r a p r a c i p i t a t a d  hyd ra ta d  alumina 

d if f u s a d  through t o  th a  s u rfa c a  and formad a s a a l in g  smut.
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T h i «  WM in  a d i f f a r a n t  fora  t o  th a t  of th a  g la z a  la y a r  and 

warn found abova i t  on th a  a x t a r io r  o f  tha  o x id a  l a y a r ,  F i g .  

20. I t  waa concludad t h a t  tha aaount of watar takan up waa 

ona p ora  voluaa b a fo ra  t h i a  p r o t a c t i v a  g la z a  la y a r  foraad. 

Subaaquantly ,  watar had t o  d i f f u a a  through t h i a  l a y a r .  T h ia  

can t h a r a f o r a  ba d a a crib a d  aa a d i f f u a io n  aachaniam r a th a r  

than an ion axchanga machaniaa. Tha th ick n a a a  of th a  g la z a  

la y a r  incraaaad w it h  a a a l in g  tim a  at a r a t a  th a t  incraaaad 

w ith  a o lu t io n  t a a p a r a tu r a  and dacraaaing a c i d i t y .  Undar 

c a r t a i n  c o n d it io n a  i t  waa found th a t  tha g la z a  la y a r  could  

P»r>atrata t o  tha  b a a ia  a a t a l .  Howavar, undar normal a a a l in g  

timaa i t  waa u a u a l ly  <l)tm t h i c k .

Tha moat ra can t th a o ry  i a  by Thompaon and Wood 

( 7 9 ) .  Thay d a a crib a d  a d i a a o l u t i o n / p r a c i p i t a t i o n  proceaa 

which i a  comparabla t o  th a t  of Mafara ( 7 6 ) .  Thompaon and 

Wood found th a t th a  h ydratad alumina w it h i n  th a  poraa d id  

not a x h i b i t  w a ll  d a f in a d  c r y a t a l l i n i t y ,  w h i la  th a t  formad 

on th a  o u ta r  a u rfa c a  d i d ,  g i v in g  a ' n a a d l a - l i k a '  a t r u c t u r a .  

Tha g la z a  l a y a r ,  o f  undafinad morphology, davalopad banaath 

thaaa a u rfa c a  c r y a t a l 1i t a a .  Larga p a r t i c l a a  agglomaratad by 

th a  d i a a o lu t io n / p r a c ip it a t jo n  procaaa in  p ra fa ra n c a  t o  amall 

onaa ovar a p a r io d  o f  tim a. T h ia  i a  now known t o  ba th a  

againg procaaa. Tha h yd ro xyl  ion contant incraaaad bacauae 

tha  m olacular watar waa trappad banaath th a  form ing a o l i d .  

Tha m i c r o c r y a t a l l i t a  aurfacaa p layad a r o l a  in  forming 

h yd ro xy l  io n a .  A c id  aniona wara i n t r i n a i c  in  tha  

a a a l in g  procaaa and a a a l in g  occu rra d  at d i f f a r a n t  r a ta a  for 

f i lm a  formad in  d i f f a r a n t  a c id a .
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2 .4 .3  P ra c tic a l A «o «c t«  of 8 «« lln c i

O p e ra tin g  c o n s ld a r a t io n s  fo r  watar a a a l in g  muat 

ba c a r a f u l l y  fo llo w a d . A l l  work must ba r in s a d  th o ro u g h ly  

b afora  s a a l in g  t o  a void  c on ta m in a tin g  tha  saal bath s in c a  

contaminants a f fa c t  tha  s a a l in g  q u a l i t y .  I d a a l l y  th a ra  

should ba two r i n s i n g  stagas fo llow a d  by a soak tim o. 

S o a lin g  tanks may havo l i d s  or f lo a t i n g  p o ly p ro p y la n a  

spharas t o  raduca a v a p o ra t io n .  Tho tanks should be 

in s u la te d  to  avoid heat lo s s .  Tha s e a l in g  s o lu t io n  i s  

a g ita te d  by means of i t s  con ve ctio n  c u r r e n t s .

Tha id e a l s e a l in g  tem perature  i s  between 98 t o  

100*C. Below 90*C tha  s a a l in g  r a t a  i s  reduced, and at 95*C 

tha  s a a l in g  t e s t s  may ba passed but th e  r a ta  of s a a l in g  i s  

slower than at 98*C. S p e c ia l is e d  th e rm osta ts  are  re q u ire d  

t o  m a in ta in  th e  tem perature Ju s t  below 100*C s in c e  t h i s  

g iv e s  th e  most e f f i c i e n t  use of e n e rgy . The i n t r o d u c t io n  of 

la r g e  amounts of metal reduces th e  tem perature l o c a l l y  and 

t h i s  must be accounted for in  th e  bath heat i n p u t .

The longer the  work i s  s e a le d ,  the  la s s  weight 

lo s s  th e r e  i s  in  s e a l in g  assessment t e s t s .  The s e a l in g  i s  

adequate i f  tha weight lo s s  i s  le s s  than 2g/m* u sin g  th a  

Kape t e s t  or 3g/m* u sin g  the  phosp h oric  acid/chrom ic  a c id  

In the  U n ite d  Kingdom a s e a l in g  time o f  2min/t>m i s  

considered t o  ba adequate. Elsew here  3 or A m ln /ftm  a re  

re q u ir e d .  The im portant fa ctor  i s  th a t  th e  work should pass 

tha  acceptance t e s t s .  O v e rs e a lin g  (s a a l in g  for long 

p e r io d s )  has no advantage over adequate tim es and i s  

I n e f f i c i e n t .  A lthough adm ittance t e s t  v a lu e s  may ba

93



f a v o u r a b l«  for long s a a l in g  timam, i t  i a  at tha axpanaa of 

waathar r a s is ta n c a  of th a  f i lm  dua to  incraasad a o ftn a a s .  

I t  i s  known th a t unsaalad f i lm s  hava a h igh a r a b ra sio n  

r a s is t a n c a  than saalad f i lm s .

Tha pH of tha  s a a l in g  s o lu t io n  i s  im p orta n t and 

a ranga batwaan 5 .S  and 7 .0  can ba racomaiandad. Two common 

rangos ara  5 .6  to  5 .8  and 6 . 4  to  6 .6  ( 8 0 ) .  I f  th a  pH

axcaads a va lú a  o f  7 .0  th a  c o a tin g  may ba atta ck od  by tho  

s a a l in g  s o lu t io n ,  and bolow 5 .4  tha s o a l in g  q u a l i t y  i s  

p o o r .  S a a lin g  s o lu t io n s  tand t o  bacoma a c id  in  usa dua to  

th a  d r a g - i n  of a n o d is in g  a l a c t r o l y t a s .  T h is  may bo 

c o u n ta ra cta d  by a d d it io n s  o f  ammonia or c a u s t ic  soda. I t  i s  

a d v is a b la  to  b u ffa r  tha  s a a l in g  bath a g a in s t pH changas by 

adding lg/1 ammonium a c a ta ta .  I f  tho pH should r i s a ,  i t  can 

ba c o rro c ta d  by adding a c a t ic  a c id .

As w ith  d y a in g ,  mains watar should bo avoidad 

• in ca  i t  c o n ta in s  i m p u r i t i a s .  Tha d a m in a ra liso d  watar may 

bacoma contaminatod and th a  a f f a c t  o f  thaso i m p u r i t i a s  has 

raviawad ( 8 1 ) .  T a b la  9 g iv a s  soma common contam inants. 

Howavar, d i f f a r a n t  t a s t i n g  mathods d a f in o  d i f f o r a n t  

t o l a r ancos. Tha s i l i c a  t o l a r anca i s  so low th a t  i t  must ba 

kapt in  chock. I t  has boon found to  ba pH dapandant and tha  

la r g a s t  of fa c ts  occur balow < pH 6 .0  . Adm ittanca t o s t s  

f a i l  t o  d a toct poor s a a l in g  duo to  tha  prasance o f  s i l i c a  

or phosphato io n s.  Phosphato i s  a ls o  known t o  i n h i b i t  

s a a l in g .  F i lm s  grown in  phosphoric  a c id  havo in h a ra n t  

phosphata ions and d o s p ito  h avin g  la r g a  poros (comparad t o  

s u lp h u r ic  a c id  f i l m s ) ,  which might ba axpactad t o  h y d ra ta  

r a a d i l y ,  thaso f i lm s  saal o n ly  a f t a r  p ro longad
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t r M t M n t s  <8 2).  T h e « «  » p a c i M  i n h i b i t  « » « l i n g  b a c a u M  thay 

form s tro n g  bonds w ith  th a  su rfa c a s  o f  th a  p o ra  w a l ls .  

D is s o lu t i o n  of tha  o x id a  and in c o rp o ra ta d  a nions i s  

th a r a f o r a  mora d i f f i c u l t  and r a p r a c i p i t a t i o n  i s  i n h i b i t a d .

T a b la  9 (8 1 )

Contaminant Maximum t o le r a n c e  mg/1

PO* ■ - 5

BiOa 10

r~  (A lth o u g h  NaF has bean found s

C l~  t o  ba harmlass at 50mg/l, 100

and C l~  a t  4 0 0m g/l.)

Cu»*- ■) d e tr im e n ta l  to

F a»*  J s a a l in g

Ca»* ( I t  has bean found th a t

r e f l u x i n g  w ith  CaCOa

d e t e r io r a t e d  th e  s o l u t i o n . )

C ra z in g  of th a  anodic f i lm  i s  an unwantad s id a  

a f f a c t  which occu rs  dua t o  a d i f f a r a n c a  in  th a  c o a f f i c i a n t  

of tharmal axpansion batwaan tha matal and th a  o x id a .  T h is  

can ba avoidad by h a a t in g  the work by h o ld in g  i t  ovar a 

small amount o f  staam b a fo ra  immarsing in  th a  s a a l in g  

s o l u t i o n .  C r a z in g  can ba raducad i f  tha  aluminium i s  atchad 

to  produca a rough s u r f a c a .  T h is  braaks up th a  s tr a s s a s  in  

tha  f i l m ,  as doas a f in a  p a r t i c l a  d i s t r i b u t i o n .
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2 . 4 . 4  a t » M  8 « « l l n Q

S c a l in g  in  steam, o fte n  at h igh  p re ss u re s  i s  an 

a l t e r n a t i v e  t o  s e a l in g  i n  b o i l i n g  w a te r.  The advantage i s  

t h a t  steam and vapour a re  u n l i k e l y  t o  c o n ta in  contaminants 

such as c a lc iu m  or s i l i c a t e s .  The condensed steam i s  in  

a f f e c t  d i s t i l l e d  w a te r.  The d isadvantages a re  th a t i t  i s  

d i f f i c u l t  t o  op erate  and e xp a n sive . Large  batches of work 

a re  needed t o  f i l l  the  steam chamber in  order to  make the 

p rocess e f f i c i e n t .  An in v e r t e d  chamber i s  r e q u ire d  to  

prevent lo s s  of steam upon removal of th e  work. The chamber 

must be a i r - t i g h t  t o  ensure a p o s i t i v e  p re s s u re  o f  steam. 

A d d i t i v e s  or pH m o n ito r in g  and/or adjustm ents are  v e ry  

d i f f i c u l t  t o  make. As th e  steam condenses on the  work i t  

may cause s t r e a k in g  o f  dyed f i lm s ,  a lthough b le e d in g  occurs  

la s s .  R in s in g  the work i s  e s s e n t ia l  s in c e  any trapped 

s o lu t io n  would not be d i l u t e d  to  the  same extent as in  a 

volume o f  w a te ri  the trapped s o lu t i o n s  would be washed away 

s lo w ly ,  p o s s i b ly  a f f e c t i n g  the  s u rfa c e s  w ith  which they 

came i n t o  c o n ta c t .

G e n e r a l ly ,  steam s e a l in g  i s  as good as water 

s e a l in g  and th e  c ho ice  i s  based on cost and o p e ra tin g  

e f f i c i e n c y .  The bast o p e ra t in g  c o n d it io n s  are  th a t  the 

steam must be damp and a t  a p o s i t i v e  p re ss u re  t o  g iv e  a 

tem perature  o f  110*C ( 8 3 ) .

Vapour s e a l in g  (8 4 )  uses SO/SO water and, e i t h e r  

t r i c h l o r o a t h y l a n a  or p e r c h lo r o e th y la n e  and has bean used in 

a vapour d e g r e a s in g -ty p e  of o p e ra t io n .  T h i s  operates at 

below 100*C.
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2 . 4 . s 8 » * l ln Q  B Io o «

S c a lin g  bloont or Miut la  a I o o b « ,  p r a c i p i t a t a d  

powdar found on th a  a x t a r io r  o f  th a  poroua o x id a  and la  

formed by hydratad alumina d i f f u a ln g  t o  th a  a u rfa c a  d u rin g  

hydrotherm al a a a l in g ,  F i g .  20 ( 7 8 ) .  I t  i a  th e  ord a r of 

wavelength th ickn a a a  and d i f f a r a  from th a  aaalad oxida  

a in c a  i t  d ia a o lv a a  in  a c id  and ia  not a b raaion r e a ia t a n t .  

I t  appaara aa a w h ite  i r id a a c a n t  c o a t in g i  not t o  be 

confuaad w ith  th a  bloom formed from w e a th e rin g .  The bloom 

ia  con^aidarad a nuiaanca, p a r t i c u l a r l y  on c o lou red  

f in i a h a a .  Tha amut i a  not to u c h -r e a la t a n t  and p ic k a  up d i r t  

and graaae e a a i l y .  Th e ra  ara two a o lu t io n a  t o  t h i a  problami 

removal and p re v e n t io n .  O r i g i n a l l y  th a  bloom waa removed by 

b u f f i n g  w ith  pumice powdar, or a wax emulaion was a p p l ie d  

to  maak i t .  Due t o  the  degradation  of thaae waxes w ith  

t im a , th a  bloom reappeared l a t a r .  B u f f in g  ia  v e ry  labour 

in t a n a iv e ,  and a lthough waxing i a  q u ic k e r ,  i t  to o  takaa 

c o n a id e ra b le  manpower. Another method of removal i a  by 

d ip p in g  in  30X/vol n i t r i c  a c id  at 20 to  30*C fo r  lOmin 

( 8 5 ) .  I t  ahould be enaurad th a t th a  work i a  w e ll  aealed 

( i n d ic a t e d  by the  form ation of the b lo o m !)  ao th a t  th e  a c id  

doea not a tta ck  th e  f i lm .

The bloom can bo prevented by atop p in g  tha 

a e a l ln g  r e a c t io n  Ju a t be fore  the  bloom forma. T h ia  p r a c t ic e  

muet be approached w ith  c a ution  because the  absence of 

bloom may mean i n f e r i o r  s e a l in g .  The moat common form of 

p re v e n t io n  i s  t o  in c lu d e  a d d i t iv e s  in  th e  s e a l in g  s o lu t i o n .
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T h M «  i n h i b i t  b l o o «  form ation but a u » t  b* c a r a f u l l y  

c o n t r o l l e d  « i n e «  i f  th e  l e v e l «  r i s e ,  th e y  may a ls o  i n h i b i t  

th e  s e a l in g  r e a c t io n  i t s e l f .

N ic k e l  a c e ta te  was one o f  the  f i r s t  s o lu t io n s  to  

be used wrtiich f a c i l i t a t e d  e a s ie r  removal o f  the  bloom. The 

porous c o a t in g  i s  se aled  w ith  n ic k e l  hyd ro xid e  which s t i l l  

forms a bloom, but t h i s  i s  more e a s i l y  d is s o lv e d  in  n i t r i c  

a c id  (8&) than th e  bloom formed in  w ater.  T h is  process was 

m od ifie d  f u r t h e r  to  in c lu d e  d is p e r s in g  agents which reduced 

th e  amount of n i c k e l  h yd ro xid e  and boehmite d e p o s its ,  but 

d id  not e l i m i n a t e  them t o t a l l y .

Another approach was t o  use orga n ic  chem icals 

which c o m p le te ly  prevented smut form ation. The d i f f i c u l t y  

w it h  t h i s  was t h a t  th e  s e a l in g  r e a c t io n  and smut formation 

r e s u l t  from th e  same chemical r e a c t io n .  The chem icals must 

be s p e c i f i c a l l y  t a i l o r e d  to  p re ve n t form ation of bloom on 

th e  s u rfa c e  wrtiile a l lo w in g  boehmite formation w it h in  the  

p o re s.

A lthou gh  phosphate i s  known t o  i n h i b i t  the  

s e a l in g  r e a c t io n ,  i t  can be used as a smut p re v e n ta t iv e  in  

c o n c e n tra t io n s  o f  3 t o  10 p a r t s  per m i l l i o n  (ppm) (B7>. The 

c o n c e n tra t io n  must be monitored c a r e f u l l y .  Phosphoric a c id  

i s  a ls o  used (8 & ) ,  but some phosphate i s  always present and 

the  c o n c e n tr a t io n  l i m i t s  are  soon reached. 

P o ly h y d ro x y c a rb o x y la te s  g i v e  a b e tt e r  f i n i s h  than 

phosphoric  a c id ,  and these to g e th e r  w ith  phosphonates are  

th e  most w id e ly  used a d d i t i v e s  at present ( 8 6 ) .  

P o ly h y d ro x y c a rb o x y la te s  have low s e n s i t i v i t i e s  t o  metal 

io n s  and a c id s ,  and g i v e  the c le a r e s t  s u rfa c e  f i n i s h .
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Two o tha r c l a s M S  o f  o rg a n ic  coMpound* usad » r m  

p o ly c a r b o x y la ta s  and p o ly h y d ro x y a .  Tha formar c la s a  l a  

p r a c i p i t a t a d  by a c id a  and haavy a a ta l  to n a, but th a y  g i v a  

good dya apot ta a t  r a a u l t a .  P olyh yd roxya  a la o  par forni v a l i  

in  t h i a  t a a t ,  but th a y  a r a  t h a r a a l l y  u n a ta b la ,  and tand t o  

foaa (8&>.

A d d i t i v a  c o n c a n tra t io n a  a ra  u a u a l ly  1 t o  2 a l/ l  or 

g/1, and a o lu t i o n  ta a p a r a tu r a ,  pH and a a a l in g  tim a a ra  th a  

aaffla aa fo r  c o n v a n tio n a l a a a l in g .  A n t i - a a u t  a d d it iv a a  bava 

a t r in g a n t  c h a r a c t a r i a t i c a .  Thay muat not a f f a c t  th a  

p a rforaa n ca  o f  tha  a a a l in g  a o lu t i o n ,  avan whan th a  

c o n c a n tr a t io n  i a  i n a d v a r t a n t l y  h ig h .  Th a ra  muat ba no 

d i a c o lo r a t io n  of tha  f i l m  d u r in g  a a a l in g  or w a ath a rin g . 

Thay «u a t  ba a o lu b la  in  watar and la a va  no raaiduaa on th a  

au rfa ca  o f  tha  o x id a .  Thay nuat not maka th a  a a a l in g  

a o lu t io n  a a n a i t iv a  t o  matai iona auch aa aluminium , 

c a lc iu m , t i n ,  n ic k a l  or c o b a l t ,  and th a y  muat ba t h a r a a l l y  

a t a b la .  Tha a n ti -a m u t a d d i t iv a a  muat not a f f a c t  th a  r a a u l t a  

of a a a l in g  t a a t a ,  p a r t i c u l a r l y  th a  adm ittanca t a a t ,  dya 

apot ta a t  and waight loaa t a a t .  Tha f i r a t  i a  govarnad by 

tha  f i l l a d  pora and ao any a d d i t i v a  which a f f a c t s  a a a l in g  

aa a whola w i l l  g i v a  poor r a a u l t a .  Tha l a t t a r  two ta a ta  a ra  

not o n ly  govarnad by tha  f i l l a d  poraa but a lao  by a u rfa c a  

phanomana. T h a ra fo ra  i f  an a d d i t i v a  p ra v a n ta  bloom by 

a tt a c h in g  i t a a l f  t o  th a  a u rfa c a ,  than t h i a  w i l l  a f f a c t  th a  

dya apot t a a t .  I t  i a  nacaaaary t o  par fo ra  aa many ta a ta  aa 

p o a a ib la  in  viaw  of thaaa f a c t a .  I t  fo l lo w a  th a t  th a  

a n ti -a m u t a d d i t i v a  muat ba r a a t r i c t a d  t o  th a  a u rfaca  o f  th a  

oxid a  f i lm  ao aa not t o  m odify th a  pora f i l l i n g  m a t a r ia l .
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T h i s  can bs c o n t r o l l a d  by In c r s s s i n g  th a  s o la c u ls r  s iz a  so 

th a t  i t  cannot an ta r  th a  p o ra s .  Gohausan and Shoanar (8 6 )  

proposad th a t  saut i s  a c t u a l l y  supprassad ra th a r  than 

aaskad by th a  a d d i t iv a s .  Thay put forward th a  th a o ry  o f  th a  

’ th ra s h o ld  a f f a c t ' .  Tha a d d i t i v a ,  in  v a ry  small 

n o n - s t o i c h i o a a t r i c  c o n c a n t r a t io n s ,  p ra v a n ts  tha  form ation 

of c r y s t a l l i n a  compounds. T h is  i s  shown in  T i g .  21 ( 8 6 ) ,  

whara tha  a n ti -s m u t agant i s  adsorbad onto  tha  growth 

c a n t r a s  of th a  c r y s t a l  n u c la i  and p ra v a n ts  fu r th a r  grow th. 

O b v io u s ly ,  th a  a n t i -s m u t  agant must f i t  c o r r a c t l y  in  ordar 

t o  p ravant c r y s t a l  grow th, and t h a r a f o r a  d i f f a r a n t  agants 

w i l l  g iv a  d i f f a r a n t  dagraas o f  smut p r a v a n t io n .  Thasa 

agants  act imm adiataly at th a  s t a r t  o f  smut grow th, and so 

a ra  o n ly  naadad in  small amounts. I t  can ba saan th a t thasa 

a d d i t iv a s  a f f a c t  tha s u rf a c a  phanomana and ra a ct  w ith  tha  

dya s t a in  m olaculas t o  g i v a  v a r io u s  r a s u l t s  for d i f f a r a n t  

a d d i t iv a s .

I t  i s  d i f f i c u l t  t o  ap ply  a d d i t i v a s  t o  staam s a a ls  

s in c a  i t  i s  o n ly  condsnsad watar which comas in t o  contact 

w ith  th a  o xid a  s u rfa c a .  A p r a -s a a l  may ba usad whara tha  

work i s  immarsad in  a s o lu t io n  c o n t a in in g  an a n t i -s m u t  

a g a n t.  I t  i s  subsaquantly  saalad in  staam. Tha smut 

p r a v a n t a t iv a  may ba washad o f f  by th a  condansing staam to  

la a v a  a pa tchy s u rfa c a .
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F i g .  21 ( 8 6 )

s c ) i e m a t l c  r e p r e s e n t a t i o n
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2 .4 .&  g « « l l n Q  B « t h  A d d l t l v »

T h * M  a d d i t i v M  augiMnt th *  h y d r a t io n  r o a c t i o n  by 

c o - p r a c i p i t a t i o n  o f  « a t a l  m alts  i n  thm p oras. Tha aost 

comaon s a a l in g  s o lu t i o n  i s  th a t  c o n ta in in g  n ic k a l  s a l t s ,  

u s u a l ly  th a  a c a t a ta .  N ic k a l h yd ro x id a  i s  c o - p r a c i p i t a t s d  

a long w ith  th a  h y d r a t io n  r a a c t io n  t o  ' p l u g '  tha  p o ra s .  Hoar 

and Wood (8 8 )  suggastad th a t  tha poras c losad  by s u c c a s s iv a  

stagas  of inward ntovaaant of s a a l in g  m a t a r ia l .  Tha pora 

mouth was a ls o  c lo s a d .  Tha machanism proposad was an 

'advancad p r o to n '  modal for tha  t r a n s p o r t  of OH- io n s  and 

o th a r  a nions th rou gh  tha o x id a .  Tha H-'- ion movas r a a d i l y  

batwaan 0*~ io n s  and a f t a r  form ation of OH- io n s  in  th a  

sur faca l a y a r ,  th a  0H~ io n s  t h a r m a lly  d i s s o c ia t a  and H-'- 

io n s  mova by tharmal d i f f u s i o n  i n t o  th a  sacond O*“  l a y a r .  

T h i s  movamant of p roton s  a t t r a c t s  anions such as 0H~ io n s  

prasant in  th a  n ic k a l  a c a ta ta  s o l u t i o n .  T h i s  i s  causad by a 

h ig h  a l a c t r o s t a t i c  f i a l d .  T h i s  h ig h  f i a l d  stop s  tharmal 

d i f f u s i o n  o f  OH- io n s .

N ic k a l  a c a ta ta  can a ls o  ba usad in  c o n ju n c t io n  

w ith  c o b a lt  a c a ta ta .  T y p i c a l  c o n c a n tra t io n s  and c o n d it io n s  

a ra  g ivan i n  Ta b la  10.

T a b la  10

N ic k a l  a c a ta ta S -5 .8 g / l IS  t o  20 min, 70 -  90*C,

C o b alt  a c a ta ta l.Og/1 pH S -  8 (optim um ).

B o r ic  a c id 8 - 8 . 4 g / l
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T h «  b o r ic  a c id  a c ts  aa a b u f f e r .  N ic k e l  a c e ta te  can e i t h e r  

be used ae a p reseal s o l u t i o n  fo llow ed by lem erslon in  

b o i l i n g  w a te r ,  or used near t o  th e  b o i l i n g  p o in t  i t s e l f ,  

u s u a l l y  c o n t a in in g  seut i n h i b i t o r s .  C o n tro l  o f  smut 

i n h i b i t o r s  i s  necessary s in c e  th e  n ic k e l  h yd ro xid e  blooe 

becoees heavy i f  l e f t  unchecked. Seut i n h i b i t o r s  may act by 

th e  ' t h r e s h o l d  e f f e c t '  or th e y  may act as d is p e r s a n ts  for 

th e  h y d ro x id e  or be more s p e c i f i c  than t h i s  ( 8 9 ) .

Advantages of n ic k e l  s a l t  s e a ls  a re  th a t  th e y  are 

le s s  s e n s i t i v e  t o  bath contam inants  than d e io n is e d  w ater.  

Phosphate and s i l i c a t e  a re  p r e c i p i t a t e d  as in s o l u b le  n ic k e l  

s a l t s ,  and a re  rendered harm less to  th e  s e a l in g  mechanism. 

The p r e c i p i t a t e d  n ic k e l  h yd ro x id e  i n h i b i t s  s t a i n i n g ,  

in c re a s e s  th e  r e s is ta n c e  t o  a l k a l i n e  media and in cre a s e s  

th e  l i g h t f a s t n e s s  of some dyes. C e r t a in  dyes. Golden Orange 

RUM, Orange QL, Red GLU and Red RLM a re  le s s  l i g h t f a s t  and 

tend t o  b le e d  i n  the  s o l u t i o n .  Those which do b e n e f i t  are 

Bordeaux RL, Bronze G and Black  LL <90). The p r e c i p i t a t i o n  

o f  th e  s a l t s  p r e v e n ts  b le e d in g  and th e y  may a ls o  r e a c t  w ith  

th e  n ic k e l  and/or c o b a lt  t o  form a new metal complex. The 

dye can be s a id  t o  be ' f i x e d '  by the s e a l .

G e n e r a l ly  c o a t in g s  sealed by these methods show 

i n f e r i o r  c o r r o s i o n - r e s i s t a n c e  compared t o  water sealed 

c o a t in g s .  Bloom can appear on long term exposure as a 

r e s u l t  o f  w eathering combined w ith  th e  re-em ergence of 

h yd ro x id e  d e p o s it s  ( 9 1 ) .

More n ic k e l  s a l t  s o lu t i o n  i s  r e ta in e d  in  the  

pores o f  f i lm s  which have been anodised at high 

te m p e ra tu re s.  T h i s  i s  due t o  the ' f u n n e l '  shape of the
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pore s  c r M t s d  by th e  g re a te r  a c id  d i s s o lu t i o n  o f  t h i  

e x t e r i o r  s u rf a c e  at th e  h ig h  te e p e ra tu re s .

2 . 4 . 7  D ic h ro ea te  and Other S e a lin g  S o lu t io n s

C o rro s io n  r e s is t a n c e  of anodised a lu n in iu m  can bi 

improved by s e a l in g  in  a s o lu t i o n  of chrom ate/dichrom ate. 

T y p i c a l  c o n c e n tra t io n s  fo r  h igh e st c o r r o s io n  r e s is t a n c e  a n  

g iv e n  in  T a b le  11.

T a b le  11 (92 and 94)

Sodium dichrom ate 70 -  lOOg/1

Sodium carbonate 18g/l 2 t o  4 min or

or Sodium h yd ro xid e 13g/l up to  lO  min.

pH S .3  -  7 .4

Tem perature not le s s  than 96»C

Potassium dichrom ate 15g/l

Sodium carbonate 4g/l 2 t o  4 min or

or Sodium h yd ro xid e 3g/l up to  10 min.

pH 6 .3  -  7 .3

Temperature 90 -  93»C

104



Am w it h  nickm l malt mmmlm thm «rnchanimm of mmallng Includmm 

in c o r p o r a t io n  of matal iona  and h y d r a t io n .  Chroaata im 

absorbad a t  low pH and thm h y d r a t io n  procmam which c loaaa 

thm porma and tr a p a  th a  C rO «  iona o c cu ra  at an optimum 

pH g r a a t a r  than 6 . 0 .  With in c r a a a in g  pH th a  chromium uptaka 

dacraaaaa w h ila  pora c lo a u r a  in cra a a a a. Chromium uptaka i a  

g ra a ta r  at tha  pora moutha and i a  dua t o  alowar pora 

c lo a u r a  a t  low pH a l lo w in g  mora a o lu t i o n  t o  an ta r  th a  

p oraa. I t  waa notad by Hoar and Mood <88> th a t th a  

i n i t i a l l y  alow a a a l in g  r a t a  o f  d ich rom ata  a o lu t io n  

in cra a a a d  w ith  t im a ,  p ro b a b ly  dua t o  chromata axchanging 

w it h  0*~ in  th a  f i l m .  T h ia  incraaaad th a  pH. For raducad 

chromata conaumption th a  c o n e a n tra tio n a  in  Ta b la  11 arm 

uaad.

Tha c o r r o a io n  r a a ia ta n c a  i a  a f u n c t io n  of tha 

h y d r a t io n  r a a c t io n  and tha  r a a ia ta n c a  o f  tha  abaorbad 

chromata to  la a c h in g .  Tha ty p a  of axpoaura to  tha  

atmoaphara ia  mora Im portant than tha pH i a  to  tha  dagraa 

o f  la a c h in g .  Tha abaorbad chromata g iv a a  th a  f i lm  a 

d i a t i n c t  y a l lo w  c o l o r a t i o n ,  and t h i a  l i m i t a  th a  uaa of t h i a  

procaaa t o  work whara c o lo u r  i a  of l i t t l a  im portanca.

An im p orta n t a d d it io n  t o  d a io n ia a d  watar i a  

ammonium a c a ta ta .  T h ia  a cta  aa a b u ffa r  and doma not a l t a r  

th a  h y d r a t io n  machaniam. I t  b u ff a r a  tha a o lu t i o n  againat pH 

f l u c t u a t i o n a  which can bo cauaod by d r a g - i n  of a c id .  I t  haa 

baan found (9 3 )  th a t  t h i a  a o lu t io n  i a  a l i g h t l y  mora 

t o l a r a n t  of phoaphata and a i l i c a t o  than puro daioniaad 

w a ta r .
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2 . 4 . B  Im o r m a n m t lo n  of  t h »  Anodic O x i d »  F i l m

T h »  machania« i n v o l v e «  ’ p o r «  p lu g g in g ’ r a th e r  

than h y d r a t io n .  T h i s  i s  due to  th e  low te e p e r a t u r e «  used. 

Water does p la y  an ie p o r t a n t  p a r t  in  a condensation or 

’ a g e in g ’ p rocess at ambient te m p e ra tu re s  which i s  a 

p o s t -t r e a tm e n t  r e a c t io n .  Both aqueous and a lc o h o l -w a te r  

s o lu t i o n s  a re  used which c o n ta in  s i l i c a  or f lu o r id e s  which 

a re  p r e c i p i t a t e d  out t o  p lug  th e  p o re s .  Bacchi (9 5 )  

d e s cr ib e d  th e  im pregnation  mechanism. The ’ p lu g ’ , at th e  

mouth o f  th e  p ore , forms more s lo w ly  than th a t  formed 

d u r in g  h ig h  tem perature hydrotherm al s e a l i n g .  D uring  the  

l a t t e r  p ro c e s s ,  once th e  pore mouth has bean c lo s e d , th e  

remainder of the  pore i s  se aled  by a ’ con d ensation’ 

mechanism w ith  a re d u c t io n  of f re e  e n e rg y .  P a r t i a l l y  sealed 

f i lm s  become w a ll  se aled  upon a g e in g .  T h is  i s  more 

pronounced in  n ic k e l  s a l t  sealed  f i lm s .  The presence of 

n ic k e l  p re v e n ts  th e  d e le t e r io u s  e f f e c t s  o f  contam inants. I f  

th e  mouths ware t o  remain open fo r  lo n g e r ,  the  s e a l in g  

in s i d e  th e  pore would be more com plete . T h i s  i s  the aim of 

im p re g n a tio n .  Adm ittance t e s t s  a re  not passed u n t i l  a few 

hours  a f t e r  im p re gn a tio n . T h is  r e s u l t  improves a f t e r  days 

and weeks. T h i s  i s  an analogous s i t u a t i o n  to  p a r t i a l l y  

sealed  hydrotherm al f i lm s .  Hoar and Wood (8 8 )  showed by 

impedance measurements th a t  a s h o rt  p lu g  of s e m i -s o l id  

m a te r ia l  p ro b a b ly  formed. The absence o f  a s u f f i c i e n t  

s u rf a c e  p lu g  a l lo w s  a h ig h  conductance and lower e l e c t r i c a l  

c a p a c it y .  T h i s  a l lo w s  th e  ageing process  t o  proceed and 

e v e n t u a l ly  the  f i lm  becomes w a ll  s e a le d .  The disadvantage
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o f iM pragnation  i s  th a t  s s s l i n g  q u a l i t y  cannot ba chscksd 

i«M »ad ia ts ly  a f t e r  s e a l in g .  Qood adm ittance te s t  r e s u l t s  

have been achieved im m ediately  a f t e r  p ro d u ct io n  by 

a c c e le r a t in g  th e  ageing p ro ces s  by means o f  a hot water 

tre a tm e n t ,  but t h i s  negates th e  supposed advantage of ' c o l d  

s e a l in g '  o f  s a vin g  energy.

2u3__ S «* l in Q __ Smut. Weathering Bloom__ u U i__ P i t t i n g __ Stl__ tlUl

Anodic Oxide F i lm

2 . 5 . 1  In t r o d u c t io n

S e a lin g  smut, or bloom, i s  a f a i r l y  s o f t ,  powdery 

p r e c i p i t a t e  (b y  comparison w ith  the normal f i l m )  which i s  

formed on the su rfa c e  o f  th e  o xid e  d u r in g  s e a l in g .  T h is  

bloom i s  r e p r e c i p i t a t e d  hyd ra te d  alumina (b o e h m ite ),  which 

d i f f u s e s  t o  the  c o a tin g  s u r f a c e .  Once removed by a b ra s iv e  

c le a n in g  w ith  pumice, s e a l in g  bloom does not r e t u r n ,  and 

th e  coated a r t i c l e  i s  ready t o  be used i n  a r c h i t e c t u r a l  

c o n s t r u c t io n .  P r o v id in g  th e  oxide  f i l m  q u a l i t y  meets 

c e r t a in  s p e c i f i c a t i o n s ,  then i t  should perform  w e ll  for 

many y e a rs ,  w ith  a p p r o p r ia te  p e r io d ic  c le a n i n g .  However, i f  

the  s p e c i f i c a t i o n s  have not been met or the  a n o d is in g  

process c o n d it io n s  are not c o r r e c t ,  th e  work may s u f f e r  

v a r io u s  forms o f  d e t e r i o r a t i o n .  A d i s f i g u r i n g  bloom may 

form which i s  d i f f e r e n t  t o  th a t  formed d u r in g  s e a l in g .  I t  

cannot ba parmanantly removed by c le a n in g .  I n i t i a l l y ,  

c le a n in g  may improve th e  appearance, but th e  bloom o fte n
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r a t u r n « .  T h is  blooM i a  tha  r a a u l t  o f  p h y a ic a l  d a gra d a tio n  

o f  tha  a t r u c t u r a  o f  tha f i lm  cauaad by w aatharing and 

c h a a ic a l  a t t a c k .  Tha moat a i g n i f l e a n t  fa c to ra  which 

in f lu a n c a  tha ra a ia ta n c a  t o  d a t a r i o r a t i o n  ara tha  a a a l in g  

q u a l i t y ,  tha anodic oxida  c o a t in g  th ick n a a a  and th a  

a b ra aion  ra a ia ta n c a .

U a a th arin g  bloom, a la o  known aa ' c h a l k i n g ' ,  (9 6 )  

can ba daacribad aa c ra c k in g  and f la k i n g  o f  tha a u rfa ca  of 

th a  f i l m .  I t  i a  aaaociatad w ith  chamical a tta c k  by a c id i c  

or a l k a l i n a  madia. In  tha  anvironmant i t  i a  u a u a l ly  cauaad 

by aulphur d io x id a  gaa which forma aulphuroua a c id  in  

a o l u t i o n .  Tha b a a ia  matal i s  not a f fa c ta d  by t h i s  form of 

d a g ra d a tio n .  Tha a f f a c t a  of w a atharing  can hava othar 

advaraa conaaquancaa on tha  anodic f i l m i  i r id e s c a n c a ,  

i r r a g u l a r  bloom w it h i n  th a  f i lm  r a th e r  than 'c h a l k '  on th a  

a u r fa c e ,  and p i t t i n g  c o r r o s io n .  C olourad f i lm s  can come 

undar a t t a c k .  Bloom or i r id a s c a n c a  can a f f a c t  the  c o lo u r .  

Fad in g  o f  dyes i s  a c c e le ra te d  by inadequate s e a l in g .

I r id e s c e n c e  can be seen most c l e a r l y  on dark 

c o lo u re d  f i lm s ,  but i t  can be observed a la o  on ' n a t u r a l '  

c o lo u r s .  I t  i s  cauaad by in t e r f e r e n c e  a f f a c t a  w it h i n  t h i n  

l a y e r s  of t r a n s lu c e n t  bloom. T h is  i n i t i a l  stage of 

w a atharing  i s  o f te n  a p re cu rs o r  t o  tha more obvious bloom. 

The i r id e s c e n c e  can be removed by c le a n in g  although t h i s  i s  

v e r y  expensive.

I n t e r n a t io n a l  Standards o n ly  re c o g n is e  two forms 

o f  s u p e r f i c i a l  w e atha rin g i  ' c h a l k i n g ' ,  which i s  a powdery 

s u rf a c e  d e p o s it ,  and 'w a a th a r in g  b lo o m ',  which i s  a 

w h ite n in g  of th a  f i lm  cauaad by m ild  chamical a t t a c k .
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HowMvari F u r n « « u x  (97> d i s t in g u i s h v d  four d i f f o r a n t  typ a s  

o f  d a g ra d a tio n  dua t o  outdoor axpoaura, and a a ca rta in a d  

whathar p a r t i c u l a r  a n o d ia in g  and a a a l in g  mathoda in flu a n c a d  

th a  ty p a  o f  d a g ra d a tio n  obaarvad.

1. 'C h a l k i n g '  waa found t o  occur on ' a o f f  f i lm a  which had 

baan producad in  a g g ra a a iv a  a l a c t r o l y t a a ,  o r  anodiaad at 

h ig h  tam p a ra tu ra a, or whara work waa itnmaraad in  tha  

a l a c t r o l y t e  for  long p a r io d a .  C h a lk in g  was cauaad by 

f la k i n g  o f  th a  oxid a  f i lm  and was bound up w ith  a watar 

lo a a - g a in  c y c la  which may hava a ffa c ta d  th a  in ta rm a d ia ta  

l a y a r .  T h i s  la y a r  has baan found to  ba t h ic k a r  than Snm in  

s o f t  f i l m s ,  wharaas n o rm a lly  i t  i s  lo s s  than lt>m.

2 . M eatharing bloom (not th a t  caused by c h a lk in g )  was
r

a s s o c ia te d  w ith  poor s e a l in g .  Gross s u rfa c e  e tc h in g  occulted 

where c e l l  bou n d a rie s  had baan p r e f e r e n t i a l l y  attacked 

p ro d u c in g  t h i n  s u rfa c e  la y e r s  o f  d i f f e r e n t  r e f r a c t i v e  

i n d i c e s .  T h i s  gave heavy bloom, w h i le  l i g h t  m a tting  was 

a s s o c ia te d  w ith  a tta c k  of th e  c e l l u l a r  s t r u c t u r e .  Both 

ty p e s  o f  w e athering  p ro b a b ly  occur a f t e r  th a  i r id e s c e n t  

l a y e r ,  or r e g io n s  s u s c e p t ib le  t o  re s m u tt in g ,  have been 

l o s t .

3 .  'R a s m u tt in g '  o c cu rre d  d u rin g  w eathering when an 

a n t i -s m u t  agent was used d u rin g  s e a l in g .  T h i s  agent 

decreased the  form ation  of s e a l in g  smut. Any smut which 

formed was e a s ie r  t o  remove. I t  was thought th a t no 

in te r m e d ia te  la y e r  was formed when a d d i t iv e s  have baan
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u M d .  I t  was concludad t h a t  re sau ittin g  was a su rfa c e  

e tc h in g  to gethe r w ith  some p r e c i p i t a t i o n  o f  b a sic  aluminium 

s u lp h a te .  T h is  a tta c k  was thought t o  be lo c a l is e d  because 

a n t i -s m u t  a d d i t i v e s  i n h i b i t  s e a l in g  at th e  pore mouths. 

S i m i l a r l y ,  when a d d i t i v e s  have not been used, re sm u ttin g  

can occur once th e  i r id e s c e n t  la y e r  has bean weathered 

away.

4 . I r id e s c e n c e  o c cu rre d  on w e l l -s e a le d  f i lm s  when c le a n in g  

had not been s u f f i c i e n t  to  remove th e  s e a l in g  smut and the 

in te r m e d ia te  l a y e r .  I t  was th e  l a t t e r  la y e r  which caused 

th e  i n t e r f e r e n c e  e f f e c t s .

The la s t  form of a tta c k  i s  p i t t i n g  c o rro s io n

( 9 6 ) .  T h i s  i s  not as dependent upon s e a l in g  q u a l i t y  as upon 

a l l o y  ty p e  and f i lm  th ic k n e s s .  P i t t i n g  i s  a v e r y  lo c a l is e d  

form o f  a t t a c k ,  u s u a l ly  a s s o c ia te d  w ith  d e fe c t s i t e s  such 

as flaw s in  th e  b a s is  m e ta l.  P i t t i n g  d e c l in e s  w ith  an 

in c re a s e  in  th e  p u r i t y  of th e  aluminium and i s  a ssociated 

w ith  i n t e r m e t a l1ic  c o n s t i t u e n t s .  I t  i s  a lo n g -te r m  form of 

d e gra d a tio n  and a lth ou gh  a f i l m  may be w e ll  se a le d ,  p i t t i n g  

can e v e n t u a l ly  undermine the  o x id e  c o a t.

2 . 5 . 2  Assessments T e s ts

The need to  p re v e n t d e t e r i o r a t i o n  of the 

appearance of th e  f i n i s h  of th e  anodic o x id e  i s  o f  the 

utmost im portance. M i l l  f in is h e d  aluminium i s  s u f f i c i e n t l y  

c o r r o s io n  r e s i s t a n t  for b u i l d i n g s  but soon looks 

u n a t t r a c t i v e .  The cost of a n o d is in g  or p a in t in g  i s  e n t i r e l y
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t o  r a t a i n  • good a p p a a ra n c a ,  hanca any l o a a  o f  a a a t h a t i c a  

i s  a f a u l t  ava n  whan c o r r o s i o n  i s  n o t  s a r l o u s .  T o  a n s u r a  a 

good a p p a a ra n c a ,  a v a r y  a s p a c t  o f  a n o d i s i n g  must ba  

c o n s l d a r a d i  a l l o y  c o m p o s i t io n  and m i c r o s t r u c t u r a ,  s u r f a c a  

t o p o g r a p h y ,  p r a t r a a t m a n t s ,  a n o d i s i n g  p r o c a s s  v a r i a b l a s ,  

c o l o u r i n g  and s a a l i n g  p r o c a s s a s  t o g a t h a r  w i t h  c o a t i n g  

p r o p a r t i a s ,  f a b r i c a t i o n  and i n s t a l l a t i o n ,  and a n v ir o n m a n t a l  

c o n d i t i o n s .  Each  o f  t h a  c o n d i t i o n s  o f  a ny o f  th a s e  s t a g a s  

may ba changad t o  im p a rt  a d i f f a r a n t  a f f a c t  on t h a  o x i d a  

f i l m .  Changas may ba a d v a n ta g a o u s  o r  d a t r i m a n t a l ,  and i t  i s  

t h a  s k i l l  o f  t h a  a n o d is a r  t o  a c h i a v a  t h a  optimum c o n d i t i o n s  

f o r  t h a  f i l m  t h a t  i s  r a q u i r a d .

A n o d ic  o x id a  f i l m  p r o p a r t i a s  naad t o  ba a ssassed  

i n  r o u t i n a  p r o d u c t i o n  c o n t r o l  t o  m a i n t a in  s t a n d a r d s  l a i d  

down. T h i s  i s  dona by assessmant t a s t s ,  w h ic h  i n d i e a t a  how 

t h a  a n o d ic  f i l m  w i l l  par form  ’ i n  s a r v i c a ’ . P a r fo rm a n c a  can  

ba Judgad from  th a s a  t a s t s  i n  most c a s e s ,  b u t  i n f o r m a t i o n  

from s h o r t  t a r m  ’ a c c a l a r a t a d  c o r r o s i o n  t a s t s ’ and lo n g  ta rm  

a x p o s u r a  t a s t s  c o m p la ta s  t h a  p i c t u r a .  Tha  a c c a l a r a t a d  t a s t s  

a r a  d a v is a d  i n  o r d a r  t o  spaad up t h a  a f f a c t s  o f  w a a t h a r in g  

and c o r r o s i v a  a n v i r o n m e n t s .  In  t h i s  way o b s a r v a t i o n s  o f  

r a s i s t a n c a  t o  d a t a r i o r a t i o n  can ba mada o v a r  a managaabla  

p a r i o d  o f  t i m a .  Long ta rm  a x p o s u r a  ’ i n  t h a  f i a l d ’ i s  t h a  

o n l y  g a n u in a  way t o  m o n ito r  p e r f o r m a n c e .  Assessment t e s t s  

and s h o r t  ta rm  t a s t s  a r a  comparad t o  t h a  p a rfo rm a n c a  i n  

s a r v i c a .

Two o f  t h a  most s i g n i f i c a n t  f a c t o r s  i n  

a r c h l t a c t u r a l  a n o d i s i n g  a r a  t h a  s a a l i n g  q u a l i t y  and 

a b r a s io n  r a s i s t a n c a  w hich  t o g a t h a r  g i v a  soma i n d i c a t i o n  o f
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thM M « t h « t i c  d u r « b i l i t y .  O th a r  p r o p a r t l a *  w h ic h  mrm  

im p o r t a n t  a r e  a n o d ic  f i l m  t h i c k n a a s ,  l i g h t  f a a t n a a s  and 

u . v .  l i g h t  f a s t n a a a  ( f o r  c o l o u r a d  f i l m s ) ,  o p t i c a l  and 

a l a c t r i c a l  p r o p a r t i a a .  G a n a r a l l y ,  o p t i c a l  p r o p a r t i a a  auch  

aa a p a c u l a r  and t o t a l  r a f l a c t i v i t y  and imaga c l a r i t y ,  and 

a l a c t r i c a l  p r o p a r t i a a  auch aa braakdown v o l t a g a  and 

d i a l a c t r i c  a t r a n g t h  a r a  im p o r t a n t  i n  uaaa f o r  a n o d ia a d  

a lu m in iu m  o t h a r  th a n  i n  a r c h i t a c t u r a .  L i g h t  f a a tn a a a  i a  

u s u a l l y  o n l y  a p p l i c a b l a  t o  c o l o u r a d  f i l m s  ( s a c t i o n  2 . 3 ) .  

D a g r a d a t i o n  o f  c o l o u r a d  a r c h i t a c t u r a l  co mponanta can s t i l l  

ba r a g a r d a d  as p oor a a s t h a t i c s  s i n c e  t h e  o r i g i n a l  

a r c h i t e c t u r e  i s  changed by i t .  F a d in g  may be due t o  s u r f a c e  

d a g r a d a t i o n  and must ba p r e v e n t e d .  A n o d ic  f i l m  t h i c k n e s s  i s  

v a r y  i m p o r t a n t  i n  a r c h i t a c t u r a l  a p p l i c a t i o n s .  Up t o  lO^m 

t h i c k n e s s  i s  used f o r  d e c o r a t i v e  a p p l i c a t i o n s  where  

a p p e a ra n c e  r a t h e r  th a n  c o r r o s i o n  r e s i s t a n c e  i s  t h e  p r im e  

f a c t o r .  T h i c k n e s s e s  l e s s  th a n  lOpm a r a  a d e q u a te  fo r  

i n t a r n a l  u s e .  U n i t e d  Kingdom s p e c i f i c a t i o n s  f o r  e x t e r n a l  

a p p l i c a t i o n s  ( I S 0 2 0 & 4 i 1980, B S l f i l S i 1987 and B S 3 9 8 7 i1974)  

r e q u i r e  a t h i c k n e s s  o f  2S>im. A n o d i s i n g  d u l l s  b r i g h t  

f i n i s h e s  and a s  t h e  t h i c k n e s s  i s  i n c r e a s e d ,  t h a  c o a t i n g s  

l o s e  t h e i r  s p e c u l a r i t y .  T h i s  i s  u s u a l l y  u n i m p o r t a n t  in  

a r c h i t a c t u r a  s i n c e  a m a t t ,  e tc h e d  f i n i s h  i s  t h e  norm. The  

em phasis  i s  on maximum p r o t e c t i o n  t o  p r e s e r v e  t h e  a e s t h e t i c  

a p p e a ra n c e .  V e r y  t h i c k  f i l m s  (>50t<m) a r e  used i n  

e n g i n e e r i n g  because o f  t h e i r  h a rd n e s s  and a b r a s io n  

r e s i s t a n c e .  U n se a le d  com ponents o f  h ig h  t h i c k n e s s  a r e  used  

f o r  h i g h  wear c o n d i t i o n s .  C o l o u r i n g  p r o c e s s e s  in  

a r c h i t e c t u r a l  a n o d i s i n g  do n o t  n o r m a l l y  a f f e c t  t h e  f i l m
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t h i c k n e s s .  Dyes r e q u i r e  a f i l e  o f  a t  l e a s t  ISnin i n  

t h i c k n e s s  t o  be p r o p e r l y  a b s o rb e d .  T h i c k n e s s  i s  i r r e l e v a n t  

t o  e l e c t r o l y t i c  and i n t e r f e r e n c e  c o l o u r i n g .  I n t e g r a l l y  

c o lo u r e d  f i l m s  depend upon c o a t i n g  t h i c k n e s s .

F i l m  t h i c k n e s s ,  s e a l i n g  q u a l i t y ,  a b r a s io n  

r e s i s t a n c e ,  c o r r o s i o n  r e s i s t a n c e  and w e a t h e r in g  a r e  a l l  

i n t e r - r e l a t e d  as each i s  a f u n c t i o n  o f  t h e  a n o d ic  o x id e  

c o a t .  Each f u n c t i o n  can be asse sse d  s e p a r a t e l y  b y  d i f f e r e n t  

t e s t s .  T h e  t r u e  p i c t u r e  i s  a s s i m i l a t e d  from i n f o r m a t i o n  

d e r i v e d  from  a l l  t h e  f u n c t i o n s  i n v o l v e d .

Measurement o f  f i l m  t h i c k n e s s  i s  s t r a i g h t f o r w a r d  

and has been d e s c r i b e d  i n  t h e  E x p e r im e n t a l  s e c t i o n ,  as have  

a number o f  o t h e r  t e s t s  f o r  s e a l i n g  q u a l i t y .  Th e  q u a l i t y  

c o n t r o l  t e s t s  a r e  t h e  dye sp o t  t e s t  ( I S 0 2 1 4 3 i 1981 and 

B S e i & l i P a r t  5 :1 9 8 2 )  and t h e  a d m it ta n c e  t e s t  (1 8 0 2 9 3 1 :1 9 8 3  

and B S 6 1 6 1 :P a rt  8 : 1 9 8 4 ) .  The s e  a r e  n o n - d e s t r u c t i v e  t e s t s .  

O ther t e s t s  a r e  used f o r  r e f e r e e  p u r p o s e s  and where t h e  

former two a re  n o t  s u i t a b l e .  The s e  a r e  t h e  n i t r i c  a c id  

p r e t r e a t m e n t  f o l lo w e d  b y  im m e rs io n  i n  a c i d i f i e d  sodium  

s u l p h i t e  s o l u t i o n  o r  i n  sodium a c e t a t e / a c e t i c  a c i d  s o l u t i o n  

(1 802932:1981 and B 8 6 1 & l :P a r t  4 : 1 9 8 1 ) .  A l s o  im m e rs io n  i n  

ch rom ic a c i d / p h o s p h o r i c  a c i d  s o l u t i o n  (1 8 0 3 2 1 0 :1 9 8 3  and 

B S 6 1 6 1 :P a rt  3 : 1 9 8 4 ) .  T h e s e  a r e  d e s t r u c t i v e  t e s t s .  A l l  th e  

above t e s t s  examine d i f f e r e n t  a s p e c t s  o f  t h e  a n o d ic  f i l m .  

Th e  dye spot t e s t  exam ines t h e  s e a l i n g  q u a l i t y  a t  th e  

s u r f a c e  o f  th e  f i l m  i n  one s p e c i f i c  a r e a .  I t  m easures t h e  

s o r p t i v e  p r o p e r t i e s  o f  t h e  f i l m  s u r f a c e .  A d m itta n c e  

measurements a r e  d e pendent upon f i l m  t h i c k n e s s  and s e a l i n g  

q u a l i t y  f o r  a d e f in e d  a r e a .  T h i s  t e s t  measures th e
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im padanca p r o p a r t i a s  batwaan t h a  b a a i a  a a t a l  and t h a  

a l a c t r o l y t a  on t h a  a u r f a c a  (a n d  w i t h i n  t h a  p o r a s ) .  

(H o w a v a r,  IKHz a . c .  i a  uaad and t h a  r a a i a t a n c a  i a  h ig h  avan  

w i t h o u t  a a a l i n g  bacauaa o f  t h a  b a r r i a r  l a y a r . )  Tha  

im m araion t a a t a  maaaura t h a  chatnical r a a i s t a n c a  o f  t h a  f i l m  

w hara g a n a r a l  a u r f a c a  a t t a c k  i a  aaaaaaad.

The  r a q u i r a m a n t  o f  t h a a a  t a s t a  i e  a minimum 

a a a l i n g  q u a l i t y ,  r a t h a r  th a n  d i f f a r e n t  d e g ra e s  o f  s e a l i n g .  

S e a l i n g  g i v e a  t h a  f i l m  a good c h e m ic a l  r e a i a t a n c e  w h ich  i s  

o b s e rv e d  when i t  p a s s e s  t h a  above t e s t s .  The a d m it ta n c e  

t a s t  does n o t  i n d i c a t e  t h a  p re s e n c e  o f  c o n ta m in a n t s  or  

e x c e s s  a n t i - s m u t  a g e n t s .  Dye sp o t  t e s t s  (981 r e l y  on t h e  

a b s o r p t i o n  o f  a dya i n t o  t h a  open p o r e s  o f  t h e  o x i d e  f i l m .  

T h i s  i s  a s u r f a c e  phenomenon. The  f i r s t  s o l u t i o n  s e n s i t i z e s  

t h e  s u r f a c e .  T h e  second s o l u t i o n  i s  a dye  w hich  i s  absorbed  

by  u n s e a le d  o r  p o o r l y  s e a le d  f i l m s .  No dya a b s o r p t io n  

o c c u r s  w i t h  w e l l  s e a l e d  f i l m s  s i n c e  t h e  p o r e s  a r e  b lo c k e d  

b y  b o e h m ita .  T h i s  i s  a q u i c k  and s i m p l e  t e s t  b u t  i s  p rone  

t o  s u b j e c t i v e  e v a l u a t i o n  o f  t h e  i n t e n s i t y  o f  t h e  dyed s p o t .  

I t  c a n n o t  be  used w i t h  d a rk  c o l o u r e d  f i l m s  and i s  l e s s  

s e n s i t i v e  t o  s e a l  q u a l i t y  w i t h  n i c k e l  o r  c o b a l t  s e a l i n g  

s o l u t i o n s .  A n t i - s m u t  a g e n ts  can g i v e  m i s l e a d in g  r e s u l t s .  

T h a  t e s t  can be used ’ on s i t e ’ and on t h e  p r o d u c t i o n  l i n e ,  

and can be a p p l i e d  t o  n o n - s i g n i f i c a n t  s u r f a c e s .

The  e f f e c t s  o f  s e a l i n g  can be s t u d i e d  by  

a . c . - b r i d g e  m easurements o f  t h e  e l e c t r i c a l  impedance o f  th e  

f i l e  d u r i n g  s e a l i n g  o v e r  a w ide  r a n g e  o f  f r e q u e n c ie s  ( 9 9 ) .  

Impedance f o r  an a n o d ic  f i l m  i s  r e l a t e d  t o  t h e  combined  

v a l u e s  o f  r e s i s t a n c e  and c a p a c i t a n c e ,  w h ich  i s  dependent on
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f r a q u v n c y .  Th*  t h i c k n a s s ,  a t r u c t i i r a i  c o m p o s i t io n !  mathod o f  

f o r m a t io n  and t y p a  and a x t a n t  o f  s a a l i n g  a f f a c t  t h a  a b i l i t y  

o f  t h a  f i l m  t o  p a ss  a v a r y  lo w  v o l t a g a  a l t a r n a t i n g  c u r r a n t  

whan i n  c o n t a c t  w i t h  an a l a c t r o l y t a  o v a r  a s p a c i f i a d  a r a a .

Hoar and Mood ( 8 8 )  maasurad impedanca  

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

s a r i e s - r e s i s t a n c e - c a p a c i t a n c e  b a l a n c i n g  arm i n  an a . c .  

b r i d g a .  Th a  a n a lo g u a s  c o m p r i s i n g  o f  r e s i s t a n c e !  R and 

c a p a c i t a n c e !  C! w h ich  r e p r e s e n t  t h e  a n o d ic  f i l m  a r e  g i v e n  

i n  r i g s .  22 and 23 ( 8 8 > .  M e r n ic k !  P in n e r  and S heasby (1 0 0 )  

no te d  t h a t  t h e  v a l u e s  o f  R and C were not s p e c i f i c a l l y  

r e l a t e d  t o  a ny p h y s i c a l  f e a t u r e  o f  t h e  f i l m s  and no 

s u p p o s i t i o n  was made c o n c e r n i n g  any e l e c t r i c a l  a n a lo g u e .  I t  

was o n l y  an a n a lo g y  o f  how t h e  f i l m  c o u l d  be r e p r e s e n t e d  by  

an e l e c t r i c a l  c i r c u i t .  The  i n d i v i d u a l  components c o u l d  not  

be m e asured, but t h e y  r e p r e s e n t e d  t h e  f u n c t i o n s  o f  t h e  

b a r r i e r  l a y e r ,  p o r e  e t c .  By o b s e r v i n g  t h e  d i f f e r e n c e  i n  

v a l u e s  batwaen u n s e a le d ,  p a r t i a l l y  s e a l e d  and w e l l  s e a le d  

f i l m s ,  i t  c o u l d  be i n f e r r e d  from a know ledge o f  t h e  

m e c h a n i s t i c  m o d e ls ,  how each co m ponent, and t h e  w hole  f i l m ,  

was a f f e c t e d  by  t h e  cha n g e s b r o u g h t  abo u t by s e a l i n g .  When 

t h e  a . c .  b r i d g e  was b a la n c e d  o v e r  a w id e  ra n g e  o f  

f r e q u e n c ie s  f o r  one s e t  o f  co m ponents, th e n  a p a r a l l e l  had 

been e s t a b l i s h e d  between t h e  n e tw o r k  o f  components and th e  

f i l m .  T h i s  p a r a l l e l  was c l e a r l y  d e m o n s tra te d  b y  Hoar and 

Mood ( 8 8 )  who d e s c r i b e d  F i g  22 as an u n s e a le d  f i l m ,  and F i g  

23 a s  a p a r t i a l l y  s e a l e d  f i l m .  By u s i n g  

r e s i s t a n c e - c a p a c i t a n c e  b a l a n c i n g  arm i n  t h e  a . c .  b r i d g e ,  

e s t i m a t e s  o f  t h e  components o f  t h e  complex impedance were
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a l u m i n i u m  

P i g .  22 ( 8 8 )

f i l m  s u r f a c e

F i g .  23 ( 8 8 )

l i e



fo u n d . Uhan f i l m s  w a r*  s * « l * d  i n  n i c k a l  * c * t * t *  s o l u t i o n  

t h *  p o r *  r a s i s t a n c *  i n c r a a s a d .  A s u b s t a n t i a l  p a r t  o f  R i  was 

c o n c a n t r a t a d  as R t . t  w h ic h  was i n t a r p r a t a d  a s  a s h o r t  

’ p l u g ’ o f  s e m i - s o l i d  m a t e r i a l .  T h i s  had a h ig h e r  r e s i s t a n c e  

t h a n  t h e  e l e c t r o l y t e .  A c r o s s  t h e  l e n g t h  o f  t h e  ’ p l u g ’ was a 

m o d e r a te l y  h ig h  c a p a c i t a n c e  C t . i .  T h e  ’ p l u g ’ r e t a i n e d  a 

s u b s t a n t i a l  amount o f  w a te r  and t h e  h ig h  d i e l e c t r i c  

c o n s t a n t  would h ave  c o n t r i b u t e d  t o  t h e  l a r g e  c a p a c i t a n c e .  

P r o lo n g e d  s e a l i n g  in c r e a s e d  t h e  p o r e  r e s i s t a n c e .  C t . i  and 

C t . a  ware re d u c e d  due t o  t h e  d e c r e a s e  i n  t h e  d ia m e t e r  o f  

t h e  main p o re  l e n g t h .  Th e  ’ p l u g ’ a l s o  in c r e a s e d  i n  s o l i d i t y  

p r o b a b l y  r e d u c in g  t h e  e f f e c t  o f  t h e  h ig h  d i e l e c t r i c  

c o n s t a n t  o f  w a t e r .  The  b a r r i e r  l a y e r  c a p a c i t a n c e  Ca was 

re d u c e d  w h ich  c o r r e s p o n d e d  t o  an i n c r e a s e  i n  t h e  t h i c k n e s s  

o f  t h i s  l a y e r .  H o w e ve r,  s i n c e  a . c .  as w e l l  as d . c .  causes  

a lu m in iu m  t o  be a n o d i s e d ,  t h e  p r o lo n g e d  a p p l i c a t i o n  of  a . c .  

t o  u n s e a le d  and p a r t l y  s e a l e d  f i l m s  may change t h e  f i l m  

b e i n g  s t u d i e d .

Th e  r e c i p r o c a l  o f  im pedance, 1/Z, i s  t h e  

a d m it t a n c e  and i s  a more u s e f u l  te rm  t o  u s e .  The  o p e r a t i n g  

d e t a i l s  a r e  g i v e n  i n  t h e  E x p e r im e n t a l  s e c t i o n  ( 3 . 5 . 3 ) .  The  

a d m it t a n c e  r e a d i n g s  a r e  s a t i s f a c t o r y  o v e r  t h e  r a n g e  5 t o  

30pm i n  t h i c k n e s s .  The  method o f  measurement c o m m e r c ia l l y  

i s  not t h e  same as t h e  a . c .  b r i d g e  t e c h n i q u e .  Com mercial  

i n s t r u m e n t s  g i v e  a v a l u e  f o r  t h e  a d m i t t a n c e  d i r e c t l y ,  and a 

s i n g l e  f r e q u e n c y  o f  lOOOHz i s  s t a n d a r d .  T h e s e  I n s t r u m e n t s  

a r e  u s e f u l  i n  p r o d u c t i o n  c o n t r o l .  T h e y  a r e  v e r y  u s e f u l  

a lo n e  b u t  can g i v e  even more i n f o r m a t i o n  when combined w i t h  

o t h e r  t e s t s .  E l e c t r o l y t i c a l l y  c o l o u r e d  f i l m s  h a ve  g i v e n
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•nomalouB r a a u l t s  w h ich  a r e  d i s c u s M d  i n  • l a t a r  M c t i o n  

( 4 . 9 ) .  T h a  a f f a c t a  o f  c o n ta m in a n t a  auch aa a i l i c a t a a  and 

p h o a p ha ta a  a r a  n o t  d a t a c t a d  and anoflialoua r a a u l t s  can a l a o  

ba o b t a i n a d  w i t h  aoma a a a l i n g  a d d i t i v a a .  Tha a p p a r a t u s  can  

ba used ’ o n - s i t a '  and on t h a  p r o d u c t i o n  l i n a a  on any f l a t  

a u r fa c a .

Mood and M arro n (1 0 1 )  usad a . c .  impedanca  

meaauraments t o g a t h a r  w i t h  a l a c t r o n  p r o b e  m i c r o a n a l y s i s  t o  

i n v e s t i g a t e  t h e  s e a l i n g  p r o p e r t i e s  o f  v a r i o u s  s o l u t i o n s  at  

d i f f e r e n t  s t a g e s  o f  s e a l i n g .  N i c k e l - c o n t a i n i n g  and  

c h ro f l i iu R i -c o n ta in in g  s o l u t i o n s  ware u s e d , and impedance  

measuramants w are  made a s  soon a s  p o s s i b l e  a f t e r  e n t r y  i n t o  

t h e  s o l u t i o n .  T h i s  method was n o t  as s e n s i t i v e  t o  t h e  

i n i t i a l  s t a g e s  o f  s e a l i n g  as r e a d i n g s  taken a t  ambient  

t e m p e r a t u r e s  a f t e r  s e a l i n g .  Th e  c o n c l u s i o n s  drawn were  

c o n f i r m e d i  t h a  i n c r e a s e  i n  R »  w i t h  t im e  was a measura o f  

p o r e  c l o s u r e ,  a g e in g  c o n t in u e d  f o r  v a r y  lo n g  p e r i o d s  a f t e r  

rem o val from t h e  s o l u t i o n ,  p o r e s  c l o s e d  i n  d e p th  but  w i t h  

p o r e  p l u g g i n g  n e a r t h a  s u r f a c e  t h e  most s i g n i f i c a n t  f a c t o r .  

A f t e r  an i n i t i a l  s t a g e  where t h e  s e a l i n g  s o l u t i o n  io n s  

r a p i d l y  p e n e t r a t e d  t h e  p o r e s  t o  form a g e l ,  p a r t i c u l a r l y  at  

t h e  p o r e  m ouths, t h e  second s t a g e  caused a s o l i d i f i c a t i o n  

o f  t h e  g e l .  Th e  impedance i n c r e a s e d ,  and th e  t r a n s f e r  o f  

h y d r a t i n g  s p e c ie s  was re d u c e d .  Th e  s o l i d i f i c a t i o n  c o n t in u e d  

i n  t h e  t h i r d  s t a g e ,  p re s u m a b ly  b y  t h e  'a d v a n c e d  p r o t o n ’ 

mechanism ( 8 8 ) .  I t  was impedanca measurements w h ich  

m o n ito r e d  t h e  g e l  ch a n g e s. The  impedance in c r e a s e d  w i t h  

s o l i d i  f i c a t i o n .

Impedance measurements a r e  a l s o  i n f l u e n c e d  by
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f i l m  t h i n n i n g  and t h *  d i a l a c t r i c  c o n s t a n t  o f  th a  

a l e c t r o l y t a ,  as w a l l  as s p a c ia s  such as n i c k a l  and ch ro a iu m  

i o n s  w h ich  bacoina t r a p p a d  w i t h i n  t h a  p o r a s .  F o r  n i c k a l  

s o l u t i o n s  w i t h  low c o n e a n t r a t i o n s  t h a  impadanca w o uld  be 

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

lo w e r  s e a l i n g  r a t e  and a s lo w  p o r e  c l o s u r e  w o uld  be g iv e n  

b y  a h ig h  a b s o r p t io n  o f  n i c k e l .  A l l  chrom ium s o l u t i o n s  

showed an i n d u c t i o n  p e r i o d  b e f o r e  im pedance in c r e a s e d  

s i g n i f i c a n t l y .  I n  a su b se qu e n t p a p e r ,  Mood and M arro n (1 0 1 )  

showed t h a t  th e  impedance became l e s s  t h e  h ig h a r  t h a  f i l m  

f o r m a t io n  t e m p a r a t u r e .  T h a  f i l m  was mora p o r o u s  and C r O «  

i o n s  ware a b so rb e d  f o r  a lo n g e r  p e r i o d  o f  t i m e .  pH was kept  

lo w  so h y d r a t i o n  was s l o w e r .  The  impedance was a l s o  low er  

b ecause o f  t h e  l a r g e  c r o s s - s e c t i o n a l  a r e a  o f  t h e  p o r e s .  I t  

was a l s o  su g g e s te d  t h a t  p r o lo n g e d  s e a l i n g  may be 

d e t r i m e n t a l  t o  t h e  f i l m .

2 . S . 3  A c id  Imm ersion T e s t s

Th e  minimum s e a l i n g  q u a l i t y  i s  asse sse d  by th e  

ch e m ic a l  r e s i s t a n c e  o f  a n o d ic  o x id e  f i l m s  i n  c e r t a i n  

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

used f o r  r e f e r e e  p u r p o s e s  i n  ca s e s  o f  d i s p u t e .  A 

r e p r e s e n t a t i v e  sam ple must be ta k e n  from t h e  p r o d u c t i o n  

l i n e  f o r  a n a l y s i s .  T h e  t e s t  ca n n o t be used ' o n - s i t a ’ . Tha  

t e s t s  g i v e  a q u a n t i t a t i v e  e v a l u a t i o n  o f  t h e  d e g re e  of  

s e a l i n g  by  w e ig h t  l o s s  measurements o v e r  a f i x e d  p e r i o d  of  

im m e rs io n .  T h e r e  i s  no d i s s o l u t i o n  o f  t h e  b a s i s  m e t a l .

T h e  a c i d i f i e d  s u l p h i t e  t e s t  (Kape t e s t )  u se s  a
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f r « s h  s o l u t i o n  ( B 8 6 1 6 1 i P « r t  4 i 1981 snd I 8 0 2 9 3 2 i 1 9 8 1 ) .  T h s r s  

i s  s  lOfflin p r s d l p  i n  SOX n i t r i c  « c i d .  T h s  w s ig h t  l o s s  « t  

t h i s  s t a g s  m«y g i v s  u s s f u l  i n f o r m a t i o n !  f o r  axampla a 

w a ig h t  l o s s  o v s r  Ig/dm* o f t s n  s u g g a s ts  in a d a q u a te  f i l m  

q u a l i t y .  T h e  spaciman i s  the n  immersed i n  t h e  t e s t  s o l u t i o n  

and t h e  w a ig h t  l o s s  p a r  u n i t  a re a  c a l c u l a t e d .  Th e  maximum 

w a ig h t  l o s s  f o r  a d e q u a te  s e a l i n g  i s  2g/dm*. The a c i d i f i e d  

s u l p h i t e  t e s t  i s  a c o n t r o l l e d  l a b o r a t o r y  e x p e rim e n t  

d e s ig n e d  t o  c r e a t e  a c o r r o s i v e  e n v iro m e n t  s i m i l a r  t o  t h a t  

found i n  s e r v i c e .  S u l p h u r  d i o x i d e  i s  p roduced i n  s o l u t i o n .

The  ch ro m ic  a c id / p h o s p h o r i c  a c id  t e s t  i s  a n o th e r  

im m e rs io n  t e s t  ( I S 0 3 2 1 0 i 1984 and B S S l G l i P a r t  3 > 1 9 8 4 ) .  T h i s  

s o l u t i o n  i s  r e u s a b le  u n t i l  0 .1m* o f  a n o d ise d  s u r f a c e  has  

been t r e a t e d  p a r  l i t r e  o f  s o l u t i o n .  The n i t r i c  a c i d  p r e d i p  

i s  n o t  s p e c i f i e d  b u t  t h e  BSI co m m ittee  i s  c o n s i d e r i n g  

i n t r o d u c i n g  i t  i n  a f u t u r e  r e v i s i o n .  Chromic  

a c i d / p h o s p h o r i c  a c i d  i s  s l i g h t l y  more a g g r e s s iv e  tha n  t h e  

Kape t e s t ,  and a maximum w e ig h t  l o s s  o f  3g/dm* i s  

a c c e p t a b l e .

Fu rn e a u x  and Wood (1 0 2 )  a ssessed t h e  e f f e c t  o f  

a c i d  im m e rs io n  on u n s e a le d ,  p a r t i a l l y  s e a le d  and w e l l  

s e a l e d  a n o d ic  f i l m s .  I t  i s  known t h a t  t h e  n i t r i c  a c i d  

p r e d i p  ’ s e n s i t i z e s '  t h e  f i l m  s u r f a c e .  Un se a le d  and p a r t l y  

s e a l e d  f i l m s  l o s t  t h e  s u r f a c e  and i n t e r m e d i a t e  l a y e r s  

d u r i n g  t h e  p r e d i p ,  w h ic h  does n o t  o c c u r  i n  o t h e r  s o l u t i o n s .  

T h i s  ’ s e n s i t i z i n g ’ o f  t h e  f i l m  s u r f a c e  i n d i c a t e s  t h a t  t h e  

s u r f a c e  s e a l i n g  p r o d u c t s  a r e  u n d e rm in e d . D i s s o l u t i o n  o c c u r s  

r e a d i l y  i n  t h e  s u l p h i t e  s o l u t i o n .  However, when a w e l l  

s e a l e d  f i l m  was s u b j e c t e d  t o  t h e  p r e d i p ,  n o t  a l l  t h e
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i n t a r n a d i a t «  l a y a r  warn ra a o v a d .  A « l i g h t l y  a c i d i c  pH,  

ca u s a d  b y  t h a  p ra a a n c a  o f  s u l p h i t a  and s u l p h a t a  i o n s ,  

i n f l u a n c a d  t h a  a l u m i n i u a  o x id a / w a t a r  r a a c t i o n  and t h a  

s o l u t a  or d i  s p a r  sad a l u n t in iu m -c o n t a in in g  p h a sa s were  

p r e c i p i t a t e d  on t h e  f i l m  s u r f a c e .  I n i t i a l  p a th w a ys  opened  

up b y  t h e  n i t r i c  a c i d  h e a le d  o v e r  due t o  t h e  p r e c i p i t a t i o n ,  

and t h e  a d m it ta n c e  r e a d i n g s  were found t o  d e c r e a s e .  O th e r  

a c i d s  d i d  n o t  u n d e rm in e  t h e  s u r f a c e  c r y s t a l s  due t o  t h e  

n a t u r e  o f  t h e  a c i d  a n io n s  and t h e  d e gre e  t o  w h ic h  t h e y  

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

a l u m i n i u m - c o n t a i n i n g  p h a se s . Compared w i t h  p h o s p h o r ic  

a c i d / c h r o m ic  a c i d  s o l u t i o n ,  n i t r i c  a c i d  a t t a c k e d  u n s e a le d  

and p a r t i a l l y  s e a l e d  f i l m s  l e s s  r a p i d l y ,  p o s s i b l y  due t o  

t h e  lo w  t e m p e r a t u r e .  The  c h ro m ic  a c i d / p h o s p h o r i c  a c i d  t e s t  

a t t a c k e d  t h e  c o a t i n g  f a i r l y  u n i f o r m l y «  s lo w  d i s s o l u t i o n  of  

t h e  s u r f a c e  c r y s t a l s  f o l lo w e d  b y  more r a p i d  d i s s o l u t i o n  of  

t h e  i n t e r m e d i a t e  l a y e r .  U n se a le d  f i l m s  were r a p i d l y  

d i s s o l v e d  b ecause t h e  f i l m  was u n p r o t e c t e d  and t h e  s o l u t i o n  

t e m p e r a t u r e s  were h i g h .  I t  was shown t h a t  t h e  s u r f a c e  

t o p o g r a p h y  o f  t h e  b a s i s  m etal i n f l u e n c e d  t h e  a t t a c k  o f  

Im m e rs io n  s o l u t i o n s  on p o o r l y  s e a le d  f i l m s .  S i t e s  for  

p r e f e r e n t i a l  a t t a c k  ware p o s s i b l y  r i d g e s  o r  d e p r e s s i o n s ,  

and t h e  c o m p o s i t io n  o f  t h e s e  may have v a r i e d  th e  

s u s c e p t i b i l i t y  t o  a t t a c k .

The p r e c u r s o r  t o  a c i d  im m ersio n  t e s t s  were th e  

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

su b se qu e n t q u a l i t a t i v e  and q u a n t i t a t i v e  e s t i m a t e  o f  th o s e  

c h e m i c a l s .  In  1960 Hoar and Wood (1 0 3 )  p ro p o s e d  a 

c o l o r i m e t r i c  method o f  e s t i m a t i n g  t h e  d e gre e  o f  s e a l i n g .  A
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p o s t - s a a l i n g  t r a a t m a n t  waa a p p l i e d  whara t h a  f i l m  was 

iflMnarsad i n  p o t a s s iu m  d ic h r o m a t a  s o l u t i o n  a t  9S*C,  

d i s s o l v e d  i n  so dium  h y d r o x id e  and t h a  ch ro m a te  c o n te n t  

d e te rm in e d  b y  d i p h e n y l c a r b a z i d e .  Th e  r e s u l t s  w are  compared  

t o  th o s e  o b t a i n e d  b y  a . c .  impedance and w e ig h t  i n c r e a s e  

measurements. I t  was found t h a t  u n s e a le d  f i l m s  a b so rb e d  t h e  

c o lo u r e d  c h e m i c a l s .  The  lo n g e r  t h e  f i l m s  ware s e a l e d ,  t h e  

l e s s  t h e  c h e m i c a l s  were a b s o rb e d ,  b u t  th e  i n f l u e n c e  o f  t h e  

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

d ic h r o m a t e ,  pH and t e m p e r a t u r e  on chrom ium u p ta k e  was 

i m p o r t a n t .  I t  i s  w e l l  known t h a t  d ic h r o m a t e  i s  a s e a l a n t  

i t s e l f  ( s e c t i o n  2 . 4 . 7 )  and i t s  u se  a t  9S*C as a p o s t - s e a l a n t  

must be i n  s e r i o u s  d o u b t .  T h i s  i s  i n  e f f e c t  a second  

s e a l i n g  t r e a t m e n t ,  and no a s s u m p t io n s  can be made upon t h e  

c o n te n t  o f  c h ro m a te  as found b y  th e  d i p h e n y l c a r b a z i d e  

method. T h i s  t e s t  was n o t  p u rs u e d  f u r t h e r .

2 . 5 . 4  A b r a s io n  R e s i s t a n c e

A b r a s i o n  r e s i s t a n c e  and h a rd n e s s  o f  a n o d ic  

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

s i n c e  wear r e s i s t a n c e  and s t r e n g t h  a r e  t h e  main p r o p e r t i e s  

r e q u i r e d .  Due t o  t h e  e f f e c t s  o f  d e g r a d a t i o n  and w e a t h e r in g  

of a r c h i t e c t u r a l  a n o d ic  f i n i s h e s ,  th e  measurement of  

a b r a s io n  r e s i s t a n c e  has become i n c r e a s i n g l y  s i g n i f i c a n t ,  

e s p e c i a l l y  w i t h  r e s p e c t  t o  s e a l i n g  q u a l i t y  and c o a t i n g  

t h i c k n e s s .

A b r a s i o n  r e s i s t a n c e  and h a rd n e s s  a r e  two s e p a r a te  

p r o p e r t i e s ,  and i t  i s  o n l y  t h e  former w h ic h  p l a y s  a
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s i g n i f i c a n t  r o l *  i n  a r c h i t s c t u r a l  a n o d i s i n g .  In  o r d a r  t o  

d i s t i n g u i s h  batwaan t h a  two p r o p a r t i a s ,  an a x p l a n a t i o n  o f  

aach i s  g i v a n .  H a rd n a ss  (1 0 4 )  can ba maasurad o n l y  f o r  

a a t a r i a l s  w h ic h  u n d a rg o  p l a s t i c  d a f o r m a t i o n ,  and a l l o w  an 

i n d a n t a t i o n  t o  form . A h a rd n a s s  v a l u a  i s  c a l c u l a t a d  from  

th a  known lo a d  a p p l i a d  and t h a  m aasuraments o f  t h a  

i n d a n t a t i o n .  E l a s t o m a r s  r a c o v a r  as soon a s  t h a  lo a d  i s  

ram ovad, w h i l e  h a r d ,  b r i t t l e  m a t e r i a l s  l i k e  g l a s s ,  f r a c t u r e  

at a c r i t i c a l  lo a d  r a t h e r  th a n  d e fo rm . T h e  a n o d ise d  m etal  

i s  composed o f  a h a rd  o x i d e  c o a t i n g  on a s o f t  s u b s t r a t a ,  

and any lo a d  a p p l i e d  w i l l  a f f e c t  t h e  a lu m in iu m . T h a  

h a rd n e s s  f i g u r e  r e p r e s e n t s  a combined v a l u e  o f  t h e  o x id e  

c o a t i n g  and t h e  s u b s t r a t e i  t h e  l a t t e r  a c t u a l l y  s u f f e r s  t h a  

m a j o r i t y  o f  t h e  i n d e n t a t i o n ,  w h ich  r u p t u r e s  under t h e  

a p p l i e d  l o a d .  T o  a v o i d  t h e  e f f e c t  o f  t h e  s o f t  s u b s t r a t a ,  a 

normal m i c r o -h a r d n e s s  i n d e n t e r  (10S> i s  used w hich  makes a 

s e r i e s  o f  i n d e n t a t i o n s  on a c r o s s - s a c t i o n  o f  t h e  f i l m ,  

u s i n g  v a r y  lo w  lo a d s  a . g .  IS  o r  SOg. T h i s  method i s  o n l y  

used f o r  h a r d  a n o d ic  f i l m s  and t h o s e  g r e a t e r  tha n  2Spm i n  

t h i c k n e s s .  T h e  h a rd n e s s  a t  v a r i o u s  p o s i t i o n s  t h r o u g h o u t  t h a  

f i l m  can be t e s t e d  i n  t h i s  way. T h i s  method i s  n o t  

i n f l u e n c e d  by  t h a  b a s i s  metal and t h e r e f o r e  t h e  ' h a r d n e s s ’ 

of t h e  a n o d ic  f i l m  i s  measured.

A b r a s i o n  r e s i s t a n c e  s h o u ld  be a measure o f  t h e  

r e s i s t a n c e  t o  an a b r a s i v e  medium. T h i s  can be i n t e r p r e t e d  

as a wear r e s i s t a n c e  r a t h e r  th a n  r e s i s t a n c e  t o  d e f o r m a t io n  

at a s p e c i f i c  p o i n t .  A c o n v e n t i o n a l  method i s  t h e  J e t  

a b r a s i v e  t e s t .  T h i s  i s  quo ted i n  t e r m s  o f  t h e  mass o f  

s i l i c o n  c a r b i d e  per m ic r o n  o f  c o a t i n g  r e q u i r e d  t o  p e n e t r a t e
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t h «  f i l m .  Th e  Schuh and K e rn  a b r a s i v e  J e t  method was 

a d o p te d  i n  B S l £ 1 5 i l 9 7 2  and i s  now i n c l u d e d  i n  IS 0 8 2 S 2 i l 9 8 7  

and B S S l G l i P a r t  l O i 1987. The  a b r a s i v e  and a i r  s u p p l i e d  t o  

t h e  a p p a r a t u s  must be d r y .  The  v a l u e s  o b t a i n e d  a r e  

c o m p a r a t iv e  o n l y  and depend upon t h e  p a r t i c u l a r  a p p a r a t u s  

u s e d .  O th e r  J e t  t e s t s  g i v e  d i f f e r e n t  r e s u l t s  on t h e  same 

t e s t  sam ple due t o  e x p e r im e n t a l  v a r i a t i o n  o f  t h e  a p p a r a t u s .  

I t  has been found t h a t  d y e d ,  p igm e n te d  or im p re g n a te d  

c o a t i n g s  may be a ss e s s e d ,  where a d m it t a n c e  v a l u e s  a r e  

u n t r u s t w o r t h y  ( 1 0 6 ) .

A more r e c e n t  advance i s  t h e  a b r a s i v e  wheel t e s t  

( s e c t i o n  3 . S . 9 ) .  T h i s  method i s  becom ing i n c r e a s i n g l y  

w id e s p re a d  i n  i t s  use and i s  t h e  s u b j e c t  o f  a d r a f t  

i n t e r n a t i o n a l  s t a n d a r d  ( IS O  D P 8 2 S l )a n d  i s  i n c l u d e d  in  

B S 6 1 6 1 iP a r t  9 i 1987. T h i s  method i s  n o t  s u b j e c t  t o  

v a r i a t i o n s  a s s o c i a t e d  w i t h  t h e  J e t  a b r a s io n  t e s t ;  t h e  

a b r a s i v e  paper i s  s t a n d a r d  and v a r i e s  l i t t l e ,  w h e re a s ,  by  

v i r t u e  o f  t h e  J e t  t e s t  u s i n g  a p a r t i c u l a t e  a b r a s i v e  under  

p r e s s u r e ,  v a r i a t i o n s  have been found ( 1 0 7 ) .  T h e s e  were  

a s s o c i a t e d  w i t h  t h e  a b r a s i v e ,  t h e  a p p a r a t u s ,  t h e  r a t e s  used  

and t h e  w a te r c o n t e n t  i n  t h e  a i r  and s i l i c o n  c a r b i d e .  The  

a b r a s i v e  wheel method ( l O S )  u se s a lo a d  o f  400 gram f o r c e  

( g f )  and 400 d o u b le  s t r o k e s  ( d s ) .  The  f i l m  t h i c k n e s s  l o s s  

( o r  w e ig h t  l o s s )  from t h e  abraded a re a  as a f u n c t i o n  o f  t h e  

number o f  d o u b le  s t r o k e s  u se d , i s  t h e  measure o f  t h e  d e g re e  

o f  a b r a s i o n .  T h i s  can be q u o te d  i n  te rm s  o f  wear 

r e s i s t a n c e !  t h e  number o f  d o u b le  s t r o k e s  per m ic r o n  o f  

wear I o r  t h e  a b r a s io n  r e s i s t a n c e  w h ich  i s  t h e  t h e  t h i c k n e s s  

l o s s  p e r  100 d o u b le  s t r o k e s .  The wear in d e x  (mass or
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t h l c k n « B * >  i s  g i v e n  a s

wear in d e x  -  l o s s  (e a s e o r  t h i c k n e s s )  o f  s a e n le

l o s s  (Mass o r  t h i c k n e s s )  o f  s t a n d a r d  

20*C, HaSO« f i l m

( 2 . 8 )

f o r  a s p e c i f i e d  number o f  d o u b le  s t r o k e s .  T h i s  method can  

g i v e  a ’ p r o f i l e '  of  an o x i d e  c o a t i n g  sh o w in g  cha n g e s i n  

h a rd n e s s  t h r o u g h o u t  t h e  f i l m  a s  i t  i s  a b ra d e d  away.  

I n f o r m a t i o n  a b o u t  p r o d u c t i o n  and/or d e g r a d a t i o n  may be 

r e v e a l e d ,  f o r  exam ple s o f t  l a y e r s  w i t h i n  t h e  f i l m .  A 

s t a n d a r d  f i l m  i s  used f o r  c o m p a r a t iv e  p u r p o s e s  o n l y .  The  

d is a d v a n t a g e  o f  t h i s  method i s  t h a t  i t  r e q u i r e s  a t e s t  

sample from t h e  p r o d u c t i o n  l i n e  and c a n n o t  be used  

o n - s i t e .  T h e  p r o c e s s  i s  a l s o  t im e  co n su m in g  t o  s e t  up and 

o f t e n  u p t o  200 sa m p le s a r e  r e q u i r e d  f o r  q u a l i t y  a s s u r a n c e .

T h e  need a r o s e  f o r  a s i m p l e  n o n - d e s t r u c t i v e  

a b r a s io n  t e s t  w hich  c o u l d  be used ’ o n - s i t e ’ on 

n o n - s i g n i f i c a n t  s u r f a c e s .  C l a r k e  (1 0 8 )  has d e v i s e d  a s im p l e  

a b r a s io n  t e s t  f o r  t h e  c o n t r o l  o f  q u a l i t y  o f  a n o d ic  f i l m s .  

U s in g  g l a s s ,  g a r n e t  and s i l i c o n  c a r b i d e  a b r a s i v e  p a p e r s  in  

t u r n ,  a n o d is e d  f i l m s  can be d i v i d e d  i n t o  c l a s s e s  w h ich  

i n d i c a t e  t h e  p r o p e n s i t y  t o  ’ c h a l k ’ i n  s e r v i c e .  The  t e s t  i s  

based upon t h e  p r i n c i p l e  t h a t  one m a t e r i a l  i s  o n l y  

s c r a t c h e d  b y  a n o th e r  w h ic h  i s  h a r d e r .  T h i s  i s  Mohs’ 

p r i n c i p l e .  I f  t h e  a b r a s i v e  i s  h a r d e r  th a n  t h e  o x i d e ,  f i l m  

d u s t  i s  p i c k e d  up by t h e  p a p e r .  Th e  a b r a s i v e  can be f e l t  t o  

’ b i t e ’ i n t o  t h e  f i l m ,  a b r a d i n g  i t .  I f  a f i l m  i s  h a r d e r  tha n  

t h e  a b r a s i v e  th e n  no c h a l k - l i k e  d u s t  a p p e a r s .  The  a b r a s i v e
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p a p * r  m a r a ly  b u r n i s h a s  t h *  f i l m .  The  l o s s  o f  th ic k n m s B ,  i f  

a n y ,  i >  mmasurmd b y  t h e  rnddy c u r r a n t  mathod. Th a  t h r a a  

d i v i a i o n a  o f  a n o d ic  f i l m  g i v a n  b y  g l a a a ,  g a r n a t  and a i l i c o n  

c a r b i d a  papar a r a  aa f o l l o w a i

1. F i l m a  a c r a t c h a d  b y  g l a a a  papar a r a  t o o  a o f t  f o r  a x t a r n a l  

a p p l i c a t i o n a .

2 .  F i l m a  a c r a t c h a d  b y  g a r n e t  and s i l i c o n  c a r b i d a  b u t  n o t  

g l a a a  papar a r a  t h o s e  p ro d u c e d  by  c o r r e c t  s u l p h u r i c  a c i d  

a n o d i s i n g  p r o c e d u r e s ,  and dyed c o r r e c t l y  by a ny o f  t h e  

s t a n d a r d  p r o c a s s a s .

3. T h o s e  f i l m s  s c r a t c h e d  b y  s i l i c o n  c a r b i d e  paper o n l y  a r e  

t h o s e  p ro d u c e d  b y  c o r r e c t l y  o p e r a t e d  i n t e g r a l  c o l o u r  

a n o d i s i n g  p r o c e d u r e s ,  th o s e  formed i n  o x a l i c  a c i d ,  

s u l p h u r i c  a c i d  f i l m s  formed b e lo w  S*C ( h a r d  a n o d i s i n g ) ,  

f i l m s  p ro d u c e d  b y  norm al s u l p h u r i c  a c i d  a n o d i s i n g  b u t  n o t  

h y d r o t h e r m a l l y  s e a l e d .

C l a r k e  (1 0 8 )  made between 13 and 200 t e s t e  on i n d i v i d u a l  

members o f  numerous sa m ples drawn from p r o d u c t i o n  b a t c h e s .  

The  A c c e p ta n c e  Q u a l i t y  L e v e l  (A G L )  used i n  a c c e p ta n c e  

t e s t i n g  i s  I X .  T h i s  i s  b ecause not a l l  members h a ve  t h e  

same a b r a s io n  r e s i s t a n c e  and t h e r e  w i l l  be s l i g h t  

v a r i a t i o n s .  I f  more tha n  IX  o f  t h e  members o f  a b a t c h  a r e  

s c r a t c h e d  b y  g l a s s ,  th e n  t h e y  a r e  p u t  i n  t h e  g l a s s  

c a t e g o r y .  I f  l e s s  th a n  IX  th e n  t h e y  a r e  i n  t h e  g a r n e t  

c a t e g o r y .  S i m i l a r l y  i f  more th a n  IX  a r e  s c r a t c h e d  by  

g a r n e t ,  t h e y  a r e  i n  t h e  g a r n e t  c a t e g o r y  and i f  l e s s  th a n  

I X ,  t h e y  a r e  i n  t h e  s i l i c o n  c a r b i d e  c a t e g o r y .

T a b l e  12 ( 1 0 8 )  shows n a t u r a l  and c o lo u r e d  f i l m s
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T a b i «  12

a b r a s i v e  wheal  t e s t  ( a p p a r a t u s  m a n u fa ct u re d  by t he  Cufla 

I n s t r u m e n t  Company)  u s i n g  g l a s s ,  g a r n e t  and s i l i c o n  c a r b i d e  

p a p e r s ,  and t h e  t h r e e  p ap er  t e s t .  The h a r d n es s b o u n d a r i e s  

between t h e  t h r e e  a b r a s i v e s  a r e  d e f i n e d  i n  t e r ms  of  t h i s  

a b r a s i v e  wheel  t e s t .  T h e  t e s t s  were r e p e a t e d  w i t h  g ar n e t  

paper  and g l a s s  p ap er  t o  p r o v i d e  a co mp a ri so n w i t h  the 

s i l i c o n  c a r b i d e  p a p e r .  T he  c o n c l u s i o n  was t h a t  t h e  s o f t e r  

a b r a s i v e  p a p e r s  removed t h e  f i l m  a lmo st  as f a st  as s i l i c o n  

c a r b i d e  i f  t l i e f i l m  was s o f t ,  but  t h e y  removed almost  

n o t h i n g  when t h e  f i l m  was h a r d e r .  Some m a t e r i a l s  such as 

v e r y  h a r d  matt  a n od i c  f i l m s  i n c r e a s e  i n  t h i c k n e s s  a f t e r  tl ie 

g l a s s  p a pe r  t e s t  b ec au se  t h e y  p i c k  up b u r n i s h e d  g l a s s  from 

t h e  p ap er  d u r i n g  t h e  t e s t .

A maj or  d i s t i n c t i o n  between t h e  a b r a s i v e  wheel 

t e s t  and t h e  t h r e e  paper  t e s t  i s  t h a t  t h e  l a t t e r  can d e t e ct  

a f i l m  w h i c h  p o s s e s s e s  a s o f t  o u t e r  l a y e r  of  1 t o  3pm i n  

t h i c k n e s s .  T h i s  o c c u r s  u nde r  c e r t a i n  p r o d u c t i o n  p r o c e s s e s .
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I t  can b* ramovad by c l a a n i n g  t o  la a v a  t h a  u n d a r l y i n g  h a r d  

f i l m .  Tha  a o f t  l a y a r  i a  r a v a a l a d  b y  d u s t  on t h a  g l a s s  

p a p a r .  I f  a f r a s h  a ra a  o f  g l a s s  papar i s  usad on t h a  sama 

waar t r a c k  a sacond o r  t h i r d  t im a «  no d u s t  a p p a a rs ,  

i n d i c a t i n g  t h e  o u t e r  l a y a r  h a s bean r a n o v e d .  A check w i t h  

t h a  eddy c u r r a n t  mater c o n f i r m s  t h i s  and t h a  r e s i s t a n c e  of  

t h e  ' b i t e '  i s  no lo n g e r  f a i t .  I f  t h a  f i l m  was s o f t  

t h r o u g h o u t ,  re p e a t e d  g l a s s  p a p e r  t e s t s  w o uld  c o n t i n u e  to  

show t h a  d u s t ,  and t h e  a b r a s i v e  wheel t e s t  would show 

u n s a t i s f a c t o r y  r e s u l t s .

T h e s e  a r e  c o m p a r a t iv e  t e s t s .  Tha  t h i c k n e s s  l o s s  

v a r i e s  f o r  t h a  a b r a s i v e  wheal t e s t  w i t h  t h a  lo a d  and number 

o f  d o u b le  s t r o k e s .  I f  an a n o d ic  f i l m  i s  ro u g h  or une va n ,  

t h a  a b r a s i v e  wheel t e s t  rem o ve s more f i l m  from h ig h  s p o t s .  

The  t h r e e  paper t e s t  i s  n o t  a f f e c t e d  i n  t h i s  way. The  

d e g re e  o f  p r e s s u r e  e x e r t e d  do es n o t  a f f e c t  t h e  r e s u l t  s i n c e  

i f  a f i l m  i s  h a r d e r  th a n  t h e  a b r a s i v e ,  no amount o f  

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

q u a l i t y  , t h e  sm a ll  t e s t  a r e a  w i l l  not be s u b j e c t e d  t o  

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

v i r t u e  o f  t h e  n a t u r e  o f  t h e  t e s t  i . e .  a poor q u a l i t y  f i l m  

s c r a t c h e d  b y  a b r a s i v e s  w i l l  n o t  r e a c h  t h e  minimum 

r e q u i r e m e n t s  and hence w i l l  n o t  p e r f o r m  w e l l  i n  s e r v i c e .

I f  t h e  t h r e e  p a p e r  t e s t  i s  t o  be  used i n  

c o n j u n c t i o n  w i t h  t h e  a b r a s i v e  wheel t e s t ,  c a r e f u l  

i n t e r p r e t a t i o n  i s  r e q u i r e d  o f  bo th  t e a t  r e s u l t s .  The  

t h i c k n e s s  wear r e s i s t a n c e  ()>m/100ds> g i v e s  a good  

i n d i c a t i o n  a s  t o  t h e  f i l m  q u a l i t y .  In  co m m e rc ia l  a n o d i s i n g  

l i m i t s  must be s e t  t o  a l l o w  f o r  a p e r c e n ta g e  v a r i a t i o n .  In
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t h i »  ca s *  an uppar l i m i t  o f  1 .4  f o r  thm t h i c k n a a a  waar 

in d a x  ( g l a a a  p a p a r )  ham baan s u g g a s ta d  on a d a f in a d  

p a r c a n t a g a ,  a i n c a  v a r i a t i o n a  do o c c u r  i n  p r o d u c t i o n .  I t  haa 

baan prop o a a d  t h a t  an AQL < B . S . I 6 I S 1 1987, A p p a n d ix  E> o f  1% 

abova t h a  t h i c k n a a a  waar in d a x  o f  1 .4  ( 1 0 9 )  a n a u ra a  t h a t  

poor q u a l i t y  work i a  r a j a c t a d .  I f  t h a  t h r a a  papar t a a t  i a  

uaad i n  c o n j u n c t i o n  w i t h  t h a  a b r a a i v a  whaal t a a t  aa a go/no  

go t a a t ,  b a t t a r  q u a l i t y  c o n t r o l  c o u l d  ba  a c h i a v a d .  1007. 

c o m p lia n c a  w i t h  a a p a c i f i c a t i o n  r a q u i r a s  lOOX i n a p a c t i o n  

w h ich  i s  o f t a n  i m p r a c t i c a l  whan t h a r a  a r e  more th a n  10 0  

i t a m s .  I f  a number o f  random aamplaa from  a b a t c h  a r e  

t a a t e d  by t h e  go/no go t e s t  and a r e  found t o  ba a c c e p t a b l e ,  

and i f  th o s e  same sa m p le s a r e  t e s t e d  by  t h e  a b r a s i v e  wheel 

method, t h a  b a tc h  a s  a w h o le  may be a c c e p te d  upon a 

s p e c i f i e d  p e r c e n ta g e  o f  sam ples w h ich  a r a  b e lo w  a s p e c i f i e d  

wear in d e x  v a l u e .  I f  one or two s a m p le s ,  w h ich  h a ve  not  

been t e s t e d  a r e  o u t s i d e  t h e  a c c e p ta n c e  l i m i t s  and do c h a lk  

i n  s e r v i c e ,  th e n  i t  i s  n o t  u n d u ly  c o s t l y  t o  r e p l a c e  them.

A b r a s io n  r e s i s t a n c e  t e s t s  a r e  becoming more 

im p o r t a n t  as a means t o  p r e d i c t  p e r f o r m a n c e  i n  s e r v i c e ,  

s i n c e  t h e y  a r e  s e n s i t i v e  g u id e s  t o  f a c t o r s  w h ich  h ave  an 

i n f l u e n c e  on w e a t h e r in g  b e h a v i o u r .  A t  t h e  same t im e  

i n f o r m a t i o n  about t h e  a n o d i s i n g  and s e a l i n g  c o n d i t i o n s  may 

be r e v e a l e d .  By u s i n g  th e s e  t e s t s  t o  su pplem ent e x i s t i n g  

assessment t e s t s ,  a much c l e a r e r  p i c t u r e  o f  t h e  h i s t o r y  and 

f u t u r e  p e rfo rm a n c e  can be formed.

Th e  a b r a s io n  r e s i s t a n c e  i s  i n f l u e n c e d  b y  th e  

a n o d i s i n g  and s e a l i n g  v a r i a b l e s .  Low s e a l i n g  te m p e r a t u r e s  

i n c r e a s e  a b r a s io n  r e s i s t a n c e ,  w hereas most o t h e r  t e s t s  show
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i n f a r i o r  f i l m  q u a l i t y  undmr thmmm  c o n d i t i o n s .  I t  h a s  bsan  

found (1 1 0 )  t h a t  a b r a s io n  r a s i s t a n c a  i s  d a c ra a s a d  by  h ig h a r  

a n o d i s i n g  t a m p a r a t u r a s .  O x a l i c  a c i d  a d d i t i o n s  compansata  

f o r  t h a  a f f a c t s  o f  h ig h  a n o d i s i n g  t a m p a r a t u r a .  T h a  d u r a t i o n  

o f  a n o d i s i n g  a l s o  i n f l u a n c a s  t h a  a b r a s io n  r a s i s t a n c a i  lo n g  

a n o d i s i n g  t i n a s  d a c ra a s a  i t .  E l a c t r o l y t a s  w i t h  h ig h  

c o n c a n t r a t i o n s  a l s o  d a c r a a s a  t h a  a b r a s io n  r a s i s t a n c a .  

S a a l i n g  lo w a r s  t h a  a b r a s io n  r a s i s t a n c a  t o  SO t o  70Y, o f  t h a  

u n s a a la d  v a l u a .  S i m i l a r l y  a g a in g  ra d u c a s  t h a  r a s i s t a n c e  due 

t o  s l o w  h y d r a t i o n .  Smut i n h i b i t o r s  do n o t  a f f a c t  a b r a s io n  

r a s i s t a n c a .  A h ig h a r  a n o d i s i n g  c u r r a n t  d a n s i t y  in c r e a s a s  

t h a  a b r a s io n  r a s i s t a n c a  a l t h o u g h  i t  has baan r a p o r t a d  (1 1 1 )  

t h a t  c o n s t a n t  r a s u l t s  w a rs  o b t a i n a d  whan v a r y i n g  t h a  

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

t e m p e r a t u r e  o f  18*C. A b r a s i o n  r e s i s t a n c e  i s  i n c r e a s e d  by  

i n c r e a s i n g  t h e  hom o g e n e ity  o f  t h e  a l l o y .  E s p e c i a l l y  h i g h l y  

a l l o y a d  m a t e r i a l  r e a c t s  w i t h  more s e n s i t i v i t y  t o  changes i n  

t h a  a n o d i s i n g  c o n d i t i o n s .  I t  h a s  baan found t h a t  a b r a s io n  

r a s i s t a n c a  i s  not i n f l u a n c a d  b y  a d s o r p t i v e  d y e i n g  n o r by  

e l e c t r o l y t i c  c o l o u r i n g  ( 1 1 1 ) .  E l e v a t e d  t e m p e r a t u r e s  used in  

t h e  t w o - s t a g e  e l e c t r o l y t i c  c o l o u r i n g  can re d u c e  a b r a s io n  

r e s i s t a n c e .

2 . 5 . 5  R a s i s t a n c a  t o  D e gra d a t i o n  o f  t h a  A n o d ic  F i l m

Th e  a c i d  im m ersio n  t e s t s  can be i n t e r p r e t e d  i n  

te r m s  o f  t h a  s e a l i n g  q u a l i t y  o f  an a n o d ic  f i l m .  C o r r o s i o n  

t e s t s  measure t h a  r e s i s t a n c e  t o  p i t t i n g  c o r r o s i o n  i n  a 

c o r r o s i v e  medium. Th e y  a r e  s e p a r a t a  from t h a  form er t e s t s
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» i n c *  s e a l i n g  q u a l i t y  has l e s s  i n f l u e n c e  on p i t t i n g  th a n  

do es t h e  f i l m  t h i c k n e s s  o r  a l l o y  u s e d .  However s e a l i n g  

q u a l i t y  i s  im p o r t a n t  i n  p r e v e n t i n g  s t a i n i n g .

A n o d ise d  a lu m in iu m  e x h i b i t s  good r e s i s t a n c e  t o  

c o r r o s i v e  e n v i r o m e n t s  and hence t h e  a c e t i c  a c i d  s a l t  s p r a y  

t e s t  ( I S 0 3 7 6 9 I 1976 and B . S . S 4 6 6 i P a r t  2 i 1977) and 

c o p p e r - a c c e l e r a t e d  a c e t i c  a c i d  s a l t  s p r a y  t e s t  (CASS T e s t  

IS 0 3 7 7 0 I1 9 7 6  and B S S 4 6 6 iP a rt  3 t 1977) were d e v i s e d  t o  

r e f l e c t  t h i s  ( 1 1 2 ) .  C a u t io n  i s  needed i n  i n t e r p r e t i n g  t h e  

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

t h e  b e s t  i n d i c a t i o n  o f  c o r r o s i o n  r e s i s t a n c e .  The  t e s t s  

s i m u l a t e  t h e  e f f e c t s  o f  t h e  e n v i r o n m e n t ,  b u t  a t  an 

a c c e l e r a t e d  r a t e .  In  o r d e r  t o  p a ss  t h e  t e s t s  t h e r e  s h o u ld  

be no p i t t i n g  o f  t h e  s p e c im e n s. Th e  CASS t e s t  i s  now used  

f o r  t h i c k  c o a t i n g s .  A r a t i n g  f o r  f re q u e n c y  o f  p i t t i n g  i s  

a l l o w e d  from 0 t o  10, where 10 i n d i c a t e s  no p i t t i n g .  Th e  

specim en a re a  i s  d i v i d e d  i n t o  s p e c i f i c  s q u a r e s  and t h e  

c o r r o s i o n  f r e q u e n c y  i s  t h e  r a t i o  o f  s q u a re s  w i t h  c o r r o s i o n  

p i t s  e x p re s se d  as a p e r c e n ta g e  o f  t h e  t o t a l  number o f  

s q u a r e s .  Th e  CASS t e s t  i s  u s e f u l  f o r  d i s t i n g u i s h i n g  good  

and bad f i l m s .  T h i s  i s  not a s e a l i n g  t e s t  and f a i l s  t o  

d i s c r i m i n a t e  between s e a l e d  and u n s e a le d  f i l m s .  H ow ever,  

p a r a l l e l s  must be drawn w i t h  lo n g  te rm  e x p o s u r e  s i n c e  

u n s e a le d  c o a t i n g s ,  a f t e r  a p e r i o d  o f  t im e ,  a p pear t o  s e a l  

t o  soaie e x t e n t .  E x p e r im e n t s  (1 1 3 )  h ave  shown t h a t  t h e  CASS 

t e s t  c o u l d  have a s e a l i n g  e f f e c t .  V a r i o u s  w o r k e r s  found  

t h a t  d u r i n g  a c c e l e r a t e d  t e s t s  t h e  f i l m s  u n derw ent a p o r e  

c l o s u r e  r e a c t i o n  w h ich  re s e m b le d  t h e  s e a l i n g  p r o c e s s  

i t s e l f .  S t r a z z i  ( 1 1 3 )  used t h e  CASS t e s t  as a s t a r t i n g
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p o i n t  f o r  «  Mor* « • l o c t i v a  c o r r o s i o n  t e s t  t o  d i s t i n g u i s h  

bstw ssn  s a s l s d  and u n s s a la d  f i l m s .  Lowsr t s m p m r a t u r s s  warm 

used so  as t o  ra d u c a  t h a  ' s a a l i n g '  a f f a c t .  Th a  CASS t a s t  

was changad b y  t h a  a d d i t i o n  o f  sodium m a t a b i s u l p h i t a  which  

l i b a r a t a d  s u l p h u r  d i o x i d a .  A ' s i m i l a r  m o d i f i c a t i o n  t o  t h a  

CASS t e s t  has bean usad i n  Ja p a n  (1 1 2 > .  I t  t o o  co m bines  

s u lp h u r  d i o x i d e  ga s w i t h  t h e  CASS t e s t  and t h e  a u t h o r s  

c l a i m  t h a t  i t  r e l a t e s  b e t t e r  t o  a tm o s p h e r ic  c o r r o s i o n  tha n  

t h e  u n m o d if ie d  CASS t e s t .  H ow e ve r, o t h e r s  ( 1 1 4 )  have  

fa v o u re d  t h e  CASS t e s t  r e s u l t s .  T h e s e  m o d if i e d  t e s t s  a r e  

n o t w i d e l y  u s e d , and c a r e f u l  m o n i t o r i n g  o f  a l l  p a r a m e te rs  

i n v o l v e d  i s  needed t o  a s s e s s  t h e  optimum c o n d i t i o n s  which  

g i v e  t h e  most a c c u r a t e  r e s u l t s .

2 . S . 6  W e a th e r in g

Th e  s i m p l i f i c a t i o n  o f  c o r r o s i o n  c o n d i t i o n s ,  and 

t h e  a c c e l e r a t i o n  o f  c o r r o s i o n  r a t e s  i n  t h e  i n t e r e s t s  of  

s h o r t  t e r m  r e s u l t s ,  r e n d e r s  c o r r o s i o n  t e s t s  u n r e l i a b l e  t o  

an e x t e n t  such t h a t  lo n g  te rm  e x p o s u re  t e s t s  a r e  s t i l l  

needed. A m ajor f a c t o r  a f f e c t i n g  c o r r o s i o n  r e s i s t a n c e  i s  

t h e  e n v ir o n m e n t  t o  w h ich  an a n o d ic  f i l m  i s  e x posed .  

C o m p a r a t iv e  t e s t s  have been p e rfo rm e d  i n  r u r a l ,  m a r in a  and 

i n d u s t r i a l  s i t e s .  The  l a s t  e n v iro n m e n t  has been shown t o  be 

t h e  most s e v e r e  on a n o d is e d  a lu m in iu m . By v i r t u e  o f  i t s  

l o c a t i o n ,  t h e  i n d u s t r i a l  a tm osphere  i s  p o l l u t e d  w i t h  d i r t  

and a c i d i c  components such as s u lp h u r  d i o x i d e .  The  s e v e r i t y  

i s  compounded b y  wet w eather ( e s p e c i a l l y  i n  t h e  UK) le a d i n g  

t o  c o r r o s i v e  s o l u t i o n s .
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C l a r k *  and L**da ( 1 1 5 )  a d a p ta d  a t * s t  f i r s t  

d e v is a d  by B r i t t o n  and C l a r k e  w h ich  was used o r i g i n a l l y  t o  

measure t h e  p o r o s i t y  o f  c o a t i n g s  o f  g o l d  and p l a t i n u m  

m e t a ls  on s u b s t r a t e s  o f  co p p er and i t s  a l l o y s ,  n i c k e l  and  

s i l v e r .  I t  h a s  s i n c e  bean a p p l i e d  as an a c c e l e r a t e d  

c o r r o s i o n  t e s t  f o r  o x id e  f i l m s .  S i m i l a r l y  t h e  Kap* t e s t  i s  

in te n d e d  t o  p r o v i d e  c o n d i t i o n s  where s u lp h u r  d i o x i d e  i s  

p r e s e n t .  Th e  s u l p h u r  d i o x i d e  t e s t  i n  B S 1 6 1 5 i l9 7 2  has  

d is a p p e a r e d  from t h e  1987 e d i t i o n ,  b ecause i t  was ta k e n  

from BS1224 o r i g i n a l l y ,  and d ro p p e d  from t h i s  t o o .  Mhen 

BS1224 d i s c a r d e d  i t  t h e  t e s t  la p s e d .  F o r  BS161S i t  i s  s t i l l  

f e l t  t h a t  a s u l p h u r  d i o x i d e  t e s t  w o uld  be u s e f u l  b u t  t h e r e  

i s  none at p r e s e n t .  In  an e n c lo s e d  chamber m o is t  a i r  i s  

used c o n t a i n i n g  0 . 5  t o  2 . OX ( v o l )  s u l p h u r  d i o x i d e .  The  

t e m p e r a t u r e  i s  25 ±2*C. T h i s  can be c l a s s e d  as a s e a l i n g  

t e s t  s i n c e  p o o r l y  s e a le d  f i l m s  p ro d u c e  a w h i t e  bloom a f t e r  

e x p o s u r e .  The  t e s t  s e t s  out t o  p ro d u c e  an e n v ir o n m e n t  

s i m i l a r  t o  t h a t  w hich  i s  e x p e r ie n c e d  on i n d u s t r i a l  s i t e s ,  

a lt h o u g h  d i r t  a c c u m u la t io n  i s  n o t  p r e s e n t .

I n d u s t r i a l  s i t e s  a r e  t h e  most a g g r e s s i v e  t o w a r d s  

a n o d ise d  a lu m in iu m  compared t o  r u r a l  and m a rin e  s i t e s .  I t  

has been found ( 1 0 5 )  t h a t  a m a rin e  s i t e  on H a y l i n g  I s l a n d  

i s  s i m i l a r  t o  a r u r a l  s i t e  at  B a n b u r y .  Sh e a sb y  (1 1 & )  

i n v e s t i g a t e d  a number o f  f a c t o r s  a f f e c t i n g  p i t t i n g  

c o r r o s i o n  b y  e x p o s in g  a n o d ise d  a lu m in iu m  at a s e l e c t i o n  o f  

s i t e s .  A n o d is e d  p a n e ls  were p ro d u c e d  b y  s t a n d a r d  s u l p h u r i c  

a c i d  a n o d i s i n g .  In  an i n d u s t r i a l  e n v iro n m e n t  t h e  

a c c u m u la t io n  o f  d i r t  had a s i g n i f i c a n t  b e a r i n g  on c o r r o s i o n  

s i n c e  p i t t i n g  o c c u r r e d  due t o  c o n d e n s a t io n  o f  m o i s t u r e  at
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d i r t  d a p o s it M .  S u lp h u r  d i o x i d a  d i s a o l v a d  i n  t h i s  w a ta r  and 

a t t a c k a d  t h a  a n o d ic  f i l m  a t  waak p o i n t a .  I t  was found t h a t  

a h i g h  r a t a  o f  d i r t  d a p o s i t i o n ,  combinad w i t h  wat w aathar  

p ro d u c a d  mora c o r r o s i o n  th a n  at  a s i t a  w i t h  h ig h a r  l a v a l s  

o f  s u lp h u r  d i o x i d a  but l a s s  d i r t  d a p o s i t i o n .

T h a  p o s i t i o n  o f  a n o d isa d  a lu m in iu m  componants on  

a b u i l d i n g  h a s an o f f s e t  on f i l m  d o g r a d a t io n .  S h a l t a r a d  

compononts t a n d  t o  show mora p i t t i n g  th a n  t h o s o  w h ic h  a r e  

’ washed' by  r a i n .  The  amount o f  e x p o s u re  i s  e q u a l l y  

I m p o r t a n t .  F o r  t h e s e  re a s o n s  t h e  s u lp h u r  d i o x i d e  h u m i d i t y  

t e s t  may n o t  c o r r e c t l y  s i m u l a t e  t h e  n a t u r a l  a n v i r ^ e n t .  

A r e a s  w hich  a r e  p r o t e c t e d  from s u n l i g h t  and r a i n  a c c u m u la te  

more d i r t ,  and c o n d e n s a t io n  does not d r y  as q u i c k l y .  T h i s  

was c o n f i r m e d  b y  p a n e ls  exposed a t  45* f a c i n g  due s o u th  i n  

w h ic h  t h e  u n d e r s id e  was s u b je c t e d  t o  g r e a t e r  p i t t i n g  

a t t a c k .  T h i s  a l s o  o c c u r r e d  a t  an e a r l i e r  s ta g e  t h a n  on t h e  

exposed f a c e  < 1 1 6 ) .  The s e  r e s u l t s  show th e  need f o r  

m a i n t e n a n c e  c l e a n i n g .  A n o d ise d  a lu m in iu m  i n  m a r in e  and 

r u r a l  s i t e s  need l e s s  f re q u e n t  c l e a n i n g  tha n  t h a t  i n  

i n d u s t r i a l  s i t e s .  C le a n in g  p r o l o n g s  t h e  l i f e  o f  a n o d is e d  

a lu m in iu m .  M ater and a m i l d  d e t e r g e n t  a p p l i e d  w i t h  a n y lo n  

b r u s h  i s  a d e q u a te .  H arsh  a b r a s i v e s  and ch e m ica l c l e a n e r s  

s h o u ld  be a v o i d e d .  O rg a n ic  s o l v e n t s  remove gre a se  o r  s t i c k y  

mater i  a l s .

Once b lo o m in g  and p i t t i n g  have taken p l a c e  t h e y  

c a n n o t  be p e r m e n j h t l y  removed by c l e a n i n g ,  a l t h o u g h  t h e  

p r o g r e s s  o f  c o r r o s i o n  may be h a l t e d  i f  ca u g h t  i n  t h e  e a r l y  

s t a g e s .  Once a p i t  form s, i t  a c t s  as a t r a p  f o r  more d i r t ,  

so  p e r p e t u a t i n g  t h e  p r o c e s s .  P i t s  e v e n t u a l l y  ’ s t i f l e ’ and
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t h a  aaiount o f  c o r r o s i o n  t h a t  o c c u r s  r s a c h s s  a U n i t i n g  or  

’ t h r s s h o l d ’ v a l u s .  P r s v s n t i o n  i s  t h e  b e s t  p o l i c y ,  s i n e s  i f  

c l s a n i n g  i s  c a r r i a d  o u t  a f t a r  b lo o m in g  or p i t t i n g  i s  

d a t a c t a d ,  th a n  h a r s h a r  mathods a r a  r a q u i r a d  w h ich  may 

t h a m s a lv a s  s h o r t a n  t h a  l i f a  o f  t h a  a n o d ic  f i l m .

O th a r  f a c t o r s  a f f a c t i n g  c o r r o s i o n  p a r f o rm a n c a  

d a s c r i b a d  b y  S haasby (1 1 & ) a r a i -

1. A l l o y  u s a d ,

2 .  P r a t r a a t m a n t s ,

3 .  F i l m  t h i c k n e s s ,

4 .  A n o d i s i n g  c o n d i t i o n s ,

5 .  Q u a l i t y  o f  s a a l i n g ,

6 .  Post s e a l i n g  t r e a t m e n t s .

1. The a l l o y  c o m p o s i t io n  i n f l u e n c e s  b lo o m in g  and p i t t i n g .  

I f  co m m e rc ia l  p u r i t y  a lu m in iu m  i s  ta k e n  as a s t a n d a r d ,  t h e  

a d d i t i o n  o f  c o p p e r ,  manganese o r  s i l i c o n  d e c re a s e s  p i t t i n g  

r e s i s t a n c e  w h i l e  magnesium i n c r e a s e s  i t .  H ig h  s i l i c o n  

a l l o y s  and A l - Z n - M g  a l l o y s  a r e  p a r t i c u l a r l y  p r o n e  t o  bloom  

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

2 .  P r e t r e a t m e n t s  do not a f f a c t  bloom  f o r m a t i o n ,  b u t  do h a ve  

a b e a r i n g  on p i t t i n g .  Smooth f i n i s h e s  h a va  l e s s  te n d e n c y  t o  

p i t t i n g  th a n  ro u g h  o n e s . C o n v e r s e l y ,  i f  bloom does a p p e a r ,  

i t  i s  more o b t r u s i v e  on t h e  smooth s u r f a c e  th a n  when l i g h t  

i s  d i f f u s e d  b y  a matt s u r f a c e .  E t c h i n g  d e c r a a s a s  t h e  

p i t t i n g  r e s i s t a n c e  w h i l e  m e c h a n i c a l l y  o r  e l e c t r o c h e m i c a l l y  

b r i g h t e n e d  a lu m in iu m  has an in c r e a s e d  p i t t i n g  r e s i s t a n c e .  

T h i s  i s  because ro u g h  s u r f a c e s  r e t a i n  more d i r t  and 

m o i s t u r e .  D e f e c t s  o r  f l a w s  i n c r e a s e  t h a  i n c i d e n c e  o f
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p i t t i n g  fo r  t h *  s « m  r * « s o n a .  T h ic k n a a a  i s  lo w e r s t  t h e s e  

s i t e s  g i v i n g  an uneven s u r f a c e .  F i n g e r  p r i n t  c o r r o s i o n  o f  

t h e  s u b s t r a t e  p r o e o t e s  p i t t i n g .

3 .  A n o d ic  f i l e  t h i c k n e s s  i s  t h e  most i a p o r t a n t  f a c t o r  

a f f e c t i n g  p i t t i n g  r e s i s t a n c e .  G e n e r a l l y  t h e  t h i c k e r  t h e  

f i l m ,  t h e  g r e a t e r  t h e  p i t t i n g  r e s i s t a n c e ,  b u t  a l t h o u g h  t h e  

number o f  p i t s  i s  fe w e r ,  i n d i v i d u a l  p i t s  te n d  t o  be l a r g e r .  

F i l m s  t h i c k e r  t h a n  30)>m h ave a lo w e r r e s i s t a n c e  t o  p i t t i n g  

th a n  t h i n n e r  f i l m s  because t h e  a n o d i s i n g  t im e  i s  l o n g ,  

u n l e s s  h ig h e r  c u r r e n t  d e n s i t i e s  a r e  u s e d .  Due t o  t h i s  

lo n g e r  t im e  i n  t h e  e l e c t r o l y t e ,  t h e  a b r a s io n  r e s i s t a n c e  i s  

lo w e re d  and t h e  f i l m  i s  s a i d  t o  be  ’ s o f t ' ,  and more p o r o u s  

i . e .  t h e  p o r e s  a r e  l a r g e r .  I t  i s  more d i f f i c u l t  t o  s e a l  and 

t h e  combined a f f e c t s  o f  a l l  t h e s e  f a c t o r s  lo w e r s  t h e  

p i t t i n g  r e s i s t a n c e .

4 .  A n o d i s i n g  c o n d i t i o n s  used a r e  v e r y  i m p o r t a n t .  

T e m p e ra tu r e  and e l e c t r o l y t e  c o n c e n t r a t i o n ,  i f  t o o  h i g h ,  

g i v e  s o f t  f i l m s .  H ow ever, i t  was found ( I I G )  t h a t  r a i s i n g  

t h e  te m p e r a t u r e  from IS  t o  21 t o  2S*C in c r e a s e d  th e  p i t t i n g  

r e s i s t a n c e  i n  c e r t a i n  a l l o y s  c o n t a i n i n g  i n t e r m e t a l 1 i c  

p a r t i c l e s .  T h i s  must be v ie w e d  w i t h  c a u t i o n  s i n c e  h ig h  

a n o d i s i n g  t e m p e r a t u r e s  a r e  known t o  p ro d u c e  s o f t  f i l m s .

5 .  S e a l i n g  q u a l i t y  has l i t t l e  e f f e c t  on p i t t i n g  r e s i s t a n c e ,  

but i s  a d e t e r m i n i n g  f a c t o r  i n  bloom f o r m a t io n  ( s e c t i o n  

2 . S ) .  The e f f e c t s  o f  ’ c r a z i n g ’ ware d is c u s s e d  in  s e c t i o n  

2 . 4 . 3 .  I f  i t  d o e s  o c c u r  th e n  p i t t i n g  w i l l  ta k e  p l a c e  

p r e f e r e n t i a l l y  a l o n g  t h e  c r a z e  l i n e s .  The  pro b le m  i s  made 

w o rse  w i t h  v e r y  t h i c k  f i l m s  (>30)>m) and p a r t i c u l a r l y  where  

t h e  p r e t r e a t m e n t  h a s formed a smooth s u r f a c e .  C r a z i n g  i s
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ra d u c a d  on f i l m s  w h ich  h avs bsan a tc h a d  o r  hava f i n a  

p a r t i c l a  d i s t r i b u t i o n .  T h a s a  b ra a k  up s t r a s s a s  i n  t h a  f i l m .

6 .  L a c q u a r in g  o r  w a x in g  t h a  f i l m  p r o t a c t s  i t  from a t t a c k  by  

wat m o r t a r ,  p l a s t a r  and cam ant. Uax i s  u s u a l l y  ramovad once  

t h a  a n o d is e d  a lu m in iu m  has baan e r e c t e d .  La cq u e r  was 

a p p l i e d  w i d e l y  20 t o  25 y e a r s  a g o . I t  was supposed t h a t  i t  

w o u ld  w eather and be d e ta c h e d ,  b u t  i n  p r a c t i c e  some 

re m a in d e d  f o r  lo n g  p e r i o d s  i n  a s e m i -d e ta c h e d  c o n d i t i o n .  

L a c q u e r  was abandoned i n  fa v o u r  o f  lo w  t a c k  ta p e  o r  a 

s p r a y e d  r u b b e r  s o l u t i o n  w h ich  formed a p l i a b l e  f i l m .  More  

r e c e n t l y ,  a t h i n  f i l m  o f  2nm o f  a c r y l i c  l a c q u e r  has been  

a p p l i e d  as an aqueous e m u ls io n  ( r a t h e r  th a n  t h e  10 t o  20Mm 

f i l m  i n  o r g a n ic  s o l v e n t  o f  20 y e a r s  a g o ) .  T h i s  i s  c le a n e d  

o f f  f a i r l y  e a r l y  i n  t h e  l i f e  o f  t h e  c o a t i n g .  T h e r e  is 
l i t t l e  e x p e r ie n c e  o f  t h e  e f f e c t i v e n e s s  o f  t h i s  a p p ro a ch  t o  

d a t e .

Th e  p e rf o rm a n c e  o f  dyed a n o d ic  c o a t i n g s  depends  

on t h e  n a t u r e  o f  t h e  d y e s t u f f  u s e d , t h e  amount o f  d ye  

a b s o rb e d  and t h e  q u a l i t y  o f  s e a l i n g .  I n t e g r a l  c o l o u r  f i l m s  

and e l e c t r o l y t i c a l l y  c o lo u r e d  f i l m s ,  ( b r o n z e ,  g r e y ,  

b l u e - g r e y  o r  b l a c k )  te n d  t o  have a d e qu a te  r e s i s t a n c e  t o  t h e  

d e t r i m e n t a l  e f f e c t s  o f  w e a t h e r in g ,  and have good  

c o l o u r - f a s t n e s s .  E l e c t r o c o l o u r i n g  w i t h  co p p er fades and  

r e d u c e s  t h e  d u r a b i l i t y  o f  t h e  f i l m .  B l a c k  e l e c t r o l y t i c  

f i n i s h e s  p ro d u ce d  w i t h  t i n  have re d u c e d  r e s i s t a n c e  i f  t h e  

t i n  e x te n d s  up t h e  p o r e s .

M i t t  and Ja h n k e  (1 1 7 )  m o n ito r e d  specim en p a n e ls  

o v e r  a p e r i o d  o f  t im e  w h ich  i n c l u d e d  p e r i o d s  o f  e x p o s u r e  

and p e r i o d s  o f  s t o r a g e .  R e s u l t s  o f  w e a t h e r in g  th e s e  f i l m s
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i n  an i n d u s t r i a l  a tm o s p ha r*  shovHtd t h a t  t h e y  ram a in d a d  

a s s a n t i a l l y  unchangad o r  avan im p r o v a d .  T h i s  r a s u l t  has  

n a v a r  baan r a p o r t a d  a ls a w h a r a  and i s  d u b io u s .

In  c o n c l u s i o n ,  a c c a l a r a t a d  t a s t s  hava shown 

r a a s o n a b l a  c o r r a l a t i o n  w i t h  a x p o s u r a  t a s t s .  T a s t s  p r o v i d i n g  

i n f o r m a t i o n  ab o u t p i t t i n g  r a t h a r  th a n  b lo o m in g  a r e  h a r d a r  

t o  a v a l u a t a .  T h a y  a r a  based on v i s u a l  i n s p a c t i o n ,  and n o t  

on q u a n t i t a t i v a  m easuramants such as w a ig h t  l o s s ,  a l t h o u g h  

t h e  r a t i n g  for t h e  f r e q u e n c y  o f  p i t t i n g  has been d i s c u s s e d .  

P i t t i n g  i s  in d e p e n d e n t  o f  b lo o m in g ,  and a f i l m  p ro n e  t o  

b lo o m in g  may h ava a good r e s i s t a n c e  t o  p i t t i n g  and v i c e  

v e r s a .

2 . S . 7  E f f e c t s  o f  I m p r e g n a t io n  on A n o d ic  F i l m  D a o r a d a t io n

Due t o  t h e  r e l a t i v e l y  r e c e n t  i n t r o d u c t i o n  o f  

i m p r e g n a t i o n  o f  a n o d ic  o x i d e  f i l m s ,  t h a r a  has bean l i t t l e  

i n f o r m a t i o n  on lo n g  te rm  e x p o s u re  p e r f o rm a n c e .  The ’ Fox 3 3 '  

c o l d  s e a l i n g  p r o c e s s  was t h e  f i r s t  s o l d  i n  t h e  UK. A c i d  

im m e rs io n  t e s t s  may be l e s s  s u i t a b l e  f o r  e v a l u a t i n g  

im p r e g n a te d  f i l m s  ( 1 1 8 ) .  O t h e r s  ( 1 1 3 )  have found t h a t  t h e  

p h o s p h o r i c  a c id / c h r o m ic  a c i d  t e s t  and t h e  dye sp o t  t e s t  

g i v e  v a l i d  r e s u l t s .  I t  i s  w a l l  known t h a t  a g e in g  o f  

im p r e g n a te d  f i l m s  m a r k e d ly  i n c r e a s e s  t h e  ' s e a l i n g '  q u a l i t y .  

T h e  l e n g t h  o f  t im e  between p r o d u c t i o n  and t e s t i n g  was n o t  

r e c o r d e d  ( 1 1 3 ) .  Th e  o n l y  c o m p a riso n  t o  bo found i s  t h a t  

b o t h  im p re g n a te d  and h y d r o t h e r m a l l y  s e a le d  f i l m s  were  

t a s t e d  a t  t h e  same t im e  a f t e r  p r o d u c t i o n .  A ge in g was n o t  

t a k e n  i n t o  a c c o u n t .  U e i g h t  l o s s  r e s u l t s  were found " t o  be
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w i t h i n  t h »  l i m i t a  a t i p u l a t a d "  f o r  ’ a m a la d ' f i l m a .  Howavar,  

t h a  main p u rp o a a  o f  t h a  co m m u n ica tio n  waa t o  a v a l u a t a  t h e  

c o r r o a i o n  r a a i a t a n c a  o f  im p ra g n a ta d  f i l m a  b y  m o d if y in g  t h a  

CASS t a a t  i n  o r d a r  t h a t  i t  d i d  n o t  p ro d u c á  a a a a l i n g  a f f a c t  

on t h a  f i l m a .  I t  waa c o n c iu d a d  t h a t  t h i a  modi f i a d  t a a t  gava  

u a a f u l  i n f o r m a t io n  on t h a  " q u a l i t y  o f  f i x a t i o n "  and on 

c o r r o a i o n  r a a i a t a n c a .

I t  haa baan d am o natrated ( 1 1 9 ) ,  by u a in g  

a d m it ta n c a  v a lu a a  and w a ig h t  lo a a  r a a u l t s  i n  t h a  p h o a p h o r ic  

a cid / ch ro ff iic  a c i d  t a s t  t h a t  a g a in g  doaa hava a a i g n i f i c a n t  

r o l e  i n  t h e  p r o c e a s  o f  im p r e g n a t i o n .  M aight lo a a  

measurements and a d m it ta n c a  v a l u e s  ware found t o  d e c re a s e  

w it h  t i m e ,  whereas c o n v e n t i o n a l  h y d r o t h e r m a l l y  se a le d  f i l m s  

ram a in a d  c o n s t a n t  o v a r  p e r i o d s  o f  d a y s ,  b u t  o v a r  p e r i o d s  of  

months b o th  f i l m s  showed d e c re a se d  a d m it t a n c e .  These  

a u t h o r s  a l s o  w ish e d  t o  know t h e  su b s e q u e n t  c o r r o s i o n  

r e s i s t a n c e  o f  im p re g n a te d  f i l m s  i n  t h a  l i g h t  o f  t h a  

asaeaament t a a t  r e s u l t s .  Th a y  r e c o g n is e d  t h a  a x i s t a n c e  o f  

t h e  a g e in g  p r o c e s s .  T h a y  c o n c lu d e d  t h a t  im p r e g n a t io n  gava  

b a t t e r  p r o t e c t i o n  a g a i n s t  b lo o m in g  a f t a r  an a g e in g  p e r i o d  

o f  IS  d a y s  than d i d  c o n v e n t i o n a l  h y d r o t h a r m a l l y  s e a l i n g .  

H ow ever, t h i s  d i d  n o t  a u t o m a t i c a l l y  mean t h a t  im p re gn a te d  

f i l m s  a l s o  ga ve  b a t t e r  p r o t e c t i o n  a g a i n s t  p i t t i n g .  The  CASS 

t e s t  was c o n s id e r e d  n o t  t o  g i v e  u s e f u l  i n f o r m a t i o n  on 

p i t t i n g  s i n c e  t h e  d e g r e e  o f  s e a l i n g  does n o t  have a 

p a r t i c u l a r l y  l a r g e  i n f l u e n c e  compared t o  f i l m  t h i c k n e s s .  

T h e r e f o r e  i t  was assumed t h a t  such t e a t s  w o uld  not r e v e a l  

any s u b s t a n t i a l  d i f f e r e n c e  between im p re g n a te d  and 

h y d r o t h e r m a l l y  s e a l e d  f i l m s .  The  e f f e c t  o f  a g e in g  of

139



i m p r a g n a t v d  f i l u m  on t h a  p r o p a n s i t y  t o  p i t t i n g  i a  a lo w a r  

th a n  i n  t h a  caaa o f  b lo o m in g ,  comparad t o  hot w a ta r  

s a a l i n g .  T h u s  a c a r t a i n  p a r i o d  o f  a g a in g  i s  r a q u i r a d  i n  

o r d a r  t o  ra a c h  t h a  sama r a s i s t a n c a  t o  b lo o m in g  as a 

c o n v a n t i o n a l l y  s a a la d  f i l m ,  b u t  a much lo n g a r  a g a in g  t im a  

i s  naadad i n  o r d a r  t o  a t t a i n  t h a  sama p i t t i n g  r a s i s t a n c a .

I t  i s  c l a a r  from th o s e  two c o n f l i c t i n g  a c c o u n ts  

(1 1 3  and 119) t h a t  much moro r e s o a r c h  i s  needed and lo n g  

te rm  e x p o s u r e  t e s t s  w i l l  be t h a  u l t i m a t a  t e s t  f o r  

im p re g n a te d  f i l m s .  R e s e a rch  ( 1 2 0 )  has shown o b v io u s  p i t t i n g  

a f t e r  an e x p o s u re  o f  4 y e a r s ,  w h ich  i n d i c a t e s  th e s e  s e a l s  

may n o t  g i v e  t h e  sama p r o t e c t i o n  as h y d r o t h e r m a l  s e a l i n g .  

H ow ever, t h e  a d v a n ta g e s  o f  im p r e g n a t io n  become e v i d e n t  

a f t e r  l o n g  a g e in g  p e r i o d s  and t h i s  may have some b e a r in g  on 

how p i t t i n g  r e s i s t a n c e  i s  s t u d i e d .

140



oiAcmLa
m PBUHEHT^  MSCTIOW

3 .1  P r a o a f t i o n  «n d  P r « t r M t a » n t  o f  S o t i M n »

3 . 1 . 1  3 o « c i w f i  P r a p a r a t i o n

Th*  a lu m in iu m  a l l o y  usmd i n  t h i s  i n v e s t i g a t i o n  

was r o l l e d  sh e e t a lu m in iu m ,  g r a d e  1200 ( B . S . 1 4 7 0 ) ,  f o r m e r ly  

d e s ig n a t e d  S I C ,  t h e  p e r c e n t a g e  ch e m ic a l  c o m p o s i t io n  o f  

w h ich  i s  A1 9 9 . 0 ,  Cu O .O S ,  S i -fF e  0 . 6 ,  Nn O .O S ,  Zn 0 . 1 ,  T i  

0 . 0 5 ,  o t h e r  i m p u r i t i e s  0 . IS X  . T h e  specim ens used were f l a t  

p a n e ls  m e a s u r in g  lO O x lS O  m i l l i m e t r e s  (mm) ( s t a n d a r d  s i z e ) ,  

100x7Smm and S0x7Smm. A s m a ll  h o l e  was made i n  t h e  c o r n e r  

w i t h  a punch w h ich  d e s ig n a t e d  t h e  ’ t o p '  o f  t h e  p a n e l ,  and 

i d e n t i f i c a t i o n  marks stamped a lo n g  t h e  s h o r t e r  edge  

d e s ig n a t e d  t h e  ’ b o t t o m ’ . The  l a t t e r  a l s o  s i g n i f i e d  t h e  

’ f r o n t ’ w h i l e  t h e  ’ b a c k ’ had no m a rk in g s .

3 . 1 . 2  Specimen P r e t r e a t m e n t s

Th e  p a n e ls  w ere  d e gre a se d  i n  t r i c h l o r o e t h y l e n e  

va p o u r and wiped o v e r  w i t h  t i s s u e  soaked i n  a c e t o n e .  They  

were f i t t e d  i n t o  J i g s  made o f  a l l o y  6063 ( B . S . 1 4 7 4 ) ,

f o r m e r l y  d e s ig n a te d  HE9, t h e  p e r c e n ta g e  ch e m ica l  

c o m p o s i t io n  o f  w hich  i s  Cu 0 . 1 ,  Mg 0 . 4 5 - 0 . 9 ,  S i  0 . 2 - 0 . 6 ,  Fe  

0 . 3 5 ,  Mn, Zn ,  C r ,  and T i  0 . IX  e a c h ,  t h e  r e m a in in g  

p e r c e n t a g e  b e in g  A 1. Each J i g  was shaped t o  h o ld  one o r  two  

p a n e ls  w h ich  r e s t e d  on n o t c h e s  on t h e  J i g .  Th e  p a n e l s  were  

h e l d  s e c u r e l y  by t h e  t e n s i o n  o f  t h e  J i g  im p a r t e d  b y  t h e  

s p r i n g y  a l l o y .  A l l  J i g s  had been e tch e d  f o r  1 m in u t e ( m in )
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i n  4  -  lOX s o d iu a  h y d r o x i d *  a t  70*C and t h e  n o t c h a a  f i l a d .  

Tha p a n a la  wara a t c h a d  f o r  batwaan 30 a a c o n d a (a a c )  and 

2 a i n ,  i a a a d i a t a l y  r i n a a d ,  and d a a a u tta d  f o r  Saac i n  

S O X / v o l .  n i t r i c  a c i d  a t  a a b ia n t  t a a p a r a t u r a .  A f t a r  a f i n a l  

r i n a a  t h a  J i g a  wara c l a a p a d  f i r a l y  i n  t h a  a n o d i a in g  b a t h .  

Tha p a n a la  wara n o t  a l lo w a d  t o  d r y  batwaan p r a t r a a t a a n t  

a t a g a a .  R i n a i n g  batwaan a l l  a ta p a ,  i n c l u d i n g  a n o d i a in g ,  

c o l o u r i n g  and a a a l i n g  i a  a a a a n t i a l  t o  a n a u ra  t h a  beat  

r a a u l t a  and m in im is a  c o n t a a i n a t i o n  batwean b a t h a .

3 .2  A n o d ia in o

3 . 2 . 1  Th a  A n o d ia in o  B a th

A n o d ic  o x i d a t i o n  o f  a lu m in iu m  waa c a r r i a d  out i n  

16S grama p e r  l i t r e  ( g / 1 )  s u l p h u r i c  a c id  i n  a 60 l i t r e  (1> 

p l a s t i c  t a n k  as i l l u s t r a t e d  i n  F i g . 24 .  Tha  e l e c t r o l y t e  was 

a g i t a t e d  b y  compressed a i r  and th e  t e m p e r a t u r e  was 

m a in t a in e d  a t  20*C b y  means o f  c o o l i n g  c o i l s .  A 50 Watt 

im m e rs io n  h e a t e r  was usad t o  r a i s e  t h e  b a t h  t e m p e r a t u r e  for  

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

p o u re d  i n t o  a clamped s t a i n l e s s  s t a e l  ba a k a r i n  o r d e r  t o  

lo w e r t h a  t e m p e r a t u r e .  D u r in g  e i t h e r  o f  t h e s e  p r o c e d u r e s  

t h e  c o o l i n g  w a te r  was o m i t t e d  but a g i t a t i o n  was m a in t a in e d .

3 . 2 . 2  Th a  A n o d i s i n g  P r o c e s s

T h e  a n o d ic  o x i d e  c o a t i n g  can be formed e i t h e r  by  

m a i n t a i n i n g  a c o n s t a n t  c u r r e n t  d e n s i t y  ( c . d . )  and a l t e r i n g  

t h e  a n o d i s i n g  t im e ,  o r  v i c e  v e r s a .  The  v a l u e s  i n  T a b l e  13 

r e f e r  t o  a s i n g l e  s t a n d a r d  p a n e l .  I f  t h e  s i z e  and/or
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T a b i*  13

^ u rr* n t

i * n * i t y

<A/da*)

C u rr* n t

(A )

Thickn***

( mm>

T h * o r * t ic a l

T i * * ( « i n )

A c tu a l T ia *  

( * i n )

1 .8 5 .4 10 18 23

M H 15 27 35

H II 20 36 46

«1 II 25 45 60

0 .5 4 1.6 10 - -

0 .81 2 .4 15 - -

1.08 3 .3 20 - -

1 .8 5 .4 25 -
-

T a b i*  IS

8 * c t lo n R*f*r*nc*

3 .5 . 1 B .S .5 4 1 1 iP a r t 3 i 1984

B .8 .3 9 8 7 iA p p * n d lx  B i 1974

3 . 5 . 2 B . S . 61611 Part l i  1984

3 . 5 . 3 B .S .6 1 6 1 iP a r t 6 i 1984

3 . 5 . 4 B .S .6 1 6 1 iP a r t 5 i 1982

3 . 5 . 5 B .S .6 1 6 1 iP a r t 3 i l9 8 4

3 . 5 . 6 B .S .6 1 6 1 iP a r t 4 i 1981

3 . 5 . 8 B . S . 61611 Part 1111985

3 . 5 . 9 B .8 .6 1 6 1 tP a rt 9 i 1987
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q u a n t i t y  o f  p a n a la  l a  a l t a r a d ,  th a n  t h a  c u r r a n t  i a  

a l f f l i l a r l y  a l t a r a d .

Th a  a q u a t io n a  uaad t o  c a l c o l a t a  t h a  v a lu a a  a r a i

c . d .  -  t h i c k n a a a  x 323 

t im a

( 3 . 1 )

c u r r a n t  > c . d .  x a r a a  o f  panai ( 3 . 2 )

To  a c h i a v a  t h a  t a r g a t  t h i c k n a a a  f o r  c o n a ta n t  a n o d ia in g  

c u r r a n t  d a n a i t y  i t  waa found t o  ba n a c a a a a r y  t o  in c r a a a a  

t h a  t h a o r a t i c a l  a n o d i a in g  t im e  b y  33X. The  a n o d ia in g  

v o l t a g e  waa i n  t h a  ra n g e  o f  17-21 v o l t e  ( V ) .  P a n e la  ware  

a n o d le e d  t o  p ro d u c e  a n o d ic  f i l m e  n o m i n a l l y  2SMm i n

t h i c k n e s s ,  u n l e s s  o t h e r w i s e  s t a t e d .

3 . 3  C o l o u r i n g

Tha  anodic  o x i d e  f i l m  was c o l o u r e d  by two  

m athodsi i n o r g a n i c  d y e i n g  and e l e c t r o l y t i c  c o l o u r i n g .

3 . 3 . 1  I n o r g a n i c  D va in a

I n  t h i s  i n v e s t i g a t i o n  a n o d is e d  p a n e ls  were dyed  

by t h a  'd o u b l e  d i p ’ method. The p a n e l was immersed  

c o n s e c u t i v e l y  i n  two s o l u t i o n s  w i t h  r i n s i n g  between  

im m e rs io n s .  Tha  two c o m b in a t io n s  o f  s o l u t i o n s  used werei  

5 0 g / l  c o b a l t  a c e t a t e  and 3 0 g / l  p o ta s s iu m  parm an ganatai  

3 0 g / l  p o ta s s iu m  f e r r o c y a n i d e  and SOg/1 f e r r i c  s u l p h a t e .  Th e  

form er p a i r  gave a r a n g e  o f  c o l o u r s  from p a l e  g o ld  t o  

b r o n z e ,  and t h e  l a t t e r  g a ve  v a r y i n g  shades o f  b l u e .  Th e
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c o l o u r s  r e s u l t e d  from t h e  r e a c t i o n  o f  t h e  two compounds t o  

form an i n o r g a n i c  p ig m e n t .

Q o ld  c o l o u r i

Co(CHsCOO)a + KMnO« — Co/Mn o x i d e  m i x t u r e ( 3 . 3 )

B l u e  c o l o u r i

2 F e a < S 0 * )a  + 3 C F e ( C N ) « 3 K «  — ♦ C F e ( C N ) . 3 « F e *  + 6KaS0* ( 3 . 4 )

B e s t  r e s u l t s  were o b t a i n e d  when t h e  s o l u t i o n s  were hea te d  

t o  50*C (KMnO« a t  3 0 * 0 .  The  d e p th  o f  c o l o u r  was in c r e a s e d  

by  r e p e a t in g  t h e  p r o c e d u r e s .

a i3 i2  C o igu rina

P a n e ls  were a n o d is e d  i n  165 g/l s u l p h u r i c  a c i d ,  

r i n s e d  and c o lo u r e d  i n  a m etal s a l t  s o l u t i o n  by  means o f  an 

a l t e r n a t i n g  c u r r e n t  ( a . c . ) .  The  b a s ic  c o l o u r i n g  s o l u t i o n  

used was composed o f  2 0 g / l  s u l p h u r i c  a c i d ,  2 0 g / l  s ta n n o u s  

s u l p h a t e  and 2 0 g / l  p h e n o l  s u l p h o n i c  a c i d ,  a t  a pH o f  1. The  

f r e s h l y  p re p a r e d  s o l u t i o n  was l e f t  t o  s t a n d  f o r  2 4 h o u rs  

b e f o r e  b e in g  d e can te d  t o  remove t h e  b a s i c  s t a n n i c  s u l p h a t e  

w h ich  a c c u m u la te s  as a r e s u l t  o f  o x i d a t i o n  o f  t h e  sta n n o u s  

s u l p h a t e .  Phenol s u l p h o n i c  a c i d  was added i n  o r d e r  t o  

s t a b i l i s e  th e  s o l u t i o n  w i t h  r e s p e c t  t o  t h i s  o x i d a t i o n .  When 

n o t  i n  use t h e  s o l u t i o n s  were b o t t l e d  t o  p r e v e n t

7 /
eiárre w t  den s i t y  o f  12V. D u r i n g  t h e  f i r s t  m in u te  o f  

t r e a t m e n t  t h e  v o l t a g e  r o s e  s m o o th ly  t o  a p p r o x i m a t e l y  

lA/dm*, but  g r a d u a l l y  d e c re a s e d  t o  a s t e a d y  v a l u e  of
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P l q .  25

( 5  1)



O.SA/dm*. Tha  d » p t h  o f  c o l o u r  was d a ta r m ln a d  b y  t h *  amount 

o f  matal d a p o s itm d ,  i . a .  thm c o l o u r i n g  t i m a ,  and n o t  t h a  

t h i c k n a s B  o f  t h a  o x i d a  f i l m .  C o l o u r s  ra n g a d  from  

’ champagna’ f o r  IS s a c  t o  b la c k  f o r  IS m in .  S t a n d a r d  

c o l o u r i n g  was c a r r i a d  o u t  a t  ambiant t a m p a r a t u r a .  E l a v a t a d  

c o l o u r i n g  t a m p a r a t u r a s  wara a c h ia v a d  b y  h a a t i n g  t h a  

s o l u t i o n  on a h o t  p l a t s .  D aprassad t e m p a r a t u r a s  ware  

a c h ie v e d  by  s u r r o u n d i n g  t h e  b a th  w i t h  i c e  and w a t e r .  

F i g . 25 i s  a d ia g r a m  o f  th e  c o l o u r i n g  b a t h .

O th e r  c o l o u r i n g  e x p e r im e n t s  were c a r r i a d  o u t  i n  

w h ich  an a d d i t i o n  agent ' T r i b r i t e ’ was added t o  t h e  b a s ic  

c o l o u r i n g  s o l u t i o n ,  t o g e t h e r  w i t h  f o rm a ld e h y d e ,  sodium  

norm al o c t y l - s u l p h a t e  and phenol s u l p h o n i c  a c i d ,  w hich  

a l t e r e d  t h a  way i n  w hich  t h e  t i n  was d e p o s i t e d  i n  t h e  

p o r e s .

3 . 3 . 3  H u l l  C a l l  T e s t

The  H u l l  C e l l  T e s t  was used t o  e s t i m a t e  t h a  

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

s o l u t i o n s .  267m i11i 1i t r e s  ( m l )  o f  t h e  s o l u t i o n  were put  

i n t o  t h e  H u l l  C e l l  as i n  F i g . 2 6 .  The  anode was t i n  and t h e  

c a th o d e  was a p i e c e  o f  co pper f o i l  m e a s u rin g  100mm x 63mm. 

A c u r r a n t  o f  O .S A  was used f o r  Smin. T i n  was d e p o s i t e d  o n to  

t h e  co p p er and i t s  appea ra n ce  i n d i c a t e d  t h e  c o v e r i n g  power 

o f  t h e  s o l u t i o n .  A lo o s e  d e p o s i t  o f  s i n g l e  o u tw a rd  g r o w in g  

c r y s t a l s  i n d i c a t e d  poor c o v e r i n g  p o w er,  w h i l e  a smooth  

s h i n y  d e p o s it  i n d i c a t e d  good c o v e r i n g  p o w er. D u r i n g  t h e  

t e s t  h yd ro ge n  ga s was e v o lv e d  at t h e  c a t h o d e .  Mora c u r r a n t  

from t h e  anode t e n d s  t o  c o n c e n t r a t e  on t h e  near and o f  t h e

146



c A t h o d « ,  t h « r * f o r »  t h a  c . d .  f a l l s  from t h a  na a r and t o  th a  

fa r  a nd. T h a  r a a i s t a n c a  i s  b i g g a r  batwaan t h a  anoda and th a  

fa r  a nd.

Th a  a c t i v i t y  o f  t h a  a d d i t i o n  a g a n ts  uaad i n  soma 

a x p a r im a n ta  was m o n ito ra d  b y  t h a  H u l l  C a l l  T a s t .  In c ra a s a d  

o r d acraaaad a c t i v i t y  was a v a lu a t a d  from t h a  a p p a a ra n c a  o f  

t h a  d e p o s it a d  t i n .

3i4 Stalina
P a n e l s  ware s e a le d  b y  im m e rs in g  them i n  hot  

s o l u t i o n s .  T a b l e  14 l i s t s  t h e  s o l u t i o n s  and c o n d i t i o n s .  The y  

were kept a t  a te m p e r a t u r e  o f  >98*C and t h e  p a n e l s  wera  

h e ld  o v e r  t h a  steam f o r  I S s e c .  T h i s  a l lo w e d  them t o  warm up 

and n o t  e x p e r ie n c e  t h a  ' t h e r m a l  s h o c k '  t h a t  cau se d  c r a z i n g  

o f  t h a  o x i d e  f i l m  whan c o l d  p a n e l s  were immersed i n t o  

b o i l i n g  s o l u t i o n s .  U s in g  sec/Mm o r  min/>>m s e a l i n g  t im e s  

wera d e t e r m in e d .  A f t e r  s e a l i n g ,  t h a  le n g t h  o f  t im e  t h a t  

p a n e ls  wera s t o r e d  was taken i n t o  c o n s i d e r a t i o n  when 

c a r r y i n g  o u t  f u r t h e r  e x p e r i m e n t a t io n .

T a b l e  14

S o l u t i o n C o m p o s it io n

Mater D i s t i l l e d  o r  d e i o n i s e d ,  pH S . S - 6 . 0

N ic k e l  a c e t a t e  b u f f e r e d Sg/1 n i c k e l  a c e t a t e ,  5 g / l  b o r i c

water a c i d ,  pH 5 . S - 6 . 0

' A l c o a  4 8 2 ' 4 . Sg/1 n i c k e l  a c e t a t e ,  lg / 1

s u l p h u r i c  a c i d ,  pH S . S - 8 . 0

Ammonium a c e t a t e lg /1  ammonium a c e t a t e ,  pH S . S - f i . O
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3 .  g A « — « — nt T » » t »

T a b l »  I g  l i s t s  t h s  t s s t s  ussd i n  t h i s  p r o j e c t  

a c c o r d i n g  t o  t h e  B r i t i s h  S ta n d a rd  S p e c i f i c a t i o n s  f o r  A no dic  

O x i d a t i o n  C o a t i n g s  on A lu m in iu m  ( B . S . I S l g i 1 9 B 7 )  w h ich  

r e f e r s  t o  Methods o f  T e s t s  f o r  a n o d ic  o x i d e  c o a t i n g s  on 

a lu m in iu m  and i t s  a l l o y s  ( B . S . 61 6 1 i1 9 B 1 , 19B2, 19B4, 19B5

and 19B7) and M ethods o f  T e s t  f o r  M e t a l l i c  and R e la te d  

C o a t i n g s  ( B . S . g 4 1 1i 1 9 7 4 ) .  A n o d ic  o x i d e  C o a t i n g s  on Wrought  

A lu m in iu m  f o r  E x t e r n a l  A p p l i c a t i o n s  < B . S . 3 9 B 7 i 1974) i s  a l s o  

q u o te d .

3 . g . l  T h i c k n e s s  Measurements bv t h e  Eddv C u r r e n t  P r i n c i p l e

T h i s  method was used as a n o n - d e s t r u c t i v e  t e s t  t o  

measure t h e  t h i c k n e s s  o f  t h e  a n o d ic  f i l m .  The  ’ Permascope'  

in s t r u m e n t  ( F i s c h e r  I n s t r u m e n t â t  io n  L t d . )  has a s e a r c h  c o i l  

t h r o u g h  w h ich  a h i g h  fre q u e n c y  c u r r e n t  i s  p a ss e d . The  

s t r e n g t h  o f  t h e  r e a d i n g  i s  dependent upon t h e  d i s t a n c e  

between t h e  c o i l  and t h e  c o n d u c t in g  s u r f a c e  i . e .  t h e  

a lu m in iu m  base m e t a l .  F i v e  r e a d i n g s  were made on each s i d e  

o f  t h e  p anel and an a v e ra g e  t a k e n .  The  measurements were  

made a f t e r  t h e  a n o d is e d  p a n e ls  had been r i n s e d  b u t  were n o t  

a l lo w e d  t o  d r y  o u t .

3 . g . 2  G r a v i m e t r i c  Method fo r T h i c k n e s s ___P l t l B r i n iH i t i g n — tUL

S t r i o D i n a

T h i s  was used as a d e s t r u c t i v e  t e s t  t o  measure  

t h e  t h i c k n e s s  o f  t h e  a n o d ic  f i l m ,  known a s  t h e  ' s t r i p  and 

w e ig h '  method. T h i s  employed a b o i l i n g  s o l u t i o n  c o n t a i n i n g
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2 0 g / l  c h ro m ic  « c i d  «n d  3 5 in l/ l  o r t h o  p h o s p h o r ic  « c i d  

( d * n B it y -1 .7 S g / d m o >  „«id* up t o  1 l i t r a  w i t h  d a i o n i s « d  

w « t a r .  The  p « n « l  w «s  weighed b e f o r e  « n d  « f t a r  t h e  t e s t ,  «n d  

t h e  « r e «  n o t e d .  T h e  p « n a l  w « «  d e gre a se d  b e f o r e  i n i t i a l  

w e ig h in g  and h a n d le d  as l i t t l e  as p o s s i b l e  a t  a l l  t im e s .  

T h e  f i l m  t h i c k n e s s  was e v a l u a t e d  u s i n g  t h e  e q u a t io n

t -  M.IOQ 

A .d

( 3 . S )

where t  i s  t h i c k n e s s  (>im)

W i s  w e ig h t  l o s s  (g>

A i s  a r e a  <cm*)

d i s  d e n s i t y  (2 .4 g / c m "  f o r  u n s e a le d  c o a t i n g s i  t h e  

d e n s i t y  may v a r y  f o r  s e a le d  c o a t i n g s  from 2 .6 g /c m *  t o  

2 .7 g / c m » > .

3 . 5 . 3  Adm i t t a n c e  Measurements

T h e  i n s t r u m e n t  used was an ’ A n o t e s t ’ meter which  

o p e r a t e s  a t  a f r e q u e n c y  o f  IK H z .  By e m p lo y in g  an 

a l t e r n a t i n g  c u r r e n t  under s p e c i f i c  c o n d i t i o n s  th e  

a d m i t t a n c e ,  i n v e r s e  o f  im pedance, o f  an a n o d is e d  s u r f a c e  

c o u l d  be m easured. Th e  a d m it ta n c e  was measured i n  mS and 

was d e s ig n a t e d  Y (2 S * C > .  To  a c c o u n t  f o r  f i l m s  o f  d i f f e r e n t  

t h i c k n e s s e s ,  t h e  p r o d u c t  o f  a d m it ta n c e  and t h i c k n e s s ,  

c o r r e c t e d  t o  2S*C, was used and was d e s ig n a t e d  a s  Yt(2 S 0C >  

(Sm X 1 0 - » * ) .  The  q u a l i t y  o f  t h e  s e a l e d  f i l m  c o u l d  be 

e v a l u a t e d .
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T h *  p anai was d a graaaad and an a d h a a lv a  a n n u la r  

ru b b a r  r i n g  (13mm i n t a r n a l  d ia ra a ta r )  waa f i x a d  t o  i t .  Ara a a  

wara chosan w h ich  wara u n b la m ia h a d  i . a .  n o t  a c r a t c h a d .  Tha  

r i n g  a c t a d  aa a c a l l  i n t o  w h ich  an a p p r o p r i a t a  c o n d u c t in g  

a l a c t r o l y t a  waa p u t .  T h a  a t a n d a rd a o l u t i o n  uaad waa 3 S g / l  

p o ta a a iu m  a u l p h a t a .  O th a r  a x p a r im a n t s  wara p a rfo rm e d  u a in g  

v a r i o u a  c o n e a n t r a t i o n s  o f  n i t r i c  a c i d .  A a cra w  clamp was 

a t ta c h a d  t o  a ram o ta  p o i n t  on t h a  p a n a i .  T h i s  was screwad  

t i g h t l y  i n  o r d a r  t o  b ra a k  t h a  o x id a  c o a t i n g  and make 

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

e l e c t r o d e  waa immersed i n  t h a  e l e c t r o l y t e ,  c o m p l e t in g  t h e  

c i r c u i t ,  and a r e a d i n g  t a k e n .  R e a d in g s w ere  made a f t a r  Im in  

t o  a l l o w  t h a  meter t o  e q u i l i b r a t e .  However r e a d i n g s  were  

ta k e n  a t  i n t e r v a l s  o v e r  a p e r i o d  o f  t im e  when d r i f t i n g  

o c c u r r e d .  B r i t i s h  S t a n d a r d  1615:1987 r e q u i r e s  a v a l u e  o f  

l e s s  th a n  SOO/t pS where t  i s  t h e  t h i c k n e s s  o f  t h e  a n o d ic  

c o a t i n g  i n  m ic r o m e tr e s  a t  25*C.

T h e  f o l l o w i n g  a q u a t io n  was used t o  e v a l u a t e  a 

c o r r e c t i o n  f a c t o r  F f o r  an y  g i v e n  t e m p e r a t u r e :

( 3 . 6 )

where @ i s  t h e  g iv a n  t e m p e r a t u r e  and F > i  at  25 *C. 

A t o t h e r  t e m p e r a t u r e s  Y t  was d i v i d e d  by F .

T h e o r y  o f  A d m it t a n c e  o f  E l a c t r o c o l o u r a d  A n o d ic  F i l m s

T h e  a n o d ic  o x i d a  f i l m  can be c o n s i d e r e d  t o  bi  

p a r a l l e l  p l a t e  c o n d e n s e r ,  t h e  c a p a c it a n c e  o f  w h ic h  i s :

152



< 3 .7 )

whara i a  t h a  d i a l a c t r i c  c o n a ta n t  o f  t h a  f i l a ,

A  i a  t h a  a ra a  o f  t h a  p l a t a a ,  

d i a  t h a  d i s t a n ç a  o f  a e p a r a t i o n .

In  o r d a r  t o  meaaura t h a  a d m it t a n c a ,  an a n n u la r  r u b b e r  r i n g  

was p la c a d  on t h e  s u r f a c e  i n t o  w h ic h  i s  p u t  t h e  

e l e c t r o l y t e .  T h e  s t a n d a r d  c e l l  s i z e  used was 13mm,

A - T T ( 1 . 3 / 2 ) » ( 3 . 8 )

I f  t h e  a n o d ic  f i l m  t h i c k n e s s  i s  2SMm,

4 TT 2 5

• 4 2 .2 5  e su

S i n c a  0 . 9  x 10** esu »  1 f a ra d

C -  4 . 7  X 1 0 -* *  fa r a d s

A t a f re q u e n c y  H, t h e  a d m it ta n c e  i s

Y -  2TTHC ( 3 .9 >
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I T h *  ' A n o t a s t '  usad H • 1 x iO *  H z, hanca

Y -  2 T T 1 0 “ C ( S )

2 . 9 3  X <mS)

I f  i t  i s  assumad i s  10 t o r  a h y d r o t h a r m a l 1y s a a l a d  f i l (

Y -  2 . 9 5  ( mS )

Hance t h e  a d m it t a n c a  x t h i c k n a s s  i s

Y t  -  3 X 25  

= 75 <Soi X

( 3 . 1 0 )

T h i s  i s  t h a  t h a o r a t i c a l  c a l c u l a t i o n .  B r i t i s h  S t a n d a r d  

1 & 1 5 I1987 r a q u i r e s  a v a l ú a  o f  l a s s  th a n  SOOSm x 10~*“ . In  

p r a c t i c a ,  v a l ú a s  f o r  naw w a l l  h y d r o t h e r m a l l y  s e a l a d  f i l m s  

a r e  150 (Sm x lO “ **) o r  g r e a t e r .  Aged f i l m s  can g i v e  lo w e r  

v a l ú a s .

An a l a c t r o c o l o u r a d  a n o d ic  o x i d a  f i l m  can be 

d e s c r i b e d  i n  te rm s  o f  t h e  c a p a c i t a n c e .  Th a  d e p o s i t a d  

m e t a l l i c  t i n  can be r e g a r d e d  as a c o n d u c t o r  w i t h  i n f i n i t e  

d i e l e c t r i c  c o n s t a n t .  I f  a p l a t e  o f  t h i c k n e s s  d ’ ( i . e .  t h e  

t i n )  i s  p la c a d  between t h e  c a p a c i t o r  p l a t e s  ( i . e .  t h a  

m e t a l/ o x id e  i n t e r f a c e  and t h a  s u r f a c e  o f  t h a  o x i d e ) ,  t h e  

a f f e c t i v e  s e p a r a t i o n  becomes d - d '  ( t h i c k n e s s  d e c r e a s e s )  

and c a p a c i t a n c e  r i s e s  t o i
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c '  -  _ jL a ____

4 T T ( d - d ' )

( 3 . 1 1 )

Supposa t h e  m etal i n  t h e  t i n  l a y e r  b e h a ve s  a s  a m e ta l p l a t e  

o f  u n i f o r m  t h i c k n e s s ,  t « , .  I f  t h e  a n o d ic  f i l m  i s  w e l l  s e a le d  

and o f  t o t a l  t h i c k n e s s  t ,  t h e  e f f e c t i v e  d i e l e c t r i c  

t h i c k n e s s  i s  re d u ce d  t o i

t '  -  t  -  t « ( 3 . 1 2 )

For a w e l l  s e a le d  u n c o lo u r e d  aged f i l m  Y t (2 S * C >  i s  2 00,  

h o w e v e r,  f o r  a w e l l  s e a l e d  e l e c t r o c o l o u r e d  f i l m  t h e  v a l u e  

i s  v e r y  l a r g e ,  Y t(2 5 * C >  i s  x .  I f  i t  i s  assumed t h a t

Y t ' ( 2 5 « C )  »  200 ( 3 . 1 3 )

the n  f o r  t h e  a l a c t r o c o l o u r e d  f i l m .

( 3 . 1 4 )

and.

200t

where t '  i s  t h e  t h i c k n e s s  o f  t h e  e f f e c t i v e  d i e l e c t r i c  

c o n s t a n t  and tm, t h e  t h i c k n e s s  o f  t h e  t i n ,  can be d e d u ce d .
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3 . 5 . 4  D v  S o o t T M t

T h i s  i «  • q u i c k  and s im p l a  t * s t  f o r  a a s a s a in g  th a  

t h *  d a g r a *  o f  a a a l l n g .  An a n n u la r  r u b b a r  r i n g  was a t ta c h a d  

t o  t h a  d a g ra a sa d  p a n a i .  A t  r o o a  t a n p a r a t u r a  a d ro p  of  

s o l u t i o n  ' A '  was p u t  i n t o  t h a  r i n g  f o r  Im in a x a c t l y .  Tha  

r i n g  was r i n s a d  and d r i a d  w i t h  t i s s u a s .  A dro p  o f  s o l u t i o n  

' B '  was a p p l i a d  t o  t h a  sama r i n g  f o r  Irnin a x a c t l y ,  r i n s e d ,  

t h a  r i n g  ramovad and t h a  s p o t  rubbad w i t h  a d r y  t i s s u a .

S o l u t i o n  ' A ’ I 2Sel HaSO« lO g K r  p a r  l i t r a .

S o l u t i o n  ' B ' l  1'/. A lu m in iu m  F a s t  Rad 63LM i n  watar

T h a  r a s i d u a l  c o l o u r  i n t a n s i t y  was comparad t o  a s t a n d a r d  

c h a r t .  I f  t h a  c o a t i n g  i s  f u l l y  s a a l a d ,  no r a s i d u a l  c o lo u r  

r a m a in s .  T h e  c o l o u r  i n t a n s i t y  i n c r e a s e s  w i t h  i n c r e s i n g l y  

p o o r s e a l i n g .  H ow ever, as w i t h  t h e  a d m it ta n c e  t e s t ,  o n l y

one s p e c i f i c  a re a  i s  t e s t e d  and v a r i a t i o n s  o v e r  th e

re m a in d e r  o f  t h a  p a n e l a r e  n o t  known. D a rk  c o lo u r e d  p a n e ls  

o b s c u r e  t h e  t e s t  r e s u l t s .

3 . 5 . 5  Pho s p h o r i c -C h r o m i c  A c i d  T e s t

T h i s  i s  a d e s t r u c t i v e  t e s t  f o r  a s s e s s in g  th e  

s e a l i n g  q u a l i t y  o f  an a n o d ic  f i l m .  Any s u r f a c e  bloom was

removed by  r u b b i n g  w i t h  a d r y  t i s s u e  and th e  specimen was

d e g r e a s e d .  A pan e l o f  known a re a  was immersed i n  t h e  t e s t  

s o l u t i o n  w h ic h  was h a a ta d  t o  between 3 7 -3 9 * C  f o r  15min. The  

s o l u t i o n  t e m p e r a t u r e  was m a in t a in e d  by s t i r r i n g .
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T a s t  ■ o l u t i o n i  2 0 g / l  c h r o m ic  a c i d  3 S «1 /1  o r t h o  p h o s p h o r ic  

a c i d  ( d a n a i t y - i . y S g / c m “ ) nada up t o  1 l i t r a  w i t h  d a i o n i a a d  

w a t a r .

Tha  p a n a i  was r i n s a d «  d r i a d  and r a w a ig h a d .  Tha  mass l o s s  i n  

g/m* was c a l c u l a t a d .  U n s a t i s f a c t o r y  s a a l i n g  i s  i n d i c a t a d  by  

a v a l u e  g r e a t e r  th a n  3g/m*. The t e s t  s o l u t i o n  was r e u s e d t  

but d i s c a r d e d  a f t e r  10dm* o f  a n o d is e d  s u r f a c e  h a ve  been  

t r e a t e d  p e r l i t r e  o f  s o l u t i o n .

3 . 5 . 6  A c i d i f i e d  S u l p h i t e  T e s t

T h i s  i s  a s i m i l a r  a c i d  im m e rs io n  t e s t  t o  3 . S . S  

w h ic h  a s s e s s e s  t h e  s e a l i n g  q u a l i t y  b y  t h e  mass l o s s  i n  

g/m*. Any s u r f a c e  bloom was removed as i n  s e c t i o n  3 . 5 . 5 .  

The  p a n e l was immersed, a t  room t e m p e r a t u r e ,  i n  a 5054 by  

vo lu m e  s o l u t i o n  o f  n i t r i c  a c i d  f o r  lO m in ,  t h e  ’ p r e d i p ' .  I t  

was r i n s e d  and immersed i n  t h e  a c i d i f i e d  s u l p h i t e  s o l u t i o n  

f o r  20min a t  a t e m p e r a t u r e  o f  between 9 0 -9 2 * C .  The maximum 

mass l o s s  a l l o w a b l e  i s  2g/m*.

T e s t  s o l u t i o n i  lOg/1 so dium  s u l p h i t e  ( a n h y d r o u s )  made up t o  

1 l i t r e  w i t h  d e i o n i s e d  w a te r  t o  w h ic h  g l a c i a l  a c e t i c  a c i d  

( 2 0 m l/ I  t o  4 0 m l / I )  h a s  been added t o  g i v e  pH 3 . 6 - 3 . 8  

f o l l o w e d  by  a d d i t i o n  o f  SN s u l p h u r i c  a c i d  ( lO m l/ 1  t o  

l S m l / l >  t o  g i v e  pH 2 . 5 .  F r e s h  s o l u t i o n  was made f o r  each  

t e s t .

3 . 5 . 7  B l e a c h  T e s t

T h i s  i s  based on t h e  same p r i n c i p l e  as t h e  Dye
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I S pot T « s t ,  b u t  was usad f o r  c o l o u r a d  p a n e l s .  T h e  same 

p r o c e d u r e  was f o l l o w e d  but d i f f e r e n t  s o l u t i o n s  were use d i

S o l u t i o n  ' A ' I  25ml HaSO« + lO g  KF p e r  l i t r e ,  a p p l i e d  2min  

S o l u t i o n  ’ C ’ l N a C lO a , a p p l i e d  S a in

and

S o l u t i o n  ' D ' ;  50*/. by  v o l  HNOa, a p p l i e d  5min  

S o l u t i o n  ' C ’ t N a C lO a ,a p p l i e d  Smin

3 . S . 8  T o t a l  R e f l e c t a n c e

Th e  t o t a l  r e f l e c t a n c e  i s  im p o r t a n t  i n  d e f i n i n g  

t h e  d e p th  o f  c o l o u r  o f  d i f f u s e  s u r f a c e s  f o r  c o l o u r  m a tch in g  

p u r p o s e s .  T h e  c o l o u r  and shade o f  t h e  p a n e ls  were asse sse d  

by means o f  a Sheen C o l o r i m e t e r .  T h e  r e f l e c t a n c e  o f  t h e  

i n s t r u m e n t  was c a l i b r a t e d  a g a i n s t  b l a c k  v e l v e t  <0^ 

r e f l e c t a n c e )  and a b lo c k  o f  w h i t e  magnesium c a r b o n a t e  

( 1 0 0 % ) .  The  r e f l e c t a n c e  was measured at s i x  w a v e le n g t h s ;  

u s i n g  s i x  C I E  c o l o u r  f i l t e r s  600pm ( r e d ) ,  610pm ( o r a n g e ) ,  

S70pm ( y e l l o w ) ,  520pm ( g r e e n ) ,  480pm ( b l u e ) ,  450pm 

( v i o l e t ) ,  and t h e  in s t r u m e n t  was c a l i b r a t e d  a f t e r  each  

r e a d i n g .  Measurements were made b o th  a lo n g  and a c r o s s  

( j i a —l i n e s  f o r  e x t r u s i o n s  and r o l l i n g  d i r e c t i o n s  f o r  s h e e t s .  

An a v e ra g e  o f  tw o  r e a d i n g s  were t a k e n  i n  each d i r e c t i o n .  

G ra p hs o f  p e r c e n t a g e  r e f l e c t a n c e  a g a i n s t  w a v e le n g th  were  

p l o t t e d  ( s p e c t r a l  r e f l e c t i v i t y  c u r v e s ) .  The  shade and 

c o l o u r  was t h u s  c h a r a c t e r i s e d  by n u m e r i c a l  v a l u e s ,  t h e  C I E  

c h r o m a t i c i t y  c o - o r d i n a t e s  and can be  d e s c r i b e d  i n  te rm s  of  

t h e  C I E  c o l o u r  t r i a n g l e .  F i g . 16.
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F i g .  16 ( 6 8 )



T h »  c h r o m a t i c i t y  c o - o r d i n « t » »  w » r »  » v a l u a t a d  f r o m  t h i  

• q u a t i o n » !

X ~  X ( 3 . 1 5 )

X + Y + Z

( 3 . 1 6 )

X + Y + 2

w h » r »  X  « n d  y  « r e  t h »  c h r o m a t i c i t y  c o - o r d i n « t » »

X i s  t h »  p » r c » n t a g »  r » t l » c t * n c »  a t  660Mfli 

Y II n 11 II II S20)iin

2 II II II " " 4B0|im

T h »  lu in inan/ic» (Rm o k )  o f  a p a n e l  i s  t h e  p e r c e n ta g e

r e f l e c t a n c e  v a l u e  a t  S20m><> ( g r e e n ) .

3 . 5 . 3  Abr a s i o n  R e a ia t a n c e

Two methods were used t o  a sse ss t h e  a b r a s io n  

r e s i s t a n c e  o f  a n o d ic  o x id e  f i l m s !  t h e  ' T h r o e  Paper T e s t '  

and t h e  A b r a s i v e  Mhcel T e s t .

T h r e e  Paper T e s t

T h i s  i s  a s im p l e  a b r a s io n  t e s t  w h ich  uses g l a s s ,  

g a r n e t  and s i l i c o n  c a r b i d e  a b r a s i v e  p a p e r s .  Th e  p a r t i c l e  

s i z e  o f  t h e  a b r a s i v e s  used were!
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Q l a s s i  T l o u r ’ g r a d *

Q a r n a t i  220 «■•h g r i t

S i l i c o n  c a r b i d a i  320 nash g r i t

( E n g l i s h  A b r a s i v a s  L t d . >

S t r i p s  (12fflm w id a )  o f  aach t y p a  o f  a b r a s i v a  p a p a r , s t a r t i n g  

w i t h  t h a  g l a s s  p a p a r , ware wrapped a round an e r a s e r  <6(nm 

w id e )  i n  t u r n ,  F i g . 2 7 .  T h i s  edge was ru bbed f o r  10 d o u b le  

s t r o k e s  a g a i n s t  t h a  p a n e l t o  be t e s t e d .  Th e  s t r i p  o f  papar  

was moved so  t h a t  a f r e s h  a r e a  was r e a d y  f o r  t h e  n e x t  t e s t .  

The  t e s t  i s  based on t h e  p r i n c i p l e  t h a t  one m a t e r i a l  i s  

o n l y  s c r a t c h e d  by  a n o th e r  w h ic h  i s  h a r d e r .  T h i s  i s  Mohs’ 

p r i n c i p l e .

A b r a s i v e  Hheel T e s t

T h e  a b r a s i v e  wheel used a lo a d  o f  400 gramme 

f o r c e  <gf> ( 3 .9 2 N )  and 400 d o u b le  s t r o k e s  < d s ) .  The  

a p p a r a t u s  used was m a n u fa ctu re d  b y  t h e  Suga In s tr u m e n t  

Company and used a s i l i c o n  c a r b i d e  a b r a s i v e  band o f  w id th  

12mm, ( E n g l i s h  A b r a s i v e s  L t d .  P320A mesh g r i t ) .  The  

a b r a s i v e  band was f i x e d  t o  t h e  wheel so t h a t  i t  r o t a t e d  by  

0 .9 *  a f t e r  each d o u b le  s t r o k e  (o n e  f o r w a r d s  and one  

b a ck w a rd s movement) under t h e  p r e s e l e c t e d  l o a d .  Each  d o u b le  

s t r o k e  t h e r e f o r e  used f r e s h  paper and t h e  band was changed  

a f t e r  400 d o u b le  s t r o k e s .  T h e  a b r a s i v e  s t r i p  was bonded or  

m e c h a n i c a l l y  clamped i n t o  p o s i t i o n ,  b u t  so t h a t  t h e  ends  

d i d  n o t  o v e r l a p .  A b r a s i o n  d e t r i t u s  was c o n t i n o u s l y  removed  

by  b l o w in g  o r  w i p i n g  w i t h  a f i n e  b r u s h .

Th e  f i l m  t h i c k n e s s  l o s s  ( o r  w e ig h t  l o s s )  from t h e
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a b ra d * d  a r » a  « •  • f u n c t i o n  o f  t h «  numbar o f  d o u b la  a t ro k a *  

uaad i s  t h a  maasura o f  t h a  d a g ra a  o f  a b r a s io n .  T h i s  can ba  

q u o ta d  i n  t a r a s  o f  waar r a s i s t a n c a ,  t h a  nuabar o f  d o u b la  

s t r o k a s  p a r  a i c r o n  o f  waar (ds/)>a>( or t h a  a b r a s io n  

r a s i s t a n c a ,  t h a  t h i c k n a s s  l o s s  p a r  n nuabar o f  d o u b la  

s t r o k a s  (Ma l o s s /  n d s > .  A c o n v a n ia n t  u n i t  o f  a a a su ra a a n t  

i s  t h a  waar in d e x  which i s  g i v e n  by t h a  f o l l o w i n g  e q u a t io n i

Wear in d e x  (a a s s  or t h i c k n e s s )  =

l o s s  (a a s s  o r  t h i c k n a s s )  o f  s a a p la ( 2 . B )

l o s s  (a a s s  o r  t h i c k n e s s )  o f  s t a n d a r d  20*C HaSO« f i l a

( T h e  wear in d e x  i s  a r a t i o  and i s  d i a a n s i o n l e s s ) .

T h e  t h i c k n e s s  l o s s  found f o r  a s ta n d a r d  20*C HaSO« f i l a  was 

-7 .4 3 M a  f o r  400 ds at 400 g f .  A t h i c k n e s s  wear in d e x  o f  1 

o r l e s s  i n d i c a t e s  a *hard^ f i l a ^  i . e .  t h i s  i n d i c a t e s  a 

lo w e r  d e g r e e  o f  waar t h a n  t h a t  on t h e  s ta n d a r d  specim en.  

T h e  wear r e s i s t a n c e  can be found from th e  g r a d i e n t  of  t h e  

l i n e  o f  t h e  graph o f  t h i c k n e s s  l o s s  a g a i n s t  number of  

d o u b le  s t r o k e  c y c l e s .  T h i s  g r a d i e n t  can be found b y»

1. Tha  l i n e a r  r e g r e s s i o n  o f  t h a  g r a p h .  Th e  v a lu e  i s  

m u l t i p l i e d  by 20 and g i v e s  a v a lu e  w h ich  t a k a s  i n t o  account  

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

t h a  g r a p h  i s  n o n - l i n a a r .

2 .  Tha  a c t u a l  t h i c k n a s s  l o s s  found a t  400ds.

3 .  Th a  t h i c k n e s s  l o s s  found a t  lOOds or 200ds and 

m u l t i p l i e d  by a f a c t o r  o f  4 o r  2 r e s p e c t i v e l y .

4 .  By t a k i n g  an i n d i v i d u a l  p o i n t  on t h a  gra p h  and
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c a l c u l a t i n g  t h *  t h i c k n a a s  l o a s  a t  400ds b y i

t h i c k n a a «  l o » «  ( v )  x 4Q0da 

numbar o f  da  ( x )

< 3 .1 7 )

3 . S . 10 A b r a a i v a  Whaal T a a t  A o p a ra tu a  Uaad aa a M l c r o t o a a

I Th a  f i l m  waa a b ra d a d  by a a a t  numbar o f  d o u b le

s t r o k a a  ( ona c y c l a )  u a in g  a 400gf l o a d .  A f t a r  aach c y c l a  

t h a  a d m it t a n c a  and t h i c k n a a a  ware m aaaurad. T h a  a d m it t a n c e  

X t h i c k n e a a  p r o d u c t  Y t ( 2 5 * C )  waa c a l c u l a t e d  and a g r a p h  o f  

Y t ( 2 5 * C )  a g a i n a t  t h i c k n e a s  waa p l o t t e d !  a Y t - t  p r o f i l e .

I A l t e r n a t i v e l y ,  a Y - {  p r o f i l e  c o u l d  be p l o t t e d .  T h i a  i a
j

r e f e r r e d  t o  aa a d e p th  s u r v e y  o f  t h e  a n o d ic  o x i d e  c o a t i n g .

3 . 6  S u lp h u r  D i o x id e  E x p a r im a n t a

3 . 6 . 1  S u l p h u r  D i o x i d e  T a a t

A n o d ia a d  a lu m in iu m  p a n e ls  were exposed f o r  

v a r i o u s  t im e s  and a t  d i f f e r e n t  t e m p e r a t u r e s  t o  s u lp h u r  

d i o x i d e  g a s .  Ambient t e m p e r a t u r e  e x p e r im e n t s  were c o n d u c te d  

i n  a 3 0 .5 1  c l o s e d  g l a s s  v e s s e l ,  F i g . 2 8 .  E l e v a t e d  

t e m p e r a t u r e  e x p e r im e n t s  w ere  pe rfo rm e d  i n  a 4 .9 4 1  c l o s e d  

p e rs p e x  b o x .  F i g . 29 ,  w h ic h  was p la c e d  i n  a t h e r m o s t a t i c a l l y  

c o n t r o l l e d  o v e n .  C a r e f u l  m o n i t o r i n g  o f  t h e  te m p e r a t u r e  was 

o b s e r v e d .  P a n e l s  were suspended by  t e r y l e n a  t h r e a d  from  

p l a s t i c  s u p p o r t s  i n  t h e  v e s s e l s .  A s t r i p  o f  PVC t a p e  was 

p la c e d  a c r o s s  t h e  p a n e l  t o  mask a c o n t r o l  a r e a .  Any c u t  

edges w e re  s i m i l a r l y  c o v e r e d .  The l i d  o f  t h e  g l a s s  v e s s e l
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l i d  B « a l * d  w i t h  ’ V a sa l i n e ’

F l g .  28

l i d  w i t h



was mads a i r  t i g h t  w i t h  ' V a s e l i n e ’ . T h e  p e rs p e x  box had a 

f i t t e d  l i d .  Th e  p r o t e c t i n g  t r a y  i n  t h e  b o tto m  o f  t h e  

p e rs p e x  box p r e v e n t e d  t h e  e f f e r v e s c e n c e  o f  t h e  r e a c t i n g  

s o l u t i o n s  from s p r a y i n g  o n to  t h e  p a n e l s .  A l l  a p p a r a t u s ,  

p a n e l s  and s o l u t i o n s  were p r e h e a te d  i n  t h e  oven b e f o r e  

e l e v a t e d  t e m p e r a t u r e  e x p e r im e n t s  so t h a t  c o n d e n s a t io n  was 

kept t o  a minimum. The  gas was g e n e r a te d  b y  m ix in g  BY. 

sodium  t h i o s u l p h a t e  and 8N s u l p h u r i c  a c i d  im m e d ia t e ly  p r i o r  

t o  s e a l i n g  t h e  v e s s e l .  T h e  volume o f  s o l u t i o n s  used wasi

V -  X < 3 .1 8 )

w here V i s  t h e  t o t a l  volum e o f  t h e  v e s s e l  (cm“ )

X i s  t h e  t o t a l  volum e o f  s o l u t i o n s  used (cm“ )

T h u s !

( 3 . 1 9 )

NaaSaOa * 4x = Va 

5

( 3 . 2 0 )

w here v ,  i s  volum e o f  HaSO« (cm“ )

Va i s  volum e o f  NsaSaOa (cm“ )

165



3 . 6 . 2  Q u « n t i t « t i v  A n a l v i »  o f  S u lp h u r  D i o x i d » __Q «a  P u r i n a

A a b f n t  T « m D » r « t u r »  E x b t I — f i t «

T h * s «  ■xpariuM tnts w ar*  p a rfo rm a d  u a in g  a 51 

c l o s a d  g l a s s  v a s s a l , F i g . 3 0 . ,  and c a r r i a d  o u t  a t  a n b ia n t  

ta m p a r a t u r a s  f o r  24 h o u r s .  Gas was drawn o f f  froai an o u t 1a t  

on t h a  v a s s a l  and t h a  p a r c a n t a g a  a v a l u a t a d  u s i n g  i o d i n a  

t i t r a t i o n s .  T h a  p e r c a n t a g a  was found from t h a  a q u a t io n i

c -  5614 ( 3 . 2 1 )

whara c i s  t h a  c o n c a n t r a t i o n  o f  t h a  s u lp h u r  d i o x i d e

X i s  t h a  vo lu m a  o f  ga s  naadad t o  ra d u c a  t h a  i o d i n a  i n  

t h a  t i t r a t i o n  (cfli*).
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CHAPTEK 4

4 .1  Tha  A d m l t t a n c «  D r i f t  T « » t

C o n c a n t r a t a d  n i t r i c  a c id  and S o l u t i o n  ' A ’ of  t h e  

Dye Spot T e s t  ( s e c t i o n  3 . S . 4 )  were used as a l t e r n a t i v e  t e s t  

s o l u t i o n s  t o  p o ta s s iu m  s u l p h a t e  ( 3 . S X  by  wt> f o r  t h e  

a d m it t a n c e  t e s t .  Each was used i n  an A n o t e s t  c e l l  and t h e  

change o f  a d m it ta n c e  was measured o v e r  a known p e r i o d  o f  

t i m e .  The  ' a d m i t t a n c e  d r i f t ' ,  Y ,  was e v a l u a t e d  by  t h e  

f o l l o w i n g  e q u a t io n I

Y (2 5 * C )  -  Y "  -  Y '  

T "  -  T '

(S  X 1 0 -* / m in ) ( 4 . 1 )

and t h e  a d m it ta n c e  x t h i c k n e s s  p r o d u c t  d r i f t s

Y t ( 2 5 * C )  »  Y t "  -  Y t '  <Sm X 1 0 - ' * / m i n )  ( 4 . 2 )

T "  -  T '

where Y ” i s  th e  f i n a l  a d m it ta n c e  r e a d i n g ,  u s i n g  HNOa 

(c o n e )  or s o l u t i o n  ' A '  i n  a c e l l  13mm i n  d i a m e t e r .

Y '  i s  t h e  i n i t i a l  a d m it ta n c e  r e a d i n g ,

Y t "  i s  t h e  f i n a l  a d m it ta n c e  x t h i c k n e s s  p r o d u c t ,  

Y t '  i s  t h e  i n i t i a l  a d m it ta n c e  x t h i c k n e s s  p r o d u c t ,  

T "  -  T '  i s  t h e  t im e  (m in )  o v e r  w h ich  a d m it ta n c e  i s  

measured.
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Th *  a d m it ta n c a  r e a d i n g  <or a d a i t t a n c *  x t h i c k n a a a  p r o d u c t )  

a t  t h a  i n i t i a l  t im a  waa a u b t r a c t a d  from t h a  r e a d i n g  a t  t h e  

f i n a l  t im e  and t h i a  waa d i v i d e d  by t h e  t o t a l  t e a t  t i m e ,  

w h ic h  waa u a u a l l y  10 m in .

R e a u l t s  f o r  p a n e l s  a e a la d  i n  d a i o n i a a d  w a ta r  f o r  

1, 2 and 3 min/fim ( p a n a l a  4 9 4 , 49S and 496 r e a p a c t i v e l y >, 

a r e  g i v e n  i n  T a b l e  16.

T a b l e  16

Panel Y t < 2 5 » C )

KaSO«

(Sm X 

1 0 - * » )

Y t < 2 5 « C )

HNO.

(Sm X 

1 0 -* » / m in )

"ft ( 2 5 * 0  

S o l u t i o n  ' A '  

(Sm X

1 0 -* » / m in )

494 318 - 0 . 3  (2 6 6 ) 1 .2  ( 3 1 2 )

495 224 - 0 . 3  (1 8 3 ) 1 .2  (2 4 3 )

496 194 - 0 . 6  (2 2 7 ) 0 . 9  (1 9 5 )

N .B .  F i g u r e s  i n  p a r e n t h e s e s  r e f e r  t o  t h e  Y t ( 2 5 * C )  v a l u e s  

o b t a i n e d  u s i n g  t h e  a l t e r n a t i v e  e l e c t r o l y t e  t o  KaSO «.

Y t ( 2 S * C )  d e c re a se d  as s e a l i n g  t im e  in c r e a s e d  

f o r  t h e  e l e c t r o l y t e s  p o ta s s iu m  s u l p h a t e  and S o l u t i o n  ’ A ' ,  

b u t  pan e l 493 had a lo w e r  Y t ( 2 5 » C )  v a l u e  th a n  496 f o r  

c o n c e n t r a t e d  n i t r i c  a c i d .  The  n e g a t i v e  v a l u e s  f o r  Y t< 2 5 * C )  

u s i n g  n i t r i c  a c i d  showed t h a t  t h e  a d m it ta n c e  v a l u e s  

d e c re a s e d  o v e r  10 m in .  Tho se  f o r  S o l u t i o n  ’ A '  showed a 

p o s i t i v e  ' d r i f t '  i n  a d m it t a n c e  w i t h  t i m e .  A T h r e e  Paper
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i A b r a s i v *  T a s t  showad t h a t  a l l  t h r a a  p a n a la  wara a c r a t c h a d
I

b y  Q a r n e t .

P a n a l s  w h ich  had baan a u b ja c t a d  t o  a p e r i o d  o f  

I w a a t h a r in g  o f  82 waaka (a a a  R a a u l t s  a a c t i o n  4 .9 >  had 

a d m it t a n c a  maaaurad u s i n g  c o n c a n t r a t a d  n i t r i c  a c i d  and 

Y t (2 5 * C >  and ' ¡ ' ( 2 5 * 0  a v a l u a t a d ,  on expoaed f a c a s  o n l y .  

G ra p hs l a ,  l b ,  and Ic  show how Y t ( 2 5 * 0  v a r i e d  w i t h  

a d m it t a n c e  t e s t  t im e ,  u s i n g  c o n c a n t r a t a d  n i t r i c  a c i d  a s  t h e  

e l e c t r o l y t e .  Y t ( 2 S * 0  measured u s i n g  p o ta s s iu m  s u l p h a t e  i s  

i n d i c a t e d  on t h e  g r a p h s .  Graph l a  showed how Y t ( 2 S * 0  

i n c r e a s e d  w i t h  t im e  f o r  u n s e a le d  p a n e l s .  P a r t i a l l y  s e a le d  

p a n e l s  112 and 113 showed an i n c r e a s e  w h i l e  110, i l l  and 

114 rem a in e d  p a r a l l e l  t o  t h e  x a x i s .  A s i m i l a r  p a t t e r n  was 

found i n  G raph I c  where p a n e l 119 a lo n e  i n c r e a s e d  i n  

Y t ( 2 5 * 0  o ve r  60 m in. ' ¡ ' t ( 2 5 * 0  and ' ¡ ' ( 2 5 * 0 ,  f r o n t  o f  

p a n e l s ,  can be r e l a t e d  t o  t h e  shape o f  t h e  g r a p h s .  L in e s  

p a r a l l e l  t o  t h e  x a x i s  gave  v a l u e s  o f < 2 . 0  fo r  ' i 't (25*C> and 

0 .1  f o r  ' ¡ '< 2 5 * 0 .

The  A d m it t a n c e  D r i f t  T e s t  was p e rfo rm e d  on aged  

c o l o u r e d  p a n e l s ,  a n o d is e d  under s t a n d a r d  c o n d i t i o n s .  T a b l e  

17. P a n e l s  4 3 9 ,  440 and 441 were c o lo u r e d  i n  a s t a n d a r d

t i n  s o l u t i o n  w h i l e  4 42, 443 and 444 were c o l o u r e d  i n  a 

s o l u t i o n  c o n t a i n i n g  T r i b r i t e  ( see  R e s u l t s  s e c t i o n  4 .1 5  

Graph 3 2 ,  E x p e r im e n t s  164 and 1 6 6 ) .  439 t o  444 were aged

f o r  23 weeks. ’ Cow Gum’ was used t o  s e a l  t h e  A n o t e s t  r i n g s  

t o  t h e  p a n e l s  439 t o  4 4 4 , and t o  p r e v e n t  t h e  e l e c t r o l y t e  

from c r e e p i n g  under t h e  r i n g .  ( ’ Cow Gum’ i s  a s o l u t i o n  o f  

u n v u l c a n i s e d  r u b b e r  i n  an a r o m a t ic  s o l v e n t . )  I f  t h e  

e l e c t r o l y t e  do e s c r e e p  un d e r t h e  c e l l  w a l l ,  t h i s  c r e a t e s  a
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p o s i t i v »  « r r o r  i n  tha  «d tn itta n ca  d r i f t .  Tha Yt<2S*C) v a lú a s  

ara  thoaa naaaurad u s in g  potassium s u lp h a ta ,  whan the  

pa n els  wars processed, and those in  parentheses a re  the 

Yt<2S*C> v a lu e s  a f t e r  a ge in g . A l l  va lu es  decreased a f te r  

the  ageing p e r io d .  Y t (2 5 * C )  and '¡ ' (2 5 * 0  a f te r  a ge in g , gave 

c o n s is te n t  r e s u l t s  for p a n els  439 t o  444. P anels  441 and 

444 gave r e s u l t s  le s s  than 2 .0  and 0 .1  for 'i't<25*C) and 

Y(2S*C> r e s p e c t i v e l y .

Ta b le  17

Panel C o lo u r in g Yt(25* C) 'i 't(25*C) ' ¡ ' (2 5 * 0

Time HNDa HNOs

(Sm X (Sm X (Sm X

(min) 1 0 -* » ) 1 0 - ‘ »/ m in ) 1 0 -»/ m in )

439 IS 21048 (12272) 339 18

440 8 5269 (3782) 93 4 .8

441 3 446 (275) 1.9 0.1

442 15 4957 (2612) 88 3 .8

443 8 1769 (1040) 5 .3 0 .2 4

444 3 345 (237) 0 .9 0 .0 4

□ verse a le d  p a n e ls  (s e a l in g  times S, & and 7 

min/)>m> which had aged for 3 months showed n e g l i g i b l e  

adm ittance d r i f t .

The v a lu e  of '« ' (2 5 * 0  for aged p a n e ls ,  which had 

been anodised and soaked in  s u lp h u r ic  a c id  at e le va te d  

tem peratures was measured u sin g  concentrated n i t r i c  a c id .
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Ta b la  18

Panai Anodialng Soaking Th lcknasa Th ic k n a ss

Ta a p a ra tu ra Tam paratura Loss Waar Indax

(•C) (•C) (H*)> ( L . R . )

319 26 - 0 .6 agad 2 .0 5

520 31 - 7 .3 80 2 .8 0

322 31 37 10.6 days 5 .1 4

526 2 9 .5 26 6 .7  y 3 .3 0

546 15 26 0 .8 1.05

548 IS 3 6 .5 0 aged 1.16

550 15 30 0 .8 49 0 .9 8

552 15 18.5 1.2  / days 0 .8 4

T a b la  20

Panai Th ic k n a ss  Uaar Indax 

( L . R . >

P ra d ip  

Waight Loss 

(g/m*>

O r ig i n a l A f ta r  P ra d ip

479 1. 1 1.0 0 .4 2

480 0 .7 0 .6 0.41

513 1.7 1.6 0 .6 2

528 2 .8  whola f i lm 2 .9  whola f i lm 11.02

9 . 3  outar f i lm

1 .9  innar f i lm

L .R .  in d ic a t a a  v a lu a  waa found by l i n a a r  ra g ra a a io n .
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T a b l a  18. ’ Cow gum’ was uaad t o  amal thm A n o ta s t  r i n g s  t o  

t h s  p a n e l s .  Th e  a d m it ta n c e  d r i f t  was n e g l i g i b l e  f o r  p a n e l s  

5 1 9 ,  54 6 , 548, 550 and 552| and - 0 . 1 ,  - 0 . 1  and - 0 . 0 5  f o r  

p a n e l s  5 20, 522 and 528 r e s p e c t i v e l y .  T a b l e  18 shows t h e  

c o n d i t i o n s  under w h ich  t h e  p a n e ls  were p r o c e s s e d .  P a n e l s  

were soaked f o r  8  m in .  The  t h i c k n e s s  l o s s  r e f e r s  t o  t h e  

r e d u c t i o n  i n  f i l m  t h i c k n e s s  on t h e  a d m it ta n c e  t e s t  a r e a  

a f t e r  im m ers io n  i n  t h e  c o n c e n t r a t e d  n i t r i c  a c i d .  

S i g n i f i c a n t  l o s s e s  were r e c o r d e d  f o r  p a n e ls  520, 522 and 

5 2 6 . The  t h i c k n e s s  wear i n d i c e s ,  found b y  t h e  l i n e a r  

r e g r e s s i o n  m ethod, measured im m e d ia t e ly  a f t e r  t h e  p a n e l s  

were pro d u ce d  showed t h e y  c a r r i e d  v e r y  s o f t  f i l m s .

Subsequent e x p e r im e n t s  have been p e rfo rm e d  i n  

w h ich  t h e  t e c h n iq u e  f o r  m e a s u rin g  a d m it ta n c e  d r i f t  has bean  

r e f i n e d .  The r e s u l t s  f o r  new t e s t s  p e rfo rm e d  on t h e  p a n e l s  

m e n tio n e d  above and on o t h e r s ,  a r e  g i v e n  i n  s e c t i o n  4 . 3 .

4 . 2  Th e  N i t r i c  A c i d  P r e d io

P a n e ls  were immersed i n  33X n i t r i c  a c i d  f o r  10 

min a t  room t e m p e r a t u r e .  The  w e ig h t  l o s s  and /o r a b r a s io n  

r e s i s t a n c e  ware fo u n d . The  t h i c k n e s s  wear i n d i c e s  were  

e v a l u a t e d  from t h e  f o l l o w i n g  e q u a t io n :

t h i c k n e s s  l o s s  e q u i v a l e n t  t o  400ds a t  400Qf ( 2 . 8 )  

- 7 . 4 3
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T a b i *  19 g i v a s  t h a  h i s t o r i a s  o f  t h e  p a n e ls  t e s t e d .

T a b l e  19

E x p t/ P a n e l H i s t o r i e s

171/479 A n o d is e d  a t  15*C, soaked a t  38*C,

171/480 A n o d is e d  a t  15*C ,

183/513 A n o d is e d  a t  2 4 .5 * C ,  c o l o u r e d  a t  2 2 .5 * C ,

183/517 A n o d is e d  a t  26*C ,  c o l o u r e d  at  38*C ,

183/518 A n o d is e d  a t  2 6 * C , soaked a t  3 7 .5 * C ,

183/528 A n o d is e d  a t  3 0 * C , soaked at  30*C,

193/553 A n o d is e d  a t  25*C ,  s u lp h u r  d i o x i d e  t e s t  fo r

6 h o u r s  a t  50*C .

T a b l e  20 g i v e s  t h e  t h i c k n e s s  wear i n d i c e s  found  

by t h e  l i n e a r  r e g r e s s i o n  method ( s e c t i o n  3 . S . 9 1  and t h e

p r e d i p  w e ig h t  l o s s  i n  g/m*. The  t h i c k n e s s  wear i n d i c e s  f o r  

p a n e l s  479, 480 and 513 w ere  n o t  changed b y  t h e  p r e d i p  and 

w e ig h t  l o s s e s  were s m a l l .  Pa n el 528 r e v e a l e d  a s l i g h t l y  

h a r d e r  f i l m  a f t e r  t h e  p r e d i p  and s u f f e r e d  a s u b s t a n t i a l  

w e ig h t  l o s s .  8 ra p h  2 shows how two d i s t i n c t  l a y e r s  

e x i s t e d  b e f o r e  t h e  p r e d i p ,  b u t  o n l y  one a f t e r w a r d s .

T a b l e  21 g i v e s  t h e  t h i c k n e s s  wear i n d i c e s  fo r

a n o t h e r  s e t  o f  p a n e l s  b e f o r e  t h e  p r e d i p .  Panel 528 had 

a l r e a d y  been s u b j e c t e d  t o  t h e  t e s t  as i n  T a b l e  20.

T a b l e  21 g i v e s  t h e  t h i c k n e s s  wear i n d i c e s  and

w e ig h t  l o s s e s  f o r  p a n e ls  5 1 7 ,  5 1 8 , 528 and 553 a f t e r  t h e

p r e d i p .  P a n e l s  517 and 518 showed a s u b s t a n t i a l  w e ig h t  l o s s  

and t h e  t h i c k n e s s  wear i n d i c e s  r e v e a l e d  t h e  f i l m s  rem a in e d
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T a b i »  21

Panai T h i c k n a s » T h ic k n a a a P r a d ip

Maar In d a x Waar In d a x Mai gh t  Loaa

( L . R . > A f t a r  P r a d i p (g/m»>

( L . R . >

317 4 . 0 3 . 0 7 . 5

518 3 . 3 3 . 4 4 . 2

528 2 . 8  w h o la  f i l m

9 . 3  o u t a r  f i l m

1 .9  i n n a r  f i l m

2 . 9  a f t a r  p r a d i p 3 . 0 0 . 5

553 1 .8  w h o la  f i l m 1 .5  w h o la  f i l m 1 .5

2 . 3  o u t a r  f i l m 2 .1  o u t a r  f i l m

1 .1  i n n a r  f i l m 1 .0  i n n a r  f i l m
1
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Graph of Film Thickness Loss against Number of 
20ds Cycles : Panel 553 

Graph 3
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s o f t .  T h a r *  was o n l y  a s a a l l  w e ig h t  l o s s  fo r  p a n e l  S28  

a f t e r  t h e  second n i t r i c  a c i d  p r e d i p  b u t  t h e  f i l e  re m a in e d  

s o f t .  The  t h i c k n e s s  wear i n d i c e s  f o r  p a n e l SS3 a f t e r  t h e  

s u l p h u r  d i o x i d e  t e s t ,  b u t  b e f o r e  t h e  p r e d i p ,  showed t h a t  

t h e r e  was a s l i g h t l y  s o f t  f i l m  as a w h o le ,  but t h e r e  was a 

h a r d e r  u n d e r l y i n g  f i l m  a bove w h ic h  a s o f t e r  f i l m  was 

p r e s e n t .  T h e r e  were no s i g n i f i c a n t  cha n ge s fo r  t h e  v a l u e s  

f o r  t h e  o u t e r  and i n n e r  l a y e r s ,  a l t h o u g h  t h e  t h i c k n e s s  wear  

in d e x  i n d i c a t e d  a s l i g h t l y  h a r d e r  f i l m  as a w h o le .  Some 

w e ig h t  l o s s  was o b s e r v e d .  Graph 3 shows how t h e s e  v a l u e s  

w e re  r e p r e s e n t e d  as t h i c k n e s s  l o s s  a g a i n s t  number o f  20 ds  

c y c l e s .

F u r t h e r  e x p e r im e n t s  h a v e  been p e rf o rm e d  t o  

o b s e r v e  any t h i c k n e s s  l o s s  ca u s e d  b y  n i t r i c  a c i d  

d i s s o l u t i o n  and t o  c a l c u l a t e  t h e  a b r a s io n  r e s i s t a n c e  on 

p a n e l s  s u b j e c t e d  t o  v a r y i n g  p e r i o d s  o f  im m ersio n i n  n i t r i c  

a c i d .  The r e s u l t s  a r e  g i v e n  i n  s e c t i o n  4 . 3 .

4 . 3  Im proved A d m it t a n c e  D r i f t  T e s t

C o n c e n t r a t e d  n i t r i c  a c i d  i n  t h e  c e l l  te n d e d  t o  

u n d e rm in e  t h e  f i l m  a t  t h e  r i n g  e d ge s and c r e e p .  T h i s  

e n l a r g e d  t h e  t e s t  a re a  and added a f a l s e  d r i f t  t o  a ny r e a l  

o n e .  A tt e m p t s  t o  use a c i r c l e  o f  a b s o r b e n t  paper w i t h  a 

waxed c i r c l e  and a s t a i n l e s s  s t e e l  13mm c y l i n d e r  w ere  

b e t t e r ,  b u t  t h e r e  was s t i l l  c r e e p .  A method was d e v i s e d  t o  

a v o i d  cre e p  o f  t h e  n i t r i c  a c i d  as f o l l o w s :

P o ta s s iu m  s u l p h a t e  was used i n  t h e  norm al manner  

f o r  m e a s u rin g  t h e  o r i g i n a l  a d m it t a n c e  o f  t h e  f i l m  f o r  t h e
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f f lo d lf i »d  t a c h n iq u B .  A r a a d i n g  was t a k s n  a t  1 min i n t a r v a l s  

f o r  a p e r i o d  o f  5 m in .  T h e  s o l u t i o n  was washed o f f  and t h e  

c e l l  d r i e d  w i t h  t i s s u e  p a p e r .  A s o l u t i o n  o f  33'/. n i t r i c  a c i d  

was i n t r o d u c e d  i n t o  t h e  same c e l l  (13mffl) and l e f t  f o r  a 

p e r i o d  o f  10 m in. A t  t h e  end o f  t h i s  p e r i o d  i t  was washed  

o f f ,  t h e  c e l l  rem o ved, and t h e  p a n e l  d r i e d .  A f r e s h  c e l l  

was p l a c e d  on e x a c t l y  t h e  same a r e a ,  p o ta s s iu m  s u l p h a t e  

s o l u t i o n  i n t r o d u c e d  and t h e  a d m it t a n c e  measured at  1 min  

i n t e r v a l s  fo r  a p e r i o d  o f  S m in .

A d m i t t a n c e  d r i f t i

'5 '(25 * 0  “  Y "  -  Y» (S  X 1 0 -* / m in )  ( 4 . 1 )

10

A d m i t t a n c e  x t h i c k n e s s  p r o d u c t  d r i f t i

' i ' t ( 2 5 » C )  »  Y t "  -  Y t »  <Sm X 1 0 - » * / m in )  ( 4 . 2 )

10

w h e re  Y '  i s  t h e  a d m it t a n c e  u s i n g  3 .S X  KaSO« a t  1 min a f t e r  

i n t r o d u c i n g  t h e  s o l u t i o n ,

Y "  i s  t h e  a d m it t a n c e  u s i n g  a f re s h  c e l l ,  a p p l i e d  t o  

t h e  a re a  exposed f o r  lOmin t o  33’/. HNOa, u s in g  3 .5 X  KaSO« 

w i t h  t h e  c o n d i t i o n s  as f o r  Y ’ .

Y t  i s  t h e  a d m it t a n c e  x t h i c k n e s s  p r o d u c t .

The Y t ( 2 S * C )  v a l u e s  o f  p a n e ls  439 t o  444 aged 2 

y e a r s  and 1 week ( T a b l e  2 2 )  can be compared t o  th o s e  o f  

T a b l e  17, where t h e  Y t ( 2 S * C )  v a l u e s  a re  f o r  t h e  f r e s h  f i l m
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T a b l e  22

°anel Y t ( 2 5 " C )

(Sm X 1 0 - » “ )

Agei ng 

Per i od

Y ( 2 5 « C )

(S  X 1 0 -* / m in )

T h i c k n e s s  

Wear In d e x  

( L . R . )

♦39 7744 \ 4 8 .9 -

♦40 2635 4 .7 -

♦41 178 2 y e a r s 0 . 13 -

♦42 2738 1 week 6 . 6 -

♦43 1230 1 .2 -

♦44 166 j 0 .  1 -

546 1 3 9 (2 9 3 )1 1 year 0 .  13 1 .0 2

548 1 6 9 ( 3 5 6 ) J 7 months 0 .0 9 1 .3 2

519 1 7 0 (3 0 7 ) 1 year 0 .  19 2 .3 7

520 2 9 5 ( 5 8 1 )  > 8 months 0 .2 5 4 .6 3

526 3 6 3 ( 6 5 5 ) J 0 .2 1 6 . 3

N .B .  Y t (2 5 ® C )  v a lu e s  i n  p a r e n t h e s e s  a r e  th o s e  a f t e r  a g e in g  

p e r i o d s  as i n  T a b l e  18; P a n e ls  546 and 548 aged 49 d a y s ,  

p a n e ls  5 1 9 ,  520 and 526 aged 80 d a y s .
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and a f t a r  an a g e in g  p a r i o d  o f  23 waaks. Y t(2 5 * C >  had 

d a c ra a s a d  f o r  a l l  t h a  p a n e ls  e x c e p t  442 and 443 w h ich  had  

i n c r e a s e d  s l i g h t l y  d u r i n g  t h a  p e r i o d  23waaks t o  2 y e a r s  and  

1 week. The new a d m it t a n c e  d r i f t  t e s t  gave r e s u l t s

c o m p a ra b le  t o  t h e  o l d  methodf 'i ' (2S*C) T a b l e  17. P a n e ls  441 

and 444 passed t h e  Y t (2 S * C >  <S00 c r i t e r i o n .  The r e m a in in g  

p a n e l s  i n  T a b l e  22 ( p r o c e s s  c o n d i t i o n s  as i n  T a b l e  18) were  

p l a c e d  i n  o r d e r  o f  t h e  t h i c k n e s s  wear i n d i c e s .  Th e

t h i c k n e s s  wear i n d i c e s  had been measured im m e d ia t e ly  a f t e r  

a n o d i s i n g .  The a d m it t a n c e  d r i f t  v a l u e s  r o u g h l y  f o l lo w e d  

t h i s  p a t t e r n .  T h e  o l d  method gave  n e g l i g i b l e  and s m a ll  

n e g a t i v e  v a l u e s .  Th e  v a l u e s  o f  Y t ( 2 S * C )  h a lv e d  d u r i n g  t h e  

a g e in g  p e r i o d s  o f  49 d a y s  t o  1 y e a r  and 7 months ( p a n e l s  

546 and 5 4 8 ) ,  and 80 d a y s  t o  1 y e a r  and 8 months ( p a n e l s  

5 1 9 , 520 and 5 2 8 ) .

Graph 4 shows t h e  change i n  Y t ( 2 5 * C )  and

a d m it t a n c e  d r i f t  w i t h  t im e  fo r  p a n e ls  s e a l e d  i n  ' A l c o a  4 8 2 '  

f o r  3 ,  5 ,  10 sec/)>m ( p a n e l s  594, 596 and 598 r e s p e c t i v e l y ) .  

Bo th  measurements d e c re a s e d  w i t h  t im e .

The a d m it t a n c e  d r i f t ,  ' i ' (2 5 ® C ),  r e s u l t s  f o r  t h e  

W e a t h e r in g  E x p e r im e n t  p a n e ls  ( s e c t i o n  4 . 9 )  a r e  compared t o  

Y t ( 2 5 * C )  i n  G r a p h s  S a , 5b and 5 c ,  where t h e  a b s c is s a  i s  i n  

m i c r o n s .  The  p a n e l s  had been exposed f o r  3 y e a rs  and 7 

m o n th s. The  u n s e a le d  p a n e ls  (G ra p h  S a )  showed e r r a t i c  

cha n g e s f o r  t h e  a d m it t a n c e  d r i f t .  Bo th  l i n e s  l a y  above t h e  

v a l u e  o f  0 . 1 .  Th e  l i n e  f o r  Y t ( 2 5 * C )  f o r  t h e  f r o n t  o f  t h e s e  

p a n e l s  d i d  n o t  l i e  b e lo w  5 0 0 / t  v S .  The  f r o n t  o f  t h e
k  V

p a r t i a l l y  s e a le d  p a n e l s  (G ra p h  5 b )  showed a ste a d y  l i n ^  

w h i l e  t h a t  o f  t h e  back showed an o v e r a l l  d e c re a s e .  Bo th
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Graph of Yt(25*) and t(25*) against Thicknsss: 
Fully Ssalsd Pansis
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l i n e s  l i e  below the 'i'(25*C> value o f  0 .1 ,  except for a 

s in g l e  p o i n t .  The a d m itta n c e  d r i f t  for  the  f r o n t  of the 

f u l l y  sealed  panels  (Sra p h  5c> gave a l i n e  p a r a l l e l  to  

the a b s c is s a ,  w ith  v a lu e s  below 0 .1 .  '¡'(2S*C> for th e  back 

of th e  p a n els  gave v a r y in g  values fo r  th e  t h in n e s t  and 

t h ic k e s t  f i lm s .

4 .4  T h i c kness and Weight Loss Due to  N i t r i c  Acid  Immersion

T a b le  23 g i v e s  th e  th ick n e s s  wear i n d ic e s  in  

in c r e a s in g  o r d e r .  The 33% HNOa p re d ip  weight lo s s  (T a b le s  

20 and 21) was in c lu d e d  in  order t o  compare w it h  the 

th ic k n e s s  l o s t  a f te r  33% n i t r i c  acid was put in  a c e l l  for 

10 min and then washed o f f .  S i g n i f i c a n t  th ic k n e s s  lo s s  was 

observed for p anels  520 and 527. Panels 517, 518 and 528, 

having s i m i l a r  la r g e  th ic k n e s s  wear i n d ic e s  t o  th e  l a t t e r  

p a n els , a ls o  showed la r g e  p r e d ip  weight lo s s e s .

P anels  anodised under standard c o n d it io n s  were 

sealed for v a r y in g  p e r io d s  of time and a l l  were immersed in 

33X n i t r i c  a c id  for i n c r e a s in g  le n g th s  of tim e . T h i s  was 

done t o  see whether HNOa i t s e l f  had a r o l e  in  s o fte n in g  

f i lm s  as d i s t i n c t  from d i s s o l v i n g  f i lm s  a lre a d y  softened by 

other a ge n ts .  The t h ic k n e s s  wear in d ic e s  a f t e r  th e  a c id  

soak averaged 0 .4 8 .  The o n ly  s i g n i f i c a n t  e f f e c t  of n i t r i c  

a c id  immersion was th a t th e  p o o r ly  se aled  f i lm  soaked for 

16 hours  and th e  w e ll  se aled  f i lm  not soaked showed some 

s o f te n in g ,  a lth ou gh  the  hardness remained a c c e p ta b le .  The 

a l l o y  used was N84. The panel sealed for 5 min/nm and 

soaked for 4 hours was te s t e d  a second tim e r e v e a l in g  a
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T a b i*  23

Panai Th ic k n a sa  

W*ar Index 

( L . R . )

P r* d ip  

W*ight Loa* 

<g/da*)

Thicknaa*

L o b*

( hm )

480 0 .7 0 .4 2 -

477 0 .8 - 1 .4

479 1.1 0.41 -

476 1 .6 - 2 .2

513 1 .7 0 .6 2 -

514 1 .7 - 0 .6

528 2 .8 11.02 -

520 2 .9 - 6 .8

518 3 . 3 4 .2 -

527 3 .8 - 7 .9

517 4 . 0 7 .5 -
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v a lu *  « o r a  in  l i n a  w ith  th a  o t h a r s  than th a  f i r s t .

4 . 5  S a a lin o  w ith  >Alcoa 4B2»

P anala wara aaalad for v a r io u s  t im a s in  a 

p r o p r ia t o r y  s o lu t i o n  'A lc o a  4 8 2 ' ,  tha  com po sition  of which 

was 4 .5 g / l  n ic k a l  a c a ta te  and ig/1 s u lp h u r ic  a c id  made up 

t o  a pH of S .S  t o  6 . 0 .  Adm ittanca was measured and a 

Phophoric Acid/Chromic A c id  Te s t (PCA) was performed on the 

sealed f i lm s .

I n i t i a l l y  the  p a n els  ware d r ie d  b e fo re  s e a l in g ,  

but t h i s  gave r i s e  t o  v e r y  v a r i a b l e  Yt<25*C) v a lu e s ,  and a 

s e a l in g  tim e  of 75 sec/pm d id  not pass th e  t e s t .  The PCA 

te s t  a ls o  gave v a r ia b le  r e s u l t s .  PCA v a lu e s  o f  3.0g/m^ and 

3 . Ig/m* ware achieved for s e a l in g  tim es of 10 and 35 sec/nm 

r e s p e c t i v e ly .  However, a s e a l in g  tim e of 25 sec/)»m gave a 

range of v a lu e s ,  the lowest be in g  2.06g/m^ and th e  highest 

5 . 15g/m*.

F u rth e r  experim ents were done where the  panels 

ware not d r ie d  b efore  s e a l in g .  A s e a l in g  tim e of 60 sec/pm 

passed the  PCA te s t  at 2.9g/m*. Yt <25"C) was not passed 

for t h i s  t im e , <1279Sm x lO “ * » ) . A subsequent experiment 

performed u sin g  the  'A lc o a  462' s o lu t i o n  at ten times 

the c o n c e n tr a t io n .  Y t (2 5 * C )  was not passed, but PCA va lu es  

of 2 .4  and 2.6g/m^ were achieved for 15 sec/)>m.

Subsequent experim ents have been c a r r i e d  out to  

show how the PCA t e s t  and Yt(25*C> can be passed at v e ry  

short s e a l in g  tim e s, as f o l lo w s i
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I t  wa« found th a t  i f  panala  aaalad in  'A lc o a  482' 

wara l a f t  t o  ' a g a ' ,  than both Yt(2S*C> and PCA ta a t  wara 

a v a n t u a l ly  paaaad. T a b la  24 g iv a a  th a  r a a u l t s  of 

Exparimant 3A whara panala wara agad for 14 daya.

T a b la  24

S e a lin g ' Unaged' PCA ' Aged' PCA

T im e Yt<250C) Y t ( 2 5 » C )

(sec/pm) <Sm X 1 0 -* » ) (g/m ») <Sm X 1 0 -* » ) (g/m »)

5 7295 2 5 .7 864 5.1

15 3056 6 .5 523 2 .6

;3o 1129 1.4 412 1.2

Tha PCA t a s t  was paaaad a f t a r  14 daya for th e  panel sealed 

for IS  sec/Hfflf and a lthough th e  PCA te s t  was passed on the 

sane day as a n o d is in g  for the  s e a l in g  t i n e  o f  30 sac/Mn« 

Yt(2S*C> c r i t e r i o n  was not reached u n t i l  th a  f i lm  had aged. 

Graph & shows Y t(2 S * C )  v e rs u s  a b ra sion  lo s s  (s e c t io n  

3 . 5 . 10> for s e a l in g  tim es of 15 and 30 sec/t>m, panels  590 

and 592 r a s p a c t i v e l y .  T h i s  a n a ly s i s  was c a r r i e d  out on the 

p anels  a f t e r  th e y  had had th e  PCA t e s t .  Tha x a x is  shows 

tha th ic k n e s s  removed by th a  a b r a s iv e  whael a f t e r  e ve ry  100 

double s t r o k e s .  An h y d r o th e r m a lly  sealed p a n e l,  C933.21, 

was in c lu d e d  as a comparison. However, t h i s  had not had a 

PCA t e s t .  T h i s  gave a l i n e  h o r iz o n t a l  t o  th e  x a x i s ,  w h i le  

the  'A lc o a  482' se aled  pa n els  showed in c re a s e  in  Yt(25*C> 

as th ic k n e s s  was removed. The th ic k n e s s  wear in d ic e s  as 

found by l i n e a r  re g re s s io n  o f  th ic k n e s s  lo s s  versus the
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Graph of Yt (25*) against Tims

Graph of Y(25*) against Tima
Graph 8



number o f  double  e tro k e s  for p a n els  590 and 592 were 0 .8 5  

and 0 .6 4  r e s p e c t i v e l y .  That of panel C933.21 was 0 .9 9 .  

Panel 588) sealed for 5 mmc/tun,  was analysed by the  

a b ra s iv e  wheel method, but i t  was found th a t  the  Yt ( 2 5 * 0  

v a lu e  was of the  ord e r of 10*. No graph was drawn.

P anels  were aged for 63 days (E x p t .7 A > ,  but 

sealed for s h o rte r  tim e s than E x p t .  3A. A s e a l in g  tim e of 5 

sec/)>m passed the  PCA t e s t  a f t e r  th e  ageing p e r io d ,  and 

Y t ( 2 5 * 0  was b o r d e r l i n e  t o  passing for 10 sec/Mm. Graph 7 

shows th e  decrease o f  Y t ( 2 5 * 0  w ith  a g e in g .

4 .6  Long Term Cold S e a l in g

Anodic o x id e  f i lm s  25»tm in  th ic k n e s s  were formed 

by a n o d is in g  for 33min at 2.4A/dm^ and at a tem perature of 

12*C. They were not sealed but immersed on 8/9/81 as 

f o l lo w s i

1. CF61 and CF62 in  d e ion ise d  w a te r ,

2. CF63 and CF64 in  5g/l n i c k e l  a ceta te  and Sg/1 

bor i  c a c id .

The pre se n t i n v e s t i g a t i o n  made v a r io u s  t e s t s  on these 

p anels  at 39, 57 and 77 months a f t e r  immersion. P re vio u s  

data  i s  in c lu d e d  w ith  these r e s u l t s .

The adm ittance v a lu e  Y(25*C> was recorded over 77 

months. Graph 8. The v a lu e s  decreased w it h  tim e. Panel CF61 

gave re a d in g s  of >300mS u n t i l  the two f i n a l  re a d in g s i  

57 months 43.75|iS

77 months 10.9  hS
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D u rin g  th a  p a rio d  0 t o  12 inonthB t h a r a  waa a alow incra a a a  

in  aaaai about -fO.OSg in  watar and -*-0.14g in  n ic k a l  

a o l u t i o n .  D uring  th a  p a r io d  39 t o  S7 months th a r a  was a 

s l i g h t  dacraasa in  maas| about -O .O S g  i n  watar and -0 .0 2 g  

in  n i c k a l  s o lu t i o n .  A f t a r  12 months th a  panals  wara cut in  

h a l f  and h a l f  was usad fo r  d a s t r u c t i v a  s a a l in g  t a s t s  

( f a i l e d ) .  The rem aining  panel was c ut i n  h a l f  again a f ta r  

S7 months and a phosphoric  a c id /chrom ic  a c id  te s t  conducted 

on one h a l f  of each p a n e l ,  PCA T e s t ,  Ta b le  2S. Tha panels  

immersed in  water f a i l e d  the te s t  w h i le  those immersed in  

th e  n i c k e l  s o lu t io n  ware b o r d e r l i n e  f a i l u r e s .  The th ic k n e s s  

wear in d ic e s  wars measured at 57 months which showed the 

f i lm s  sealed  in  n ic k e l  a c e ta te  t o  be harder than those 

sealed  in  w atar.  A l l  th e  f i lm s  hava a cce p ta b le  hardness 

v a lu e s ,  Ta b le  25. The Dye Spot T e s t  showed th a t  CF63 and 

CF64 passed the t e s t ,  but the t e s t  s o lu t i o n s  d is c o lo u re d  

th e  f i lm s  of CF£1 and CF&2. T h i s  r e s u l t  could  not be 

compared t o  the standard  t e s t  c h a r t .  At 57 and 77 months an 

Anotest c e l l  c o n ta in in g  c o n ce n tra te d  n i t r i c  a c id  was placed 

on th e  panels  for 40 min and 10 min r e s p e c t i v e l y .  The 

change in  th ick n e s s  was re c o rd ed . Ta b le  25. There  was a 

small th ic k n e s s  lo s s  for panels  CF61 and CF62 at 57 and 77 

months. Panels CF63 and CF&4 showed a v e r y  small lo s s  at 57 

months but a n e g l i g i b l e  th ic k n e s s  g a in  at 77 months.
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T a b i*  2S

Panel

PCA Te s t  

Loss g/m^

Th ick n e ss  

Wear Index

Dye Spot 

Te s t

Th ickness  

change (g )

57m 77m

CF61 8.06 5.94 w h its  mark - 1 . 9 - 1 . 1 5

CF62 14.36 1.09 w h ite  mark - 1 . 9 - 1 . 0

CF63 4.43 5.32 1 - 1 . 0 ■t-0.4

CF64 4.34 5.42 1 - 0 . 6 +0. 1

Graph 9 shows th* Y t (2 S * C )  v a lú a s  u s in g  con ca n tra ta d  

n i t r i c  a c id  a g a in s t t im e . Th* p a n e ls  sealed  in  th *  n ic k e l  

s o lu t i o n  have constant Y t (2 S * C )  v a lu e s  w h i le  those sealed 

in  water are much h ig h e r and in c re a s e  over t im e . The 

a d m ittance d r i f t  v a lu e s  recorded a f t e r  77 months showed 

h ig h  va lu es  for the  p a n els  sealed in  water but small va lu es  

fo r  those sealed in  th e  n ic k e l  s o l u t i o n .  Graph 10 i s  the 

a b ra sio n  p r o f i l e  of SO double s t r o k e s  at 300gf a gainst 

th ic k n e s s  lo s s .  Panels CF61 and CF62 showed an u n d e r ly in g  

f i l m  which was harder than the s u rf a c e  f i lm .  The other 

p a n e ls  showed the  f i lm s  t o  have th e  same hardnesses 

th ro u g h o u t .

4 . 7  Sulphur D io x id e  Test

Experiments were performed u s in g  com binations of 

O.SX and 0.5N, 17. and IN ,  27. and 2N, and 4% and 4N sodium 

t h io s u lp h a t e  and s u lp h u r ic  a c id  r e s p e c t i v e l y  in  both th *  30 

l i t r e  and S l i t r e  v e s s e ls  as d e s c rib e d  in  s e c t io n  3 . 6 . 1 .
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P a n e ls  ware ■•alad for 0.2Sain/i>a and 3min/Min in  d a ion ia a d  

watar and o t h a r s  wara l a f t  unaaalad. S u lp hu r d io x id a  gaa 

was analyaad as d a a crib a d  in  « a c t i o n  3 . 6 . 2  and tha  

parcantaga was found t o  ba batwaan 0.32% and 0 .6X  for  th a  

8X and BN com bination.

The appearance of the  panels  a f t e r  the t e s t s  was 

recorded and compared t o  the  le n g th  of s e a l in g  t im e . 

G e n e r a l ly  i t  was found t h a t  unsealed p a n els  were v a ry  b a d ly  

corroded w h i le  p a n els  sealed for 0.25min/»>m, a lth ou gh  

c o rro d e d , d id  not show such heavy c o r r o s io n .  Those p a n els  

sealed  for 3min/Hm gave r e s u l t s  which v a r ie d  from no 

c o r r o s io n  t o  q u i t e  heavy c o r r o s io n  p ro d u c ts .  I t  was 

sub se qu e n tly  observed th a t  th e  anodic o x id e  on the  sealed  

p a n els  experienced 'th e rm a l  shock’ when the  c o ld  p a n els  

were immersed d i r e c t l y  in  the  b o i l i n g  s e a l in g  s o l u t i o n .  

T h i s  caused th e  anodic o x id e  f i lm  t o  crack  ( c r a z e ) ,  le a v in g  

the  aluminium prone t o  c o r r o s io n  at th a  d i s c o n t i n u i t i e s .  

I n i t i a l l y ,  the  appearance of ' b l i s t e r s ’ , g la s s y  f i lm s ,  

d r ie d  y e l lo w  c r y s t a l l i n e  d e p o s its  and w h ite  powder ware 

b e l ie v e d  t o  i n d ic a t e  th e  form ation of c o r r o s io n  p ro d u c ts ,  

but when p anels  were c le an e d , removing the s u rfa c e  

d e p o s it s ,  a bloom or i r id e s c e n c e  was seen t o  be present on 

the  o x id e  f i lm  beneath. Tha su rfa c e  d e p o s i t s ,  a lthough more 

volum inous on b a d ly  corroded p a n e ls ,  were in  fa ct  the  

r e s u l t  of  s p ra y  from th e  s u lp h u r ic  a c id  and sodium 

t h io s u lp h a t e .  The e ffe rv e s ce n c e  produced p ro d u cts  which 

c o l le c t e d  and d r ie d  on th a  p a n e ls .  T h is  f a ls a  i n d ic a t i o n  of 

c o r r o s io n  was avoided by p o s i t io n i n g  th e  panels  f u r t h e r  

away from th e  r e a c t in g  s o l u t i o n s .  The optimum
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c o n c w ì t r a t io n s  war* found t o  b* 8X sodiu*  t h io s u lp h a t *  and 

8N B u lp h u r ic  a c id .  Th* method of aaa*saing th*  corroded 

p a n e ls  was as f o l lo w s  i a l i g h t  was shone o b l i q u e l y  onto 

th *  s u rfa c e  of the p a n e ls ,  which were viewed a g a in s t  a dark 

background p e rp e n d ic u la r  t o  t h e i r  p la n e . Th* panels  were 

viewed at eye l e v e l .  A panel was deemed t o  pass th e  te s t  

and t o  be w e ll  sealed i f  no bloom nor i r id e s c e n c e  was 

v i s i b l e  a f t e r  c le a n in g

T a b le  2 6  g iv e s  th e  r e s u l t s  of su lphur d io x id e  

t e s t s  on p a n els  sealed  i n  a b u ffe re d  n ic k e l  a c e ta te  

s o l u t i o n .  However, these r e s u l t s  and those o f  Ta b le s  27 and 

28 must be in t e r p r e t e d  w ith  c a u t io n  s in c e  the  p anels  had 

bean a llow ed t o  d r y  a f t e r  a n od is in g  and b efore  being 

s e a le d .  Th* oxid e  f i lm  on panels  in  Ta b le s  27 and 28 were 

found to  be cracked to  v a r y in g  degrees, which in f lu e n c e d  

th e  r e s u l t s .  Yt(2S*C> v a lu e s ,  b e fo re  th e  sulphur d io x id e  

t e s t ,  for p a n els  in  groups ’ S2' and ’ 64' a re  comparable, 

w h i le  those o f  group ’ 6 3 ’ a re  h ig h e r .  T h i s  was p ro b a b ly  

because th *  l a t t e r  p a n e ls  were sealed 4 days a f t e r  

a n o d is in g .  The v a lu e s  of Yt(2S*C> measured a f te r  the  

s u lp h u r  d io x id e  t e s t s  show t h a t ,  for the t e s t  conducted at 

room temp (group ’ 6 2 ’ ) th e re  was a decrease. Values 

ob ta in e d  a f t e r  a te s t  at 3B*C were g e n e r a l ly  h igher than 

th e  i n i t i a l  ones. Values found a f t e r  th e  room tem perature 

s u lp h u r  d io x id e  t e s t  c a r r i e d  out on pa n els  sealed 4 days 

a f t e r  a n o d is in g ,  show both in cre a s e s  and decreases.

In  the  h ig h  tem perature  sulphur d io x id e  t e s t ,  a l l  

th e  p anels  f a i le d  w ith  s e vere  c o r r o s io n .  The panels  sealed  

4 days a f t e r  a n o d is in g  a ls o  f a i l e d .  However group ’ 62 ’
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T a b la  26

Panal S a a lin g

Tima

Notaa/Sulphur 

D io x id a  Taat

Appaaranca a f t a r  

Sulphur D io x id a

Y t ( 2 5 » C )  

<Bm X  1 0 - » * )

(inin/)im) C o n d it io n s Ta s t Bafora A f t a r

62/1 0 .3 3 Room tamp. 

2 1 .5  hours

S l i g h t  bloom 10978 4254

62/2 O .S M A l i t t l a  bloom 5844 2992

62/3 0 .7 II around 2565 1936

62/4 0 .8 3 II id a n t i  f i c a t i o n  

mark

1170 1712

63/1 0 .3 3 Saalad a f t a r  

4 days/

Room tamp.

22 hours

Bloom 17928 12422

63/2 0 .5 M Patchy bloom 11620 10067

63/3 0 .7 M M 6754 7661

63/4 0 .8 3 •• M 3412 3715

64/1 0 .3 3 38* C,

22 hours

Haavy bloom 11766 8309

64/2 0 .5 M •1 4368 6752

64/3 0 .7 M II 3789 13500

64/4 0 .8 3 II Bloom 1452 8249

67/2* 0 .7 38« C 

24 hours

Bloom 596 525

67/4* 0 .7 5 M II 530 343

6 8 / 2 * 0 .8 3 II II 480 322
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T « b l «  27

(S u lp hu r D io x id *  Te s t C o n d it io n «  w a r«  38*C fo r  24 h o u r « )

P «n «l S a a lIn g

Tima

(ain/)un>

Appaaranca a f ta r  

Sulphur D io x id a  

T « « t

Y t ( 2 5 » C )  

(8m X 1 0 -» « >

Bafora A f t a r

B5/1 1 Bloom 2649 -

65/2 8 M 234 -

69/2 2 S l i g h t  bloom 225 282

69/3 8 I r r id a a c a n c a 149 6 8 6

70/1 2 Bloom 280 1676

70/2 3 M 237 1757

70/3 4 1« 2 0 1 1185

70/4 5 M 187 2745
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T a b i «  28

»a n « l 8 « « 1 In g  

T ì i m

N o t« «/ 8 u lp h u r  

D i o x l d «  T « « t

Appearanc« a f t « r  

Sulphur D i o x i d «

Yt<25*C) 

(8m X l O - » * )

(«in/)iin> C o n d it io n s T « s t B « f o r « A f t e r

98/1 0 .1 7 Room tamp. 
6 hours

S l i g h t  bloom 2248 -

98/2 0.7 S M No bloom 607 -

98/3 l . S H II 396 -

98/4 5 .3 5 It S l i g h t  bloom 230 -

72/1 1 40« C,

24 hours

S l i g h t  bloom 477 1075

72/3 3 M 8 p « c k l« d  bloom 231 1266

72/2 1 40»C,

6 hours

S l i g h t  bloom 421 380

72/4 3 II II 230 236

71/4 •• II No bloom 2 2 0 235

97/1 0 .17 40»C,

8 hours

II 2658 —

97/2 0 .7 5  • It H 515 -

97/3 1.5 H H 390 -

97/4 5 .3 5 It •• 234 -

99/1 0.17 50»C,

6 hours

H«avy bloom 2571 —

99/2 0 .7 5 II Bloom 597 -

99/3 1.5 H II 390 -

99/4 5 .3 5 H II 228 -
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T « b l *  28 c o ntinuad

»anal 8 a a lIn g  

Tima

(min/M«>

Th ick a aa /  

Sulphur 

D io x id a  Tast 

C o n d it io n a

Appaaranca a f t a r  

Sulphur D io x id a  

Ta s t

Y t ( 2 3 » C )  

(Sm X 1 0 - » » )  

Bafora

142/1 5 9»*m/ 50» C, Spacklad S48

6 hours

142/2 iO M S l i g h t l y 359

spacklad

143/1 s 2S)<ni/ 50*C, No bloom 215

fi hours

143/2 10.4 M Bloom 174

T a b i*  29

Expt/

^anal

Dya

Spot

Ta st

Sulphur 

D io x id a  Ta s t 

C o n d it io n s

Appaaranca a f t a r  

Sulphur D io x id a  

Tast

Y t ( 2 5 » C )  

(Sm X 1 0 - » » )  

Bafora

43/

5M0ffl 1 50*C, 6 h r s Haavy bloom 3547

5>>3m 2 M No bloom 110

25n0m 5 M Haavy bloom 19954

25M3m 2 M No bloom 136

56/

5>>0ffl 3 50»C, 4 h r s Haavy bloom >7224

5)<3ffl 0 M No bloom 91

25H0m 5 M Haavy bloom >34776

25H3m 1 N No bloom 108
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f a l la d  w ith  o n ly  s l i g h t  c o r r o s io n .  P anels  Marked w ith  an 

a s t e r is k  (£7/2, 67/4, 66/2) had had a room te m p e ra tu re , 24 

hour s u lp h u r d io x id e  t e s t  b e fo re  the  (second) t e s t  in  Ta b le  

26. The appearance of th e  panels  a f t e r  the  f i r s t  te s t  

showed v e ry  s l i g h t  s p o t t i n g .  Y t (2 5 * C )  v a lu e s  decreased 

m a r g in a l ly  a f t e r  th e  f i r s t  te s t  t o  the  f ig u r e s  i n  the  

' b e f o r e ’ column of T a b le  26. A f te r  th e  second te s t  a more 

pronounced bloom was observed, and again th e  Yt(2S*C> 

v a lu es  decreased s l i g h t l y .  The v a lu e s  of Y t (2 S * C )  for 

panels  67/2, 67/4 and 68/2 were much lower than those of 

the o th e r  panels.

The r e s u l t s  of a sulphur d io x id e  te s t  and 

corre sp on d in g  v a lu es  o f  Y t (2 S * C )  a re  g iv e n  in  Ta b le  27 for 

panels  sealed in  d e io n is e d  w a te r.  The s u rfa c e s  were washed 

and r in s e d  in  d e io n is e d  water a f te r  th e  s u lp h u r  d io x id e  

t e s t .  Panels 65/1 and 65/2 showed v e r y  e r r a t i c  v a lu e s  of 

Y t (2 5 * C )  a f t e r  the t e s t  i n d i c a t i n g  th a t  the  o xid e  f i lm s  

were s e v e r e ly  c ra ck e d , a ls o  in d ic a te d  by a bloom on each. 

Panels 69/2 and 69/3 f a i l e d  but the  c o r r o s io n  was s l i g h t ,  

and o n ly  i r id e s c e n c e  was observed on 69/3, which had been 

sealed for Smin/Mm. Group '7 0 '  a l l  f a i le d  the  t e s t .  The 

va lu es  of Yt(25*C> f e l l  w i t h i n  a narrow range, and a l l  had 

in creased a f t e r  the t e s t .

Other p a n e ls ,  sealed  in  d e io n is e d  w a te r,  were 

sub je cte d  t o  v a r io u s  s u lp h u r  d io x id e  t e s t s .  T a b le  28. The 

oxide f i lm s  were a llow ed t o  warm up in  th e  steam above the  

s e a l in g  bath before  immersion so th a t  c r a z in g  was avoid«^>d. 

O nly th e  oxides on p a n els  72/3 and 72/1 were c racked. 

Groups ' 9 7 ' ,  '9 8 '  and '9 9 '  had average oxid e  th ic k n e s s e s  of
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lltifli. Th* sulph u r d i o x i d s  t s s t s  wsrs psrfornw d s i t h s r  i n  a 

S l i t r s  g la s s  v a s s a l , or in  a 4 .9 4  l i t r a  'p a rs p a x '  box. 

Panala axposad t o  80a at 40*C, fo r  24 hours davalopad o n ly  

s l i g h t  bloom but h ig h  Yt<25*C) v a lú a s ,  a f ta r  tha  t e s t ,  

showing th a t  tha  o x id a s  wars cra ck a d . Panala 72/2, 72/4 and 

71/4 c a r r ia d  uncrackad f i lm s ,  whosa va lú a  of Yt(25*C> d id  

not in c re a s a  a f t a r  th a  t e s t .  For them th e  40*C , 6 hour 

t e s t  gave more s a t i s f a c t o r y  r e s u l t s .  In tha room 

te m p e ra tu re , 6 hour te s t  both th a  p o o r ly  sealed and 

o v e r -s e a le d  f i lm s  f a i l e d .  Groups '9 7 '  and '9 9 '  ta s te d  at 

40*C and S0*C r e s p e c t i v e l y  a l l  f a i l e d .  Tha oxide  f i lm s  on 

groups ' 9 7 ' , ' 9 8 '  and '9 9 '  were not cracked, and had 

c o n s is te n t  va lu es  o f  Yt(2S*C> for each range of s e a l in g  

c o n d i t io n s .  P anels  142/1, 142/2, 143/1 and 143/2 ware 

sealed for long t im e s .  Those f i lm s  sealed for 10min/>im or 

more f a i le d  by bloom form ation caused by ' o v e r - s e a l i n g ' . 

For s e a l in g  tim es o f  S min/pm, th e  th in n e r  f i lm  f a i l e d ,  but 

th e  2S|im f i lm  passed. The v a lu e s  of Yt(2S*C> b e fore  the  

su lp h u r d io x id e  t e s t  ware h ig h e r for tha  th in n e r  f i lm s  than 

for th a  2S Mm f i lm s .

Other p a n els  were sealed in  'A lc o a  482' s o lu t i o n  

fo r  1, 1 .3 ,  1 .7 ,  and 2 min/Mm. The sealed f i lm s  passed both 

room tem peratura and 38*C sulphur d io x id e  t e s t s ,  conducted 

for 6 h ours . O nly  ona p a n e l,  whose f i lm  had been sealed for 

2 min/nm, passed Yt(2S*C> b e fo re  the  SOa t e s t .  A f ta r  the  

room tem perature 80a t e s t ,  th e  v a lu e s  of Yt(2S*C> decreased 

s l i g h t l y ,  so th a t  a second f i lm  sealed for 2 min/Mm 

passed. These f i lm s  passed both th e  Dye Spot te s t  and the  

phosphoric  acid /chrom ic  a c id  t e s t  p r i o r  t o  th e  SOa t e s t .
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S M p l a a  produced by A lcan L a b o r a to r ie s  were a ls o  

g iv e n  v a r io u s  s u lp h u r  d io x id e  t e s t s ,  Ta b le  29. The panel 

n o t a t io n  g iv e s  th e  t h ic k n e s s ,  and s e a l in g  tim e in  min/)>m, 

e . g .  ' S hOoi' means Sfim sealed for  Omin/Mn. In  these t e s t s  

th e  unsealed f i lm s  f a i l e d  both th e  sulph u r d io x id e  t e s t s  

and Yt<2S*C>, w h i le  those sealed for 3min/>im passed a l l  the  

t e s t s .  The ’ SnOm’ o x id e  f i lm s  appeared t o  pass the Dye 

Spot t e s t ,  but t h i s  was a fa ls e  r e s u l t  caused by s o lu t io n  

’ A’ of  th e  t e s t  ( s e c t io n  3 . S . 4 )  d i s s o lv i n g  most of the 

s u rfa c e  o xid e  (rem oving 2 -3  pm). There  was so l i t t l e  f i lm  

l e f t  t o  absorb the  dye s o lu t i o n  ( ’ S ’ ) ,  th a t  a fa ls e  

n e g a t iv e  r e s u l t  was o b ta in e d .  An SOa te s t  c a r r i e d  out at 

50*C for 2 hours  made on a set o f  p a n els  s im i la r  to  those 

in  Ta b le  29, f a i l e d  t o  d i s t i n g u i s h  between the  sealed and 

unsealed samples.

4 .B  S e a lin g  Bloom

F ilm s  ware not d r ie d  a f t e r  a n o d is in g  and were not 

c ra ck e d . P anels  sealed fo r  1, 2, 3, S, 6 and 7 m i n / t t m  in  

ammonium a c e ta te  were te s te d  i n  su lph u r d io x id e  at the 

optimum c o n d it io n s  of SO'C and & h o urs . A l l  p a n els  passed 

Y t (2 S * C )  except those sealed for 1 min/nm which were 

b o r d e r l i n e  f a i l u r e s .

A sat of p anels  was sealed for 1, 2 and 3 min/nm. 

O n ly  the  o xid e  sealed for 1 min/i^m developed a bloom a f te r  

th e  sulphur d i o x i d e  t e s t .  A s t r i p  of masking tape was 

p la ce d  a c ross  th e  s u rfa c e  o f  th e  p a n els  to  leave  an area 

unattacked by th e  sulphur d io x id e  for comparison. For oxide  

f i lm s  sealed for 2 and 3 min/pm th e r e  was a n o t ic e a b le
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d if f a r a n c *  batwaan tha  maakad and unmaakad araaa (th a  

fliaakad araa was darkar than tha  unmaakad a r a a ) ,  but no 

blooAi was obsarvad. A th r e a  papar a b ra s io n  ta s t  ( s a c t io n  

3 . 5 . 9 ) ,  was c a r r ia d  out a f t a r  tha  sulphur d io x id a  h u m id ity  

t a s t .  Garnat papar c a r r i a d  a w h ita  powdar r a s id u a  a f t a r  two 

a p p l ic a t i o n s  of d oubla  s tro k a s  t o  tha same a ra a  for a l l  tha 

p a n als. With g la s s  papar th a  f i r s t  tan s tro k e s  l e f t  a 

re s id u e  o f  w h ita  powder, but a fu r t h e r  ten on the  same area 

d id  n ot .  A t h i n  s o f t  la y e r  o f  a s e a l in g  bloom was d e te cte d  

by the  sulph u r d i o x i d e  and by the  l a t t e r  a b ra sion  t e s t s .  

These p anels  were anodised d u r in g  December when the  

a n o d is in g  e l e c t r o l y t e  tem perature  was between 12*C and 

14*C. A d d it io n a l  t e s t s  ware performed d u r in g  May when the 

a n od is in g  tem perature  was between 18 and 20*C. A set of 

panels  was sealed for 1, 2 and 3 min/Mm and g ive n  a th re e  

paper a b ra sion  te s t  b e fo re  the  sulphur d io x id e  t e s t .  Garnet 

papar abraded th e  oxid e  on a l l  th re e  p anels  in  two 

s ucce ssive  a p p l ic a t i o n s  o f  ten double s t r o k e s .  Glass papar 

d id  not abrade th e  oxides  sealed for 1 min/pm but gave a 

s l i g h t  w h ite  powder re s id u e  for tha  f i r s t  te n  s tro k a s ,  but 

not for a f u r t h e r  ten s tro k e s ,  w ith  the  o th e r  p a n a ls .  No 

80a bloom was found. Tha o xid e  f i lm  on another se t of 

panels  was sealed for 5, 6 and 7 min/pm d u r in g  May. No 

bloom developed when these oxides  were te s t e d  in  su lph u r 

d io x id e .  The a b ra sio n  t e s t  (b e fo re  SOa) showed th a t ga rn e t 

abraded a l l  tha f i lm s  a f t a r  two s u c c e ss iv e  a p p l ic a t i o n s  o f  

tan s tro k e s .  G la ss  paper a ls o  gave s l i g h t  w hita  powder 

ra s id u a s  for two s u c c e s s iv e  l o t s  o f  tan s t r o k e s .

Two p a n els  were anodised at a te m p e rature  of 2S*C
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(crosm r m f i  T m b l m  3 3 ,  axparimMit 193). On« o x id *  f i lm  was 

Bsalad for 2 .3  m l n / h i »  (panel 5S3) and the  other for 6 

min/Min (panel S 5 4 ) .  An o v e r a l l  bloom was formed on both 

oxid e  f i lm s  a f t e r  th e  sulph u r d io x id e  t e s t .  Th ick n e ss  wear 

in d ic e s  e q u iv a le n t  t o  400 ds at 400 gf  were c a lc u la te d  from 

th e  l i n e a r  re g re s s io n  o f  th ick n e ss  lo s s  a ga in st number of 

20 ds c y c le s ,  Graph 23, for a b ra sive  wheel t e s t s  mads a f t e r  

th e  sulphur d io x id e  t e s t .  Both panels c a r r ie d  a s o ft  outer 

f i l m .  Other p a n els  anodised at e le va te d  tem peratures 

(experim ent 19S, panels  S21 and 524) a ls o  in v e s t ig a t e d  

u sin g  the  a b ra s iv e  wheel t e s t s ,  were found t o  have v e ry  

s o f t  ou te r  la y e r s  of o x id e .  The u n d e r ly in g  oxides a lthough 

h a rd e r ,  were s t i l l  unacceptably s o ft  for a r c h i t e c t u r a l  

s e r v ic e  c o n d it io n s  (c r o s s  r e f i  T a b le  3 4 ) .

Samples designated 'A ,  B, C and D ' , anodised at 

20*C, from another la b o r a to r y  were a ls o  te s ted  for the  

presence of a s e a l in g  bloom. Panels had been sealed for 60, 

30, IS ,  and 5 min in  the  order B, C, A and D. 'D '  d id  not 

pass Y t (2 S * C ) .  They were subjected to  a 50*C sulphur 

d io x id e  te s t  for 6 h ours . A l l  developed a bloom and the 

ord e r from best t o  worst was C, B, A and D. A f te r  the  f i lm s  

had been exposed to  SOa and were cleaned w ith  water and 

acetone, they were g iven the  fo l lo w in g  s e r ie s  of te s t s i

1. A b ra s iv e  Paper Test

A l l  were abraded by garnet paper. Glass paper abraded A and 

D d u r in g  the  f i r s t  ten s tro k e s ,  but no w hite  powder 

re s id u e s  were observed a f t e r  a fu rth e r  ten s tro k e s  on the 

same area.
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2 . N i t r i c  A c id  P ra d ip  T « « t

Tha apacimana wara itiunaraad for h a l f  t h a i r  la n g th  in  SO/SO 

n i t r i c  a c id  for 10 min. Th a ra  was a d i f f a r a n c a  in 

appaaranca batwaan th a  two h a lv a a .

3. Dya Spot Taat

Tha oxide  f i lm a  on B and C gave the r e s u l t  0, but a w h ite  

mark remained on both h a lv e s  a f t e r  t e s t i n g  the  f i lm s  on A 

and D.

4 . SOa Test (S0*C for Shours)

Tha order of in c r e a s in g  bloom was C, B, A and D a f t e r  tha 

second SOa t e s t .

5 . C o lo r im e t r y

Th e re  was no d i f f e r e n c e  between th a t  h a l f  of  each panel 

which had been immersed in  HNOa b e fo re  or a f t e r  th e  second 

s u lp h u r d io x id e  t e s t .

Other Alcan samples s i m i l a r  to  those in  T a b le  29 

were te s te d  w ith  a b ra s iv e  papers b e fo re  and a f t e r  a su lphur 

d io x id e  t e s t .  Ta b le  30. White powder re s id u e s  were observed 

a f t e r  ten s tro k e s  w ith  g la s s  paper on both o f  th e  p anels  

sealed  for 3 min/pm but not for those unsealed, b e fo re  the 

80a t e s t .  A gre y  c o lou red  powder r e s id u e  on th e  garnet 

paper used on the  S>>m f i lm s  showed th a t  t h i s  paper had cut 

th rough  to  the  m e ta l.  The unsealed 2S>‘m oxid e  f i lm  was not 

'abraded by garnet as expected. A f te r  th e  sulphur d io x id e
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T a b i*  30

Expt/

Panai

3 Papar T a s t  

ba for*  80a

3 Papar Taat 

a f t a r  SO*

Dy* Spot 

Taat

Appaaranc* a f t a r  

SOaTaat

142/

Sh Om e i i - < l O ) Q l i w h i t a d O ) 1 Bloom

G t ig r a y (2 0 > g r a y d O )

Q t i w h i t a d O )

5)>3m G l i w h i t a d O ) Q l i - ( 2 0 ) 0 No bloom

Q t i g r a y d O ) Q t i g r a y d O )

2S>>0m Q l i - d O > G liw h it* (2 0 > 1 S l i g h t  bloom

6 t i - < 2 0 ) G t i w h i t a d O )

2S)<3ffl Q l i w h i t a d O ) G l iw h it* (2 0 > 0 S l i g h t  bloom

6t iw h i t a C lO ) G t i w h i t a d O )

Notai 31 i s  g la s s ,  Qt i s  g a rn * t ,  and th *  nunib*rs in  

par*nth*c*a r * f * r  to  th *  nunbar of doubl* *trok*a takan to  

abrada th*  a u r fa c a .
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t a m t ,  t h a  u n a a a la d  f i l m s  had baan a t t a c k a d .  Tha  ' s l i g h t  

b lo o m ’ found on t h a  s a a l a d  2SMm o x i d a  f i l m  was a l s o  

d a t a c t a d  b y  g l a s s  p a p a r ,  w h i l e  t h e  5t>m f i l m  was n o t  abradad  

by g l a s s  p a p a r .  H ence, i f  t h a  a n o d i s i n g  t e m p e r a t u r e s  were  

h ig h  ( 2 0 * 0  th a n  o x id e  f i l m s  a n o d is e d  t o  a t h i c k n e s s  o f  

2SHm w o uld  h ave  been e xposed t o  s u l p h u r i c  a c i d  at  

r e l a t i v e l y  h ig h  t e m p e r a t u r e s  th a n  th o s e  a n o d is e d  t o  a 

t h i c k n e s s  o f  o n l y  S >>m, t h u s  c a u s in g  a s e a l i n g  b lo o m . T h i s  

was r e v e a l e d  by powder f o r m a t io n  i n  t h e  t h r e e  pa p e r t e s t  

mada b e f o r e  t h e  s u lp h u r  d i o x i d e  t e s t ,  and as a s u r f a c e  

bloom a f t e r  i t .  Th e  Dye S pot t e s t  s o l u t i o n  ' A '  had 

d i s s o l v e d  t h e  S »»m f i l m ,  g i v i n g  a f a l s e  n e g a t i v e  r e s u l t ,  

w h i l e  t h e  2S >>m f i l m  was shown t o  have ' s e l f - s e a l e d '  a t  

l e a s t  on t h e  s u r f a c e .  A l l  p a n e l s  had been h a l f  immersed i n  

337. n i t r i c  a c i d  b e f o r e  th e  s u l p h u r  d i o x i d e  t e s t  b u t  t h e  SOa 

r e s u l t s  were n o t  a f f e c t e d  b y  t h e  im m e rs io n .  Hence t h e  

n i t r i c  a c i d  d i d  not remove t h e  s o f t e r  o u t e r  l a y e r  which  

caused t h e  s e a l i n g  bloo m . C o l o r i m e t r y  d e t e c t e d  no 

d i f f e r e n c e  b e f o r e  and a f t e r  t h e  s u lp h u r  d i o x i d e  t e s t .

4 . 9  The W e a th e r in g  o f  U n s e a le d .___P a r t i a l l y  S e a le d  and F u l l y

S e a le d  A n o d ise d  P a n e l s .

P a n e l s  were a n o d is e d  t o  g i v e  a v e ra g e  f i l m  

t h i c k n e s s e s  o f  2 0 ,  2 S ,  30 ,  35 and 40 tim. The s e a l i n g

s o l u t i o n  was d e i o n i s e d  w ater a t  a pH o f  5 . 5  t o  6 . 0 .  Th e  se t  

o f  p a n e ls  105 t o  109 were n o t  s e a l e d .  P a n e l s  110 t o  114 

were s e a le d  f o r  1 6 .5  m in . Th e  f i n a l  s e t  115 t o  119 were  

s e a le d  f o r  75 m in .  Each s e t  co m p ris e d  f i v e  p a n e ls  o f
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d i f f a r a n t  t h i c k n a a s a s ,  and t h a  s a a l i n g  t im e  was basad on 

t h a  30 pm t h i c k n a s s .  Th e  a d m it ta n c e  was measured a f t e r  

s e a l i n g  and Y t ( 2 S * C )  was c a l c u l a t e d .  T h e  p a n e ls  wars  

exposed on t h e  r o o f  o f  C e n t r a l  House, Lo n d o n , E l ,  at  an 

a n g l e  o f  4 5*, f a c i n g  s o u t h .  Th e  a d m it t a n c e  was measured a t  

i n t e r v a l s ,  o v e r  a t o t a l  p e r i o d  o f  e x p o s u r e  o f  3 y e a r s  7 

m onths. The  p a n e ls  were a l lo w e d  t o  d r y  i n  t h e  l a b o r a t o r y  

f o r  24 h o u r s  b e f o r e  t h e  t e s t s  were m a d e .Th e  p a n e l s  were  

c l e a n e d  under r u n n i n g  t a p  w ater w i t h  t i s s u e s  and the n  

r i n s e d  w i t h  d e i o n i s e d  w a te r  each t im e  t h e y  were w ith d ra w n  

t o  measure t h e  a d m it ta n c e  up t o  week 82 . Th e  p a n e ls  t e s t e d  

a t  week 172 were c l e a n e d  under r u n n i n g  t a p  w a te r w i t h  a 

n y lo n  b r u s h ,  r i n s e d  i n  d i s t i l l e d  w a t e r ,  and ru bbed w i t h  a 

c l o t h  soaked i n  a c e t o n e .  F o r  t h e  f i n a l  measurement a t  weak 

184, t h e  p a n e ls  were c l e a n e d  w i t h  soap and w ater u s i n g  a 

n y l o n  b r u s h ,  and r i n s e d  i n  d i s t i l l e d  w a t e r .  The a d m it ta n c e  

was measured on a r e a s  w h ich  w e re ,  as fa r  as p o s s i b l e ,  f r e e  

from c r a z i n g .

G ra p hs o f  Y t  ( 2 5 * 0  a g a i n s t  t h i c k n e s s  were  

p l o t t e d  f o r  each s e r i e s  o f  a d m it t a n c e  t e s t s .  (R e a d in g s  fo r  

t h e  f i r s t  few weeks were o f f  s c a l e . )  G ra p h s  fo r  t h e  

u n s e a le d  p a n e l s ,  f r o n t  and back showed a d e c re a s e  o f  t h e  

l i n e a r  r e g r e s s i o n  g r a d i e n t  w i t h  t i m e .  H ow e ve r, o n l y  a f t e r  

e x p o s u r e  o f  172 and 184 weeks d i d  t h e  back o f  t h e  p a n e ls  

re a c h  a g r a d i e n t  o f  l e s s  th a n  -*-10. T h e s e  l i n e s  were b e lo w  

t h e  p a s s  c r i t e r i o n ,  w h i l e  t h o s e  fo r  t h e  f r o n t  o f  t h e  p a n e ls  

s t r a d d l e d  t h e  p a ss c r i t e r i o n ,  w i t h  g r a d i e n t s  n o t  l e s s  tha n  

-*-10. G raph 11a shows how t h e  g r a d i e n t  v a r i e d  w i t h  e x p o s u re  

t im e  f o r  u n s e a le d  p a n e l s .  I g n o r i n g  t h e  s o l i d  p o i n t s .
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(w h ic h  i n d i c a t a  t h a t  t h a  r a a d i n g  was o f f  t h a  h ig h a s t  s c a l a  

o f  t h a  a d m it t a n c a  m a t a r )  t h a  g r a d i a n t  d ro p p a d  v a r y  s h a r p l y  

a f t e r  23 weeks f o r  t h a  f r o n t ,  w h ich  c o n t i n u e d  t o  d e c re a s e  

u n t i l  i t  l e v e l e d  o u t  a f t e r  82 weeks. Th e  g r a d i a n t  fo r  t h a  

back o f  t h a  p anel d e c re a s e d  s h a r p l y  between 19 and 30 

weeks. I t  c o n t i n u e d  t o  d e c r e a s e ,  r e a c h i n g  a s t e a d y  v a l u e  

a f t e r  172 weeks.

Th e  gra p h  f o r  p a r t i a l l y  s e a l e d  p a n e l s ,  f r o n t  

o n l y ,  showed t h e  l i n e s  w e r e ,  from to p  t o  b o tto m ,  g e n e r a l l y  

i n  t h e  o r d e r  o f  t h e  number o f  weeks e x p o s u r e ,  e xcept f o r  

weeks 19, 23 and 30 w h ich  ware p o s i t i o n e d  above weeks 2, 3,  

4 , S , &, 9 and 14. N o t a b l y ,  t h e  a d m it ta n c e  v a l u e s  for  weeks 

19 and 23 l a y  above t h e  p a ss c r i t e r i o n .  G ra p h  11b shows t h a  

g r a d i e n t  a g a i n s t  t h e  number o f  weeks e x p o s u r e  for t h e  

p a r t i a l l y  and f u l l y  s e a le d  p a n e l s .  The l i n e  c o r r e s p o n d in g  

t o  th e  f r o n t  o f  t h e  p a r t i a l l y  s e a le d  p a n e l s  showed an 

i n i t i a l  l a r g e  d e c re a s e  w h ic h  s t e a d i e d  t e m p o r a r i l y  u n t i l  

a n o th e r  s i g n i f i c a n t  d e c re a s e  i n  t h e  p e r i o d  from 19 t o  3S 

weeks. T h e  g r a d i e n t  i n c r e a s e d  a g a in  at  65 and 77 weeks, and  

f i n a l l y  l e v e l l e d  o u t .  A l l  t h e  g r a d i e n t s  e x c e p t  f o r  week 0 

were l e s s  th a n  o r  f r a c t i o n a l l y  above >10.

Th e  gra p h  f o r  p a r t i a l l y  s e a le d  p a n e l s ,  back o n l y ,  

d i d  n o t  g i v e  such a u n i f o r m  sequence o f  changes i n  t h e  

p o s i t i o n s  o f  t h e  l i n e s  w i t h  t im e .  H ow ever, t h e  g r a d i e n t s  

c o u l d  be c l a s s i f i e d  i n t o  g r o u p s ,  as shown b y  Graph 11b. 

I n i t i a l l y ,  t h e  g r a d i e n t  d e c re a s e d  s m o o th ly  from 2 t o  19 

weeks. A v e r y  l a r g e  d e c re a s e  f o l lo w e d  i n  t h e  p e r i o d  from 19 

t o  35 weeks, w h ich  was f o l lo w e d  b y  a v e r y  l a r g e  in c r e a s e  

from weeks 65 t o  77 .  Th e  g r a d i e n t s  became f a i r l y  s te a d y  at
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W M k s  8 2 ,  172 and 184. Q r a d i a n t s  f r o «  2 t o  14 w *«ks war*  

-«■10 p l u s  o r  m in u s 1 . 6 .  Q r s d l s n t s  from 6S t o  77 wsaks v s r i s d  

w i d e l y ,  w h i l e  t h o s e  o f  82 ,  172 and 184 weeks were w e l l  

b e lo w  -*-10. Th e  l i n e s  f o r  weeks 19, 23 ,  30 and 35 were above  

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

Th e  l i n e s  f o r  f u l l y  s e a l e d  p a n e l s ,  f r o n t  s u r f a c e s  

were c l o s e  t o g e t h e r  and a l l  l y i n g  below  t h e  p a ss  c r i t e r i o n .  

Th e  c l o s e n e s s  o f  t h e  l i n e s  masked t h e  o r d e r .  H ow ever, weeks  

19, 23 and 30 were found above a l l  t h e  o t h e r  weeks, and 172 

and 184 ware b e lo w  a ny o f  t h e  o t h e r s .  A l l  g r a d i e n t s  were  

l e s s  t h a n  + 10. T he y  d e c re a se d  s m o o th ly  t o  week 14 and r o s e  

a t  week 19. T h e r e  was a n o th e r  d e c re a s e  t o  week 35 f o l lo w e d  

b y  a s m a ll  i n c r e a s e  and f i n a l l y  a l e v e l l i n g  o u t  o f  t h e  

l i n e .  Th e  back s u r f a c e s  o f  f u l l y  s e a le d  p a n e l s  behaved  

more e r r a t i c a l l y ,  i n  a manner s i m i l a r  t o  t h a t  o f  p a r t i a l l y  

s e a l e d  back s u r f a c e s .  R e f e r r i n g  t o  Graph 11 b ,  t h e r e  was a 

smooth d e c r e a s e  t o  week 14, where g r a d i e n t s  were a l l  w e l l  

b e lo w  + 1 0 , and th e n  a r i s e  a t  week 19. T h e r e  was th e n  a 

s h a r p  d e c r e a s e  t o  week 35 f o l lo w e d  by a v e r y  l a r g e  i n c r e a s e  

t o  week 65 , t h e  g r a d i e n t s  b e in g  n e g a t i v e  f o r  t h e  form er and 

v e r y  l a r g e  f o r  t h e  l a t t e r .  The l i n e  showed a d e c r e a s e  a g a in  

a t  week 172 and 184, where t h e  g r a d i e n t s  f e l l  t o  + 6 .6  and 

+ 6 . 5  r e s p e c t i v e l y .  G raph o f  f u l l y  s e a le d  p a n e l s ,  back o n l y  

showed t h a t  i n  weeks 30 and 35 th e  v a l u e s  l a y  above th e  

p a s s  c r i t e r i o n ,  w h i l e  a t  weeks 6 5 ,  77 and 82  t h e y  s t r a d d l e d  

i t .

Th e  g r o u p  o f  u n s e a le d  p a n e ls  showed i d e n t i c a l  

b e h a v io u r  f o r  b o th  f r o n t  and b a c k ,  w hich  was v e r y  d i f f e r e n t  

from  t h a t  o f  t h e  p a r t i a l l y  and f u l l y  s e a l e d  p a n e l s .  T h e s e
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l a t t a r  g r o u p s  showed v e r y  s i m i l a r  t r e n d s  t o  one a n o t h e r  fo r  

b o th  f r o n t  and b a c k .  T h e  d i f f e r e n c e  between g r a p h s  o f  

p a r t i a l l y  and f u l l y  s e a le d  p a n e l s ,  f r o n t  and b a c k ,  was t h e  

r e l a t i v e  p o s i t i o n  o f  t h e  s e a l i n g  p a ss c r i t e r i o n  w i t h  

r e s p e c t  t o  t h e  l i n e s .  Graph 11 b shows a l l  f o u r  l i n e s  

f o l l o w  a s i m i l a r  p a t t e r n .  I f  t h e  a p p r o p r i a t e  months were  

a s s ig n e d  t o  t h e  x a x i s  t h e n  i t  i s  found t h a t  a l l  l i n e s  

d e c re a s e d  from O c to b e r  t o  F e b r u a r y  where a s m a ll  i n c r e a s e  

was o b s e rv e d  ( e x c e p t  fo r  p a r t i a l l y  s e a l e d ,  back c o a t i n g s ) .  

T h e r e  was a n o t h e r  d e c re a s e  from F e b r u a r y  t o  Ju n e ,  w h ic h  had 

t h e  lo w e s t  g r a d i e n t s  i n  each ca s e ,  b u t  t h e r e a f t e r  t h e r e  

were s i g n i f i c a n t  i n c r e a s e s  i n  t h e  f o l l o w i n g  J a n u a r y .  The  

g r a d i e n t s  were s t e a d y  u n t i l  t h e  f o l l o w i n g  May, when a l l  

d e c re a s e d  ( e x c e p t  f u l l y  s e a l e d ,  b a c k ,  w h ich  s u b s e q u e n t ly  

d e c re a se d  i n  t h e  n e x t  F e b r u a r y ) .  The  g r a d i e n t s  rem a in e d  

s t a b l e  th r o u g h  t o  t h e  n e x t  May. I t  was shown t h a t  t h e  back  

o f  b o th  g r o u p s  o f  p a n e l s  g a ve  w id e r  f l u c t u a t i o n s  i n  t h e  

g r a d i e n t s  th a n  d i d  t h e  f r o n t .

T h i c k n e s s e s  d i d  n o t  change s i g n i f i c a n t l y  a f t e r  

172 weeks e x p o s u r e  when t h e y  were re m e a s u re d . Lo o s e  d i r t  

had a cc u m u la te d  on t h e  f r o n t  s i d e s  w h ic h  was removed w i t h  a 

n y l o n  b ru s h  and w a t e r .  T h i c k  t e n a c i o u s  d i r t  on t h e  

u n d e r s id e s  was removed by r u b b i n g  w i t h  a c l o t h  soaked in  

a c e t o n e .  Bloom was w o rse  on t h e  f r o n t  s i d e s  th a n  on t h e  

u n d e r s id e s .  T h e  bloom on t h e  f u l l y  s e a le d  p a n e ls  was much 

l i g h t e r  i n  c o l o u r  th a n  t h a t  on t h e  u n s e a le d  and p a r t i a l l y  

s e a l e d  p a n e ls .
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4 . 1 0  L i n « a r  R « Q r « » » i o n  o f  Y t ( 2 5 » C ) ___A a « i n » t ___T h i t h P M H ___ifiJL

N a t u r a l  P * n « l *

A n o d ic  f i l m  t h i c k n e s s a a  o f  18, 24, 26 ,  33 and

36>im w ars  formed by  a n o d i s i n g  a t  a c o n s t a n t  t im e  o f  SS min 

and at  c u r r e n t  d e n s i t i e s  o f  1 .4 7 ,  1 .7 6 ,  2 . 0 5 ,  2 .3 5 ,  and 

2.64A/dm* r e s p e c t i v e l y .  One s e r i e s  o f  p a n e ls  was se a le d  in  

d e i o n i s e d  water 24 h o u r s  a f t e r  a n o d i s i n g ,  and th e  o t h e r  

s e t ,  s e a le d  i n  ' A l c o a  4 8 2 ' ,  was s e a le d  48 h o u rs  a f t e r  

a n o d i s i n g .  The  Y t ( 2 5 * C )  v a l u e s  a r e  n o t  r e p r e s e n t a t i v e  of  

p a n e ls  w h ich  a r e  u s u a l l y  s e a le d  im m e d ia t e ly  a f t e r  a n o d is in g  

w i t h o u t  b e in g  d r i e d .  Each ra n g e  o f  t h i c k n e s s e s  was s e a le d  

f o r  c u m u l a t i v e  t im e s  as i n d i c a t e d  on t h e  8 ra p h  12. The  

Y t(2 S * C >  v a l u e  f o r  each t h i c k n e s s  was re c o r d e d  a f t e r  each  

s e a l i n g  p e r i o d .  Th e  g r a d i e n t  c o r r e s p o n d in g  t o  each s e a l i n g  

p e r i o d  was c a l c u l a t e d  t o g e t h e r  w i t h  t h e  o r d i n a t e  i n t e r c e p t  

and t h e  c o e f f i c i e n t  o f  c o r r e l a t i o n  o f  t h e  p o i n t s  on th e  

c u r v e s .  The  g r a d i e n t s  d e c re a se d  f o r  b o th  t h e  s e a l i n g  

s o l u t i o n s  as s e a l i n g  t im e  was i n c r e a s e d .  The g r a d i e n t  f e l l  

b e lo w  >10 a f t e r  a t o t a l  s e a l i n g  t im e  o f  35 m in s  fo r  water  

and a f t e r  76 m ins f o r  ' A l c o a  4 8 2 ' .

F u r t h e r  e x p e r im e n t s  were p e rfo rm e d  i n  which  

t h i c k n e s s e s  o f  18 t o  36)>m w ere  formed by a n o d i s i n g  at  a 

c o n s t a n t  c u r r e n t  d e n s i t y  o f  l .B A /d m *  and v a r y i n g  th e  t im e s .  

One r a n g e  o f  t h i c k n e s s e s  was s e a l e d  i n  d e i o n i s e d  w ater and 

t h e  o t h e r  s e a l e d  i n  ' A l c o a  4 8 2 ' ,  b o th  24 h o u rs  a f t e r  

a n o d i s i n g .  Once a g a in  t h e  Y t ( 2 S * C )  v a l u e s  must be 

i n t e r p r e t e d  w i t h  c a u t i o n .  Each ra n g e  o f  t h i c k n e s s e s  was 

s e a le d  f o r  c u m u l a t i v e  t im e s  as i n d i c a t e d  on t h e  Graph 13.
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Th a  g r a d i e n t s  d s c r s a s a d  as s e a l i n g  t im e  was in c r e a s e d  f o r  

b o th  s e a l i n g  s o l u t i o n s .  Th a  g r a d i e n t  f e l l  t o  -*-10 o r  l e s s  

a f t e r  a t o t a l  s e a l i n g  t im e  o f  20 min f o r  w a t e r ,  b u t  t h e  

' A l c o a  4 8 2 '  p a n e l s  f a i l e d  t o  a c h ie v e  a g r a d i e n t  o f  -«-10 or  

l e s s  d e s p i t e  a t o t a l  s e a l i n g  t im e  o f  7S m in s , Qraph 13.

1j-U --- Uin««r— R tartaa ign__ o f  Y t < 2 5 « C )  A g a i n s t  T h i c k n e s s  f o r

I C o l o u r e d  P a n e ls

The  l i n e s  o f  l i n e a r  r e g r e s s i o n  o f  Y t< 2 5 * C )  on 

t h i c k n e s s  were p l o t t e d  fo r  p a n e l s  c o lo u r e d  w i t h  and w i t h o u t  

T r i b r i t e .  One s e t  o f  p a n e l s  was c o l o u r e d  fo r  6 min at a 

c u r r e n t  d e n s i t y  o f  O .SA/dm ^, and a second s e t  was c o l o u r e d  

I f o r  1 .5  min a t  a c u r r e n t  d e n s i t y  o f  0 .5A /dm *, G ra p h s  14a 

and IS a  r e s p e c t i v e l y  show t h e  g r a d i e n t  a g a i n s t  c u m u l a t i v e  

s e a l i n g  t im e .

The  f i r s t  e x p e r im e n t ,  e x p e rim e n t  181i a n o d i s i n g  

t e m p e r a t u r e  17*C and c o l o u r i n g  t e m p e r a t u r e  20*C, used a 

s o l u t i o n  made up o f  2 0 g / l  s u l p h u r i c  a c i d ,  2 0 g/ l  s ta n n o u s  

 ̂ s u l p h a t e ,  2 0 g / l  ph e n o l s u l p h o n i c  a c i d  and 1 3 .S m l/ l  SNOS. 

T h i s  s o l u t i o n  was d i v i d e d  i n t o  two 2 l i t r e  amounts and one  

was used w i t h o u t  T r i b r i t e  and t h e  o t h e r  w i t h  a t o t a l  

 ̂ a d d i t i o n  o f  4ml T r i b r i t e ,  d i s s o l v e d  i n  a sm a ll  amount of  

d i l u t e  s u l p h u r i c  a c i d .  No f o rm a ld e h y d e  was added. HCTs were  

done as f o l l o w s :
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T a b l a  31

HCT T r i b r i t e

A d d i t i o n

( m l )

A p p e a ra n ce  o f  T i n  D e p o s i t

72 - Loose

73 2 Good c o v e r ,  d u l l .

74 1 H

75 1 M

76 as above Good c o v e r ,  not b r i g h t  b u t

+ 27ml m e t a l l i c  f i n i s h  ( T a b l e  3 5 ) ,  gas

SNOS s t r e a k e d .

P a n a l s  were a n o d is e d  i n  p a i r s  t o  v a r i o u s

t h i c k n e s s e s .  One o f  each p a i r  was c o l o u r e d  i n  t h e  s o l u t i o n  

n o t c o n t a i n i n g  T r i b r i t e  and t h e  o t h e r  i n  t h e  T r i b r i t e  

s o l u t i o n .  Bo th  p a n e ls  were s e a le d  f o r  c o n s e c u t i v e  i n t e r v a l s  

o f  10 min i n  ammoniuni a c e t a t e  b u f f e r e d  w a te r  (pH 5 . 9  -  

6 . 0 ) .  A f t e r  each 10 min s e a l i n g  p e r i o d  Y t ( 2 5 * C )  was 

measured on t h e  f r o n t  o f  t h e  p a n e l s .  A l l  p a n e ls  were s e a l e d  

f o r  a t o t a l  o f  50 m in. Graph 14a shows t h a t  t h e r e  was a 

s i g n i f i c a n t  d e c re a s e  i n  t h e  g r a d i e n t  ( i . e  a more p o s i t i v e  

num ber) f o r  t h e  s o l u t i o n  c o n t a i n i n g  T r i b r i t e  compared t o  

t h a t  w i t h o u t .  H ow ever, t h e  s l o p e s  were s t i l l  v e r y  l a r g e  and 

n e g a t i v e .  I t  was n o t i c e a b l e  t h a t  t h e r e  was a marked  

d e c r e a s e  i n  t h e  g r a d i e n t  f o r  t h e  20 min s e a l i n g  t im e  

compared t o  t h e  10 min v a l u e .  Th e  g r a d i e n t s  f o r  20, 3 0 ,  40 

and 50 min s e a l i n g  t im e s  g e n e r a l l y  d e c re a se d  b u t  w i t h  

f l u c t u a t i o n s .

In  t h e  second e x p e r im e n t  f i l m s  w ere  a n o d is e d  at
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Graph of Gradlant against Cumulativo Ssaling 
Tims: Colouring Tims 6 mlnutss 

OrapO 14s

Graph of Gradisnt against Cumulativs Ssaling 
Tims: Colouring Tims 1.5 mlnutss

Graph ISo



Graph of Tin Contonf against Anodising Tims: 
Coiouring Tims 6 min 
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a t a a p a r a t u r *  o f  22*C and c o l o u r e d  a t  a t e m p e r a t u r e  o f  

24*C. n i m s  were c o l o u r e d  f o r  1 .5  m in .  T h i s  e x p e r im e n t  was 

done 43  d a y s  a f t e r  E x p e r im e n t  181 u s i n g  t h e  same s o l u t i o n .  

HCT 78 was made 42 d a y s  a f t e r  e x p e r im e n t  181. T h i s  showed 

a lo o s e  t i n  d e p o s i t .  An e x t r a  1 ml o f  T r i b r i t e  was added 

b e f o r e  t h e  s t a r t  o f  t h i s  e x p e r im e n t .  T h e  s u b s e q u e n t  HCT 79 

was found t o  have b e t t e r  c o v e r  but i t  was d u l l .

In  t h i s  e x p e r i m e n t ,  Graph I S a ,  a l l  t h e  g r a d i e n t s  

w ere  p o s i t i v e ,  and d e c re a s e d  ( i . e .  became l e s s  p o s i t i v e ) .  

T h e r e  was no d i s t i n c t i o n  i n  t h e  g r a d i e n t s  between th e  

s o l u t i o n  c o n t a i n i n g  T r i b r i t e  and t h a t  w i t h o u t .  The  

g r a d i e n t s  f o r  t h e  10 min s e a l i n g  t im e s  w ere  g r e a t e r  than  

th o s e  f o r  20, 30, 40 and SO min s e a l i n g  t i m e s .  The  

g r a d i e n t s  f o r  th e s e  l a t t e r  t im e s  d e c re a s e d  s m o o t h l y .  O n ly  

t h e  40 and SO min s e a l i n g  t im e  p o i n t s  (e x c e p t  t h e  panel  

s e a l e d  f o r  40 min and c o lo u r e d  w i t h o u t  T r i b r i t e )  had 

g r a d i e n t s  o f  -«-lO or l e s s .

G ra p hs 14b ( c o l o u r i n g  t im e  6 m in )  and Graph ISb  

( c o l o u r i n g  t im e  l . S m i n )  show t h e  p e r c e n t a g e  o f  t i n  i n  th e  

f i l m s  a s  c a l c u l a t e d  from t h e  e q u a t io n s i

t  -  t„

and

( 3 . 1 2 )

( 3 . 1 4 )

i f  Y t »  -  200 Sm X 1 0 - » » ( 3 . 1 3 )

where t h e  v a l u e s  o f  Y t ( 2 5 » C )  measured a t  a t o t a l  c u m u l a t i v e
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t im e  o f  SOmin, « r e  used t o  r e p r e s e n t  t h e  w e l l  s e a le d  f i l m ,  

i . e .  f o r  t h e  24.8>im f i l m  c o l o u r e d  w i t h o u t  T r i b r i t e ,  

Y t ( 2 5 * C )  a t  a s e a l i n g  t im e  o f  SOmin i s  650 Sm x

t '  =• 200 X 2 4 . 8  

650

t h e r e f o r e ,

7 .6pm

t ’ »  t  -  t „

7 . 6  = 2 4 . 8  -  t *

t „  = 17.2pm

4 . 1 2  R esul t s  U s i n g  S t a n d a r d  C o l o u r i n g  S o l u t i o n

The  s t a n d a r d  c o l o u r i n g  s o l u t i o n  used was 2 0 g / l  

s u l p h u r i c  a c i d ,  2 0 g / l  s ta n n o u s  s u l p h a t e  and 2 0 g / l  phenol  

s u l p h o n i c  a c i d .  G r a p h s  16a and 16b g i v e s  some t y p i c a l  

v a l u e s  o f  Y t ( 2 S * C )  f o r  a r a n g e  o f  c o l o u r i n g  and s e a l i n g  

t im e s .  A l l  p a n e l s  were a n o d is e d  at  room te m p e r a t u r e  and 

s e a l e d  i n  lg/1  ammonium a c e t a t e  b u f f e r e d  w a t e r .  Yt(2 5 < ’ C)  

v a l u e s  d e c re a s e d  as p a n e l s  c o l o u r e d  f o r  3 min were s e a le d  

f o r  i n c r e a s i n g  t i m e s .  V a lu e s  o f  Y t (2 5 ® C )  in c r e a s e d  as 

p a n e l s  s e a le d  f o r  2min/pm were c o lo u r e d  f o r  i n c r e a s i n g  

t im e s .  I t  was found t h a t  f o r  exte n d e d  c o l o u r i n g  t im e s  

( g r e a t e r  th a n  l O m i n ) ,  a c u r r e n t  d e n s i t y  o f  0 .8A/dm* caused  

s p a l l i n g  o f  t h e  a n o d ic  f i l m .  V e r y  lo n g  c o l o u r i n g  t im e s  a t

220



Graph of Yt(25*) against Ssaling Tims: 
Colouring Tims 3 minutss, c.d. 0.8 A/dm* 

Graph ISa

Graph of Yt(25*) against Colouring Tims: 
Ssaling Tims 2mln/Aim

Graph 16b



low c u r r e n t  d e n s i t l M ,  p ro d u c e d  »  p a t c h y  g r e y  c o l o u r  on th e  

b l a c k  f i l m s  when s p a l l i n g  d i d  not o c c u r .  Th e  c u r r e n t  

d e n s i t i e s  o f  0 . 3 ,  O .S  and O.SA/dm* were accom panied by  

v o l t a g e s  o f  1 1 .0 ,  1 2 .7  and 1 4 .7 V  r e s p e c t i v e l y .

Th e  t h i c k n e s s  o f  t h e  a n o d ic  f i l m  does n o t  a f f e c t  

t h e  c o l o u r  p ro d u ce d  b y  e q u i v a l e n t  s h o r t  c o l o u r i n g  t im e s .  

T h e r e  i s  some v a r i a t i o n  i n  c h r o m a t i c i t y  c o - o r d i n a t e s  fo r  

e q u i v a l e n t  c o l o u r i n g  t im e s ,  b u t  t h e  Raaos v a l u e s  a r e  w i t h i n  

a n a r r o w  r a n g e .

Graph 17 g i v e s  t h e  e f f e c t  o f  t h i c k n e s s  on 

Y t(2 S * C >  v a l u e s  fo r  i d e n t i c a l  s e a l i n g  t i m e s .  F o r  3 m in u te s  

c o l o u r i n g  t im e  t h e  t h i n n e r  t h e  f i l m ,  t h e  h ig h e r  th e  

Y t ( 2 S * C )  v a l u e .  However f o r  1 m in u te  c o l o u r i n g  t i m e ,  th e  

Yt v a l u e s  show no such t r e n d . I n  f a c t  t h e  v a l u e s  a r e  t o t a l l y  

random. C o l o u r i n g  d i d  n o t  a l t e r  t h e  t h i c k n e s s  o f  t h e  o x id e  

f i1 m s .

Graph 18, t h e  C I E  c h r o m a t i c i t y  d ia g r a m ,  shows a l l  

f i l m s  c o l o u r e d  fo r  any l e n g t h  o f  t im e  and u n c o l o u r e d ,  t o  be 

c l u s t e r e d  a ro u n d  one a r e a .  F i l m s  c o lo u r e d  r e d ,  y e l l o w ,  b lu e  

and v i o l e t  a r e  i n c l u d e d  f o r  c o m p a r is o n .  G raph 19 i s  

s e m i - l o g a r i t h m i c  and shows t h e  p o s i t i o n  o f  f i l m s  c o lo u r e d  

fo r  d i f f e r e n t  t im e s  and th o s e  u n c o l o u r e d .

Graph 20 shows t h e  L v a l u e s  a g a i n s t  c o l o u r i n g  

t im e .  The  L  v a l u e s  f o r  t h e  c o l o u r i n g  c u r r e n t  d e n s i t i e s  o f  

0 . 5  and O.BA/dm^ d e c re a s e  w i t h  c o l o u r i n g  t im e  at  

a p p r o x i m a t e l y  t h e  same r a t e .  Th e  o r d e r  o f  t h e  c u r r e n t  

d e n s i t i e s  f o r  d e c r e a s i n g  lu m in a n c e  i s  0 . 3 3 ,  O .S ,  and 

O.BA/dm ^. T h i s  o r d e r  i s  r e v e r s e d  a t  lo n g  c o l o u r i n g  t im e s .

Th e  c h r o m a t i c i t y  c o - o r d i n a t e s  show no d i s t i n c t i o n
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Graph of Yt(25*) against Thicknsss 
Graph 17

CIE Chromaticity Diagram
Graph IB



Graph of Percontag* RafUctanc« against 
Wavsisngth 

Graph 19

Graph of L values against Colouring Tims 
Graph 20



Graph of fiE Valuot against Colouring Tims 
Oroph 21

Colouring timo (min)

Graph of Film Thicknoss Loss against Colouring 
Temperature

Graph 22



b a t w M n  c o l o u r i n g  t im a s  for d i f f a r a n t  c u r r a n t  d e n s i t i a s .

Graph 21 shows t h e  aE v a lú a s  a g a i n s t  c o l o u r i n g  

t im e  f o r  a l l  c u r r e n t  d e n s i t i e s .  The c u r v e  o f  t h e  gra p h  i s  

t h e  m i r r o r - i m a g e  o f  t h a t  on t h e  graph o f  L  on c o l o u r i n g  

t im e .

liL Jl3._ ftnalitsLa .ia i-lL Q

Bo th  t h e  a b r a s iv e  wheel t e s t  and t h e  g l a s s  paper  

t e s t  gave  a b l a c k  powder t r a c e  on th e  f i r s t  a p p l i c a t i o n  f o r  

a 20><m f i l m  c o lo u r e d  f o r  IS m in .

25>im f i l m s  were c o l o u r e d  f o r  3 and &min. T h e y  

w ere  l e f t  u n s e a le d ,  d r i e d  and w e igh ed. Th e  a n o d ic  o x id e  

f i l m  was s t r i p p e d  from th e  a lu m in iu m  u s i n g  a s o l u t i o n  o f  

3 5 m l/ l  HaPO« and 2 0 g/ l  CrOa. T h e  s t r i p p e d  a lu m in iu m  had a 

g r e y / b l a c k  powder r e m a in in g  w hich  was t h e  t i n .  Th e  p a n e ls  

were d r i e d ,  re w e ig h e d  and t h e  t i n  rem o ved. T h e y  were  

weighed a g a in  and t h e  w e ig h t  o f  t h e  t i n  c a l c u l a t e d .  The  

f i l m  t h i c k n e s s  as e s t im a te d  from t h e  ’ s t r i p  and w e ig h ’ 

method was found t o  be a p p r o x i m a t e l y  2S>>m, w h ich  was i n  

agreement w i t h  t h a t  found w i t h  th e  eddy c u r r e n t  method.  

14mg/dm“  of  t i n  was found f o r  b o th  c o l o u r i n g  t im e s .

4 . 1 3 . 1  X -R av D i f f r a c t i o n  A n a l y s i s

X - r a y  d i f f r a c t i o n  a n a l y s i s  showed t h a t  t h e  

d - s p a c i n g s  f o r  p u r e  a lu m in iu m  c o r r e l a t e d  v e r y  w e l l  w i t h  t h e  

t h e o r e t i c a l  v a l u e s .  The v a l u e s  f o r  p u r e  t i n  found by  

e x p e r im e n t  a l s o  c o r r e l a t e d  v e r y  w e l l  w i t h  t h e  t h e o r e t i c a l  

v a l u e s  f o r  t e t r a g o n a l  t i n .  T i n  d e p o s ite d  i n  t h e  o x i d e  f i l m
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was a n a ly s e d  and t h e  e x p e r im e n t a l  d - s p a c i n g s  were found t o  

be 0 .0 1  t o  0 . 0 2  u n i t s  h ig h e r  th a n  t h e  t h e o r e t i c a l  v a l u e s  

f o r  p u re  t i n .

4 . 1 3 . 2  Powder D i f f r a c t i o n  A n a l y s i s

Two methods fo r  re m o v in g  t h e  a n o d ic  o x i d e  f i l m  

c o n t a i n i n g  t i n  were usedi

1. F i l m  was s c ra p e d  from t h e  a lu m in iu m .

2 .  F i l m  was removed w i t h  H g C la .

Th e  e x p e r im e n t a l  d - s p a c i n g s  c o r r e l a t e d  f a i r l y  w e l l  w i t h  t h e  

t h e o r e t i c a l  v a l u e s  fo r  t e t r a g o n a l  t i n  by t h e  f i r s t  method,  

and v e r y  w e l l  by t h e  second method.

The, E f i .e s t  g f  E iS Y flte d___T e m p e r a t u r e s  P u r i n a  A n o d i s i n g .

S o a k in g  and C o l o u r i n g .

I n  t h i s  s e c t i o n  a l l  p a n e l s  were s e a le d  i n  

ammonium a c e t a t e  b u f f e r e d  w a t e r .  T h i c k n e s s  wear i n d i c e s  

were d e r i v e d  from t h e  v a l u e  f o r  t h i c k n e s s  l o s s  found by  t h e  

a b r a s i v e  wheel t e s t  u s in g  400ds and 400 g f  and were  

c a l c u l a t e d  from t h e  g r a d i e n t  o f  t h e  l i n e a r  r e g r e s s i o n  gra p h  

o f  t h i c k n e s s  l o s s  a g a i n s t  number o f  c y c l e s .

P a n e l s  soaked f o r  v a r y i n g  l e n g t h s  o f  t im e  i n  

2 0 g / l  s u l p h u r i c  a c i d  at  30°C b u t  n o t  s e a l e d ,  showed no l o s s  

i n  a b r a s io n  r e s i s t a n c e .  C o l o u r e d  f i l m s  w h ich  had been  

soaked a f t e r  s e a l i n g  showed re d u c e d  a b r a s io n  r e s i s t a n c e .  A 

f i l m  soaked f o r  o ve r  2 h o u r s  had a lm o st d i s s o l v e d
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c o m p l e t a l y ,  T a b l e  32 ,  E x p t .  113.

C o l o u r i n g  or s o a k in g  a t  e l e v a t e d  t e m p e r a t u r e s  i n  

t h e  b a s ic  c o l o u r i n g  s o l u t i o n ,  ( 2 0 g / l  s u l p h u r i c  a c i d ,  20g/l  

s ta n n o u s  s u l p h a t e  and 2 0 g / l  p h e n o l s u l p h o n i c  a c i d ) ,  p r i o r  

t o  s e a l i n g ,  a l s o  r e v e a l e d  a d e c re a s e  i n  t h e  a b r a s io n  

r e s i s t a n c e  T a b l e  32 ,  E x p t . 1 7 0 .  The  t h i c k n e s s  wear i n d i c e s  

however were s t i l l  w i t h i n  a c c e p t a b l e  l i m i t s  d e s p i t e  t h e  

note d  e f f e c t s  o f  c o l o u r i n g  and s o a k in g  p r i o r  t o  s e a l i n g .  

C o l o u r i n g  gave  m a r g i n a l l y  l a r g e r  t h i c k n e s s  wear i n d i c e s  

tha n  s o a k in g .  The p a n e ls  n o t  soaked n o r c o l o u r e d  gave  t h e  

lo w e s t  t h i c k n e s s  wear i n d i c e s .

A subse qu e n t e x p e r im e n t  showed no r e d u c t i o n  i n  

a b r a s io n  r e s i s t a n c e  a f t e r  lo n g  c o l o u r i n g  t im e s .

A s e r i e s  o f  e x p e r im e n t s  was p e rfo rm e d  t o  o b s e rv e  

t h e  e f f e c t s  o f  a r a n g e  o f  a n o d i s i n g ,  c o l o u r i n g  and so a k in g  

t e m p e r a t u r e s  on t h e  a b r a s io n  r e s i s t a n c e  o f  a n o d ic  o x id e  

f i l m s .  Graph 22 shows t h e  e f f e c t s  o f  r a i s i n g  t h e  a n o d i s i n g  

t e m p e r a t u r e .  W i t h i n  each a n o d i s i n g  t e m p e r a t u r e  t h e  

c o l o u r i n g  t e m p e r a t u r e  was in c r e a s e d  ( c o l o u r i n g  t im e  B m in ) .  

R a i s i n g  b o th  t e m p e r a t u r e s  b r o u g h t  about a d e c r e a s e  i n  

a b r a s io n  r e s i s t a n c e .  The f i r s t  p o i n t  o f  each l i n e  on t h e  

gra p h  i s  a r e f e r e n c e  p o i n t  sh o w in g  t h e  t h i c k n e s s  l o s s  fo r  

a p a n e l a n o d is e d  a t  t h e  a p p r o p r i a t e  t e m p e r a t u r e ,  b u t  not  

c o l o u r e d .  S i m i l a r l y ,  an a lm o st i d e n t i c a l  t r e n d  i s  shown fo r  

s o a k in g  at  e l e v a t e d  t e m p e r a t u r e s  ( s o a k in g  t im e  S m i n ) .  A l l  

t h i c k n e s s  lo s s e s  were d e r i v e d  by t h e  l i n e a r  r e g r e s s i o n  

method.

The  e f f e c t  o f  o ve r  s e a l i n g  was i n v e s t i g a t e d .  

S e a l i n g  f o r  2min/>>m i s  s u f f i c i e n t  t o  p a s s  t h e  s e a l i n g
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T a b i *  32

E x p t/ C o l o u r i n g S o a k in g S e a l i n g T h r e e T h i c k n e s s

Panel Paper Wear In d e x

( m i n ) (m in ) (min/»>m) T e s t ( L . R . )

113/326' 3 unsoaked 2 g a r n e t 0 .7 4

113/327 room 20 2 g l  ass 1.81

113/328 temp 2 h r2 8 2 g l a s s l-2»im rem.

170/473 u n c o lo u r e d 8 1 g a r n e t 1 .2

3 0 . 5 » C

170/476 8 unsoaked 1 g a r n e t 1 .6

30» C

170/477 u n c o lo u r e d unsoaked 1 g a r n e t 0 .8

170/478 8 unsoaked 1 g a r n e t 1 .4

38» C

170/479 u n c o lo u r e d 8 2 g a r n e t 1.1

38* C

170/480 u n c o lo u r e d unsoaked 2 g a r n e t 0 .7

ram . means r e m a i n i n g
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T a b l e  33

E x p t/ S o a k in g / S e a l i n g T h i c k n e s s S O .

Panel C o l o u r i n g C o n d i t i o n s Mear Index T e s t

(m in ) (min/fim) ( L . R . >

193/SS3 unsoaked 2 .2 7 1 .8  whole f i l m

u n c o lo u r e d 2 . 3  o u t e r  f i l m u n i  form

1.1  i n n e r  f i l m

193/554 unsoaked 6 1 .7  whole f i l m bloom

u n c o lo u r e d 1 .7  o u t e r  f i l m

0 . 9  i n n e r  f i l m

L . R .  i n d i c a t e s  v a l u e s  w ere  found b y  l i n e a r  r e g r e s s i o n .
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T a b l e  34

E x p t/

Panel

A n o d i s i n g

C o n d i t i o n s

S o a k in g /  

C o l o u r i n g  

<min)

T h i c k n e s s  

Wear Index  

( L . R . )

SOa

T e s t

195/521 3 1 »C c o lo u r e d b e f o r e  SOa

8 3 . 4  w hole  f i l m

37® C 4 . 8  o u t e r  f i l m

2 . 7  i n n e r  f i l m

a f t e r  SOa v e r y

1 6 .7  o u t e r  f i l m h e avy

3 . 4  i n n e r  f i l m bloom

195/524 29® C soaked b e f o r e  SOa

8 3 . 8  whole  f i l m

15®C 4 . 7  o u t e r  f i l m

1 .7  in n e r  f i l m

a f t e r  SOa v e r y

12.1  o u t e r  f i l m h e a vy

2 . 3  in n e r  f i l m bloom
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t a s t s .  T im a s  lo n g e r  than t h i s  a r e  u n n e c e s s a r y .  T i l m s  

a n o d ise d  a t  2 0 * C  showed no r e d u c t i o n  i n  a b r a s io n  r e s i s t a n c e  

when p a n e ls  were o v e r s e a l e d .  A gra p h  c o n f ir m e d  t h i s ,  

a lt h o u g h  a s e a l i n g  bloom was a p p a re n t  as i n d i c a t e d  by t h e  

t h r e e  pap e r t e s t .  Th e  p a n e ls  were u n a f f e c t e d  by t h e  s u lp h u r  

d i o x i d e  t e s t .  A n o d i s i n g  at 25®C, T a b l e  33, E x p t .1 9 3 ,  

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

s o f t e n i n g  e f f e c t  on t h e  f i l m ,  w h i l e  t h e  l e n g t h  o f  s e a l i n g  

t im e  was i r r e l e v a n t .  T h e  s u l p h u r  d i o x i d e  t e s t  and t h e  

su bsequent a b r a s io n  p r o f i l e .  Graph 2 3, showed a s o f t  o u t e r  

l a y e r  and a s l i g h t l y  h a rd e r  i n n e r  l a y e r .

The f i n a l  e x p e rim e n t  showed t h e  e f f e c t s  o f  

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

d i o x i d e  t e s t  and a b r a s io n  r e s i s t a n c e .  T a b l e  3 4, E x p t . 

1 9 5 .The  a b r a s io n  r e s i s t a n c e  was g r e a t l y  re d u ce d  and a v e r y  

heavy bloom r e s u l t e d  i n  th e  s u l p h u r  d i o x i d e  t e s t .  The  

d e t r i m e n t a l  e f f e c t  o f  t h e  s u l p h u r  d i o x i d e  was shown by t h e  

su bsequent t h i c k n e s s  wear i n d i c e s  f o r  th e  i n n e r  and o u te r  

l a y e r s .  The in n e r  l a y e r ,  a l t h o u g h  ’ h a r d e r '  was s t i l l  

u n a c c e p t a b ly  s o f t .  Graph 24.

The a p p e a ra n ce  of a g r e y  or b l a c k  s t r e a k  d u r i n g  

th e  a b r a s i v e  wheel t e s t ,  and t h e  t h i c k n e s s  l o s s  a t  which  

t h i s  o c c u r r e d ,  was n o te d .  Trom t h e  known t o t a l  f i l m  

t h i c k n e s s ,  th e  m etal t h i c k n e s s  can be c a l c u l a t e d  from t h e  

equat i  oni
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t »  »  t  -  t ' < 3 .1 2 )

whare t .  i s  t h e  t i n  m e ta l t h i c k n e s s ,  

t  i s  t h e  t o t a l  f i l m  t h i c k n e s s ,  

t '  i s  t h e  m e t a l - f r e e  s e c t i o n  o f  t h e  f i l m .

T h e  r e s u l t s  a r e  g i v e n  i n  Graph 25 . T h e  r e s u l t s  show t h a t  

g e n e r a l l y ,  f i l m s  a n o d is e d  at 1S°C h a ve  l e s s  t i n  i n  th e  

p o r e s  th a n  f i l m s  a n o d is e d  above iS ° C .  U l i t h in  each a n o d i s i n g  

t e m p e r a t u r e  r a n g e ,  t h e  c o l o u r i n g  t e m p e r a t u r e  does n o t  have  

a c l e a r  t r e n d  w i t h  r e s p e c t  t o  t h e  amount o f  t i n  p r e s e n t . T h e  

a v e r a g e  f i l m  t h i c k n e s s  d e c re a se d  as a n o d i s i n g  t e m p e r a t u r e  

i n c r e a s e d .

A f t e r  40 c y c l e s  o f  t h e  a b r a s i v e  wheel t e s t ,  th e  

f i l m  a n o d is e d  a t  15®C and c o lo u r e d  a t  3 0 . 5 “C showed o n l y  

w h i t e  powder r e s i d u e s .  T h i s  i n d i c a t e s  t h a t  when t h e  f i l m  

was a braded down t o  t i n  had n o t  a p p e a re d ,  i . e .  due

t o  t h e  v e r y  good a b r a s i o n  r e s i s t a n c e  o f  t h i s  f i l m ,  the  

d e p th  a t  w h ich  t i n  was d e p o s it e d  was n o t  r e a c h e d .

I l l s  Thw E f f e t t a  g f  .Daina___’ T r i b r i t e » ___ i n  th e  T i n C o l o u r i n g

S o l u t i o n

E x p e r im e n t s  w ere  p e rfo rm e d  t o  i n v e s t i g a t e  th e  

e f f e c t s  o f  ' T r i b r i t e ' ,  an e l e c t r o p l a t i n g  ba th  b r i g h t e n i n g  

a d d i t i o n  a g e n t ,  on t h e  d e p o s i t i o n  o f  t i n  i n  t h e  p o r e s  of  

t h e  a n o d ic  o x i d e  f i l m .  T h ro u g h o u t  t h e  e x p e r im e n t s  th e  

s e a l i n g  s o l u t i o n  used was water b u f f e r e d  w i t h  lg/1  ammonium 

a c e t a t e  and a l l  c o a t i n g s  were s e a le d  f o r  2min/>im. I n  th e
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Graph 2 8 ,  t h e  column headed ’ No. o f  D a y s ,  T B - E x p t ’ means 

t h e  number o f  d a ys  between a d d in g  t h e  T r i b r i t e  and t h e  use  

o f  t h e  c o l o u r i n g  b a t h .  T h e  column headed ' N o .  o f  Days,  

T B - H C T ’ means t h e  number o f  d a y s  between a d d in g  T r i b r i t e  

and t h e  H u l l  C e l l  T e s t  on t h e  s o l u t i o n .  ’ H C T ’ a lw a y s  means 

t h e  l a t t e r ,  and a column headed t h u s  g i v e s  t h e  r e f e r e n c e  

number o f  t h e  HCT.

The  s o l u t i o n  used f o r  e x p e r im e n t s  124 t o  130 had 

a volum e o f  4 l i t r e s ,  and c o n t a i n e d  2 0 g / l  s u l p h u r i c  a c i d ,  

2 0 g / l  s ta n n o u s  s u l p h a t e ,  2 0 g / l  ph e n o l s u l p h o n i c  a c i d ,  

18m l/I sodium norm al o c t y l  s u l p h a t e  s o l u t i o n  (2 7 7 .) ,  (S N O S ),  

p l u s  v a r i o u s  amounts o f  f o rm a ld e h y d e  and T r i b r i t e .  

T o rm a ld e h y d e  (4 0 7  s o l u t i o n )  was added i n  t h e  same volumes  

as t h e  T r i b r i t e  s o l u t i o n ,  ( s e e  ’ T o t a l  T r i b r i t e ’ c o lu m n ) .  

F o r  a l l  t h e  e x p e r im e n t s  in  G ra p h  26 t h e  HCT was made G days  

a f t e r  t h e  a d d i t i o n  o f  T r i b r i t e .  The c o l o u r i n g  c u r r e n t  

d e n s i t y  used was O.SA/dm=> and t h e  f i l m  t h i c k n e s s  was 

a p p r o x i m a t e l y  24nm.

The  g e n e r a l  t r e n d  o f  Y t (2 5 ® C )  i s  t h a t  as more 

T r i b r i t e  was added, t h e  v a l u e s  d e c r e a s e d .  A l t h o u g h  th e  

d e c re a s e  was c o n s i s t e n t  for 3min c o l o u r i n g  t im e ,  t h e  v a lu e s  

f o r  8min c o l o u r i n g  t im e  re m a in e d  c o n s t a n t  fo r  4ml and 8ml 

T r i b r i t e  a d d i t i o n s .  F o r  th e  IS m in  c o l o u r i n g  t im e  Y t ( 2 5 * C )  

r o s e  f o r  e x p e r im e n t  126 but d e c re a s e d  a f t e r  t h e  a d d i t i o n  of  

a f u r t h e r  4ml o f  T r i b r i t e .  I t  was found t h a t  t h e  T r i b r i t e  

d i d  n o t  d i s s o l v e  c o m p l e t e l y  i n  t h e  t i n  s o l u t i o n  u n t i l  th e  

f o l l o w i n g  d a y .  F o r  t h i s  re a s o n  t h e  IS m in  c o l o u r i n g  t im e  was 

re p e a t e d  w i t h  no f u r t h e r  T r i b r i t e  a d d i t i o n s .  HCT 1 gave  a 

v e r y  l o o s e  t i n  d e p o s i t .  T h e r e  was a s l i g h t  improvem ent for
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HCT 3f 4 and S, b u t  t h e  d e p o s i t  d i d  not a d h e re  w e l l  t o  t h e  

co p p er s u r f a c e  o f  t h e  H u l l  C e l l  c a th o d e s .

To  show t h e  a f f e c t  o f  c o l o u r i n g  t im e  w i t h i n  th e  

a n o d ic  o x id e  f i l m  g r a p h s  o f  p e r c e n t a g e  s p e c t r a l  r e f l e c t a n c e  

I a g a in s t  w a v e le n g t h  were p l o t t e d  and S c a n n in g  E l e c t r o n  

' M ic r o g r a p h  (SEMI p i c t u r e s  t a k e n .  Graph 27a shows c o l o u r i n g  

t im e s  o f  1, 3 and Sm in, and Graph 27b shows 8, 10 and IS  

min c o l o u r i n g  t i m e .  T i g u r e s  31 t o  36 a r e  t h e  r e s p e c t i v e  SEM 

p i c t u r e s .  I t  can be seen t h a t  t h e  g r a p h s  f o r  8 ,  10 and 15 

min c o l o u r i n g  t im e s  were v e r y  s i m i l a r .  C o l o u r i n g  t im e s  o f  3 

and 1 min showed an i n c r e a s e  i n  p e r c e n ta g e  r e f l e c t a n c e  

to w a rd s  t h e  re d  end o f  t h e  s p e c tru m . Th e  SEM p i c t u r e s

showed a n o t i c e a b l e  i n c r e a s e  i n  amount o f  t i n  i n  th e  p o re s
I
' from 1 t o  8 min c o l o u r i n g  t im e s .  Tho se  o f  8 and 10 min were  

s i m i l a r ,  w h i l e  t h a t  o f  I S  min showed t h e  t i n  t o  exte n d  

s l i g h t l y  f u r t h e r  to w a rd s  t h e  o x id e  s u r f a c e ,  r e a c h i n g  th e  

s u r f a c e  i n  p l a c e s .  The c o m p o s i t io n  o f  th e  s o l u t i o n  used was 

2 0 g / l  s u l p h u r i c  a c i d ,  2 0 g/ l  s ta n n o u s  s u l p h a t e ,  2 0 g / l  phenol  

s u l p h o n i c  a c i d ,  18m l/l SNOS, 2ml fo rm a ld e h y d e  and 2ml 

T r i b r i t e .  The e f f e c t  o f  T r i b r i t e  on t h e  d e p o s i t i o n  o f  t i n  

c o u l d  not be o b s e rv e d  i n  t h e  SEM p i c t u r e s .  F i g u r e s  37 t o  

42. Tho se  f i g u r e s  w i t h o u t  T r i b r i t e  c o r r e s p o n d  t o  Exp e rim e n t  

12S and th o s e  w i t h  T r i b r i t e  c o r r e s p o n d  t o  E x p e r im e n t  129, 

Graph 26. S p e c t r a l  c u r v e s  fo r  I S  and 8 min c o l o u r i n g  t im e s ,  

w it h  and w i t h o u t  T r i b r i t e  showed no d i s t i n c t i o n  between  

them. H ow ever, 3 min c o l o u r i n g  t im e  d i d  show changes for  

v a r y i n g  amounts o f  T r i b r i t e ,  Graph 28 w h ich  shows th e  

amounts o f  T r i b r i t e  c o r r e s p o n d in g  t o  E x p e r im e n t s  12S, 126 

and 129 (G ra p h  2 6 ) .  F i n a l l y ,  F i g u r e  43 shows an o x id e  f i l m
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c o l o u r e d  f o r  20 min i n  a s o l u t i o n  c o n t a i n i n g  no T r i b r i t e .  

T h e  t i n  i s  seen t o  e x te n d  o u t  t o  t h e  s u r f a c e  o f  t h e  f i l m .

E x p e r im e n t s  145 and 14G u se d  t h e  same c o l o u r i n g  

s o l u t i o n  a s  i n  t h e  l a s t  s e t ,  124 t o  130, Graph 2 6 .  F u r t h e r  

a d d i t i o n s  o f  T r i b r i t e  and fo rm a ld e h y d e  were made as i n  t h e  

column headed ’ T o t a l  T r i b r i t e ’ , w here  f o rm a ld e h y d e  was 

added i n  t h e  same v o lu m e s as t h e  T r i b r i t e .  The  f u r t h e r  

a d d i t i o n  o f  4ml T r i b r i t e  and 4ml f o r m a ld e h y d e  i n  e x p e r im e n t  

I 131 was made 6 d ays a f t e r  t h e  a d d i t i o n  i n  e x p e r im e n t  129.

I C o l o u r i n g  c u r r e n t  d e n s i t y  was 0 .5 A /d m *  and f i l m  t h i c k n e s s  

was a p p r o x i m a t e l y  25)>m.

In  e x p e rim e n t  131 t h e  f i l m  was d e ta ch e d  d u r i n g  

t h e  8 and IS m in  c o l o u r i n g  t im e s ,  w h i l e  f o r  a c o l o u r i n g  t im e  

o f  3 min t h e  c o l o u r  was a v e r y  p a l e  g o l d .  Yt  <2 5 »C )  was not 

measured f o r  th e s e  p a n e l s .  Th e  c a t h o d e  f o r  HCT 6 showed 

b e t t e r  c o v e r i n g  tha n  HCT 7 o r  8 ,  b u t  t h e  d e p o s i t  d i d  not 

a d h e r e .  HCT 8 showed p o o r  c o v e r  46 d a y s  a f t e r  t h e  T r i b r i t e  

a d d i t i o n .  The  n e x t  a d d i t i o n  o f  12ml T r i b r i t e  i n  e x p e r im e n t  

I 145 was made 79 d a ys  a f t e r  t h a t  made f o r  e x p e r im e n t  131. 

HCT 9 was made 2 d ays t h e r e a f t e r  and showed a marked 

improvement i n  c o v e r .  The n e x t  a d d i t i o n  ( e x p e r im e n t  146) 

was made 3 d a ys  a f t e r  t h a t  o f  e x p e r im e n t  145. HCT 10 was 

made th e  same day as t h i s  l a t t e r  a d d i t i o n  w hich  showed a 

f u r t h e r  improvem ent i n  c o v e r .  HCT 11, done 3 d a y s  l a t e r ,

I showed a s l i g h t l y  f u r t h e r  im p ro v e m e n t.  Y t (2 5 ® C )  d e c re a s e d  

m a rk e d ly  from th o s e  found i n  e x p e r im e n t  129, and th e  

d e c re a s e  c o n t in u e d  from e x p e r im e n t  145 t o  146. The a s t e r i s k  

a g a i n s t  t h e  IS m in  c o l o u r i n g  t im e s  i n d i c a t e s  t h a t  ’ p o p p i n g ’ 

n o i s e s  were h e a rd  d u r i n g  t h e  l a t e r  s t a g e s  o f  c o l o u r i n g .
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E x p e r im e n t s  were p e rfo rm e d  u s i n g  a volum e o f  41 

c o l o u r i n g  s o l u t i o n  c o n t a i n i n g  6 0 g / l  s u l p h u r i c  a c i d ,  60 g/l  

s ta n n o u s  s u l p h a t e ,  6 0 g / l  p h e n o l s u l p h o n i c  a c i d  and S4ml/1 

SNOS. S u c c e s s iv e  a d d i t i o n s  o f  10ml T r i b r i t e  t o g e t h e r  w i t h  

10ml f o rm a ld e h y d e  were made. The c o l o u r i n g  c u r r e n t  was 

O.SA/dm* . P a n e l s  were c o l o u r e d  t h e  day a f t e r  t h e  a d d i t i o n s ,  

e x c e p t  where a weekend i n t e r v e n e d ,  i n  w h ich  ca se  3 d ays 

e l a p s e d .  The  HCT was made on t h e  same day as c o l o u r i n g .  

Yt<25® C ) was measured on t h e  day a f t e r  c o l o u r i n g ,  e x c e p t  at 

weekends. Because i t  became i n c r e a s i n g l y  d i f f i c u l t  t o  

d i s s o l v e  t h e  T r i b r i t e  s o l e y  by a g i t a t i o n  t h e  a d d i t i o n s  of  

5 0 ,  6 0 ,  7 0 ,  and 80ml T r i b r i t e  were d i s s o l v e d  i n  t h e  

minimum amount o f  d i l u t e  s u l p h u r i c  a c i d .  ’ P o p p in g ’ n o i s e s  

were h e a rd  d u r i n g  t h e  c o l o u r i n g  o f  t h e  f i n a l  3 p a n e ls  in  

t h e  s e r i e s  c o l o u r e d  for 15 m in ,  accom panied by c u r r e n t  

s u r g e s .  S m a ll  r i n g s  had appeared on t h e  f i l m  s u r f a c e s  and 

i n  some p l a c e s  b a re  a lu m in iu m  was e x p o sed . Mhen p a n e ls  

were s e a l e d ,  f u r t h e r  s e c t i o n s  o f  t h e  f i l m  were d e ta c h e d .  

G ra p h s  2 9a, 29b and 29c show t h e  r e l a t i o n s h i p  between

Yt<25® C ) and t h e  amount of  T r i b r i t e  added. G e n e r a l l y ,  as 

T r i b r i t e  c o n c e n t r a t i o n  was i n c r e a s e d ,  Y t (2 5 ® C )  d e c r e a s e d .  

T h e r e  was a s i g n i f i c a n t l y  l a r g e  d e c re a s e  between 10 and 

20ml a d d i t i o n s  f o r  c o l o u r i n g  t im e s  o f  15 and 8m in ,  (G ra p h s  

29a and 2 9 b ) .  A f u r t h e r  l a r g e  d e c re a s e  o c c u r r e d  between 

a d d i t i o n s  o f  20 t o  30m l, f o r  8 and 3min c o l o u r i n g  t im e s ,  

(G r a p h s  29b and 2 9 c >. A f t e r  th e s e  l a r g e  d e c r e a s e s ,  t h e  r a t e  

o f  d e c re a s e  f e l l .  The p a ss c r i t e r i o n  fo r  Y t ( 2 5 ° C )  i s  shown 

by  t h e  d o t t e d  l i n e .  A d m it t a n c e s  d e c re a se d  s l i g h t l y  d u r i n g  

t h e  2min m o n i t o r i n g  p e r i o d  f o r  p a n e ls  c o l o u r e d  f o r  15 and
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8min i n  b a t h s  w i t h  20ml T r i b r i t e .

Graph 30 shows t h e  r e l a t i o n s h i p  between th e  

lu m in a n ce  and t h e  amount o f  T r i b r i t e  added. A l l  c o l o u r i n g  

t im e s  show i n c r e a s e s  i n  t h e  g r a p h s  c o r r e s p o n d in g  t o  th e  

f i r s t  t h r e e  10 ml a d d i t i o n s .  C o l o u r i n g  t im e s  o f  8 and 15min 

show a s l i g h t  d e c re a s e  w i t h  a f u r t h e r  two 10ml a d d i t i o n s ,  

w h i l e  a c o l o u r i n g  t im e  o f  3min shows a d e c re a s e  f o r  another 

10ml a d d i t i o n .  A l l  lu m in a n c e  v a l u e s  i n c r e a s e  t h e r e a f t e r .

F i n a l l y  a g r a p h  show ing t h e  r e l a t i o n s h i p  between 

c o l o u r  d i f f e r e n c e s  aE ,  and t h e  amount o f  T r i b r i t e  i s  

s i m i l a r  t o  g r a p h  3 0. The  3min c o l o u r i n g  t im e  shows a smooth 

i n c r e a s e .  T h e  8 min c o l o u r i n g  t im e  shows a s l i g h t l y  l e s s  

smooth i n c r e a s e ,  w h i l e  t h e  l i n e  f o r  ISm in c o l o u r i n g  t im e  

shows a smooth i n c r e a s e  from 50ml T r i b r i t e  onwards but 

b e lo w  t h i s  t h e  g r a p h  i s  e r r a t i c .

T h e  HCT f o r  10ml T r i b r i t e  (H CT 17) g a ve  th e  best 

c o v e r .  HCT 18 t o  23 ,  f o r  t h e  c o r r e s p o n d in g  10ml a d d i t i o n s ,  

gave i n c r e a s i n g l y  roughened c o v e r ,  e s p e c i a l l y  a t  th e  h ig h  

c u r r e n t  d e n s i t y  e n d , and l a r g e  m i r r o r e d  a re a s  were observed 

on t h e  back o f  t h e  co p p e r  p l a t e .  HCT 23 was b la c k e n e d  and 

d i s c o l o u r e d .  T a b l e  35 a s s i g n s  v a l u e s  t o  t h e  appea ra n ce  of 

th e  t i n  d e p o s i t  under v a r i o u s  c o n d i t i o n s .  The se  v a l u e s  a re  

re p r e s e n t e d  i n  g r a p h i c a l  form a g a i n s t  th e  number o f  days 

between H C Ts .  Graph 31 i s  such a g r a p h .  HCT 24 c o rre s p o n d s  

t o  t h e  f i n a l  10ml a d d i t i o n s .  No f u r t h e r  a d d i t i o n s  were made 

and subsequent HCT c a th o d e s  showed t h e  a c t i v i t y  o f  th e  

T r i b r i t e  w i t h  r e s p e c t  t o  t i n  c o v e r  on th e  c a t h o d e s .  HCTs 

24 ,  39, 40 ,  50, and 54 showed e x t r e m e ly  b la c k e n e d  and 

roughened s u r f a c e s .  HCT 58 showed a marked im p ro v e m e n t.
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In  t h e  f i n a l  se t  o f  e x p e r im e n t s  i n  t h i s  s e c t i o n ,  

a 1 l i t r e  b a th  was made up o f  2 0 g / l  s u l p h u r i c  a c i d ,  2 0 g / l  

s ta n n o u s  s u l p h a t e  and 2 0 g / l  p h e n o l s u l p h o n i c  a c i d .  F i l m  

t h i c k n e s s e s  were a p p r o x i m a t e l y  20>im. T h e  f i r s t  e x p e r im e n t  

i was 157, Graph 32.

CNotes on Graph 32 :

a )  H u l l  C e l l  T e s t  was made when no T r i b i t e  was p r e s e n t .

b )  H u l l  C e l l  T e s t  was made a f t e r  each  a d d i t i o n .  The f i r s t  

a d d i t i o n  was SNOS, t h e  second was fo rm a ld e h y d e  p l u s  t h e  

f i r s t  a d d i t i o n  o f  T r i b r i t e  and s u b s e q u e n t  a d d i t i o n s  were 

e q u a l amounts o f  T r i b r i t e .

c )  H u l l  C e l l  T e s t  was made a t  s e l e c t e d  i n t e r v a l s  a f t e r  t h e  

e x p e r i m e n t .  Number o f  d a ys  from t h e  a d d i t i o n  o f  T r i b r i t e  

u n t i l  th e  H u l l  C e l l  T e s t  i s  g iv e n  i n  t h e  f i n a l  c o l u m n . !

C o l o u r i n g  c u r r e n t  d e n s i t y  used was O.SA/dm®. T h r e e  p a n e l s  

were c o lo u r e d  i n  t h i s  s t a n d a r d  s o l u t i o n  f o r  15, 8 and 3min 

c o l o u r i n g  t im e .  18 m l/ l  SNDS was added t o  t h e  s o l u t i o n  

s e p a r a t e l y  and HCT 27 made. T r i b r i t e  was added t o  t h i s  

s o l u t i o n  i n  equal am ounts. 2ml f o rm a ld e h y d e  was added at 

t h e  same t im e  as t h e  f i r s t  a d d i t i o n  o f  2ml T r i b r i t e .  A f t e r  

each a d d i t i o n  o f  T r i b r i t e ,  a HCT was made u n t i l  an optimum 

c o n c e n t r a t i o n  o f  T r i b r i t e  was r e a c h e d .  Graph 32 , n o te  b. 

T h e  T r i b r i t e  was d i s s o l v e d  i n  4ml d i l u t e  s u l p h u r i c  a c i d  

b e f o r e  a d d i t i o n  t o  t h e  s o l u t i o n .  P a n e l s  were c o lo u r e d  fo r  

15, 8 and 3min i n  t h i s  ’ new’ s o l u t i o n ,  on t h e  same day as
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T a b l*  35

T a b l »  of  H u l l  C a l l  T » « t  A o p M r M C «

T r i b r i t i

not

p r e s e n t .

l . V e r y  loose t i n  d e p o s i t .  Outward growth of 

c r y s t a l s .  Areas of copper p la t e  s t i l l  

exposed.

T r i b r i t a

i n s u f f i c i e n t .

2 .  B r ig h t  area s h r i n k s .  When i t  i s  la s s  than 

two t h i r d s  o f  th e  p la t e ,  a d d i t io n  i s  

n e cessary.

3 .  High c u r r e n t  d e n s it y  end d u l l / g r e y ,  d u l l  

s tre a k s  may stand above b r i g h t e r  background. 

B r ig h t e r  areas may be at low c u r r e n t  d e n s it y  

end. No m irro re d  s u rfa c e  on back of p la t e .

4 .  M ir r o r e d  s u rfa c e  over most of p la t e .  Some 

gas s tr e a k in g  at h igh  c u r r e n t  d e n s it y  and,

5 .  A ls o  small m irro re d  band on back of p la t e .

6 . V e ry  b r i g h t  at h ig h  c u r r e n t  d e n s it y  end, 

where b r i g h t  s t r e a k s  stand above d u l l  

a r e a ,b u t  le s s  m irro re d  at low c u r r e n t  

d e n s it y  and. Large  m irro re d  band on back, 

which may s t a r t  t o  b lacken.
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Ta b la  35 continuad

T r i b r i t a  in  

axcaaa/

w o r k in g - in  

p a rio d  not 

complata.

7 . And/or blackened s tr e a k in g  or roughness 

at h ig h  c u r r a n t  d e n s it y  and, sometimes 

e x te n d in g  over whole of p la t e .

8 . E x c e s s iv e  amounts o f  T r i b r i t e  in d ic a te d  by 

blackened s u rfa c e  on back of p l a t e  as w all  

as f r o n t .  Uneven areas of copper appear.

Time d e la y 7 . A f t e r  a p e rio d  o f  tim e  the  m irro re d  s u rfa c e

a f te r rea p pe a rs  at h igh  c u r r e n t  d e n s it y  and, but

T r i b r i t a b la c k e n in g  may s t i l l  be at low c u rre n t

a d d it io n /  

w o r k in g - in  

p a rio d  

com plata.

d e n s it y  end.
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t h e  a d d i t i o n s  had been made. Y t (2 S * C >  was m easured for  

p a n e ls  c o l o u r e d  i n  t h e  s t a n d a r d  s o l u t i o n  and f o r  th o s e  

c o lo u r e d  i n  t h e  s o l u t i o n  c o n t a i n i n g  T r i b r i t e .  32, 

E x p t  1 5 7 ,shows t h e  Yt(2S*’ C> v a lu e s  f o r  p a n e l s  c o l o u r e d  

w i t h o u t  T r i b r i t e .  H ow ever, upon c o l o u r i n g  a f t e r  a t o t a l  

a d d i t i o n  o f  & m l, th e  f i l m  was d e ta ch e d  and no a d m it ta n c e  

c o u l d  be m easured. I n s p e c t i o n  of  t h e  HCT c a t h o d e s  showed 

t h a t  HCT 28 had t h e  optimum c o v e r .  HCT 23 and 30 showed 

r o u g h e n in g  and a m i r r o r e d  back. Subsequent HCT ca th o d e s  

showed v a r y i n g  d e g r e e s  of  c o v e r ,  as shown by G raph 33. 

S i g n i f i c a n t l y ,  t h e  c u r v e  reached a peak fo r  HCT 3 0 ,  then 

d e c l i n e d  as s h a r p l y  as i t  in c r e a s e d  u n t i l  HCT S I  a f t e r  

w hich  th e  d e c l i n e  was g r a d u a l .

T h i s  s o l u t i o n  was used i n  a n o th e r  e x p e r im e n t ,  

1G3, 4 d ays a f t e r  th e  T r i b r i t e  a d d i t i o n ,  t o  d e t e r m in e  i f  

t h e  c o l o u r i n g  c u r r e n t  d e n s i t y  had been to o  h i g h .  P a n e ls  

were c o l o u r e d  f o r  ISm in at  v a r i o u s  c u r r e n t  d e n s i t i e s .  The 

c u r r e n t  d e n s i t y  d u r i n g  w hich  no ’ p o p p i n g '  n o i s e s  w ere  h eard 

was taken as t h e  b e s t .  T h i s  was found t o  be 0 .3 3 A /d m ^. 

Y t ( 2 5 “ C) was r e c o r d e d  for  t h i s  p a n e l .

Th e  n e x t  e x p e r im e n t s ,  IGO and 1G2, used a 

s o l u t i o n  made t o  th e  same fo rm u la  a s  t h a t  used a b o v e .  The 

c u r r e n t  d e n s i t y  used was O.SA/dm ^. 1ml T r i b r i t e  was added 

s e p a r a t e l y  d i s s o l v e d  in  2ml d i l u t e  s u l p h u r i c  a c i d .  2ml 

fo rm a ld e h y d e  was added w i t h  th e  f i r s t  a d d i t i o n .  The 

e x p e rim e n t  was p e rfo rm e d  as i n  e x p e r im e n t  157. Y t ( 2 S * C )  

v a l u e s  i n  G raph 32 fo r  c o l o u r i n g  w i t h  and w i t h o u t  T r i b r i t e ,  

decre a se d  when c o lo u r e d  w i t h  th e  T r i b r i t e  s o l u t i o n ,  except 

f o r  t h e  3min c o l o u r i n g  t im e .  'P o p p i n g '  n o i s e s  were heard
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d u r i n g  t h e  IS m in  c o l o u r i n g  t im e .  HCT 3S gave  t h e  optimum 

t i n  c o v e r .  The  su bsequent HCT c a th o d e s  showed v a r y i n g  

de gre e s o f  c o v e r ,  as shown b y  Graph 3 4. Th e  shape o f  t h i s  

gra p h  i s  s i m i l a r  t o  Graph 33 , e xce p t t h a t  t h e r e  i s  a 

p l a t e a u  between HCT 33 t o  35 .  Graph 35 shows t h e  p e r c e n ta g e  

s p e c t r a l  r e f l e c t a n c e  a g a i n s t  w a v e le n g th  f o r  t h e  p a n e l  in  

e x p e r im e n ts  IGO and 162. The  3min c o l o u r i n g  t im e  r e s u l t e d  

i n  h ig h e r  r e f l e c t a n c e s  a t  a l l  w a v e le n g t h s  f o r  c o l o u r i n g  

w i t h  T r i b r i t e  than fo r  c o l o u r i n g  w i t h o u t ,  b u t  f o r  8 and 

15min c o l o u r i n g  t im e s ,  th e  r e f l e c t a n c e s  w i t h  and w i t h o u t  

T r i b r i t e  a r e  i n s e p a r a b l e .

The  f i n a l  s e t  o f  e x p e r im e n t s ,  1G4, IGG and 1G7 

used a s o l u t i o n  a g a in  made t o  t h e  same f o r m u la  but u s i n g  a 

c o l o u r i n g  c u r r e n t  d e n s i t y  o f  0.33A/dm®. The  a d d i t i o n s  of  

fo rm a ld e hyd e  and T r i b r i t e  were t h e  same as i n  t h e  l a s t  

e x p e r im e n t ,  and th e  e x p e r im e n t s  were p e rfo rm e d  as a b o ve . 

The  Y t(2 5 ° C >  v a l u e s  d e c re a s e d  w i t h  t h e  a d d i t i o n  o f  th e  

T r i b r i t e .  No ’ p o p p i n g ’ n o i s e s  were h e a r d .  The optimum t i n  

c o v e r  was g i v e n  by HCT 47 ,  Graph 3G. A s m a ll  p l a t e a u  was 

o b se rve d  between HCT 45 and 4G. HCT 48 was n o t  as good as 

HCT 47. A f u r t h e r  1ml T r i b r i t e  was added 2 d a ys  l a t e r  t o  

t h i s  s o l u t i o n ,  e x p e rim e n t  167. Graph 32 shows even lo w e r  

Y t ( 2 5 ° C )  v a l u e s .  However, ’ p o p p i n g ’ was h e a rd  f o r  a ISm in 

c o l o u r i n g  t im e .  HCT 49 showed good c o v e r ,  but s e v e r e  gas 

s t r e a k i n g  was note d  at t h e  h ig h  c u r r e n t  d e n s i t y  end o f  t h e  

copper c a t h o d e .  Subsequent HCT c a th o d e s  showed v a r y i n g  

d e g re e s  o f  c o v e r .  A s h a rp  peak was n o te d  for  HCT 49 w h ich  

I d e c l in e d  as r a p i d l y  as i t  r o s e  u n t i l  HCT 57 a f t e r  w h ich  th e  

d e c l i n e  was v e r y  g r a d u a l .  Graph 37 shows t h a t  t h e  c u r v e  for
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a 3niin c o l o u r i n g  t im e  w i t h  T r i b r i t e  r e s u l t e d  i n  h ig h e r  

r e f l e c t a n c e  at  a l l  w a v e le n g t h s  tha n  t h a t  w i t h o u t  T r i b r i t e .  

However, t h e  c o l o u r i n g  t im e  o f  8min shows th e  tw o  c u r v e s  

r e v e r s e d ,  w h i l e  a t  IS m in  c o l o u r i n g  t im e  t h e  c u r v e s  a re  

i n s e p a r a b l e .

4 . 1 5 . 2  C o l o r i m e t r y

V a r i a t i o n s  i n  t h e  lu m in a n c e  v a l u e s  a t  t h e  low er 

end o f  t h e  p e r c e n ta g e  r e f l e c t a n c e  s c a l e  a r e  i n s i g n i f i c a n t  

because t h e  f i l m s  a r e  b l a c k  and v e r y  l i t t l e  l i g h t  i s  

r e f l e c t e d .  A v a r i a t i o n  o f  1 t o  5’/. between v a l u e s  i s  

a c c e p t a b l e .  Sm all amounts o f  T r i b r i t e  d i d  not a f f e c t  th e  

c o l o u r  s i g n i f i c a n t l y  and t h i s  was not d e t e c t e d  by th e  

c o l  or i m e t e r .

4 . 1 5 . 3  S ta n n o u s  T i n  C o n te n t  o f  t h e  C o l o u r i n g  B a th s

The  sta n n o u s  t i n  c o n te n t  was measured by 

t i t r a t i o n  w i t h  0 . IN i o d a t e - i o d i d e  s o l u t i o n  u s in g  s t a r c h  as 

t h e  i n d i c a t o r .  To  a Sml sam ple o f  s o l u t i o n ,  20ml 20V. 

h y d r o c h l o r i c  a c i d  was added b e f o r e  t i t r a t i o n .  A l l  t i n  

s o l u t i o n s  were s t o r e d  i n  a i r - t i g h t  b o t t l e s  c o n t a i n i n g  a 

p i e c e  o f  t i n  m e t a l .  S o l u t i o n s  were a n a ly s e d  w h ich  had been 

made between 2 y e a r s  6 months and 2 y e a r s  10 m o n th s, and 

had not been exposed t o  t h e  a i r  d u r i n g  t h e  p e r i o d  of 

s t o r a g e .  Some o f  th e s e  s o l u t i o n s  had v a r i o u s  amounts o f  th e  

T r i b r i t e  s o l u t i o n .  T r e s h  s t a n d a r d  c o l o u r i n g  s o l u t i o n s  were 

made (n o t  c o n t a i n i n g  T r i b r i t e )  and t h e  t i n  c o n t e n t  was 

a n a ly s e d  at  i n t e r v a l s .  T h e  r e s u l t s  show t h a t  t h e  s t o r e d
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s o l u t i o n s  ( w i t h  and w i t h o u t  T r i b r i t e )  c o n t a i n e d  2 . 3 g / l  t o  

5 g / l  o f  t i n .  The f r e s h l y  p re p a r e d  s o l u t i o n s  had 5 . 5 g / l  t o  

£ g / l  o f  t i n .  T h e r e  was no change i n  t h e  s t a n n o u s  t i n  

c o n te n t  fo r  t h e  f r e s h  s o l u t i o n s  o v e r  a p e r i o d  o f  62 d a y s .

I f  t h e  a s s u m p tio n  i s  made t h a t  20mg/dm* o f  t i n  i s  

d e p o s it e d  d u r i n g  one c o l o u r i n g  p e r i o d ,  t h e  amount of  t i n  

removed from each of  t h e  o l d  s o l u t i o n s  can be c a l c u l a t e d .  

T h i s  was found t o  be between 0 . 2 g / l  and 0 . 7 g / l .  One 

s o l u t i o n  w h ich  had been used f o r  a t o t a l  c o l o u r i n g  t im e  of  

SOOmin may have l o s t  1 .4 7 g / l  o f  t i n .
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Th* o f  th *  33X HNO« p ra d ip  w«s

i n v « s t i g a t « d  on f i lm s  of v a r io u s  d s g rs s s  o f  hardnsss. I f  

f i lm s  had alrm ady bssn softmnsd by a gsn ts  such as warm 

a n o d is in g  ■ Im c tro ly tm s  (as  rmvmalad by a th ic k n s s s  wear 

index o f  g r e a te r  than 1) then both s u b s t a n t ia l  th ick n e s s  

and weight lo s s  o c cu rre d  d u r in g  th e  p r e d ip .  I f  f i lm s  had 

not been p r e v io u s ly  s o fte n e d , then i t  was found th a t  the 

a c id  had no s o f te n in g  e f f e c t  on th e  hard f i lm s .  A v e ry  

s l i g h t l y  s o f t e r  f i lm  remained a f t e r  th e  p re d ip  for a p o o r ly  

sealed f i lm  soaked for IS  hours  in  the  a c id .  An unsoaked 

sealed f i lm  <5 min/pm) showed a hardness s i m i l a r  to  

th a t  o f  th e  l a t t e r  f i l m .  As s e a l in g  t im e  in cre a se d  the 

s u rfa c e  and in te r m e d ia te  la y e r s  in cre a s e d  i n  th ic k n e s s .  The 

pore  f i l l i n g  m a te r ia l  in cre a se d  in  d e n s i t y .  The o v e r ly in g  

la y e r s  th u s  p ro te c te d  the  porous la y e r  from a tt a c k .  A f te r  a 

s e a l in g  tim e  o f  0 .5  min/nm (a p p ro x im a te ly  12.5  min) the 

in te rm e d ia te  la y e r  would be s u f f i c i e n t l y  t h i c k  so as not to  

be d is s o lv e d  by th e  a c id  ( 1 0 2 ) .  The in te rm e d ia te  la y e r  is  

p ro te c te d  in  t u r n  by th e  s u rfa c e  la y e r  to  a small e x te n t.  

However, due t o  th e  n a tu re  o f  th e  s u r f a c e  la y e r  i t  i s  

'p o r o u s '  and does not o f f e r  much p r o t e c t io n  to  the

in te rm e d ia te  l a y e r .  At v e r y  long a c id  immersion tim es the 

in te rm e d ia te  la y e r  may be s l i g h t l y  a tta c k e d .  At v e r y  long 

s e a l in g  tim e s (5  min/pm la p p ro x im a te ly  125 min) th e  surfa ce
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la y e r  reaches i t s  l i m i t i n g  th ic k n e s s .  Due t o  the form ation  

o f  p r im a ry  and secondary groups o f  p l a t e l e t s ,  which th e  

a c id  d is lo d g e s ,  some s u rfa c e  la y e r  i s  l o s t .  A h ig h e r  wear 

index i s  ob ta in e d  because o f  th e  removal o f  the s o f t  outer 

l a y e r ,  w h i le  th e  hard u n d e r ly in g  la y e r  i s  r e ta in e d .  T h i s  i s  

confirm ed by an unsoaked w e ll  sealed f i l m  having a s l i g h t l y  

s o f te r  f i lm  due t o  the presence of these s heets . T h i s  la y e r  

i s  a p p ro x im a te ly  0 .5  >im in  th ic k n e s s  and once removed, th e  

u n d e r ly in g  w e ll  sealed  f i lm  i s  u n a ffe cte d  by the a c id .

S o ft  f i lm s  which have lo s t  some o f  the  ou te r  

la y e r  by d i s s o l u t i o n  do not lo s e  any f u r t h e r  f i lm  a f t e r  

subsequent a d d i t io n a l  p r e d ip s i  th e  th ic k n e s s  wear index 

remains constant and no weight lo s s  i s  observed, d e s p ite  

the  f i lm  b e in g  in h e r e n t ly  s o f t .  P r i o r  t o  th e  p r e d ip ,  an 

a b ra sion  p r o f i l e  o f  th ic k n e s s  lo s s  a g a in s t  the number of 

c y c le s  of 20 double s tro k e s  showed two d i s t i n c t  l a y e r s .  The 

o uter was s o f t e r  than th e  i n n e r .  The t o t a l  f i lm  th ic k n e s s  

wear index was an average o f  th e  two s e p a ra te  l a y e r s .  A f te r  

th e  p re d ip  th e  two la y e r s  no longer e x is t e d ,  but th e  t o t a l  

f i lm  th ic k n e s s  wear index was th e  same as b e fo re  the  

p r e d ip .

I f  th e r e  i s  no th ic k n e s s  wear index data , then a 

s u b s t a n t ia l  w eight lo s s  a f t e r  th e  p re d ip  would i n d i c a t e  a 

s o ft  f i lm ,  p a r t  of which would be lo s t  d u r in g  the p r e d ip .  

I n h e r e n t ly  s o f t  f i lm s  which were a d e qu ate ly  sealed were 

atta ck e d  by th e  33X HNOa. The alum ina, when h y d ra te d , 

f a i l e d  to  form w e l l  defin e d  c r y s t a l l i n e  boehmite. I t  i s  

proposed th a t  a d i f f e r e n t  typ e  o f  in te rm e d ia te  la y e r  formed 

in  s o f t  f i lm s  s in c e  th e y e x h ib i t  two d i s t i n c t  la y e r s .  T h is
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in ta r m a d ia ta  la y a r  i a  a tta ck a d  by tha  a c id  and raaovad. 

D u rin g  a n o d is in g  at a la v a ta d  tam paratures tha  d i s s o lu t i o n  

a f f a c t  o f  tha  a l a c t r o l y t a  i s  mora pronouncad. T h is  promotas 

a a ora  porous l a y a r .  Subsaquant s a a l in g  may not taka p laca  

a f f i c i a n t l y  dua t o  tha  raducad m ic r o c r y s t a l1i t a  c o n ta n t .  I t  

was suggastad th a t  tha  c a l l  w a ll  roughans d u rin g  s a a l in g ,  

re sam b lin g  a p a r a l l a l  s ta c k in g  of p l a t a l a t s  ( 7 6 ) .  T h i s  was 

thought to  be a d i s s o lu t i o n  p a tt e r n  on the c e l l  w a ll  and 

t h a t  s e a l in g  enhanced r a t h e r  than caused the p l a t e l e t  

s t a c k in g .  I f  th a  c e l l  w a l l  i s  a mora open s t r u c t u r e ,  

p l a t e l e t  s ta c k in g  would not ba so concentrated and i t  i s  

l i k e l y  th e  anhydrous c e l l  w a l ls  thamsalvas become hyd ra te d . 

T h i s  may account for the  s o f t  outer la y e r .

5 . 2  337. N i t r i c  A c id  Adm ittance Dr i f t  Test

The u se fu ln e ss  o f  th e  33X HNOa d r i f t  te s t  to  

i n d i c a t e  the  q u a l i t y  of s e a l in g  of an anodic f i lm  can be 

assessed by a p p ly in g  the mechanisms in v o lv e d  in  the p re d ip .

Hard, w e ll  se a le d ,  aged f i lm s  gave a p o s i t i v e  Y 

d r i f t  of  0 .1  t o  0 .2  and i t  of  1 to  2. The small d r i f t  was 

due t o  th e  removal of some o f  th e  su rfa c e  la y e r  <smut>. The 

c o n s o l id a t io n  throughout of a w a ll  sealed f i lm  has been 

shown by the Y—{ p r o f i l e  method. S o f t e r ,  well sealed, aged 

f i lm s  had la r g e r  p o s i t i v e  d r i f t s .  T h i s  was dua t o  the 

d i s s o l u t i o n  o f  th e  s o f t  o u te r  la y e r s ,  and not due to  

inadequate s e a l in g .

The d r i f t s  can th u s  ba a x p la in a di  i f  tha f i lm  i s  

in a d e q u a te ly  sealed  than th e  d r i f t  i s  la r g e  and p o s i t i v e
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and i *  du* t o  th a  d i s s o l u t i o n  of tha  pora f i l l i n g  n a t a r i a l  

and i s  g iv a n  by th a  a q u a tio n i

Y<2S»C) -  Y" -  Y» < S x lO -»/ m in )

10

( 4 . 1 )

whara Y ’ i s  th a  f i r s t  adm ittanca re a d in g ,

Y" i s  the  f i n a l  adm ittance ra a d in g ,  a f t a r  10 min.

S i m i l a r l y ,  'i't w i l l  a ls o  ba la rg e  and p o s i t i v e .  I f  a s o f t ,  

w e ll  sealed  f i lm  gave a p o s i t i v e  'V' d r i f t  la r g e r  than 0 .2  

then the d r i f t  would be due to  th ick n e s s  lo s s  and i s  g iv e n  

by th a  a q u a tio n i

Y<2S»C) «  J t  A. -  J .

10 \ f  -  t

(S .  n

whera k i s  a constant C i . i  

se aled  f i l m ) ,

t  i s  th e  i n i t i a l  th ic k n e s s ,  

t '  i s  the  f in a l  t h ic k n e s s .

Y t (2 5 » C )  = 200 for a w ell

For an in a d e q u a te ly  sealed hard f i lm  the d r i f t  w i l l  ba due 

s o l e l y  t o  th a  d i s s o lu t i o n  o f  the pore f i l l i n g  m a t e r ia l ,  

th u si
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s i n e «

An in a d e q u a te ly  sealed s o f t  f i lm  would g i v e  a v e r y  la rg e  

p o s i t i v e  d r i f t  due to  th e  com bination  o f  the  two f a c t o r s .

N e ga tive  d r i f t s  occur under c e r t a in  

c ircu m sta n ce s. I f  the  adm ittance decreases d u rin g  th e  33V. 

n i t r i c  a c id  a p p l ic a t i o n  t h i s  im p l ie s  th a t  e i t h e r  th e r e  i s  a 

change in  th e  c o n d u c t i v i t y  of the  p ore  f i l l i n g  m a t e r ia l ,  or 

th a t the th ic k n e s s  has a c t u a l l y  in c re a s e d .  N e ga tive  d r i f t s  

were recorded for two t h i c k  weathered f i lm s  (see d is c u s s io n  

on Weathering s e c t io n  S . & ) .  The adm ittance decreased due to  

the  c o l la p s e  o f  th e  c e l l  w a l l s .  These d r i f t s  were recorded 

on the  s h ie ld e d  faces. The s h ie ld e d  s id e s  of t h i n  f i lm s  

showed la r g e  p o s i t i v e  d r i f t s  c o n firm in g  the  o b s e rv a tio n s  of 

T a l l e r  ( 1 2 6 ) .  A l l  th in g s  be in g  e q u a l,  c o r r o s io n  i s  h igher 

on the  u n dersides  than on th e  exposed s id e s ,  and th in n e r  

f i lm s  s u ffe r  more than t h i c k e r  f i lm s .

I t  i s  the  c o n t r i b u t i o n  of th e  in te rm e d ia te  la y e r  

t o  the s e a l in g  q u a l i t y  which determ ines the typ e  of d r i f t .  

The su rfa c e  la y e r  c o n t r i b u t e s  l i t t l e  to  the  o v e r a l l  v a lu e s .

The d r i f t  te s t  showed how c o n s o l id a t io n  w it h in  

the  pores o c cu rre d  over a p e r io d  o f  weeks i n  f i lm s  sealed 

in  'A lc o a  482' (see d is c u s s io n  on Proposed Mechanism for 

S e a lin g  in  N ic k e l A c e ta te  S o lu t io n s  s e c t io n  S . 4 ) .  These 

f i lm s  do not a t t a i n  the  same d r i f t  v a lu e s  as hydrothermal
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f i l m *  « f t a r  13 weeks b u t  «  s te a d y  lo w  v a l u e  w o uld  be 

e x p e cte d  t o  be r e a c h e d  e v e n t u a l l y .

O n ly  f i l m s  c o l o u r e d  fo r  s h o r t  t im e s  a t t a i n  t h e  

low d r i f t  v a l u e s .  F i l m s  c o l o u r e d  w i t h  T r i b r i t e  a t t a i n  low er 

v a l u e s  th a n  t h o s e  c o l o u r e d  w i t h o u t  T r i b r i t e  (s e e  d i s c u s s i o n  

on T r i b r i t e  s e c t i o n  5 . 1 1 ) .

I 5 . 3  C o n c e n t r a t e d  N i t r i c  A c i d  A d m it t a n c e  D r i f t  T e s t

Th e  draw back o f  t h i s  method was t h a t  t h e  

c o n d u c t i v i t y  o f  t h e  a c i d  was g r e a t e r  t h a n  t h a t  o f  33X 

n i t r i c  a c i d .  F r e s h l y  p r e p a r e d  f i l m s  showed n e g a t i v e  d r i f t s .  

Th e  d r i f t  found b y  u s i n g  s o l u t i o n  ' A '  o f  t h e  Dye S p o t t e s t  

as an a l t e r n a t i v e  e l e c t r o l y t e  t o  t h e  a c i d  gave  p o s i t i v e  

d r i f t s ,  and t h e  a d m it t a n c e  v a lu e s  w ere  c o m p a ra b le  t o  th o s e  

found w i t h  p o t a s s iu m  s u l p h a t e  e l e c t r o l y t e .  T h i s  i n d i c a t e d  

t h a t  t h e  c o n c e n t r a t e d  a c i d  r e a c t e d  w i t h  t h e  p o r e  f i l l i n g  

m a t e r i a l .  In  f r e s h l y  p r e p a r e d  f i l m s  t h i s  m a t e r i a l  would be 

t h e  g e l  w h ich  had n o t  y e t  c r y s t a l l i s e d .

The  a d m it t a n c e  d r i f t  found f o r  t h e  s k y -w a r d  fa c e s  

o f  t h e  w e a th e re d  f i l m s  w h ich  had been e xposed f o r  82 weeks 

compared v e r y  w e l l  w i t h  t h o s e  found a t  an e x p o s u r e  tim e  o f  

172 weeks and measured u s i n g  337. n i t r i c  a c i d .  H ow ever, fo r  

t h e  t h i c k  u n s e a l e d ,  p a r t i a l l y  s e a le d  and w e l l  s e a le d  f i l m s  

I t h e  c o n c e n t r a t e d  a c i d  d r i f t  v a lu e s  w ere  l a r g e r  t h a n  th o s e  

found w i t h  33X a c i d .  T h i s  i n d i c a t e d  t h a t  t h e  c o n c e n t r a t e d  

a c i d  had a l a r g e r  d i s s o l v i n g  e f f e c t  on t h e  more p o ro u s  

t h i c k  f i l m s .  A t  82 weeks e x p o s u re  t h e  g r a d i e n t s  ( o f  t h e  

g r a p h  o f  a d m it t a n c e  a g a i n s t  t im e )  had begun t o  d e c l i n e
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a g a in  a u g g a s t in g  c r a c k s  wara h a a l i n g .  Tha  v e r y  s m a ll  

n e g a t i v e  d r i f t  found f o r  t h a  t h i c k e s t  p a r t i a l l y  s a a l a d  f i l m  

showed t h a t  t h a  c o l l a p s e  o f  t h e  c e l l  w a l l s  J u s t  o u tw e ig h e d  

any d i s s o l u t i o n  e f f e c t s ,  i . e .  some r e d i s t r i b u t i o n  o f  

m a t e r i a l  and d e b r i s  b a la n c e d  a ny d i s s o l u t i o n  e f f e c t s .  The  

l a r g e  p o s i t i v e  d r i f t  fo r  t h e  t h i c k  w e l l  s e a l e d  f i l m  

showed t h a t  t h e  f i l m  was d e f e c t i v e  (s e e  d i s c u s s i o n  on 

W e a th e rin g  s e c t i o n  5 . 6 ) .

□ v e r s e a l e d  f i l m s  g a ve  n e g l i g i b l e  d r i f t s  show ing 

co m p le te  c o n s o l i d a t i o n  o f  t h e  f i l m .

n i m s  a n o d is e d  and s o a k e d , i n  s u l p h u r i c  a c i d ,  a t  

e le v a t e d  t e m p e r a t u r e s  (> 2 £ * C )  ga ve  s o f t  f i l m s .  Tho se  

a n o d ise d  a t  2&*C and n o t  soaked a t  h ig h  t e m p e r a t u r e s ,  or 

a n o d ise d  a t  15*C and soaked a t  h ig h  t e m p e r a t u r e s  ga ve  o n l y  

m a r g i n a l l y  s o f t e r  f i l m s  th a n  th o s e  p ro d u ce d  und e r i d e a l  

c o n d i t i o n s .  Th e  t h i c k n e s s  l o s s  f o r  t h e  s o f t  f i l m s  was 

g r e a t e r  th a n  t h a t  f o r  t h e  h a r d  f i l m s .  T h i s  gave  l a r g e r  

p o s i t i v e  v a l u e s  f o r  t h e  e q u a t io n

( 5 . 1 )

Ÿ found from t h e  d r i f t  i n  a d m it t a n c e  g a ve  s m a ll  n e g a t i v e  

v a l u e s .  T h i s  i n d i c a t e s  t h a t  t h e  s o f t  o u t e r  l a y e r s  a r e  n o t  

o n l y  d i s s o l v e d  b u t  t h e r e  i s  a r e d i s t r i b u t i o n  o f  m a t e r i a l  

c a u s in g  t h e  p o r e s  t o  become b l o c k e d .  T h i s  g a ve  a f a l s e  

im p r e s s io n  o f  i n c r e a s e d  s e a l i n g  q u a l i t y .  I t  i s  p o s t u l a t e d  

t h a t  i t  i s  t h e  s u r f a c e  l a y e r  w h ic h  i s  d i s s o l v e d  and t h e  

i n t e r m e d i a t e  l a y e r  w h ich  i s  r e d i s t r i b u t e d .
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A g « d  c o l o u r a d  f i l m s  gmvm co R ^ m ra b la  d r i f t  v a l ú a s  

t o  th o s a  found w i t h  33X n i t r i c  a c i d .  T h i s  showad how w a l l -  

s a a l a d  f i l m s  a r a  u n a f f a c t a d  by  any c o n c a n t r a t i o n  o f  a c i d .

T h e  p r o d u c t s  o f  t h a  h y d r o t h a r m a l  s e a l i n g  r e a c t i o n  

a r e  c o m b i n a t i o n s  o f  a lu m in iu m  h y d r o x id e  g e l ,  p sa u d o b o e hm ita  

and c r y s t a l l i n e  b o e h m ite ,  o r  compounds s i m i l a r  t o  th e s e  b u t  

c o n t a i n i n g  more w ater t h a n  t h e  s t o i c h i o m e t r i c  compounds. 

D i f f e r e n t  amounts o f  aach  t y p e  o f  h y d r a t i o n  p r o d u c t  o c c u r  

a t  d i f f e r e n t  s t a g e s  t h r o u g h o u t  t h a  s e a l i n g  r e a c t i o n ,  which 

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

p r o c e e d s  l o c a l  pH cha n ge s o c c u r  w i t h i n  and a ro u n d  t h e  p o r e  

i n f l u e n c i n g  t h e  p r o g r e s s i o n  o f  t h e  s e a l i n g  r e a c t i o n .  T h i s  

mechanism h a s bean p ro p o s e d  b y  Thompson and Hood ( 7 9 ) .

Whan s e a l i n g  i s  c a r r i e d  o u t  i n  a b o i l i n g  n i c k e l  

a c e t a t e  s o l u t i o n  such a s  ' A l c o a  4 8 2 ’ , t h e  mechanisms 

i n v o l v e  n o t  o n l y  t h o s e  a s s o c i a t e d  w i t h  t h a  h y d r o t h e r m a l  

r e a c t i o n  b u t  a p o r e  b l o c k i n g  mechanism a l s o .  D u r i n g  t h e  

i n i t i a l  s t a g e s  o f  s e a l i n g  a p o o r l y  d e v e lo p e d  c r y s t a l l i n e  

form o f  p se u d o b o e h m ite  p r e c i p i t a t e s  w i t h i n  t h e  p o r e s  as 

w a t e r ,  a t  r e l a t i v e l y  h ig h  pH, meets t h e  a c i d i c  A l* ' ’' i o n s  

d i f f u s i n g  o u t  o f  t h e  p o r e s .  A t  abo u t t h e  same t im e  

d i s s o l u t i o n  o f  t h e  m a c ro s c o p ic  f i l m  s u r f a c e  o c c u r s  c a u s in g  

f o r m a t io n  o f  a s u r f a c e  l a y e r .  T h i s  l a y e r  a p p e a rs  t o  be 

c r y s t a l l i n e  b o e h m ite .  Some A l* ' ’' i o n s  may d i f f u s e  from 

w i t h i n  t h e  p o r e s  t o  c o n t r i b u t e  t o  t h a  f o r m a t i o n  o f  t h i s
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■ u r f a c «  l « y » r  by a p r a c i p i t a t i o n - d i c s o l u t i o n  mschanism. 

G ro u p s  o f  p l a t a l s t s  form s t  n u c l é a t i o n  m i t a s  i n c r e a s i n g  t h e  

t h i c k n e s s  o f  t h i s  l a y e r .  As t h e s e  h y d r o t h e r m a l  r e a c t i o n s  

p ro c e e d  t h e  p re s e n c e  o f  a g r e e n  s u r f a c e  bloom  c o n f i r m s  t h e  

p r e s e n c e  o f  n i c k e l  h y d r o x id e  w h ic h  i s  d e p o s it e d  as 

N i ( O H ) a . 0 . 2SHaO ( 1 0 1 ) .  T h i s  r e a c t i o n  i s  a l s o  fa v o u re d  by 

r e l a t i v e l y  h ig h  pH a c c o r d i n g  t o  t h e  r e a c t i o n

NiCCHaCOOla + 20H- — -f Ni (OH)a + (CHaCOO)a ( 5 . 2 )

F o r  p o r e  f i l l i n g  o r  s u r f a c e  p r o d u c t  t o  o c c u r  i t  i s  

n e c e s s a r y  f o r  l o c a l  s o l u t i o n  c o n d i t i o n s  t o  be f a v o u r a b l e  

f o r  p r e c i p i t a t i o n  r a t h e r  th a n  d i s s o l u t i o n .  I n  t h e  n e u t r a l  

pH r a n g e  4 - 8  a lu m in iu m  h a s a v e r y  lo w  s o l u b i l i t y .  B u t  as 

t h e  p o r e  b l o c k i n g  m a t e r i a l  i n c r e a s e s ,  t h e  Al*-*- io n  

c o n c e n t r a t i o n  w i t h i n  t h e  p o r e  i n c r e a s e s .  Th e  ' A l c o a  4 8 2 '  

s o l u t i o n  i s  s l i g h t l y  a c i d i c  s i n c e  1 g/1 s u l p h u r i c  a c i d  i s  

c o n t a i n e d  w i t h i n  t h e  s o l u t i o n  w h i l e  so dium  h y d r o x id e  i s  

used t o  a c h i e v e  a pH o f  between S . S - & . 0 .

2NaOH + HaSO* — 4 NaaSO.» + SO* » -  + HSO* -  ■'-2HaO + 3 H - ( 5 . 3 )

The  r e a c t i o n  between n i c k e l  a c e t a t e ,  sodium  s u l p h a t e  and 

p s e u d o b o e hm ite  i s  a s  f o l l o w s

Ni(CHaC00)a NaaSO* CAlOOHla-- > Ni-Al + HaSO* HaO

2 N a (C H a C 00 ) ( S . 4 )

N i c k e l  a c e t a t e  does n o t  r e a c t  s i g n i f i c a n t l y  w i t h
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c r y s t a l l i n e  b o s h m it s  s i n e s  a t t s s p t s  t o  s e a l  a f i l s  f o r  

Sfflin/pm a f t e r  d r y i n g  f a i l e d  t o  a t t a i n  an a d e i t t a n c e  v a l u e  

b e lo w  5 0 0 / t  <h S ) .  The  ' a c t i v e  s i t e s ’ h a ve  become b l o c k e d .  

Th e  r e a c t i o n  t h e r e f o r e  i n v o l v e s  p s e u d o b o e h n i t e .  T h e  p o r e  

f i l l i n g  m a t e r i a l  u n d e rg o e s  an ’ a g e i n g ’ p r o c e s s ^  w h e re b y  i t  

p o l y m e r i z e s  i n  a c o n d e n s a t io n  r e a c t i o n ,  r e l e a s i n g  w a te r  as 

p ro p o s e d  b y  Baker < 7 B ) .  T h e  c r y s t a l l i n e  b o e h m ite  i s  s t a b l e ,  

w h i l e  l e s s  s t a b l e  p se u d o b o e hm ite  and g a l s  r e q u i r e  a 

r e d u c t i o n  i n  f r e e  e n e r g y  i n  o r d e r  t o  a t t a i n  s t a b i l i t y .  Th e  

rem o val and a c c e s s  o f  m o l e c u l a r  w ater  i s  l i m i t e d  b y  t h e  

p o r e  f i l l i n g  m a t e r i a l  and c o n s e q u e n t l y  t h e  h y d r o x y l  i o n  

c o n c e n t r a t i o n  i n c r e a s e s .  T h i s  p r o b a b l y  o c c u r s  on t h e  

f f l i c r o c r y s t a l l i t e s  s u r f a c e s  o f  t h e  p o r e  w a l l s  a t  ’ a c t i v e  

s i t e s ’ and b y  f o r m a t io n  o f  p o o r l y  h y d r a t e d  a l u m i n a .  However 

t h e r e  i s  n e t  u p t a k e  o f  w a te r  even th o u g h  some i s  r e l e a s e d  

d u r i n g  t h i s  p o l y m e r i z a t i o n  r e a c t i o n .  T h i s  n e t  u p ta k e  o f  

w a te r  c o n t r o l s  t h e  p o r e  f i l l i n g  p r o c e s s  and i n t e r m e d i a t e  

l a y e r  f o r m a t i o n  b y  d i f f u s i o n .  H o w ever, a t  v e r y  s h o r t  

s e a l i n g  t im e s  t h e  i n t e r m e d i a t e  l a y e r  w o uld  be e x t r e m e l y  

t h i n  and i t s  f o r m a t i o n  d u r i n g  n i c k e l  s a l t  s e a l i n g  has n o t  

been r e p o r t e d ,  a l t h o u g h  i t s  f o r m a t io n  i s  t h o u g h t  t o  o c c u r  

e a r l y  on d u r i n g  h y d r o t h e r m a l  s e a l i n g  ( 1 0 2 ) .  Th e  

c o n d e n s a t io n  r e a c t i o n  h a s bean p ro p o s e d  b y  Baker ( 7 8 )  as 

f o l l o w s i

OHa
HaO I OHa 

N I ✓
N f

A1

4  I ' t »
HaO I OHa 

U  QHa

□Ha
HaO I OHa

A1

HaO I OH,
L  OH.

OH,

A1

□H,

A1

.OH,

HaO I -•  I
OH:- °H*

I
f u r t h e r  p o l y m e r i s a t i o n
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A lu m in iu m  and n ic k m l  b o th  form h y d r a t a d  io n s  i n  which t h a  

a p a t i a l  a rra n g a m a n t  o f  w a ta r  m o la c u le a  i a  o c t a h a d r a l .  Aa 

w a l l  aa t h a  h y d r o x i d a ,  n i c k a l  i a  known t o  form t h a  

h a x a a q u a n ic k a l  ( I I >  i o n  C N i I t  i a  l i k a l y  t h a t  

t h i a  i o n  combinaa w i t h  CAl CHaO)*3®*^ i n  a c o n d a n a a t io n  

I 'v m c tio n  a i m i l a r  t o  t h a t  p ro p o a a d  abova w i t h  t h a

a l i m i n a t i o n  o f  w a t a r .  A t  pH 5 aa much aa 90% o f  a lu m in iu m  

i a  i n  t h a  form o f  p o ly m e r s  and a t  a h ig h  d e g r e e  of 

h y d r o l y s i s  t h e  main i o n  h a s  been found t o  be 

CAl ( 1 2 1 ) .  S u c c e s s iv e  c o n d e n s a t io n

r e a c t i o n s  w o uld  e l i m i n a t e  w a te r  l e a v i n g  i l l - d e f i n e d  forms 

o f  t h e  h y d r a t e d  p r o d u c t .  I t  i s  w e l l  known t h a t  

p se u d o b o e hm ite  has a s m a ll  c r y s t a l  s i z e  w i t h  t h e  m a j o r i t y  

o f  i t s  h y d r o x y l  i o n s  s p a t i a l l y  a r r a n g e d  i n  much t h e  same 

manner as b o e h m ite  b u t  w i t h  e x c e s s  h y d r o x y l  i o n s  w hich  a r e  

n o t  i n  a b o e h m ite  a r r a n g e m e n t .  S i n c e  n i c k e l  i s  a l s o  found 

i n  h i g h l y  h y d r a t e d  form s i t  t o o  w o uld  be i n v o l v e d  i n  such 

c o m p l i c a t e d  r e a c t i o n s  and t h e  r e s u l t  would be a complex 

c r y s t a l l i n e  m a t r i x  o f  a lu m in iu m  and n i c k e l  i o n s  as s t a t e d  

i n  t h e  above r e a c t i o n  e q u a t i o n .  As p o l y m e r i s a t i o n  p ro c e e d s  

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

t h i s  p o r e  b l o c k i n g  m a t e r i a l  i n c r e a s e s  and d i f f u s s i o n  

pathw a ys become b l o c k e d .  I t  h a s  bean su g g e s te d  t h a t  water 

may d i f f u s e  t h r o u g h  t h e  a n h y d r o u s  c e l l  w a l l s  r e l e a s i n g  

SOa i o n s  i n t o  t h e  b u l k  s o l u t i o n .  A volume e x p a n s io n  of  

c e l l  w a l l  m a t e r i a l  may be  a s s o c i a t e d  w i t h  i n t e r m e d i a t e  

l a y e r  f o r m a t i o n  ( 1 0 2 ) .  P o l y m e r i s a t i o n  and a g e in g  a r e  

prom oted b y  lo w  a c i d i t y ,  h i g h  t e m p e r a t u r e s  and h ig h  Al*-^ 

io n  l e v e l s .  T h e  l a t t e r  l e v e l s  a r e  m a in t a in e d  by t h e
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i n c r a a s i n g  d a n s i t y  o f  t h a  p o r a  b l o c k i n g  a a t a r i a l .  Tha  f a c t  

t h a t  v a r y  s h o r t  s a a l i n g  t im a s  g i v a  v a r y  low  w a ig h t  l o s s a s  

i n  t h a  p h o s p h o r ic  a c id / c h r o m ic  a c i d  t a s t  w h i l a  h ig h  

a d m it t a n c a  v a l ú a s  a r a  found i n d i c a t a s  t h a t  i t  i s  t h a  o u t a r  

most l a y a r s  w h ich  a r a  th a  most im parm eabla  t o  t h a  a c i d  

s o l u t i o n .  Th a  n i c k a l  i s  c o n f in a d  t o  t h a  o u t a r  l a y a r s  o f  t h e  

a n o d ic  o x i d e  f i l m .  T h i s  i s  p a r t l y  dua t o  t h a  r a p i d  

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

I t  must a l s o  ba b o r n e  i n  mind t h a t  t h e  p re s e n c e  o f  n i c k e l  

i t s e l f  would c r e a t e  u n f a v o u r a b l e  c o n c e n t r a t i o n s  g r a d i e n t s  

fo r  f u r t h e r  u p t a k e .  T h i s  i s  c o n f ir m e d  s i n c e  s e a l i n g  i n  more 

c o n c e n t r a t e d  s o l u t i o n s  i s  l e s s  r a p i d  th a n  i n  d i l u t e

s o l u t i o n s  ( 1 0 1 ) .  T h e  e x t r e m e ly  r a p i d  c r y s t a l l i s a t i o n  can be 

e x p l a i n e d  p a r t i a l l y  due t o  t h e  a b i l i t y  o f  n i c k e l  t o  p r e v e n t  

th e  d e t r i m e n t a l  e f f e c t s  o f  s i l i c a t e s  and p h o s p h a te s ,  

a l l o w i n g  t h e  ' a c t i v e  s i t e s '  o f  t h e  p o r e  w a l l s  t o  prom ote 

th e  h y d r o x y l  c o n c e n t r a t i o n .  T h i s  m a i n t a in s  a low  a c i d  l e v e l  

w h ich  enhances t h e  a g e in g  r e a c t i o n .  As t h e  p o r e  f i l l i n g  

m a t e r i a l  becomes more c r y s t a l l i n e  t h i s  pro m o te s 

i n t e r m e d i a t e  l a y e r  f o r m a t i o n ,  a l t h o u g h  i t s  p r e s e n c e  may be 

v e r y  s m a l l  at  v e r y  s h o r t  s e a l i n g  t im e s  as s t a t e d

p r e v i o u s l y .  Assum ing t h a t  t h e r e  i s  some i n t e r m e d i a t e  l a y e r  

f o r m a t i o n ,  w a te r  d i f f u s i o n  c o n t r o l s  i t s  f o r m a t i o n .  As i t  

a d v a n c e s  to w a rd s  t h e  m e t a l / f i l m  i n t e r f a c e  i t  e n c o u n t e r s  th e  

i n c r e a s i n g  Al*-'- i o n  c o n c e n t r a t i o n .  H ow ever, i f  bound SO « * -  

i o n s  a r e  r e l e a s e d  from  t h e  c e l l  w a l l s ,  t h e  pH would become 

l o c a l l y  f a v o u r a b l e .  The i n c r e a s i n g  h y d r o x y l  io n  

c o n c e n t r a t i o n  w o uld  a l s o  f a v o u r  i n t e r m e d i a t e  l a y e r  

f o r m a t i o n .  The  p a r t i c i p a t i o n  o f  t h a  a c i d  a n io n  i n c o r p o r a t e d
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i n  t h »  p o r o u s  o x id e  f i l m  from t h e  a n o d i s i n g  a c i d  may 

i n f l u e n c e  t h e s e  r e a c t i o n s .  H y d r o l y s i s  s i t e s  a r e  c o n s id e r e d  

be t h e  i n i t i a t o r s  o f  t h e  r e a c t i o n s  and t h e s e  a n io n s  may 

h a ve  an a f f e c t  on t h e  d e v e lo p ^ m e n t  o f  c o l l o i d a l  a lu m in a ,

I  i t s  p o l y m e r i s a t i o n  and p r e c i p i t a t i o n .  I t  i s  a l s o  l i k e l y  

t h a t  t h e  a bove mechanism p r o c e e d s  i n  c o m b in a t io n  w i t h  t h a t  

p ro p o s e d  b y  U e f e r s  ( 7 6 ) .  Th e  f o r m a t io n  o f  a n i c k e l - h y d r o x o  

s u l p h a t e  s a l t  s i m i l a r  t o  t h a t  p ro p o s e d  f o r  a lu m in iu m , 

C A l ( O H ) ( S 04>Ha01, may be  an u n s t a b l e  i n t e r m e d i a t e  i n  th e  

s e r i e s  o f  co m plex r e a c t i o n  mechanism s.

When f i l m s  w e re  d r i e d  b e f o r e  b e i n g  s e a l e d ,  i t  

was found t h a t  ’ A lc o a  4 8 2 ’ was n o t  as e f f i c i e n t  as w a te r at  

s u b s e q u e n t l y  s e a l i n g  t h e  f i l m s .  T h i s  showed t h a t  t h e  

h y d r a t i o n  o f  t h e  a lu m in a  w h ic h  t a k e s  p l a c e  when u n se a le d  

f i l m s  a r e  d r i e d ,  causes s u f f i c i e n t  b l o c k i n g  o f  t h e  p o r e s  so 

as n o t  t o  a l l o w  p r e c i p i t a t i o n  o f  N i - A l  compounds. I t  can be 

assumed t h a t  n i c k e l  a c e t a t e  do e s not r e a c t  w i t h  c r y s t a l l i n e  

b o e h m ite .  The  subse qu e n t s e a l i n g  i n  w a te r p r o b a b l y  o c c u r r e d  

by  d i f f u s i o n  o f  water from  t h e  b u lk  e l e c t r o l y t e .

5 i 5  A Proposed Mechanism fo r  Long Term C o ld  S e a l i OH

I t  has been shown t h a t  lo n g  te rm  c o l d  im m ersio n  

i n  w a te r and n i c k e l  a c e t a t e  s o l u t i o n  caused a n o d ic  o x id e  

f i l m s  t o  s e a l ,  but b y  d i f f e r e n t  mechanism s. W a t e r -s e a l e d  

f i l m s  showed a s o f t e n i n g  o f  t h e  o u t e r  l a y e r  and t h e  p o re  

b l o c k i n g  m a t e r i a l  was n o t  c r y s t a l l i n e  b o e h m ite .  N ic k e l  

a c e t a t e - s e a l e d  f i l m s  showed no s o f t e n i n g  and t h e  f i l m s  were 

p r o p e r l y  s e a l e d  and n o t  b l o c k e d ,  as found w i t h  t h e  b o i l i n g
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s o l u t i o n .

T h e  f i l m s  immersed i n  w a te r  can be compared t o  

th o s e  s e a l e d  i n  b o i l i n g  w a t e r }  t h e y  can be r e g a r d e d  as 

p a r t i a l l y  s e a l e d .  The  s o l u t i o n  was a t  room t e m p e r a t u r e  and 

t h e  p r e c i p i t a t i o n / d i s s o l u t i o n  mechanism was v e r y  s l o w .T h e  

bloom o b s e r v e d  upon rem oval from  t h e  s o l u t i o n  d u r i n g  t h e  

p e r i o d  o f  im m ersio n was p o s s i b l y  due t o  th e

p r e c i p i t a t i o n / d i s s o l u t i o n  mechanism c r e a t i n g  a s u r f a c e  

l a y e r .  C o m p e t i t io n  between d i s s o l u t i o n  and p r e c i p i t a t i o n  

d u r i n g  t h e  im m ersio n  t im e  and t h i s  a cc o u n te d  fo r  

v a r i a t i o n s  i n  t h i c k n e s s  r e c o r d e d  at  i n t e r v a l s .  The  s u r f a c e  

l a y e r  may have reached a l i m i t i n g  v a l u e  a f t e r  a p e r i o d  o f  

t i m e .  T h i s  l a y e r  may have become un d e rm in e d  and d i s l o d g e d  

i n  a mechanism s i m i l a r  t o  w e a t h e r in g  due t o  c o n t i n u a l  

c o n t a c t .  A f t e r  t h e  t o t a l  im m e rs io n  p e r i o d  b o th  

f i l m s  showed a s u r f a c e  bloom w h ich  was a p p r o x i m a t e l y  O.S>im. 

A t  t h e  p o r e  b ases c o n t i n u a l  d i s s o l u t i o n  wo uld  g i v e  Al*"*" 

i o n s  and t h e  h y d r o x y l  io n  c o n te n t  w o uld  be m o b i le  due t o  

t h e  p r e s e n c e  o f  t h e  e l e c t r o l y t e ,  b u t  d i f f u s i o n  o f  b o th  

s p e c ie s  w o uld  be s lo w .  The  f o r m a t io n  o f  t h e  i n t e r m e d i a t e  

l a y e r  i s  a l s o  promoted by p & i ^ c i p i t a t i o n / d i s s o l u t i o n  and 

t h i s  forms t o  some e x t e n t  due t o  t h e  c o n t i n u a l  d i f f u s i o n  o f  

w a te r  from t h e  b u lk  e l e c t r o l y t e  w h ic h  c o n t r o l s  i t s  

p r o d u c t i o n .  T h i s  i n t e r m e d i a t e  l a y e r  may c o n t r i b u t e  t o  t h e  

s o f t  o u t e r  l a y e r .  Subsequent work ( 1 2 2 )  i n v o l v i n g  th e  

Y -$  p r o f i l e  method has shown t h a t  f o r  p o o r l y  s e a l e d  f i l m s  

t h e r e  i s  i n c r e a s i n g l y  l e s s ,  or i l l —d e f i n e d  b o e h m itc  as t h e  

p o r e  d e p t h s  a r e  r e a c h e d .  Th e  a d m i t t a n c e  d r i f t  t e s t  i s  a 

u s e f u l  t o o l  i n  t h i s  c a s e .  Some p o l y m e r i s a t i o n  o f  t h e
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t e  t a k e s  p l a c e »  T h i s  i s  p ro m o te d  by lo w  

a c i d i t y ,  h ig h  t e m p e r a t u r e  and h iflh  A l * -  i o n  l e v e l s .  Th e  

l a t t e r  l e v e l s  a r e  m a i n t a in e d  by t h e  c o n t i n u i n g  d i s s o l u t i o n  

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

e l e c t r o l y t e  keeps t h e  a c i d i t y  r e l a t i v e l y  lo w  due t o  f r e s h  

s u p p l i e s  o f  h y d r o x y l  i o n s .  T h i s  p ro m o te s t h e  a g e in g  

r e a c t i o n ,  but  b e c a u s e  t h e  t e m p e r a t u r e  i s  lo w ,  i t  o c c u r s  

e x t r e m e ly  s l o w l y .  T h e  h y d r o x y l  io n  c o n c e n t r a t i o n  a l s o  

f a v o u r s  i n t e r m e d i a t e  l a y e r  f o r m a t i o n .

Long te rm  c o l d  im m e rs io n  i n  n i c k e l  a c e t a t e  

s o l u t i o n  s e a l s  t h e  f i l m  by  a mechanism s i m i l a r  t o  t h a t  

o c c u r r i n g  d u r i n g  h o t  n i c k e l  a c e t a t e  s e a l i n g .  I t  i s  assumed 

t h a t  t h e  mechanisms o c c u r r i n g  i n  c o l d  w a te r im m e rs io n  a l s o  

o c cu r  i n  t h e  p r e s e n t  ca s e .  The n i c k e l  a l s o  c o n t r i b u t e s  t o  

th e  s e a l i n g .  I t  i s  assumed t h a t  t h e  a g e in g  r e a c t i o n ,  w hich  

was shown by t h e  Y - J  p r o f i l e  t o  o c c u r  i n  h o t  n i c k e l  a c e t a t e  

s e a l i n g ,  o c c u r s  i n  t h i s  ca s e ,  b u t  at  a s lo w e r  r a t e .  A t  t h e  

same t im e  as t h e  s u r f a c e  l a y e r  i s  formed, n i c k e l  h y d r o x id e  

i s  d e p o s it e d  as a s u r f a c e  b loo m . The  f o r m a t io n  o f  N i —A1 

co m plexes p r o c e e d s  i n  a manner s i m i l a r  t o  t h a t  found i n  hot 

s e a l i n g .  The  p o l y m e r i s a t i o n  o f  t h e  c r y s t a l l i n e  m a t e r i a l  

o c c u r s  q u i t e  q u i c k l y ,  compared t o  c o ld  w a te r  s e a l i n g ,  

d e s p i t e  th e  low t e m p e r a t u r e s .  The i n c r e a s e d  d e n s i t y  te n d s  

t o  b lo c k  t h e  d i f f u s i o n  p a th w a y s ,  th u s  p o l y m e r i s a t i o n  i s  

prom oted b y  low a c i d i t y  and h ig h  A l * -  i o n  l e v e l s .  The 

c o n t i n u a l  p re s e n c e  o f  t h e  e l e c t r o l y t e  o f f e r s  a c o n t i n u e d  

h y d r o x y l  io n  c o n c e n t r a t i o n  w hich  i s  prom oted a t  ’ a c t i v e  

s i t e s ' .  The s e  do n o t  become i n h i b i t e d  due t o  t h e  p re s e n c e  

o f  t h e  n i c k e l .  I t  i s  q u e s t i o n a b l e  as t o  w hether an
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i n t e r m e d i a t e  l a y e r  form s d u r i n g  c o l d  n i c k e l  a c e t a t e  s e a l i n g  

s i n c e  no s o f t  o u t e r  l a y e r  was o b s e r v e d .  I t  has been noted 

<97) t h a t  a n t i - s m u t  a d d i t i v e s  do n o t  form an i n t e r m e d i a t e  

l a y e r .  The  p r e s e n c e  o f  n i c k e l  h y d r o x i d e  i n  t h e  s u r f a c e  

l a y e r  a l s o  showed how i t  h in d e r e d  t h e  f o r m a t io n  o f  a s o f t  

o u t e r  l a y e r .  The  s o l u t i o n  ' A '  o f  t h e  Dye Spot t e s t  d i d  not 

have  a d i s s o l v i n g  e f f e c t  on t h e  s u r f a c e ,  w h i l e  fo r  th e  

f i l m  i t  gave  a r e a c t i o n  show ing some

d i s s o l u t i o n .

I f  t h e  r e s u l t s  o f  t h e  a d m it ta n c e  d r i f t  t e s t  and 

t h e  Y - {  p r o f i l e  method a r e  compared fo r  n i c k e l  

a c e t a t e - s e a l e d  f i l m s ,  i t  can be shown t h a t  th e  

c o n s o l i d a t i o n  o f  t h e  c r y s t a l l i n e  m a t e r i a l  i n c r e a s e s  w i t h  

t im e .  T h a t  most o f  t h e  n i c k e l  i s  c o n f in e d  t o  t h e  o u t e r  

l a y e r s  does not appear t o  le s s e n  t h e  e x t e n t  o f  th e  

u n d e r l y i n g  c r y s t a l l i n i t y .  M in u te  q u a n i t i t i e s  o f  n i c k e l  in  

t h i s  r e g i o n  appear t o  be s u f f i c i e n t  f o r  p o l y m e r i s a t i o n .  I t  

a p p e a rs  from th e  Y - J  p r o f i l e s  t h a t  i t  i s  not t h e  d e p th  o f  

p e n e t r a t i o n  t h a t  i n f l u e n c e s  t h e  a g e in g  p r o c e s s ,  b u t  th e  

c o n c e n t r a t i o n  o f  t h e  n i c k e l .  T h i s  c o n c e n t r a t i o n  a p p e a rs  t o  

be c r i t i c a l  i n  t h e  a g e in g  p r o c e s s .  A f t e r  48 d ays  a g e in g  th e  

f i l m  s e a le d  fo r  t h e  s h o r t e r  t im e  showed a lo w e r a d m it ta n c e  

tha n  t h a t  s e a le d  for l o n g e r  t im e .  M easurements were made at 

t h e  same f i l m  dep th  as fo r  th o s e  p e rfo rm e d  on t h e  f r e s h l y  

p re p a r e d  f i l m .  I t  i s  c o n c lu d e d  t h a t  t h e  n i c k e l  c o n te n t  

a f f e c t s  t h e  d i e l e c t r i c  c o n s t a n t  o f  t h e  s e a le d  f i l m .  T h i s  

i t h r o u g h o u t  th e  w h o le  f i l m ,  and a t  any one p o i n t  i s  

d e te rm in e d  by th e  amount o f  n i c k e l  p r e s e n t  and th e  

r e s u l t i n g  c r y s t a l 1 i n i t y .
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E a r l i e r  work p e rfo rm e d  on t h e  same f i l m s  (1231 

u p h o l d s  th e s e  p ro p o s e d  mechanism s. T i s h e r  showed t h a t  t h e r e  

w ere  3 s e a l i n g  s t a g e s  f o r  b o th  water and n i c k e l  a c e t a t e .

1. A r a p i d  Y t ( 2 5 ' C >  d e c r e a s e  due t o  h y d r a t i o n  accompanied 

by  a d e c re a s e  i n  t h e  p o r e  l e n g t h  and d i a m e t e r .

2 .  I r r e g u l a r  b e h a v io u r  o f  Y t< 2 S * C )  due t o  f o r m a t io n  o f  a 

p o r e  mouth p l u g .

3 .  S ubsequent s lo w  r a t e  o f  s e a l i n g  due t o  d i f f u s i o n  of  

s e a l a n t  t h r o u g h  p lu g g e d  p o r e  mouth.

T h e r e  was t h r e e  t im e s  more w e ig h t  i n c r e a s e  fo r  

n i c k e l  a c e t a t e  th a n  fo r  w a te r  d u r i n g  t h e  f i r s t  S t o  7 d ays 

o f  im m e rs io n .  T h i s  w e ig h t  i n c r e a s e  i s  now a c c o u n te d  f o r  by 

t h e  i n c o r p o r a t i o n  o f  t h e  h e a v i e r  N i —A1 m a t e r i a l  and t h i s  

shows t h e  r a p i d i t y  w i t h  w h ich  i t  form ed . Th e  g r a p h  of  

Y t < 2 5 » C )  a g a i n s t  t im e  showed t h a t  t h e  s u p e r f i c i a l  

mechanisms o f  e a r l y  p o r e  b l o c k i n g / s e a l i n g  a r e  q u i t e  

d i f f e r e n t  i n  t h e  two e l e c t r o l y t e s .

Th e  a d m it ta n c e  d r i f t  d i s t i n g u i s h e d  between f i l m s  

s e a l e d  by c o l d  im m e rs io n  i n  water and th o s e  i n  n i c k e l  

a c e t a t e .  The  a d m it t a n c e  d r i f t  f o r  f i l m s  s e a l e d  i n  w a te r was 

l a r g e  and p o s i t i v e  as found b y  t h e  e q u a t io n i

Y ( 2 5 " C )  = Y" -  Y* ( 4 . 1 )

T "  -  T '

T h e r e  was a s m a l l  d r i f t  due t o  t h i c k n e s s  l o s s  as found from 

t h e  f o l l o w i n g  e q u a t i o n ,  but  t h i s  was s m a l l :

Y(25<>C) = t  i .  -  i ]

10 I t '  t

( 5 . 1 )
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T h s s e  r e s u l t s  show t h a t  t h e  p o r e  b l o c k i n g  m a t e r i a l  was 

d i s s o l v e d ,  i . e .  t h e  f i l m  was n o t  ’ s e a l e d ' .

F i l m s  immersed i n  n i c k e l  a c e t a t e  showed t h a t  a 

n e g l i g i b l e  amount o f  p o r e  b l o c k i n g  m a t e r i a l  was d i s s o l v e d  

as i n d i c a t e d  b y  a v e r y  s m a l l  d r i f t  found b y  e q u a t io n  4 . 1 .  

The n e g l i g ^ l e  n e g a t i v e  d r i f t  found from e q u a t io n  S . 1 a ro s e  

due t o  i n s t r u m e n t  e r r o r  and i s  assumed t o  be z e r o .  T h i s  

i m p l i e s  t h e r e  was no d r i f t  due t o  t h i c k n e s s  l o s s .  T h u s ,  f o r  

w ater s e a l e d  f i l m s  t h e  a c t u a l  t h i c k n e s s  l o s s  o u tw e ig h e d  a ny 

c o n t r i b u t i o n  from in s t r u m e n t  e r r o r ,  w hereas f o r  f i l m s  

s e a le d  i n  n i c k e l  s o l u t i o n s ,  i n s t r u m e n t  e r r o r  a lo n e  was 

r e c o r d e d ,  s i n c e  t h e r e  was no change i n  t h i c k n e s s .

___ItLS_________ P r g f i ^ g __ Method on F i l m s  S e a le d  i n  B o i l i n g

' A l c o a  4 S 2 ’

T h e r e  i s  a change i n  t h e  amount o f  N i - A l  complex 

t h r o u g h o u t  t h e  p o r e  l e n g t h .  The a g e in g  o f  such f i l m s  was 

o b s e rv e d  b y  a d m it t a n c e  m easurem ents. M easurements made 

im m e d ia t e ly  a f t e r  s e a l i n g  showed v e r y  h ig h  v a l u e s  

i n d i c a t i n g  l i t t l e  c r y s t a l l i s a t i o n  o f  t h e  g e l .  As a g e in g  

p ro ce e d e d  t h e  a d m it t a n c e  v a l u e s  d e c re a s e d  show ing in c r e a s e d  

c r y s t a l l i s a t i o n .  A Y - {  p r o f i l e  made on a p r o p e r l y  

h y d r o t h e r m a l l y  s e a l e d  f i l m  showed t h e  a d m it t a n c e  t o  be 

c o n s t a n t  t h r o u g h o u t  t h e  l e n g t h  o f  t h e  p o r e .  A p o o r l y  s e a le d  

f i l m  w h ic h  had been aged showed t h a t  t h e  a d m it t a n c e  ro s e  as 

t h e  f i l m  was a b ra d e d  away. T h i s  was a l s o  o b s e rv e d  f o r  f i l m s  

s e a le d  f o r  Ssec/^m i n  ' A l c o a  4 8 2 ’ . I f  ' A l c o a  4 8 2 ’ f i l m s .
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' s e a l e d  fo r  lo n g e r  t im e s ,  w ere  a l s o  r e g a r d e d  as p o o r l y  

s e a l e d ,  l i k e  t h e  p o o r l y  s e a le d  h y d r o t h e r m a l  f i l m s ,  th e n  t h e  

Y -S  p r o f i l e s  fo r  aged f i l m s  m igh t  be e x p e cte d  t o  be 

s i m i l a r .  H o w ever, a f t e r  a g e in g  f o r  48 d a y s  th e  ' A l c o a  4 8 2 '  

f i l m s  a t t a i n e d  a l i n e  h o r i z o n t a l  t o  t h e  x a x i s ,  w h i l e  t h e  

p o o r l y  s e a l e d  h y d r o t h e r m a l  f i l m s ,  aged f o r  number o f  y e a r s ,  

showed th e  a d m it t a n c e  ro s e  w i t h i n  th e  p o r e  d e p t h s .  T h i s  

s u p p o r t s  t h e  p r o p o s i t i o n  t h a t  i t  i s  t h e  i n t e r m e d i a t e  l a t e r  

w h ich  has a s i g n i f i c a n t  b e a r i n g  on t h e  h y d ro th e rm a l  

r e a c t i o n .

Th e  mechanism o f  a g e in g  can be p ro p o s e d . For 

p o o r l y  s e a le d  h y d r o t h e r m a l  f i l m s  t h e  e x t e n t  o f  f o r m a t io n  of 

p s e u d o b o e hm ite  by d i s s o l u t i o n  o f  t h e  p o r e  w a l l s  i s  l i m i t e d ,  

p a r t i c u l a r l y  at  t h e  p o re  b a s e s .  Subsequent p o l y m e r i s a t i o n  

once t h e  f i l m  i s  removed from t h e  s o l u t i o n  i s  r e s t r i c t e d  

s i n c e  th e  t e m p e r a t u r e  i s  lo w ,  t h e  Al^**'' i o n  c o n c e n t r a t i o n  

d e c r e a s e s ,  and t h e  h y d r o x y l  io n  c o n c e n t r a t i o n  d e c re a s e s  as 

t h e  c o n d e n s a t io n  s l o w l y  s t o p s .  The s e a l i n g  p r o d u c t  

e v e n t u a l l y  re a c h e s  a s t a b l e  s t a t e  l e a v i n g  a more 'o p e n '  

m a t r i x  a t  t h e  p o r e  ba se  tha n  a t  t h e  mouth. The r a t e  o f  

a g e in g  i s  dependent upon t h e  0H~ io n  c o n c e n t r a t i o n  ( 7 6 ) .  

T h u s  s h o r t  s e a l i n g  t im e s  o n l y  a l l o w  l i m i t e d  f o r m a t io n  o f  

h y d r o x y l  i o n s  at t h e  a c t i v e  s i t e s .  T h i s  ' o p e n '  m a t r i x  le n d s  

s u p p o r t  t o  t h e  p r o p o s i t i o n  t h a t  t h e  i n t e r m e d i a t e  l a y e r  

p l a y s  a r o l e  i n  t h e  a g g lo m e r a t io n  of  t h e  g e l ,  s i n c e  i t  has 

been shown ( 7 9 )  t h a t  d i s s o l u t i o n  and p r e c i p i t a t i o n  o c c u r  

t h r o u g h o u t  t h e  l e n g t h  o f  t h e  p o r e .  The f o r m a t io n  o f  t h i s  

l a y e r  i s  c o n t r o l l e d  by  d i f f u s i o n  o f  w ater  from t h e  b u lk  

e l e c t r o l y t e .  The  p r e s e n c e  o f  th e  i n t e r m e d i a t e  l a y e r
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t h e r a f o r s  p r o n o t e s  p o l y m e r i s a t i o n .  I t  i s  u n l i k e l y  t h a t  

c o n t i n u i n g  c o n d e n s a t io n  r e a c t i o n s  c o n t r i b u t e  enough w ater 

t o  be o f  an y  s i g n i f i c a n c e  t o  t h e  o v e r a l l  h y d r o x y l  io n  

c o n t e n t .

F i l m s  s e a l e d  i n  ’ A lc o a  4 8 2 ’ show v e r y  d i f f e r e n t  

s e a l i n g  mechanism s. A ssum in g t h a t  t h e r e  i s  a c o n t r i b u t i o n  

t o  s e a l i n g  from an accom panying h y d r o t h e r m a l  r e a c t i o n  

( a l t h o u g h  at  v e r y  s h o r t  t im e s )  th e n  t h e  f o l l o w i n g  a g e in g  

mechanism can be p r o p o s e d !

1. T h e  p r e s e n c e  o f  n i c k e l  a l l o w s  ’ a c t i v e  s i t e s ’ t o  re m a in  

u n h in d e r e d  and c o n s e q u e n t l y  more h y d r o x y l  io n s  a r e  p r e s e n t .

2 .  T h e  N i - A l  co m p le x e s  a r e  v e r y  much l a r g e r  th a n  t h e  

b o e h m ite  m o le c u le s  c r e a t i n g  g r e a t e r  c o n s o l i d a t i o n .

3 .  I t  i s  t h e  c o n c e n t r a t i o n  o f  n i c k e l  t h a t  i n f l u e n c e s  t h e  

a d m i t t a n c e .

5 . 6  W e a t h e r in g

The  t h e o r y  o f  lo n g  term  c o l d  im m ersio n can be 

l o o s e l y  a p p l i e d  t o  f i l m s  w hich  a r e  u n s e a le d  and s u b j e c t e d  

t o  lo n g  te rm  o u td o o r  e x p o s u r e .

The  a d m it t a n c e  f o r  u n s e a le d  f i l m s  de cre a se d  w i t h  

t im e .  Th e  f i r s t  few weeks o f  e x p o s u r e  showed no a d equate  

s e a l i n g  b u t  a f t e r  a w h i l e  s e a l i n g  p ro ceeded r a p i d l y ,  

f o l l o w e d  by  a more g r a d u a l  r a t e .  Th e  s h i e l d e d  s i d e s  showed 

a d e q u a te  s e a l i n g  and some t h i c k n e s s  i n c r e a s e  w h i l e  exposed 

s i d e s  were n o t  a d e q u a t e l y  s e a le d  and t h e r e  was some 

t h i c k n e s s  r e d u c t i o n .  T h i s  ’ s e a l i n g ’ was combined w i t h  

’ w e a t h e r i n g ’ as exposed s u r f a c e s  had a prono unced bloo m ,
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w h ic h  was « o r e  s e v e r e  th a n  on t h e  s h i e l d e d  s i d e s .  The  

a d m i t t a n c e  d r i f t  t e s t ,  h o w e v e r,  r e v e a l e d  t h a t  t h e  p o r e s  

w ere  n o t  s e a le d  b u t  b lo c k e d .  T h e s e  f i n d i n g s  a r e  i n  

agreem ent w i t h  P a t r i e  ( 1 2 4 )  who found t h a t  t h e  a d m it ta n c e  

v a l u e s  rem ained o v e r a l l  above 4 0 0 / t  ( p S ) , even though 

a d m it t a n c e  may d e c r e a s e  d u r i n g  t h e  c o u r s e  o f  e x p o s u r e .  

T h e s e  d e c re a s e s  were n o t  a t r u e  i n d i c a t i o n  o f  s e a l i n g .  The 

a d m i t t a n c e  d r i f t  c o n f i r m e d  t h i s .  O n ly  t h e  s h i e l d e d  faces 

a t t a i n e d  v a lu e s  l e s s  t h a n  SOO/t ( h S )  w h i l e  exposed fa ce s  

rem a in e d  above t h i s  v a l u e .  In  t h e  work o f  P a t r i e  i t  was t h e  

’ la n d w a r d ’ face w h ic h  became c o r r o d e d .  My work r e v e a l e d  

t h a t  f o r  p a r t i a l l y  s e a l e d  f i l m s  t h e  exposed fa ce  gave  t h e  

w o rs t  b lo o m . H o w e v e r,  subsequent a d m it t a n c e  d r i f t  t e s t s  

showed t h e  exposed f a c e  t o  be s e a le d  w h i l e  v a l u e s  fo r  t h e  

s h i e l d e d  fa ce  i n d i c a t e d  in a d e q u a te  s e a l i n g .  Bloom and 

c o r r o s i o n  a r e  d i f f e r e n t  phenomena and t h e  co m p a riso n  o f  

th e s e  r e s u l t s  w i t h  t h o s e  o f  P a t r i e  must be t r e a t e d  w i t h  

c a u t i o n .

The  p o r e  b l o c k i n g  m a t e r i a l  was p r o b a b l y  p o o r l y  

formed p se u d o b o e h m ite / b o e h m ite  as found w i t h  lo n g  te rm  c o l d  

s e a l i n g .  T h e r e  was l i t t l e  c r y s t a l l i n i t y .  Dus t o  th e  

p r e s e n c e  o f  a b lo o m , some form o f  w e a t h e r in g  a l s o  took 

p l a c e .  I t  may be t h a t  t h e  ’ w e a t h e r in g  p r o d u c t ’ b lo c k e d  th e  

p o r e s  t o  g i v e  f a v o u r a b l e  a d m it t a n c e  v a l u e s ,  b u t  t h e  

a d m i t t a n c e  d r i f t  r e v e a l e d  no t r u e  s e a l i n g .  W e a th e r in g  a l s o  

u n d e rm in e d  t h e  s u r f a c e  l a y e r s  and caused s h e e t s  of  

p l e t e l e t s  t o  become d i s l o d g e d .  T h i s  w o uld  a c c o u n t  f o r  th e  

t h i c k n e s s  d e c re a s e  on t h e  exposed s u r f a c e s .  T h i s  ’ l a t e r a l  

f l a k i n g ’ h a s  a l s o  been su g g e s te d  by Purn eaux e t  a l  0 7 ) .  I t
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I was s u g g e s te d  t h a t  t h e  i n t e r m e d i a t e  l a y e r  may have a r o l e  

s i n c e  i t  t o o  was a l a t e r a l  f e a t u r e .

S h i e l d e d  fa c e s  showed t h i c k n e s s  i n c r e a s e s  and 

t h i s  may be b e cau se  c o n d i t i o n s  w ere  f a v o u r a b l e  f o r  t h e  

p r e c i p i t a t i o n / d i s s o l u t i o n  mechanism t o  form s u r f a c e  l a y e r s .

Some p o l y m e r i s a t i o n  t a k e s  p l a c e  a l t h o u g h  i t  would 

be v e r y  s l o w .  D u r i n g  wet p e r i o d s  t h i s  may p ro c e e d  due t o  

f a v o u r a b l e  c o n d i t i o n s ,  a l t h o u g h  t h e  t e m p e r a t u r e  w o u ld  not 

be h i g h .  H o w e v e r,  t h e  te m p e r a t u r e  can v a r y  b y  as much as 

2S*C , and damp warm p e r i o d s  would p ro m o te  c r y s t a l 1i s a t i o n .  

Th e  m e ta l w o uld  he a t  up q u i t e  c o n s i d e r a b l y  i n  th e  s u n .  The  

f i l m s  were f i r s t  exposed d u r i n g  O c to b e r  and d u r i n g  t h e  damp 

w i n t e r  m on ths p o l y m e r i s a t i o n  would h ave  been enha n ce d . T h i s  

was shown by  a sh a rp  d e c l i n e  i n  t h e  gra p h  o f  g r a d i e n t  

( f o u n d  from t h e  l i n e a r  r e g r e s s i o n  o f  a d m it ta n c e  a g a i n s t  

t h i c k n e s s )  a g a i n s t  t im e  from O cto b e r t o  Ju n e  o f  t h e  f i r s t  

y e a r .  I t  can  o n l y  be c o n j e c t u r e d  t h a t  i f  th e  f i l m s  had been 

exposed d u r i n g  th e  summer m onths, and t h e  w eather had not 

been damp, th e n  t h e  g r a d i e n t s  may n o t  have d e c re a s e d  as 

r a p i d l y .  S u b seq u e n t p e r i o d s  o f  e l e c t r o l y t e  c o n t a c t  d i d  not 

h ave  such  an e f f e c t  on p o l y m e r i s a t i o n  as t h e  d i f f u s i o n  

p a th w a y s  w o u ld  have become b lo c k e d .  H o w e ve r,  c r a z i n g  may 

h ave opened up o t h e r  p a th w a y s .  Renewed

p r e c i p i t a t i o n / d i s s o l u t i o n  may u l t i m a t e l y  h eal th e s e  c r a c k s .  

T h e  e f f e c t s  o f  d r y  p e r i o d s  may be r e c t i f i e d  b y  su bsequent

wet p e r i o d s .  A d d i t i o n a l l y ,  wet p e r i o d s  a l s o  in c rc th e

e f f e c t s  o f  w e a t h e r in g .  Environmental h u m i d i t y  c y c l i n g  was 

m e n tio n e d  by  F u rn e a u x  0 7 )  c o n f i r m i n g  t h i s  t h e o r y .  

F u rn e a u x  found t h a t  v e r y  many sa m p le s p ro d u c e d  under a
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v a r i e t y  o f  c o n d i t i o n s  e x h i b i t e d  l i g h t  bloom or m a t t i n g .  

T h i s  i s  i n  agreem ent w i t h  my f i n d i n g s  t h a t  w e l l  s e a le d  

f i l m s  e x h i b i t e d  a b loo m . The  mechanisms o f  lo n g  te rm  c o l d  

im m ersio n and w e a t h e r in g  o f  u n s e a le d  f i l m s  a r e  a k i n  t o  one 

a n o t h e r .

P a r t i a l l y  and f u l l y  s e a le d  f i l m s  w h ic h  were 

s u b je c t e d  t o  o u td o o r  e x p o s u r e  were s u b j e c t  t o  mechanisms 

s i m i l a r  t o  th o s e  o f  u n s e a le d  f i l m s .  The e x t e n t  o f  f u r t h e r  

s e a l i n g  was l i m i t e d  b ecause t h e  a lu m in a  had a l r e a d y  been 

h y d r a te d  e i t h e r  p a r t i a l l y  or c o m p l e t e l y .  S i m i l a r  t r e n d s  fo r  

t h e  g r a d i e n t s  were o b s e rv e d  f o r  p a r t i a l l y  and f u l l y  se a le d  

f i l m s .  T h e  p a t t e r n  f o r  t h e  exposed fa c e s  were alm o st 

i d e n t i c a l  w h i l e  t h a t  f o r  t h e  s h i e l d e d  fa ce s  showed th e  

p a r t i a l l y  s e a le d  f i l m s  t o  h ave  l a r g e r  maxima and minim a. 

Le ss  a d e q u a te  s e a l i n g  on t h e  s h i e l d e d  fa ce s  had been 

r e p o r t e d  p r e v i o u s l y  ( 1 2 5 ) .  F u r t h e r  p o l y m e r i s a t i o n  was shown 

by c o n t i n u e d  d e c r e a s e  i n  g r a d i e n t s  d e s p i t e  t h e  b lo c k e d  

d i f f u s i o n  p a t h w a y s .  T h i s  i n d i c a t e s  t h a t  d i f f u s i o n  o f  water 

may ta k e  p l a c e  t h r o u g h  t h e  a n h y d ro u s  c e l l  w a l l  and t h i s  may 

be enhanced b y  t h e  p r e s e n c e  o f  m i c r o c r a c k s .  T h i s  e f f e c t  was 

l e s s  p ro n o un ce d  on f u l l y  s e a l e d  f i l m s .  The  o c c u r r e n c e  of 

a l l  th e  g r a d i e n t s  i n c r e a s i n g  d u r i n g  t h e  summer/autumn 

p e r i o d  s u g g e s t s  p o l y m e r i s a t i o n  has slowed and t h a t  

m ic r o c r a c k s  a r e  n o t  h e a le d  o v e r .  The a d m it ta n c e  was shown 

t o  im prove on p u r p o s e l y  c r a c k e d  f i l m s  (1 2 5 )  c o n f i r m i n g  

th e s e  i d e a s .  F i n a l  t h i c k n e s s e s  were found t o  be t h e  same as 

fo r  u n s e a le d  f i l m s  e x c e p t  t h a t  f o r  t h e  exposed fa ce s  80'/. of 

f u l l y  s e a l e d  f i l m s  showed t h i c k n e s s  r e d u c t i o n  and 407. 

t h i c k n e s s  i n c r e a s e .  T h i s  r e s u l t  shows t h e  c o m p e t i t i o n

288



between t h «  p r a c i p i t a t i o n / d i s s o l u t i o n  inachanism and 

w a a t h a r in g .  M a a t h a r in g  may o c c u r  d u r i n g  d r y  p e r i o d s  due t o  

s u r f a c a  l a y a r s  d r y i n g  o u t  and th e n  subsequent i n g r e s s  of  

w ater  between l a t e r a l  f l a k e s .  I  found t h a t  bloom f o r m a t io n  

was w o rse  on exposed f a c e s  th a n  s h i e l d e d  fa ce s ,  and worse 

on t h e  p a r t i a l l y  s e a le d  f i l m s  th a n  on t h e  f u l l y  s e a le d  

f i l m s .

T h e  a d m it t a n c e  d r i f t  t e s t  a f t e r  exp o sure  showed 

t h e  w e l l  s e a l e d  f i l m  t o  g i v e  c o n s i s t e n t l y  low v a l u e s  fo r  

a l l  t h i c k n e s s e s .  T h i s  showed t h a t ,  a l t h o u g h  w e a th e r in g  had 

p ro d u c e d  a b lo o m , i t  had n o t  u n d e rm in e d  t h e  w e l l  s e a le d  

f i  1 m.

U n s e a le d  f i l m s  were shown by t h e  d r i f t  t e s t  not 

t o  be s e a le d  b u t  b lo c k e d  by  p o r e  f i l l i n g  m a t e r i a l  w h ich  was 

n o t  b o e h m ite .  The  v a l u e s  v a r i e d  w i d e l y  for d i f f e r e n t  

t h i c k n e s s e s  and d i d  n o t  c o n s i s t e n t l y  a t t a i n  low v a l u e s .

P a r t i a l l y  s e a l e d  f i l m s  showed t h a t  th e  exposed 

fa c e s  gave c o n s i s t e n t l y  lo w  v a l u e s  w h i l e  t h e  s h i e l d e d  faces 

ga ve  w i d e l y  v a r y i n g  v a l u e s .  D e s p i t e  a bloom on b oth  f a c e s ,  

t h a t  on th e  exposed fa ce  was s u p e r f i c i a l  and c o n f in e d  t o  

t h e  s u r f a c e  l a y e r s  w h i l e  t h a t  on t h e  s h i e l d e d  face i n c l u d e d  

w e a t h e r in g  p r o d u c t  i n h e r e n t  i n  t h e  a n o d ic  f i l m .  These 

r e s u l t s  show t h e  need f o r  m a in te n a n ce  o f  s h i e ld e d  a r e a s  

w hich  may be s u b j e c t  t o  i n c r e a s i n g  d i r t  a c c u m u la t io n  and 

m o i s t u r e  r e t e n t i o n  as d is c u s s e d  b y  S heasby ( I I B ) .

N e g a t i v e  a d m it t a n c e  d r i f t s  were re c o rd e d  fo r  

t h i c k  p a r t i a l l y  and f u l l y  s e a le d  f i l m s .  T h i s  showed (a s  

w i t h  t h e  r e s u l t s  found f o r  c o n e . HNO* d r i f t  t e s t s  on t h i c k  

f i l m s )  t h a t  t h e  f i l m  c o l l a p s e s  d u r i n g  t h e  measurements.
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b l o c k i n g  t h e  p o r e s .  I f  t h e  t h i c k n e s s  d e c re a s e d  and /o r th e  

p o r e  f i l l i n g  m a t e r i a l  was d i s s o l v e d  t h e n  t h e  d r i f t  w o uld  be 

p o s i t i v e .  T h e  n e g a t i v e  d r i f t s  i n d i c a t e  t h a t  t h e  t h i c k  f i l m s  

have s o f t e r  o u t e r  l a y e r s .  Th e  c e l l  w a l l s  o f  th e s e  s o f t  

f i l m s  c o l l a p s e  and t h i s  e f f e c t  o u t w e ig h s  any d i s s o l u t i o n ,  

w h ich  w o uld  be  s m a l l .  O n ly  sm a ll  p o s i t i v e  d r i f t s  a r e  

r e c o r d e d  f o r  o t h e r  s i m i l a r  f i l m s .

C o n c e n t r a t e d  HNOa, as an e l e c t r o l y t e  f o r  th e  

a d m i t t a n c e  d r i f t  t e s t ,  has a l a r g e r  d i s s o l v i n g  e f f e c t  than 

33% HNOa. W e ll  s e a le d  f i l m s  showed no d r i f t  w i t h  t h e  form er 

e l e c t r o l y t e ,  b u t  v e r y  t h i c k  f i l m s  showed some d r i f t .  T h i c k  

p a r t i a l l y  s e a l e d  f i l m s  were n o t  as w e l l  s e a le d  as t h i n n e r  

f i l m s .  F i l m s  h a v in g  v e r y  h ig h  t h i c k n e s s e s  (40>im) showed 

s m a ll  n e g a t i v e  d r i f t s  and t h e  t h i c k n e s s  was reduced a f t e r  

measurem ent. One p anel c a r r y i n g  a t h i c k ,  w e l l  se a le d  f i l m  

g a ve  a l a r g e  p o s i t i v e  d r i f t .  Th e  f i l m  was n o t  s o f t  and any 

t h i c k n e s s  r e d u c t i o n  d i d  n o t  a cc o u n t  f o r  such a l a r g e  d r i f t .  

I t  was c o n c lu d e d  t h a t  t h e  f i l m  was d e f e c t i v e  i n  some way, 

p e r h a p s  c r a z e d .  Sheasby (1161 r e p o r t e d  t h a t  f i l m  t h i c k n e s s  

was t h e  s i n g l e  most i m p o r t a n t  f a c t o r  f o r  c r a z i n g  o f  t h i c k  

f i  1 ms.

5 . 7  S u lp h u r  D i o x i d e  T e s t s

S u l p h u r  d i o x i d e  t e s t s  a r e  a c c e l e r a t e d  c o r r o s i o n  

t e s t s .  Th e y  were i n te n d e d  t o  r e p r e s e n t  o u t d o o r  e x p o s u re  at 

an a c c e l e r a t e d  r a t e .  The  optim um t e s t  c o n d i t i o n s  were found 

t o  be f o r  & h o u r s  and a t  a t e m p e r a t u r e  o f  40*C. P e r f e c t l y  

s e a l e d  f i l m s  25 Hm i n  t h i c k n e s s  passed t h e  t e s t ,  w h ich  was
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i n a i c a t a d  b y  no a t t a c k  o f  t h a  f i l m  s u r f a c a . T h a  a d m it ta n c a  

maasurad b a f o r a  and a f t a r  t h e  t e s t  gave s m a ll  v a r i a t i o n s .  

An o v e r s e a l e d  25 >iin f i l m  f a i l e d  a f t e r  a t e s t  p e rfo rm e d  

f o r  24 h o u r s  a t  38*C. The  a d m it ta n c e  a f t e r  th e  t e s t  was 

g r e a t e r  t h a n  b e f o r e  and t h e r e  was an i r i d e s c e n t  s u r f a c e  

b lo o m . T ilff is  l a s s  tha n  25 «im i n  t h i c k n e s s  f a i l e d  t h e  t e s t ,  

even th o s e  w h ic h  had been o v e r s e a l e d .  C r a z i n g  o f  t h e  a n o d ic  

f i l m  was o b s e r v e d  t o  ca u s e  a bloom and t h e  a d m it ta n c e  

i n c r e a s e d  a f t e r  t h e  s u lp h u r  d i o x i d e  t e s t .  U n c ra z e d  f i l m s  

w h ich  f a i l e d  t h e  t e s t  g a ve  a s l i g h t  bloom and t h e  

a d m it ta n c e  d e c r e a s e d .  T h i s  r e s u l t  was a l s o  found by  T i s h e r  

( 1 2 3 ) .  A l t h o u g h  p o r e s  become b lo c k e d  due t o  a t t a c k  b y  t h e  

s u lp h u r  d i o x i d e ,  t h e  in a d e q u a t e  s e a l i n g  a l l o w s  c o r r o s i o n  

w i t h i n  th e  f i l m .  My work showed t h a t  su b se qu e n t t e s : s  on 

f i l m s ,  w h ich  had been c l e a n e d ,  c o n t i n u e d  t o  show a 

bloom but t h e  a d m it ta n c e  d e c r e a s e d .  F i s h e r  ( 1 2 3 )  s u g g e s ts  

t h a t  su b se qu e n t t e s t s  b l o c k  t h e  p o r e s .

P o o r l y  or o v e r s e a le d  f i l m s  a r e  a t t a c k e d  b y  t h e  

s u l p h u r  d i o x i d e  gas d u r i n g  t h e  t e s t .  The r e a c t i o n  o f  sodium 

t h i o s u l p h a t e  and s u l p h u r i c  a c i d  i s  co m p le x .  A v a r i e t y  o f  

compounds a r e  p ro d u c e d  ( 1 1 5 ) .  The i n i t i a l  r e a c t i o n s  a r e i

NaaSaOa + HaSO., ) HaSaOa + NaaSO., ( 5 . 5 )

HaSaOa S HaSOa ( 5 . 6 )

The  s u lp h u r o u s  a c i d  i s  p a r t i t i o n e d  between t h e  gas space o f  

t h e  t e s t  chamber as SOa and w a te r vapour and t h e  s o l u t i o n  

i n  w h ich  i t  p r o b a b l y  e x i s t s  as and H S O « '  . By s lo w
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d a c o m p o s it io n  and r a f o r m a t i o n  r a a c t i o n s  o t h a r  p o l y t h i o n i c  

a c i d »  decomposa t o  g i v e  t h a  f i n a l  p r o d u c t »  S O . ,  H .S O -,  and 

s u l p h u r .  V a ry  l i t t l e  H »S  i s  formed s i n c e  t h e  e q u i l i b r i u m  

r e a c t i o n

2HaS + SO* t=- 2HaO + 3S < 5 .7 )

l i e s  fa r  t o  t h e  r i g h t  hand s i d e .  In  a room t e m p e r a t u r e  t e s t  

l a s t i n g  24 h o u r s  t h e  SQa c o n c e n t r a t i o n  r i s e s  d u r i n g  th e  

f i r s t  2 t o  3 h o u r s  and t h e  r a t i o  o f  w a te r  va p o u r t o  S O ,  

d e c re a s e s  s h a r p l y .  The  w a te r  c o n t e n t  re m a in s  c o n s t a n t .  

P r i o r  t o  e l e v a t e d  t e m p e r a t u r e  t e s t s ,  a l l  s o l u t i o n s  and 

equipm ent were p r e h e a te d  so as t o  a v o i d  e x c e s s i v e

c o n d e n s a t io n  i n  t h e  t e s t  cham ber. E x c e s s i v e  a lu m in iu m  

s u l p h a t e  may be p ro d u c e d  i f  c o n d e n s a t io n  i s  p r e s e n t  d u r i n g  

t h i s  c r i t i c a l  p e r i o d .  Th e  a p p e a ra n c e  o f  a wet s u r f a c e  f i l m  

on t h e  sp e cim e n s i n d i c a t e s  t h a t  s u l p h a t e ,  p r o b a b l y  as 

s u l p h u r i c  a c i d  , i s  p r e s e n t .  T h e s e  wet f i l m s  form d e p o s i t s  

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

The s e  d e p o s i t s  w era  a l s o  r e c o r d e d  b y  F i s h e r  <123) d u r i n g  a 

t e s t  p e rfo rm e d  a t  60*C f o r  2 h o u r s .  In  t h i s  t e s t  th e  H*SO., 

c o n c e n t r a t i o n  was lo w  and NaaSaOa c o n c e n t r a t i o n  was h i g h .  

The  reduced a c i d  c o n t e n t  and h ig h  t e m p e r a t u r e  le a d  t o  an 

i n c r e a s e  i n  h u m i d i t y .  At h ig h  t e m p e r a t u r e s  HaSOa does n o t  

form b u t  th e  s p e c i e s  e x i s t  as SOa and HaO. Th e  s u lp h u r o u s  

a c i d  a t t a c k s  t h e  f i l m i  SOa and HaO s e p a r a t e l y  do n o t  

d i s s o l v e  a lu m in a .  The  h ig h  t e m p e r a t u r e  has a s e a l i n g  e f f e c t  

on t h e  f i l m ,  t h u s  g i v i n g  f a l s e  p o s i t i v e  r e s u l t s .  The b e s t  

t e s t  t e m p e r a t u r e  was 4 0 * C , as t h e  t e m p e r a t u r e  s t a b i l i t y
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o f  t h a  ovan waa p o o r .

U n sa a la d  f i l m s  i n  w h ich  t h e  a lu m in a  has n o t  been 

h y d r a t e d  were s u b j e c t  t o  c o r r o s i o n .  The s u l p h u r o u s  a c i d  

d i s s o l v e d  t h e  a lu m i n a .  P a r t i a l l y  s e a le d  f i l m s  a l s o  showed 

a t t a c k .  In  b o th  ca s e s  t h e  a t t a c k  was w i t h i n  t h e  p o ro u s  

l a y e r .  Th e  bloom was p o s s i b l y  p a r t l y  a lu m in iu m  s u l p h a t e .

□ v e r s e a l e d  f i l m s  w ere  a l s o  s u b j e c t  t o  bloom 

f o r m a t i o n ,  a l t h o u g h  t h i s  ap p e a re d  as i r i d e s c e n c e .  T h i s  form 

o f  a t t a c k  was s i m i l a r  t o  t h a t  e n c o u n te re d  d u r i n g  th e  

w e a t h e r in g  o f  t h i c k  f i l m s ,  and i s  a co nsequence o f  l a t e r a l  

f l a k i n g  o f  t h e  s u r f a c e  and i n t e r m e d i a t e  l a y e r s  0 7 1 .

F i l m s  s e a l e d  f o r  s h o r t  t im e s  i n  ’ A lc o a  4 8 2 ’ and 

aged f o r  24 h o u r s  showed no bloom  f o r m a t io n  d u r i n g  room 

t e m p e r a t u r e  or t e s t s  c o n d u c te d  f o r  & h o u r s . T h i s  showed

t h a t  t h e  p o r e  f i l l i n g  m a t e r i a l  was r e s i s t a n t  t o  th e  

s u l p h u r o u s  a c i d .  O n ly  w e l l  s e a l e d  (2  min/pm) f i l m s  gave an 

a d m it t a n c e  o f  l e s s  th a n  SOO/t ( mS> a f t e r  t h e  t e s t s .  T h i s  

showed t h e r e  was some r e d i s t r i b u t i o n  o f  t h e  s u r f a c e  l a y e r s .

5 . 7 . 1  S e a l i n g  Bloom

I t  has been shown t h a t  o v e r s e a l e d  f i l m s  had a 

s e a l i n g  smut w h ic h  was d e t e c t e d  by  t h e  s u lp h u r  d i o x i d e  

t e s t .  H ow ever, t h i s  i n v e s t i g a t i o n  has a l s o  shown t h a t  a 

s e a l i n g  bloom formed on f i l m s  s e a l e d  f o r  o t h e r  t im e s  may 

n o t  be r e v e a l e d  by t h i s  t e s t .  T h e  appe a ra n ce  o f  w h i t e  

powder r e s i d u e s  on t h e  a b r a s i v e  p a p e r s  o f  t h e  T h r e e  Paper 

t e s t ,  b e f o r e  t h e  s u l p h u r  d i o x i d e  t e s t ,  r e v e a l s  t h e  s e a l i n g  

bloom o f  w e l l  s e a le d  f i l m s .  S h o r t  s e a l i n g  t im e s  d i d  not
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g i v e  eny r e e i d u e s .  T h i *  i n d i c e t e B  t h a t  t h e  bloom i s  

a s s o c i a t e d  w i t h  t h e  s u r f a c e  a n d /o r i n t e r m e d i a t e  l a y e r s .  

A n a l y s i s  o f  t h e  T h r e e  Paper t e s t  r e s u l t s  and t h e  S u lp h u r  

D i o x i d e  t e s t  r e s u l t s  showed t h e  f o l l o w i n g :  w e l l  s e a le d  

f i l m s  w h ich  gave  no s u lp h u r  d i o x i d e  bloom were abraded by 

g a r n e t  paper t o  g i v e  w h i t e  powder r e s i d u e s  a f t e r  each 

a p p l i c a t i o n  o f  10 d o u b le  s t r o k e s .  The f i r s t  10 d o u b le  

s t r o k e s  w i t h  g l a s s  paper g a ve  a r e s i d u e ,  but  a f u r t h e r  10 

d o u b le  s t r o k e s  d i d  n o t  a b ra d e  t h e  s u r f a c e .  T h i s  showed t h a t  

t h e r e  was a v e r y  t h i n  s o f t  o u t e r  l a y e r .  P o o r l y  se a le d  f i l m s  

w h ich  gave  an SOa bloom were a b ra d e d  by b o th  g l a s s  and 

g a r n e t  paper a f t e r  t h e  t e s t .  I f  a T h r e e  Paper t e s t  was 

p e rfo rm e d  b e f o r e  t h e  s u l p h u r  d i o x i d e  t e s t ,  no a b r a s io n  

o c c u r r e d .  W ell s e a l e d  f i l m s ,  a n o d is e d  at  20°C, were abraded 

by t h e  g l a s s  pap e r r e v e a l i n g  t h e  s e a l i n g  bloom, but a 

subse qu e n t s u lp h u r  d i o x i d e  t e s t  gave  no bloo m . T h i s  showed 

t h a t  t h e  T h r e e  Paper t e s t  i s  an a l t e r n a t i v e  method o f  

r e v e a l i n g  t h e  e x t e n t  o f  s e a l i n g .  I t  can a l s o  s e p a r a te  t h i c k  

and t h i n  f i l m s  w h ich  were a n o d is e d  a t  20°C.

F i l m  s o f t e n i n g  caused by a n o d i s i n g  a t  e le v a t e d  

t e m p e r a t u r e s  was r e v e a l e d  by an a b r a s io n  p r o f i l e  and 

s u lp h u r  d i o x i d e  t e s t .  An a b r a s io n  p r o f i l e  ( t h i c k n e s s  l o s s  

a g a i n s t  number o f  d o u b le  s t r o k e s )  showed t h e r e  t o  be two 

d i s t i n c t  l a y e r s  a f t e r  t h e  s u l p h u r  d i o x i d e  t e s t .  A f t e r  

im m e rs in g  t h i s  f i l m  i n  337. n i t r i c  a c i d  a subsequent 

a b r a s io n  p r o f i l e  r e v e a l e d  t h a t  b o th  l a y e r s  had been 

s o f t e n e d  f u r t h e r ;  t h e  o u t e r  l a y e r  t o  a g r e a t e r  e x t e n t  th a n  

t h e  i n n e r .  The  o v e r a l l  t h i c k n e s s  wear in d e x  o f  th e  w h o le  

f i l m  was s l i g h t l y  lo w e r  a f t e r  t h e  p r e d i p  tha n  b e f o r e .  The
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p r e d i p  do e s n o t  reaiove t h e  s u l p h u r  d i o x i d e  bloom « b u t  

e c c e n t u e t e s  i t .  A s o f t  f i l m  w h ich  e x h i b i t e d  tw o  d i s t i n c t  

l a y e r s  b u t  d i d  n o t  h a ve  a s u lp h u r  d i o x i d e  t e s t ,  was g i v e n  a 

p r e d i p .  A s u b s e q u e n t  a b r a s io n  p r o f i l e  showed o n l y  one 

l a y e r .  Th e  o v e r a l l  t h i c k n e s s  wear in d e x  was u n changed . T h i s  

showed t h e  p r e d i p  had removed t h e  s o f t e s t  o u t e r  l a y e r  

a l t h o u g h  t h e  w h o le  f i l m  was i n h e r e n t l y  s o f t .

S . B  A n a l y s i s  o f  t h e  Q r a d i e n t s  o f  Y t ( 2 5 » C )  A g a in s t  T h i c k n e s s  

Found bv L i n e a r  R e g r e s s io n  fo r  N a t u r a l  C o l o u r e d  F i l m s

The  a n o d ic  o x i d e  f i l m  s h o u ld  be  at l e a s t  2SMm 

t h i c k  f o r  e x t e r n a l  a r c h i t e c t u r a l  use  i n  B r i t a i n .  In  

co m m e rc ia l  p r o d u c t i o n  i t  has been found t h a t  f i l m  

t h i c k n e s s e s  o f  a b a t c h  may h ave a wide ra n g e  o f  

t h i c k n e s s e s .  A s t a n d a r d  s e a l i n g  t im e  o f  2min/>im for a 

nom inal f i l m  t h i c k n e s s  o f  2S»im s h o u ld  g i v e  an a d m it ta n c e  o f  

l e s s  tha n  SOO/t ( h S )  ( 2 5 * 0  t o  be o f  a c c e p t a b l e  s e a l i n g  

q u a l i t y .  I f  t h e  s e a l i n g  t im e  was f i x e d  a t  SOmin, based on a 

nom in a l b a t c h  f i l m  t h i c k n e s s  o f  2S>im, the n  t h i n n e r  f i l m s  

would be s e a l e d  f o r  lo n g e r  tha n  2min/Mm and t h i c k e r  f i l m s  

s e a le d  f o r  l e s s .  V a r i a t i o n  i n  t h i c k n e s s  d u r i n g  p r o d u c t i o n  

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

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

co m m e rc ia l  p r o d u c t s  was th e  o r i g i n  o f  t h e  e x p e r im e n t a l  

i n v e s t i g a t i o n .  Over a l i m i t e d  ra n g e  o f  t h i c k n e s s e s  t h e  

p o i n t s  on t h e  g r a p h  o f  Y t (2 S * C >  a g a i n s t  t h i c k n e s s  were 

t r e a t e d  b y  l i n e a r  r e g r e s s i o n  t o  o b t a i n  an e q u i v a l e n t  

l i n e a r  g r a d i e n t .  A b a t c h  o f  t h i c k n e s s e s  was deemed
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a c c « p t a b l e  i f  t h e  g r a d i e n t  was ^  -f-io, w h ich  a l lo w e d  for 

some t h i c k n e s s  v a r i a t i o n .  I t  h a s  been shown t h a t  a t o t a l  

s e a l i n g  t im e  o f  SO m in ,  i n  w a t e r ,  g a ve  a g r a d i e n t  o f  < 

-•-10 f o r  a t h i c k n e s s  ra n g e  o f  between ISpm and 3&Mm. The 

method o f  measurement o f  Yt<2S*C> r e q u i r e d  each f i l m  t o  be 

d r i e d  a f t e r  each lOmin s e a l i n g  p e r i o d .  T h e r e f o r e  t h e  s t a t e d  

s e a l i n g  t im e  i n c l u d e d  p e r i o d s  d u r i n g  w hich  t h e  f i l m s  

e x p e r ie n c e d  some a g e i n g .  T h i s  was not e x a c t l y  

r e p r e s e n t a t i v e  o f  co m m erc ia l  p r o d u c t i o n  c o n t r o l .  The 

a p p l i c a t i o n  o f  t h e  l i n e a r  r e g r e s s i o n  t o  f in d  t h e  g r a d i e n t  

does show how ever, a u s e f u l  c o n n e c t i o n  w i t h  t h e  q u e s t i o n  o f  

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

t h i c k n e s s e s  b u t  a common s e a l i n g  t im e .  The  s e l e c t e d ,  

c a r e f u l l y  measured p o i n t s  g e n e r a l l y  seem t o  c o n f i r m  th a t  

t h e  l i n e a r  r e l a t i o n  i s  a r e a s o n a b le  a s s u m p t io n .  F i l m s  w hich  

were a n o d is e d  under c o n s t a n t  t im e  and i n c r e a s i n g  c u r r e n t  

d e n s i t y  t o  a c h ie v e  v a r i o u s  t h i c k n e s s e s  a t t a i n e d  a g r a d i e n t  

o f  -flO o r  l e e s  a f t e r  a lo n g e r  t o t a l  s e a l i n g  t im e  tha n  tho s e  

f i l m s  a n o d is e d  t o  v a r i o u s  t h i c k n e s s e s  by i n c r e a s i n g  t h e  

a n o d i s i n g  t im e .  T h i s  showed t h a t  fo r  t h e  t h i c k e r  f i l m s  th e  

p o re s  were l a r g e r  and hence r e q u i r e d  l o n g e r  s e a l i n g  t im e  t o  

c l o s e  t h e  p o r e s .  B o th  g r a p h s  gave good c o e f f i c i e n t s  o f  

c o r r e l a t i o n .

F i l m s  s e a l e d  i n  ’ A lc o a  4 8 2 ’ g a ve  good 

c o e f f i c i e n t s  o f  c o r r e l a t i o n  f o r  t h e  gra p h  o f  Yt(2 S '* C ) 

a g a i n s t  t h i c k n e s s  when a n o d is e d  a t  v a r y i n g  c u r r e n t  

d e n s i t i e s .  F i l m s  p ro d u c e d  by a n o d i s i n g  a t  v a r y i n g  t im e s  

showed t h e  p o i n t s  t o  f i t  a lm o st p e r f e c t l y  ( c o e f f i c i e n t  of  

c o r r e l a t i o n  was -*-!>. Bo th  s e t s  had been d r i e d  p r i o r  t o
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s e a l i n g .  The  r e s u l t s  i n d i c a t e  t h a t ,  d e s p i t e  g r a d i e n t s  not 

d e c r e a s i n g  b e lo w  -*-10, a l l  f i l m s  were s e a le d  a t  t h e  same 

r a t e .  A g e in g  s e a l e d  t h e  p o re s  w h ich  were u l t i m a t e l y  b lo c k e d  

by  t h e  n i c k e l  compounds; th e  s e a l i n g  t im e  was i r r e l e v a n t .

5 . 9  E l e c t r o l y t i c  C o l o u r i n g  ( E l e c t r o c o l o u r i n o )

Th e  amount o f  t i n  d e p o s i t e d  d u r i n g  

e l e c t r o c o l o u r i n g  was i n  agreem ent w i t h  t h a t  found 

e ls e w h e r e ,  t y p i c a l l y  5 -  20mg/dm® ( 1 2 7 ) .  Gohausen (12 8 ) 

r e f e r r e d  t o  t h e  m e t a l l i c  n a t u r e  o f  t h e  d e p o s i t s .  I n  t h i s  

i n v e s t i g a t i o n  t h e  d -s p a c i n g s  found by X - r a y  a n a l y s i s  were 

s l i g h t l y  h i g h e r  th a n  th o s e  o f  p u r e  t i n .  Powder d i f f r a c t i o n  

a n a l y s i s  gave  d - s p a c i n g s  which c o r r e l a t e d  v e r y  w e l l  w i t h  

t h o s e  o f  p u r e  t i n .  T h i s  s u g g e s ts  t h a t  t h e  t i n  was in  a 

s l i g h t l y  d i s t o r t e d  t e t r a g o n a l  form .

I t  was found t h a t  t h e  c u r r e n t  d e n s i t y  a f f e c t e d  

t h e  a d m it t a n c e  v a l u e s  of  t h e  a n o d ic  o x id e  f i l m s .  High 

c u r r e n t  d e n s i t i e s  ca u s e d  ’ s p a l l i n g ’ , a l o c a l  f l a k i n g  o f  th e  

f i l m  from t h e  s u b s t r a t e  m e t a l .  D u r i n g  lo n g  c o l o u r i n g  t im e s  

a t  h ig h  c u r r e n t  d e n s i t i e s  ’ p o p p i n g ’ n o i s e s  were h e a rd  which 

were accom panied b y  s u r g e s  i n  c u r r e n t .  T h e r e  was a break 

down o f  t h e  o x i d e  f i l m  a l l o w i n g  e l e c t r i c a l  c o n d u c t io n  of 

c u r r e n t  t h r o u g h  t h e  a lu m in iu m . S p a l l i n g  has been e x p la in e d  

by  two t h e o r i e s .  The  f i r s t  (1 2 9 )  i s  e v o l u t i o n  o f  hyd ro ge n  

g a s  at  t h e  p o r e  b a s e s  m e c h a n i c a l l y  s e p a r a t e s  t h e  f i l m  from 

t h e  m e t a l .  D u r i n g  a l t e r n a t i n g  c u r r e n t  a l a r g e  p r o p o r t i o n  of 

f la w s  a r e  a c t i v a t e d  i n  t h e  b a r r i e r  l a y e r .  T h i s  a l l o w s  a 

l a r g e  p r o p o r t i o n  o f  p o r e s  t o  f i l l  w i t h  m e t a l .  F l a w s  a re
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ca u s a d  b y  ' p u n c t u r i n g '  o f  t h e  b a r r i e r  l a y e r  and t h i s  i s  

cau se d  p a r t l y  by t h e r m a l l y  enhanced f i e l d  a s s i s t e d  

d i s s o l u t i o n .  An a l t e r n a t i v e  e x p l a n a t i o n  ( 6 0 )  i s  t h a t  a f t e r  

p i g m e n t a t i o n ,  r e - a n o d i s i n g  b e n e a th  t h e  o r i g i n a l  b a r r i e r  

l a y e r  c r e a t e s  a l e s s  m e c h a n i c a l l y  sound f i l m .

D e p o s i t i o n  o f  t i n  i s  not f a v o u re d  by b u l k  

c o n d u c t io n  o f  e l e c t r o n s  b u t  b y  t h e  p r e s e n c e  of  t h e  f la w s  

w i t h i n  th e  r e s i d u a l  b a r r i e r  l a y e r .  D u r i n g  t h e  i n i t i a l  

r e c o v e r y  p e r i o d  where b a r r i e r  l a y e r  t h i n n i n g  o c c u r s  (when 

c o l o u r i n g  v o l t a g e  i s  l e s s  th a n  a n o d i s i n g  v o l t a g e !  h yd ro g e n  

g a s  i s  e v o lv e d  i n  p r e f e r e n c e  t o  t i n  d e p o s i t i o n .  I t  i s  

p o s t u l a t e d  t h a t  t h e  t r a p p e d  e l e c t r o n s ,  w h ic h  re d u c e  t h e  H''' 

i o n s  may p l a y  a r o l e  i n  f la w  g e n e r a t i o n .  A t  lo n g  c o l o u r i n g  

t im e s  a t  h ig h  c u r r e n t  d e n s i t i e s  th e  p u n c t u r i n g  may ce a se  

due t o  t h e  p h y s i c a l  i m p o s s i b i l i t y  o f  c r e a t i n g  more f l a w s .  

T h  f i n a l  r e a n o d i s i n g  s t a g e  may e x a c e r b a te  t h e  m e c h a n ica l  

weakness o f  th e  new b a r r i e r  l a y e r ,  a b o ve  w h ich  t h e  o l d  

b a r r i e r  l a y e r  can no lo n g e r  s u p p o r t  f la w  f o r m a t i o n .  Th u s  

s p a l l i n g  may be a combined e f f e c t  o f  h y d ro g e n  gas a t  t h e  

new b a r r i e r  l a y e r / o l d  b a r r i e r  l a y e r  i n t e r f a c e .

As c o l o u r i n g  t im e  i n c r e a s e d ,  t h e  c o l o u r s  became 

d a r k e r  ( i n  a p p e a r a n c e ) .  A t  e x te n d e d  c o l o u r i n g  t im e s  t h e  t i n  

was shown by a number o f  methods t o  e x te n d  t o  t h e  p o r e  

m o u th s. The v a r i a t i o n s  i n  t h e  c h r o m a t i c i t y  c o - o r d i n a t e s  

f o r  f i l m s  c o l o u r e d  under i d e n t i c a l  c o n d i t i o n s  were due t o  

v a r i a t i o n s  i n  t h e  s u r f a c e  t o p o g r a p h y .  T h i s  was p a r t i c u l a r l y  

n o t i c e a b l e  a lo n g  and a c r o s s  t h e  r o l l i n g  d i r e c t i o n s  o f  th e  

a lu m in iu m .  T h i s  m a c ro s c o p ic  e f f e c t  was d e t e c t a b l e  a t  low 

p e r c e n t a g e  r e f l e c t a n c e ,  a l t h o u g h  t h e  d i f f e r e n c e s  were
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s m a l l .  A l l  c o l o u r s  a r *  a cooipi^is* o f  a v a r i a t y  o f  

r a f l a c t a n c e s  a t  a l l  t h a  v i s i b l a  w a v a la n g t h s  o f  l i g h t .  Tha 

c h r o m a t i c i t y  c o - o r d i n a t e s  show t h a  r a t i o  o f  ona s p a c i f i c  

w a v a la n g th  t o  t h a  sum o f  two o t h e r s  and t h a t  s p a c i  f i c  one. 

S u b t l a  v a r i a t i o n s  i n  one o f  t h e s e  t h r e e  r e f l e c t a n c e s  g i v e s  

d i f f e r e n t  c o - o r d i n a t e s .  T h e s e  v a r i a t i o n s  a r e  n o t  d e t e c t a b l e  

by t h e  e y e .  Th e  measurement o f  c o l o u r  i s  dependent upon not 

o n l y  t h e  r e f l e c t a n c e  a t  s e l e c t e d  w a v e le n g t h s ,  b u t  a l s o  th e  

p h y s i c a l  f e a t u r e s  of  t h e  s u r f a c e .  The  lu m in a n c e  i s  a more 

u s e f u l  v a r i a b l e  b y  w h ich  t o  compare c o l o u r s .  S i m i l a r l y ,  th e  

L  v a l u e s  o f  t h e  L ,  a ,  b ,  a E system  g i v e  u s e f u l  i n f o r m a t i o n  

as t o  t h e  d e g r e e  o f  c o l o u r i n g .  T o p o g r a p h i c a l  e f f e c t s  s t i l l  

ca u se  v a r i a t i o n s  i n  measurem ent. A t  lo w  p e r c e n ta g e  

r e f l e c t a n c e s  t h e  t o p o g r a p h i c a l  e f f e c t s  a f f e c t  t h e  lu m in a n c e  

v a l u e  l e s s .  G ra p h s  o f  t h e  lu m in a n c e  v a l u e s  a g a in s t  

c o l o u r i n g  t im e  showed t h a t  h i g h e r  c u r r e n t  d e n s i t i e s  

p ro d u ce d  c o l o u r s  w i t h  low er lu m in a n c e s ,  i . e .  t h e  c o l o u r s  

were d a r k e r .  T h i s  i n d i c a t e d  t h e r e  was more t i n  w i t h i n  th e  

p o r e s .  Th e  c o l o u r s  were p ro d u c e d  b y  l i g h t  s c a t t e r i n g .  T h i s  

c o r r e l a t e d  w i t h  th e  h ig h e r  a d m it t a n c e  v a l u e s .  A t  lo n g  

c o l o u r i n g  t im e s  th e  c o l o u r s  became l i g h t e r .  Th e  lu m in a n c e  

v a l u e s  were h i g h  f o r  lo w  c o l o u r i n g  c u r r e n t  d e n s i t i e s  

(0 .3 A / d m ^ )  at  s h o r t  c o l o u r i n g  t im e s  (up t o  S m i n ) .  A t  lo n g  

c o l o u r i n g  t im e s  th e  lu m in a n c e  v a l u e s  were lo w e r a t  low 

c u r r e n t  d e n s i t i e s  th a n  t h e  h ig h  c u r r e n t  d e n s i t i e s .  The 

i n f l u e n c e  o f  t h e  c o l o u r i n g  v o l t a g e s  p l a y  an im p o r t a n t  r o l e  

w i t h  r e p e c t  t o  t h e  c o l o u r i n g  t im e  ( 1 3 0 ) .  A t  s h o r t  t im e s  th e  

v o l t a g e  r a n g e  may be from 8 t o  2 0 V , b u t  o n l y  10 t o  16V for  

lo n g  c o l o u r i n g  t im e s  ( I S m i n )  above w h ich  t h e  c o l o u r
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l i g h t e n s  « g e i n  < S 8 ) .  Th e  low er c u r r e n t  d e n s i t y  (and 

v o l t a g e )  p ro d u c e s  t h e  d a r k e r  c o l o u r s  f o r  lo n g e r  c o l o u r i n g  

t i m e s ,  w h i l e  a t  h ig h  c u r r e n t  d e n s i t i e s  ( and v o l t a g e s )  t h e  

l i m i t i n g  v a l u e s  a r e  a p p ro a che d  and s p a l l i n g  o c c u r s  o r  t h e  

c o l o u r  l i g h t e n s .  At lo w  c u r r e n t  d e n s i t i e s  s p a l l i n g  d i d  not 

o c c u r  because t h e  p r e f e r e n t i a l  r e a c t i o n  was t i n  d e p o s i t i o n .  

Bo th  h ig h  c u r r e n t  d e n s i t i e s ,  and lo n g  c o l o u r i n g  t im e s  a t  

lo w  c u r r e n t  d e n s i t i e s ,  g a ve  h ig h  a d m it ta n c e  v a l u e s .

At v e r y  s h o r t  c o l o u r i n g  t im e s  ( I m i n )  t h e

a d m it ta n c e  v a l u e s  were lo w  b u t  i r r e g u l a r .  T h i s  was b e cau se  

d u r i n g  t h e  f i r s t  m in u te  o f  c o l o u r i n g  t h e  c u r r e n t  r o s e  

r a p i d l y  due t o  t h e  r e c t i f y i n g  a c t i o n  o f  th e  a n o d ic  f i l m .  

T h e  same two t h e o r i e s  t h a t  were p o s t u l a t e d  f o r  t i n  

d e p o s i t i o n  can be a p p l i e d  once a g a i n .  An a l t e r n a t i v e  t h e o r y  

i s  t h a t  t h e  pH r i s e s  and t h i s  enhances t i n  d e p o s i t i o n .  T h u s  

t h e  t im e  ta k e n  f o r  r e c t i f i c a t i o n  t o  ce a s e  d e t e r m in e s  t h e  

i n i t i a l  t i n  d e p o s i t i o n .  Th e  v a r i a t i o n s  i n  th e  a d m it ta n c e  

v a l u e s  r e f l e c t  th e  v a r i a t i o n s  i n  c e s s a t i o n  o f  

r e c t i f i c a t i o n .  E l e c t r o n s  must p l a y  a p a r t  e i t h e r  i n  H'*' 

r e d u c t i o n  or t h e  a c t i v a t i o n  o f  f l a w s .  I t  may be t h a t  

s e m i - c o n d u c t i o n  o c c u r s  th r o u g h  t h e  f l a w s .  I t  has been 

p ro p o s e d  ( 6 0 )  t h a t  c u r r e n t  p r o b a b l y  p a sse s t h r o u g h  t h e  

f le w s  and d e p o s i t i o n  o f  t i n  o c c u r s  a t  t h e  o r i g i n a l  p o r e s ,  

w h i l e  new t i n y  i n c i p i e n t  p o r e s  form d u r i n g  th e  r e c o v e r y  

s t a g e .  I t  i s  th e s e  new p o r e s  w hich  ca u s e  b a r r i e r  l a y e r  

t h i n n i n g  by t h e i r  n u c l é a t i o n  and g r o w th  ( 5 8 ) .  The

r e - a n o d i s e d  l a y e r  does n o t  c o n t a i n  e l e c t r o l y t e  a c i d  a n i o n s  

due t o  t h e  d i f f i c u l t y  o f  s o l u t i o n  s p e c ie s  d i f f u s i n g  p a s t  

t h e  d e p o s i t s .
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Tha g ra p h  o f  a E a g a i n s t  c o l o u r i n g  t im e  was th e  

m i r r o r - i m a g e  o f  t h e  gra p h  o f  t h e  lu m in a n c e  v a l u e  a g a i n s t  

t h e  c o l o u r i n g  t im e .  A l t h o u g h  t h e r e  was a c e r t a i n  amount o f  

s c a t t e r  i n  t h e  form er g r a p h ,  t h e  g e n e r a l  t r e n d  showed t h a t  

t h e  c u r v e  i n c r e a s e d  r a p i d l y  at  s h o r t  c o l o u r i n g  t im e s }  i t  

l e v e l l e d  o u t  a t  lo n g  c o l o u r i n g  t i m e s .  The  s c a t t e r  was due 

t o  t o p o g r a p h i c a l  e f f e c t s  o f  th e  f i l m  s u r f a c e  and in s t r u m e n t  

e r r o r .  a E i s  t h e  d i f f e r e n c e  between th e  r e f e r e n c e  c o l o u r  (a  

n a t u r a l  f i l m )  and t h e  s e l e c t e d  c o l o u r .  The  gra p h  showed 

t h a t  a E changed more r a p i d l y  due t o  i n c r e a s i n g  amounts o f  

t i n  up t o  a c e r t a i n  amount. T h e  d i f f e r e n c e s  at lo n g  

c o l o u r i n g  t im e s  were n o t  a s  g r e a t  because t h e  optimum 

amount o f  t i n  had been a c h i e v e d .  ’ O v e r - f i l l i n g ’ t h e  p o re s  

w i t h  t i n  can be a v o id e d  b y  o b s e r v i n g  t h e  shape o f  t h i s  

g r a p h .

The  a d m it ta n c e  i s  p r o p o r t i o n a l l y  r e l a t e d  t o  th e  

c * P * c i t a n c e  o f  a p a r a l l e l  p l a t e  c a p a c i t o r  w h ic h  i s  th e  

a n o d ic  o x id e  f i l m .  The t h e o r e t i c a l  a d m it ta n c e  v a l u e  was 

c a l c u l a t e d  as 3pS fo r  an u n c o lo u r e d  w e l l  s e a le d  f i l m .  In  

p r a c t i c e  t h e  f i g u r e  i s  u s u a l l y  a b o u t  B t o  lO p S , a l t h o u g h  

aged f i l m s  may a p p ro a ch  t h e  t h e o r e t i c a l  v a l u e .  A d m itta n c e  

o f  e l e c t r o c o l o u r e d  f i l m s  was shown t o  be g r e a t e r  th a n  t h a t  

o f  n a t u r a l  f i l m s ,  a l t h o u g h  v e r y  s h o r t  c o l o u r i n g  t im e s  

l i t t l e  from n a t u r a l  f i l m s .  The h ig h  v a l u e s  were 

a cc o u n te d  f o r  by t h e  p re s e n c e  o f  t h e  t i n  w i t h i n  t h e  p o r e s .  

T h e o r e t i c a l  c a l c u l a t i o n s  showed tfie amount o f  t i n  

d e p o s it e d  fo r  f i l m s  o f  d i f f e r e n t  t h i c k n e s s e s  but t h e  same 

c o l o u r i n g  t im e .  T h i s  showed t h a t ,  f o r  e q u i v a l e n t  c o l o u r i n g  

t im e s ,  t h i n  f i l m s  c o n t a i n e d  p r o p o r t i o n a l l y  more t i n  than
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t h «  t h i c k  f i l m s .  Th e  b a r c h a r t s  (G r a p h s  14b and I S b )  

showed t h a t  t h e  p o s i t i o n  o f  t h e  t i n  a p p e a re d  t o  be 

i n f l u e n c e d  by t h e  t h i c k n e s s  o f  th e  o x i d e  f i l m .  F o r  l o n g  

c o l o u r i n g  t im e s  (G m in )  t h e  p e r c e n ta g e  o f  t i n  d e c re a s e d  as 

t h e  t h i c k n e s s  i n c r e a s e d ,  w h i l e  f o r  s h o r t  c o l o u r i n g  t im e s  

( l . S m i n )  t h e  p e r c e n t a g e  o f  t i n  in c r e a s e d  a s  t h e  t h i c k n e s s  

i n c r e a s e d .

I t  was p ro p o s e d  t h a t  d e p o s i t i o n  o c c u r r e d  

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

s o l u t i o n  r e s i s t a n c e  w i t h i n  t h e  p o re s  ( 1 3 1 ) .  T h i s  was 

c o n f i r m e d  by t h e  c a l c u l a t e d  t«.  v a l u e s  f o r  a c o l o u r i n g  t im e  

o f  G m in .  The e f f e c t  o f  s o l u t i o n  r e s i s t a n c e  was n o t  as 

p ro n o u n c e d  for s h o r t  c o l o u r i n g  t im e s .  T h e  p r o p o r t i o n  o f  

d i f f e r e n t  p o re  l e n g t h s  w i t h i n  a f i l m  must be ta k e n  i n t o  

a c c o u n t ,  a l t h o u g h  e v a l u a t i o n  was n o t  p o s s i b l e .  T h e

p r o p o r t i o n s  o f  s h o r t  and lo n g  p o re s  may v a r y  due t o  

d i f f e r e n t  t h i n n i n g  r a t e s  o f  t h e  b a r r i e r  f i l m  i n  t h i c k  and 

t h i n  f i l m s .  D u r in g  t h e  r e c o v e r y  p e r i o d  o f  e l e c t r o c o l c u r i n g ;  

f i e l d  a s s i s t e d  d i s s o l u t i o n  p ro ce e d e d  by t h e  n u c l é a t i o n  o f  3 

or 4 i n c i p i e n t  p o r e s  a t  t h e  base o f  each o r i g i n a l  p o r e  

( G O ) .  F a v o u re d  p o r e s  i n c r e a s e d  i n  le n g t h  and d ia m e te r  o nce 

t h e  b a r r i e r  l a y e r  had t h i n n e d .  At th e  new v o l t a g e  t h e  

s t e a d y  s t a t e  p o p u l a t i o n  d e n s i t y  o f  p o re s  i n d i c a t e d  t h a t  at  

l e a s t  100 i n c i p i e n t  p o r e s  were n u c l e a t e d  from  e v e r y  

o r i g i n a l  p o r e .  T h e  a l t e r n a t i n g  c u r r e n t  a c t i v a t e d  f la w s  and 

p i g m e n t a t i o n  o c c u r r e d  a t  d i f f e r e n t  r a t e s  i n  d i f f e r e n t  

l e n g t h  p o r e s .  I t  i s  p ro p o s e d  t h a t  because t h i c k e r  f i l m s  had 

l a r g e r  p o r e s ,  t h e r e  was a s m a l le r  f law  p o p u l a t i o n  and so 

l e s s  t i n  was d e p o s i t e d .
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T h a  c a l c u l a t e d  t i n  c o n t e n t  was based upon t h e  

a ssum ption  t h a t  fo r  an u n c o lo u r e d  w e l l  s e a le d  f i l m  Yt(2 S * ’ 0  

was 200Sm x 10~*>, and t h a t  Y t ’ (25<*C) a l s o  e q u a le d  200Sm x 

1 0 ~ ^^(w h a re  t ’ was t h e  m e t a l - f r e e  s e c t i o n  of  t h e  f i l m  i . e .  

t ’ = t -t< ii )  th e n  i f  t '  e q u a l s  2>>m i n  a 2Spm e l e c t r o c o l o u r e d  

f i l m ,  Y must be 100. Uhen f i l m s  c o n s i s t i n g  o f  a r a n g e  o f  

t h ic k n e s s e s  were s e a l e d  f o r  a common s e a l i n g  t im e ,  th e n  

t h i n  u n c o lo u r e d  f i l m s  had sm a ll  a d m it t a n c e  v a lu e s  and t h i c k  

f i l m s  had l a r g e  v a l u e s .  Mhen t h i n  f i l m s  were c o l o u r e d  f o r  

lo n g  t im e s  t h e  a d m i t t a n c e s  were l a r g e ,  i n d i c a t i n g  t h e  

c o n t r i b u t i o n  made b y  t h e  t i n .  Th e  c a l c u l a t e d  t i n  c o n t e n t  

( t ’ = t -ta ,>  f o r  th e s e  f i l m s  c o n f ir m e d  t h e  p ro p o s e d  t h e o r y  o f  

a d m it ta n c e  o f  e l e c t r o c m l o u r e d  f i l m s .

Th e  l a r g e  t i n  c o n te n t  i n  t h i n  f i l m s  i n d i c a t e d  

t h a t  t h e  optimum c o l o u r i n g  t im e  had been exceeded^ t h e y  

were ' o v e r - c o l o u r e d ' . T o r  t h e  same c o l o u r i n g  t i m e ,  t h i c k e r  

f i l m s  had J u s t  re a c h e d  t h e  optimum amount o f  t i n .  

P r o p o r t i o n a t e l y  l e s s  t i n  was d e p o s i t e d  i n  th e  t h i c k e r  f i l m s  

than i n  th e  t h i n n e r  f i l m s  due t o  t h e  in c r e a s e d  s u r f a c e  a r e a  

o f  t h e  l a r g e r  p o r e s .  At s h o r t  c o l o u r i n g  t im e s  t h e  

p e rc e n ta g e  o f  t i n  i n c r e a s e d  as t h i c k n e s s  i n c r e a s e d  b ecause 

th e  r a t i o  o f  i n t e r n a l  p o r e  s u r f a c e  a r e a  t o  c o l o u r i n g  t im e  

was s m a lle r  th a n  fo r  lo n g  c o l o u r i n g  t im e s .  T h i n  f i l m s  a r e  

t h e r e f o r e  more s e n s i t i v e  t o  c o l o u r i n g  t im e  and t h i s  i s  

r e f l e c t e d  i n  t h e  a d m it t a n c e  v a l u e s .  T h i s  s i t u a t i o n  i s  

a n a lo g o u s  t o  t h i c k  f i l m s  c o l o u r e d  f o r  e x te n d e d  p e r i o d s .  

These r e s u l t s  a r e  a t  v a r i a n c e  w i t h  th o s e  of  S heasby ( 5 4 )  

who c la im e d  t h a t  c o l o u r  was in d e p e n d e n t  o f  t h e  a n o d ic  f i l m  

t h i c k n e s s .  T h i s  a l lo w e d  a f u l l  ra n g e  o f  c o l o u r s  t o  be
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p ro d u c e d  on r e l a t i v e l y  t h i n  f i l m s ,  S t o  lO^m i n  t h i c k n e s s .  

The  c o l o u r i n g  t im e  o f  l e s s  th a n  lOmin was used b u t  I  have 

shown t h a t  t h i s  would exceed t h e  optimum c o l o u r i n g  t im e  for 

t h i n  f i l m s .  I t  can be s a i d  t h a t  c o l o u r  i s  in d e p e n d e n t  of  

f i l m  t h i c k n e s s  u p  t o  a p o i n t , b u t  f i l m  q u a l i t y  o f  c o lo u r e d  

f i l m s  iji. d e pendent upon f i l m  t h i c k n e s s  and c o l o u r i n g  t im e .  

T h i s  i s  i n  agreem ent w i t h  Gohausen ( 1 2 8 ) .  H ow ever, Gohausen 

showed t h a t  b o t h  t i n  and c o b a l t  d e p o s i t s  e xte n d e d  t o  t h e  

same d i s t a n c e s  th r o u g h  t h e  f i l m .  O t h e r s  ( 5 7 )  have d is p u t e d  

t h i s }  b u t  c o m p a ris o n s  c a n n o t  be made s i n c e  t h e  l a t t e r  

a u t h o r s  do n o t  g i v e  c o l o u r i n g  t im e s .

5 . 3 . 1  T h e o r y  o f  t h e  G r a d ie n t ___Found bv L i n e a r  R e g r e s s io n  o f

A d m it t a n c e  A g a i n s t  T h i c k n e s s  fo r  E l e c t r o c o l o u r e d  F i l m s .

T h e o r y  s u g g e s ts  t h a t  a s  t h e  m etal comas f u r t h e r  

up t h e  p o r e s ,  t h e  g r a d i e n t  f o r  each t h i c k n e s s  becomes more 

n e g a t i v e .  T h i s  i s  a n o n - l i n e a r  r e l a t i o n  ( g i v e n  t h a t  

Yt(25**C) f o r  t h e  s e a le d  m e t a l - f r e e  s e c t i o n  o f  th e  p o r e  i s  a 

c o n s t a n t ) .  By t r e a t i n g  t h e  p o i n t s  (o n  t h e  g r a p h  of  

a d m it t a n c e  a g a i n s t  t h i c k n e s s )  by l i n e a r  r e g r e s s i o n  an 

e q u i v a l e n t  a v e r a g e  l i n e a r  g r a d i e n t  i s  o b t a i n e d .  I t  can be 

assumed t h a t  Y t ( 2 S ° C )  = a -f b t  Cwhere Y t ( 2 5 ° C )  i s  th e  

a d m it t a n c e  x t h i c k n e s s ,  t  i s  t h e  t h i c k n e s s  and a and b a r e  

c o n s t a n t s l ,  and Y t ( 2 S ° C )  v a r i e s  w i t h  t h e  d e g r e e  o f  s e a l i n g .  

O ver a r a n g e  o f  t ,  b g i v e s  i n f o r m a t i o n  a s  t o  t h e  d e g r e e  o f  

s e a l i n g .

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

b a t c h ,  t h e  a s s u m p t io n  i s  made t h a t  t h e  m etal t h i c k n e s s  t «
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i s  f x x s d .  Tha  r e m a in in g  f i l m  t '  i s  w e l l  s e a le d  so t h a t  

Y t ' ( 2 5 * C )  i s  a c o n s t a n t ,  'a  f o r  a f r e s h l y  p r e p a r e d  f i l m .

t ’ = t  -  t «

t '  = t  -  c o n s t a n t

( 3 . 12 )

h e n c e ,  Y t< 2 5 * C )  = ^  x t  

t ’

( S . 8 )

t h e  a d m it ta n c e  x t h i c k n e s s  o f  th e  w h o le  f i l m .

The  g r a d i e n t  o f  a s e t  o f  w e l l  s e a l e d  f i l m s  of  v a r i o u s  

t h i c k n e s s  i s  g i v e n  by

i i l t l  = Si A t  1 
d t  d t \ t - t « . J

( 5 . 9 )

= A/ i  -  t

\ ( t - t « )  ( t - t « ) '

t h e r e f o r e ,  b ( 5 . 1 0 )

< t - t « ) = »

wSier e A = Y ( t - t » )  < 2 5 * 0  = Y t ’ <25<>C)

H ow e ve r, b i s  a n o n - l i n e a r  f u n c t i o n  o f  t .  The g r a d i e n t  i s  

n e g a t i v e  and becomes n u m e r i c a l l y  g r e a t e r  th e  higSxer t h e  

m etal comes up t h e  p o r e s .  The a ss u m p tio n  i s  made t l ia t  A = 

400Sm X 1 0 -* ^  f o r  a w e l l  s e a l e d ,  f r e s h  f i l m .  (A  i s  a  

c o n s t a n t  even when t h e  e f f e c t i v e  d i e l e c t r i c  t h i c k n e s s  t '  i s
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v e r y  s m a l l .  A g e in g  ca u s e s A t o  d e c r e a s e .  O v e r s e a l i n g  may 

ca u s e  A t o  re a c h  a l i m i t i n g  v a l u e . )  A s t h e  f i l m  t h i c k n e s s  

i n c r e a s e s  t h e  g r a d i e n t  d e c r e a s e s  (a ss u m in g  A and t«,  re m a in  

c o n s t a n t ) .  The change i n  f i l m  t h i c k n e s s  i s  a c c o u n te d  fo r  i n  

C t - t « . ) ^  i n  t h e  above e q u a t i o n s .  Over a l i m i t e d  ra n g e  o f  t ,  

t h e  t h e o r e t i c a l  p o i n t s  c o u l d  be t r e a t e d  by l i n e a r  

r e g r e s s i o n  t o  g e t  an a v e r a g e  l i n e a r  g r a d i e n t ^  an a v e ra g e  

v a l u e  o f  t h e  form Y t ( 2 S * C )  = a -*■ b t .  T h i s  a v e ra g e  g r a d i e n t ,  

found b y  e x p e r im e n t ,  was compared t o  t h e  e m p i r i c a l  v a l u e  

o b t a i n e d  by l i n e a r  r e g r e s s i o n  o f  Y t ( 2 5 ° C )  d a t a  f o r  

c o m m e rc ia l  t i n  e l e c t r o c o l o u r e d  b l a c k s  i n  a s i m i l a r  t  r a n g e .  

Hence t h e  g r a d i e n t  can be c a l c u l a t e d  f o r  each t h i c k n e s s  

a ssu m in g  A -  400Sm x L i n e a r  r e g r e s s i o n  w i l l  g i v e  an 

a v e r a g e  v a l u e  o f  a g r a d i e n t  o ve r  th e  w h o le  r a n g e .  The 

c o m p a ris o n  o f  e x p e r i m e n t a l l y  p ro d u c e d  r a n g e s  and co m m ercia l 

r a n g e s  s u g g e s t s  t h e  t h e o r y  i s  n o t  t o o  s im p l e  t o  g i v e  

r e a s o n a b l e  r e s u l t s  i f  t h e  a ss u m p tio n  i s  made t h a t  t h e  t i n  

f i l l s  22 t o  23>im o f  a 25 t o  30»im f i l m .  C o e f f i c i e n t s  o f  

c o r r e l a t i o n  a r e  good i n d i c a t i n g  a good f i t  o f  t h e  p o i n t s .

U s in g  t h e  l i n e a r  r e g r e s s i o n  on f i l m s  c o l o u r e d  fo r  

6min t h e  g r a d i e n t  became more n e g a t i v e  a s  t h e  t h i c k n e s s  

d e c r e a s e d  when t h e  c a l c u l a t e d  v a l u e s  f o r  m etal t h i c k n e s s  

w ere  used i n  th e  e q u a t io n

b = - A t -  < 5 . i O )

 ̂ H o w e v e r,  t h e  v a l u e  o f  A must v a r y  as t '  v a r i e s  f o r  a common 

' s e a l i n g  t im e  for  a ra n g e  o f  t h i c k n e s s e s  i . e .  f o r  a s e a l i n g
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tinuB o f  lOmin i

t ’ = 0 .3 |  1 . 3 (  3 .5 |  7 . 7  (Hin) c o r r e s p o n d s  t o

niin/pm = 3 3 . 3 ,  7 . 7 ,  2 . 9 ,  1 .3

and so Y t ’ must i n c r e a s e  as t ’ d e c r e a s e s .  In  d e p th  s e a l i n g  

has not been found t o  o c c u r  ( 5 8 ) .  T h e  a ssu m p tio n  t h a t  A=400 

Sm X 10~^^ i s  i n c o r r e c t ,  a s  shown b y  th e  bar c h a r t s  (G raph 

2 5 ) .  The  m etal t h i c k n e s s  was n o t  a c o n s ta n t  when a ra n g e  of 

t h i c k n e s s e s  were c o l o u r e d  f o r  a common t im e .  T h e r e f o r e  i f  

tai changes as t h i c k n e s s  i n c r e a s e s  fo r  a c o l o u r i n g  t im e  of  

Gm in , t h e  i n d i v i d u a l  g r a d i e n t s  fo r  each t h i c k n e s s  found 

from  t h e  e q u a t io n

(5 .1 0 )

d e c r e a s e  (become l e s s  n e g a t i v e ) .  T h i s  i s  n o n - l i n e a r  as 

t h e o r y  s u g g e s t s .  The  g r a d i e n t s  a r e  spread more e v e n l y  tha n  

i f  c a l c u l a t e d  w i t h  t « ,  as a c o n s t a n t .  A ls o  i f  A h a s  v a r y i n g  

v a l u e s  th e n  t h e  g ra p h  o f  g r a d i e n t  a g a in s t  t o t a l  f i l m  

t h i c k n e s s  a p p ro a c h e s  a s e m i - l o g a r i t h m i c  r e l a t i o n s h i p .  I f  

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

t h e  a v e ra g e  l i n e a r  g r a d i e n t  i s  found t o  be a r e a s o n a b le  

one.

F o r v e r y  s h o r t  c o l o u r i n g  t im e s  ( l . S m i n )  th e  

g r a d i e n t s  found b y  e x p e r im e n t  were p o s i t i v e .  A g r a d i e n t  o f  

l e s s  tha n  -<-10 was a c h ie v e d  a f t e r  a t o t a l  s e a l i n g  t im e  o f
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4 0 « i n .  I t  can ba assumed t h a t  t h e  m etal t h i c k n e s s  was n o t  

s i g n i f i c a n t  and t h a t  t h e  e f f e c t i v e  d i e l e c t r i c  t h i c k n e s s  was 

a p p r o x i m a t e l y  equ a l t o  t h a t  o f  t h e  t o t a l  o x id e  t h i c k n e s s .  

In  t h i s  case  a l i n e a r  r e l a t i o n s h i p  was assumed and t h e  

e l e c t r o c o l o u r  a d m it ta n c e  t h e o r y  d i d  n o t  a p p l y .  Graph ISb 

showed t h e  p e r c e n ta g e  o f  t i n  w i t h i n  t h e  p o re s  f o r  a ra n g e  

o f  t h i c k n e s s e s  as c a l c u l a t e d  from t ’ - t - t , .  and t ’ = 2 0 0 t / Y t ' .  

T h i s  showed t h a t  i f  t h e  p o r e s  were f i l l e d  t o  h a l f  t h e i r  

l e n g t h  the n  t h e  m etal d id  n o t  have  a b e a r i n g  on th e  

a d m it ta n c e  v a l u e s  o f  w e l l  se a le d  f i l m s .  T h i s  was c o n f i r m e d  

s i n c e  th e  g r a d i e n t s  were a l s o  p o s i t i v e  for p o o r l y  s e a l e d  

f i1 m s .

5 . 9 . 2  F la w s  and D e f e c t s

Due t o  t h e  p r e s e n c e  o f  S i l i c o n  i n  th e  S I C  a l l o y ,  

f la w s  o r i g i n a t i n g  from th e s e  i n c l u s i o n s  a r e  p ro p o s e d  in  

e l e c t r o c o l o u r e d  f i l m s .  O t h e r s  (1321 h ave found such f la w s  

i n  b a r r i e r  l a y e r  f i l m s  a lt h o u g h  th e s e  t h i n  f i l m s  were 

a n a ly s e d  b y  STEM w hich  has h ig h e r  r e s o l u t i o n  than SEM. I f  

i t  i s  assumed t h a t  th e  f la w s  o r i g i n a t e d  from Si i n c l u s i o n ,  

the n  my r e s u l t s  may be i n t e r p r e t e d  by  t h i s  model.  O n ly  

r e l a t i v e l y  c o a r s e  p a r t i c l e s  were a n a ly s e d  and t h e i r  

p o s i t i o n s  were d i f f e r e n t  from th o s e  o f  t h e  b a r r i e r  l a y e r  

f i l m s  due t o  t h e  f i l m  b e i n g  p o r o u s .  Th e  p h o to g ra p h  o f  panel 

344 ( F i g .  3 3 )  showed t h e  p re s e n c e  o f  a r i d g e  i n  t h e  b a r r i e r  

l a y e r  and above t h i s  no t i n  was p r e s e n t .  I f  i t  was assumed 

t h a t  t h i s  was due t o  an i n c l u s i o n  i n  t h a t  r e g io n  the n  

e i t h e r  t h e r e  was a v o i d  above t h e  p a r t i c l e  o r ,  assum ing i t
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t o  be s i l i c o n ,  i t  had been o x i d i s e d  t o  some e x t e n t  t o  form 

an amorphous m a t e r i a l .  D u r i n g  a n o d ic  o x i d a t i o n  o f  p o r o u s  

f i l m s  any r i d g e s  a t  t h e  o x id e  s u r f a c e  w ere  f l a t t e n e d .  The 

m a s s iv e  p a r t i c l e  i n  t h e  p h o to g ra p h  o f  p a n e l  352 ( F i g .  3 9 )  

c o r r e s p o n d s  t o  a s i m i l a r  p a r t i c l e  a l s o  o b s e rv e d  by S h i m i z u ,  

Thompson and Mood ( 1 3 2 ) .  I t  was assumed t h a t  th e  p a r t i c l e  

was s e p a r a te d  from  t h e  metal by t h e  b a r r i e r  l a y e r  b u t  t h i s  

was n o t  o b s e rv e d  due t o  t h e  poor r e s o l u t i o n .  The  

p h o to g r a p h s  o f  p a n e l s  343 and 351 ( F i g s .  34 and 3 £ )  d i d  n o t  

r e v e a l  t h e  p r e s e n c e  o f  a ny p a r t i c l e s ,  b u t  i t  was assumed 

t h e  r e s o l u t i o n  was not s u f f i c i e n t  t o  d e t e c t  them. Not a l l  

ga p s i n  t i n  d e p o s i t i o n  can be a cc o u n te d  fo r  by p a r t i c l e  

i n c l u s i o n .

5 . 1 0  E l e v a t e d  A n o d i s i n g .  S o a k in g  and C o l o u r i n g  T e m p e r a t u r e s

The amount o f  t i n  i n  t h e  p o r e s  o f  f i l m s  a n o d is e d  

and c o lo u r e d  a t  d i f f e r e n t  t e m p e r a t u r e s  was asse sse d  by 

means o f  th e  a b r a s i v e  wheel t e s t  (se e  s e c t i o n  3 . 5 . 1 0 ) .  The 

o r i g i n a l  p u rp o s e  o f  t h i s  t e s t  was t o  d e t e r m in e  t h e  a b r a s io n  

r e s i s t a n c e  o f  a f i l m .  By m e a s u rin g  t h e  t h i c k n e s s  a t  w h ich  

t h e  r e s i d u e  powder t u r n e d  from w h it e  t o  g r e y  or b l a c k ,  t h e  

p o s i t i o n  o f  t h e  h i g h e s t  t i n  i n  t h e  p o re s  was fo und. T h i s  

was c o n v e r t e d  i n t o  t h e  p e r c e n ta g e  o f  t i n  w h ich  f i l l e d  t h e  

p o r e s  (G ra p h  2 5 ) .  The  g e n e r a l  t r e n d  showed t h a t  t h e r e  was 

l e s s  t i n  i n  t h e  f i l m s  when a n o d ise d  a t  1S°C tha n  when 

a n o d is e d  above t h i s  t e m p e r a t u r e .  T h i s  i n d i c a t e d  t h a t  p o r e s  

were e n la r g e d  when f i l m s  were a n o d is e d  a t  e l e v a t e d  

t e m p e r a t u r e s  a l l o w i n g  a l a r g e  s u r f a c e  a r e a  f o r  t i n  t o  be
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d e p o s i t e d .  E ls e w h e r e  (1 3 1 )  i t  h a s  bean p ro p o s e d  t h a t  th e  

amount o f  d e p o s i t i o n  depends upon f i l m  p o r o s i t y .  T h e r e f o r e  

t h e  t h i n n e r  p o r e s  appear t o  r e s t r i c t  t h e  t i n  t o  t h e  p o re  

d e p t h s .  T h i s  c o n t r a d i c t s  my e a r l i e r  r e s u l t s  i n  which 

t h i n n e r  f i l m s  had l a r g e r  t i n  d e p o s i t s  tha n  t h i c k e r  f i l m s ;  

a l t h o u g h  ’ t h i c k e r ’ f i l m s  do n o t  n e c e s s a r i l y  i m p ly  g r e a t e r  

p o r o s i t y ;  i . e . l a r g e r  p o r e s .  T h i s  i n d i c a t e s  t h a t  th e  

p h y s i c a l  ge o m e try  o f  t h e  p o re  p l a y s  a r o l e  i n  how t i n  i s  

d e p o s i t e d .  The c a l c u l a t e d  v a l u e s  for ta, (G ra p h  14 b )  appear 

t o  be o v e r e s t im a t e d  compared t o  t h e  t i n  c o n t e n t  found by  

t h e  a b r a s i v e  wheel method ( f o r  c o l o u r i n g  t im e  of  8 m i n ) .  

T h i s  o v e r e s t i m a t i o n  was due t o  th e  a s s u m p t io n  t h a t  Y t ’ =
«A

200Sm X 10~*“ xthe e q u a t io n

( S . 11)

I f  Y t ’ ( A )  changed as t ’ changed i . e .  Y t ’ in c r e a s e d  as t ’ 

d e c r e a s e d ,  th e n  t h e  t i n  c o n t e n t ,  c a l c u l a t e d  from t ’ = t - t a .  

may have been s i m i l a r  t o  th o s e  found by th e  a b r a s i v e  wheel 

m ethod, i . e .  l e s s  t i n  i n  t h e  t h i c k e r  f i l m s .  The  Y ~ i  

p r o f i l e  w o uld  be u s e f u l  t o o l  t o  use w i t h  t h e  a b r a s i v e  wheel 

method. The  a b r a s i v e  wheel method was n o t  used on f i l m s  o f  

t h i c k n e s s e s  l e s s  th a n  20pm.

S o a k in g  a c o l o u r e d  f i l m  i n  s u l p h u r i c  a c i d  for 

e x te n d e d  p e r i o d s  a f t e r  i t  had been s e a l e d ,  c o m p le t e ly  

d i s s o l v e d  t h e  f i l m .  I t  was found t h a t  s o a k in g  f i l m s  i n  

s u l p h u r i c  a c i d  b e f o r e  s e a l i n g  had a d e t r i m e n t a l  e f f e c t  on 

t h e  a n o d ic  o x id e  f i l m .  C o l o u r i n g  and s o a k in g  f i l m s  i n  HaSO«
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a t  e l s v a t e d  t e m p a r a t u r e s  b e f o r e  s e a l i n g  r e d u c e d  t h e  

a b r a s io n  r e s i s t a n c e .  C o l o u r i n g  had a m a r g i n a l l y  g r e a t e r  

e f f e c t  t h a n  s o a k in g .  C o l o u r i n g  f o r  any l e n g t h  o f  t im e  at 

room te m p e r a t u r e  d i d  n o t  have  a d e t e c t a b l e  s o f t e n i n g  

e f f e c t .  S o a k in g  o r  c o l o u r i n g  u n s e a le d  f i l m s  d i d  n o t  re d u c e  

t h e  a b r a s i o n  r e s i s t a n c e ,  and t h e  p o r e  bases were not 

s o f t e n e d ,  as was found b y  th e  a b r a s io n  p r o f i l e  g r a p h .  The 

p r o c e s s  o f  s e a l i n g ,  on ce  t h e  f i l m  h a s been c o l o u r e d  or 

so a k e d , s o f t e n s  t h e  f i l m .  I t  i s  w e l l  known t h a t  u n s e a le d  

f i l m s  a r e  v e r y  a b r a s i o n  r e s i s t a n t .  I t  has been p ro p o se d  

t h a t  u n s e a le d  f i l m s  may h a v e  a r e l a t i v e l y  s o f t  o u t e r  l a y e r  

and a h a r d e r  i n n e r  l a y e r  ( 1 3 3 ) .  S e a l i n g  b a la n c e s  t h i s  

d i f f e r e n c e  t o  some e x t e n t .  I t  has been shown i n  t h e  p r e s e n t  

work t h a t  b o th  c o l o u r i n g  and s o a k in g  at  e l e v a t e d

t e m p e r a t u r e s  s o f t e n  t h e  f i l m .  I f  a n o d i s i n g  was p e rfo rm e d  at  

h ig h  t e m p e r a t u r e s  th e n  t h e  s o f t e n i n g  e f f e c t  was

e x a c e r b a t e d .  A n o d i s i n g  b e lo w  20°C o n l y  s l i g h t l y  r e d u c e d  t h e  

a b r a s io n  r e s i s t a n c e  when f i l m s  were s u b s e q u e n t ly  c o lo u r e d  

or soaked a t  e l e v a t e d  t e m p e r a t u r e s .  The a c c e p t a b l e  

t h i c k n e s s  l o s s  f o r  an a n o d ic  o x i d e  f i l m  i s  7 -  8>im (4 0 0 g f ,  

4 0 0 d s ) .  Agreement ( l O S )  i s  near on an I n t e r n a t i o n a l  

S p e c i f i c a t i o n  for  t h e  a b r a s i v e  wheel t e s t  ( IS O  D P 8 2 S 1 ).  The 

a b r a s i v e  wheel t e s t  w i l l  be i n c l u d e d  i n  th e  n e x t  r e v i s i o n  

o f  BS161S. O n ly  when f i l m s  were a n o d is e d  at 20°C or l e s s  

and soaked or c o l o u r e d  a t  v e r y  h ig h  t e m p e r a t u r e s  (3 7 ° C )  was 

t h i s  optimum e x ce e d e d . Gohausen (1 3 3 )  showed t h a t  for 

a n o d i s i n g  a t  18 -  19°C, 2.5>>m were a b ra d e d  when c o l o u r e d  at 

a t e m p e r a t u r e  o f  17°C, and 7.5>>m at  30°C> a t h r e e - f o l d  

i n c r e a s e .  My r e s u l t s  ( a n o d is e d  at  I S  and 20°C gave
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t h i c k n e s s  l o s s e s  o f  1 1 . S and 12.S»iin fo r  c o l o u r i n g  at 1 8 .5  

and 3 7 * 0  d i d  n o t  show such a l a r g e  d i f f e r e n c e  between two 

c o l o u r i n g  t e m p e r a t u r e s .  Agreement was found however t h a t  at  

low  a n o d i s i n g  and c o l o u r i n g  t e m p e r a t u r e s  t h e r e  was no 

d i f f e r e n c e  i n  t h e  t h i c k n e s s  l o s s  between c o l o u r e d  and 

u n c o lo u r e d  f i l m s .  When a n o d i s i n g  a t  25 and 30*C th e  

u n c o lo u r e d  f i l m  l o s t  more f i l m  t h i c k n e s s  th a n  t h e  c o lo u r e d  

f i l m .  A l s o ,  t h e  c r i t i c a l  a n o d i s i n g  t e m p e r a t u r e  was found 

t o  be 2 0 * C . I f  c l o s e  te m p e r a t u r e  c o n t r o l  o f  t h e  a n o d i s i n g  

b a t h  c a n n o t  be e n s u r e d  th e n  a t e m p e r a t u r e  o f  18 -1 3 * C

a l l o w s  f o r  any s m a ll  r i s e  w h ich  may o c c u r .  Uhen a f i l m  was 

a n o d is e d  a t  a te m p e r a t u r e  o f  30*C , t h e  a b r a s io n

r e s i s t a n c e  was g r e a t e r  th a n  t h a t  o f  a f i l m  a n o d is e d  at  a 

t e m p e r a t u r e  o f  2S*C, when th e  c o l o u r i n g  t e m p e r a t u r e  was 

37*C. T h i s  e f f e c t  has been r e p o r t e d  e ls e w h e r e  ( 1 3 3 ) .  

Gohausen showed t h a t  fo r  a c o l o u r i n g  t e m p e r a t u r e  o f  18°C, a 

f i l m  a n o d is e d  a t  27°C g a ve  a g r e a t e r  t h i c k n e s s  l o s s  tha n  a 

f i l m  a n o d is e d  a t  30°C. Gohausen s t a t e d  t h a t  t h e  a b i l i t y  of  

s u l p h u r i c  a c i d  o f  a s p e c i f i c  c o n c e n t r a t i o n  t o  d i s s l o l v e  

u n s e a le d  a lu m in a  i n c r e a s e s  r a p i d l y  above a t e m p e r a t u r e  

w hich  i s  dependent upon t h e  c o n c e n t r a t i o n .  T h i s  a c c o u n ts  

f o r  d i f f e r e n c e s  i n  t h e  two s e t s  o f  r e s u l t s .  D i s c r e p e n c ie s  

a l s o  a r i s e  because Gohausen a n o d is e d  f o r  a f i x e d  t im e  w h i l e  

I  a n o d is e d  f o r  v a r i o u s  t im e s .  H o w e ve r,  t h e  c o n t r i b u t i o n  

p la y e d  by t h e  t e m p e r a t u r e  o f  t h e  c o l o u r i n g  e l e c t r o l y t e  i s  

an im p o r t a n t  o n e . S o a k in g  may h ave a d i f f e r e n t  ’ c r i t i c a l  

t e m p e r a t u r e ’ , (w h e re  t h e  c o m b in a t io n  o f  a n o d i s i n g  and 

s o a k in g  t e m p e r a t u r e s  ca u s e  d i f f e r e n c e s  i n  a b r a s io n  

r e s i s t a n c e ) ,  t o  t h a t  o f  c o l o u r i n g .
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My i n v e s t i g a t i o n s  showed agreement w i t h  th o s e  o f  

Qohausen) t h e  e l e c t r o l y t i c  c o l o u r i n g  t r e a t m e n t  d id  not 

d e t r i m e n t a l l y  a f f e c t  a b r a s io n  r e s i s t a n c e  i f  f i l m s  had been 

a n o d is e d  under s t a n d a r d  c o n d i t i o n s .  I f  i n h e r e n t l y  s o f t  

f i l m s  e x i s t e d  th e n  t h e  a b r a s io n  r e s i s t a n c e  was re d u c e d  for  

u n c o lo u r e d  f i l m s  and f u r t h e r  r e d u c e d  upon e l e c t r o l y t i c  

c o l o u r i n g  t r e a t m e n t .  I t  was not t h e  a l t e r n a t i n g  c u r r e n t  

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

t h e  r e d u c t i o n  i n  a b r a s io n  r e s i s t a n c e ,  but t h e  te m p e r a t u r e .  

T h i s  was c o n f i r m e d  by e x p e r im e n t s  i n  w hich  t h e  f i l m s  were 

soaked i n  t h e  c o l o u r i n g  e l e c t r o l y t e .  An a lm o st i d e n t i c a l  

t r e n d  i n  t h i c k n e s s  l o s s  was o b s e r v e d .  T h i s  was a l s o  shown 

by t h e  a b r a s io n  p r o f i l e  g r a p h .  T h u s  f a c t o r s  w hich  i n f l u e n c e  

t h e  r e d i s s o l v i n g  p r o c e s s  i n f l u e n c e  t h e  a b r a s io n  r e s i s t a n c e .

Two d i s t i n c t  l a y e r s  were o b s e rve d  i n  f i l m s  

a n o d is e d  a t  h ig h  t e m p e r a t u r e s ;  a s o f t  o u t e r  l a y e r  and a 

c o m p a r a t i v e l y  h a r d e r  in n e r  l a y e r .  T h i s  l a t t e r  l a y e r  d i d  not 

g i v e  a t h i c k n e s s  wear in d e x  o f  l e s s  than 1, h o w e v e r .  Fo r  

c o l o u r e d  f i l m s  t h e  r a t i o  of  o u t e r  t o  in n e r  l a y e r  was l i 2  

w h i l e  fo r  soaked f i l m s  i t  was 1 : 1 .  The i n n e r  l a y e r  o f  th e  

c o l o u r e d  f i l m  was s o f t e r  tha n  t h a t  o f  t h e  soaked f i l m ;  th e  

o u t e r  l a y e r s  g a ve  t h e  same a b r a s io n  r e s i s t a n c e .  The 

c o m b in a t io n  o f  a c id  e l e c t r o l y t e  and th e  b u l k  h ig h  

t e m p e r a t u r e ,  and p o s s i b l y  h ig h e r  l o c a l  t e m p e r a t u r e s ,  caused 

t h e  a n o d ic  f i l m  t o  s o f t e n  a f t e r  a p e r i o d  o f  t im e .  T h e  o u te r  

l a y e r s  were exposed t o  th e s e  f a c t o r s  fo r  lo n g e r  th a n  th e  

newer i n n e r  l a y e r s .  Th e  m a r g i n a l l y  g r e a t e r  d i s s o l v i n g  

e f f e c t  o f  t h e  c o l o u r i n g  p r o c e s s  was n o t e d .  I t  i s  not 

c o i n c i d e n c e  t h a t  t h e  t h i c k n e s s  a t  w hich  th e  i n n e r  l a y e r

313



o c c u r s  c o r r e s p o n d s  t o  t h e  a p p e a ra n c e  o f  t i n  i n  t h e  a b r a s i v e  

wheel t e s t .

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

f i r s t  100 d o u b le  s t r o k e s  o f  t h e  a b r a s i v e  wheel t e s t  may be 

r e q u i r e d  t o  e l i m i n a t e  any ro u g h n e s s  on t h e  s u r f a c e ,  

e l i m i n a t i n g  t o p o g r a p h i c a l  h ig h  p o i n t s .  F o r  s o f t  f i l m s  t h e  

roughened s u r f a c e  i s  a d i s t i n c t  f e a t u r e  which i n f l u e n c e s  

o t h e r  p r o p e r t i e s  o f  t h e  f i l m .  Th e  f i r s t  100 d o u b le  s t r o k e s  

may g i v e  an i n d i c a t i o n  o f  t h i s  s u r f a c e  phenomenom and i n  

t h i s  case  c a n n o t  be e x c l u d e d .  Th e  lo a d  used and t h e  number 

o f  d o u b le  s t r o k e s  i n  a c y c l e  a r e  im p o r t a n t  i n  t h i s  r e s p e c t .  

The  t h r e e  pap e r t e s t  i s  u n a f f e c t e d  by  ro u g h  s u r f a c e s .

□ v e r s e a l i n g  a lo n e  does n o t  re d u c e  t h e  a b r a s io n  

r e s i s t a n c e ,  b u t  a s e a l i n g  bloom was shown by t h e  t h r e e  

paper t e s t  ( s e c t i o n  5 . 7 . 1 ) .  I f  a f i l m  was a n o d ise d  above 

2 0 “ C the n  t h e  s u r f a c e  l a y e r s  were s o f t e n e d ,  i r r e s p e c t i v e  

o f  s e a l i n g  t i m e .  A su bsequent s u l p h u r  d i o x i d e  t e s t  

f o r  & h o u r s )  c a r r i e d  o u t  on t h e s e  f i l m s  gave a u n i f o r m  

bloo m . T h i s  showed an a l r e a d y  s o f t  f i l m  was s o f t e n e d  more 

b y  th e  s u l p h u r  d i o x i d e .  Graph 24 showed how b o th  i n n e r  and 

o u t e r  l a y e r s  were s o f t e n e d ,  b u t  t h e  o u t e r  l a y e r  t o  a 

g r e a t e r  e x t e n t .  T h e  o u t e r  l a y e r s  were n o t  as t h i c k  as t h e y  

were b e f o r e  t h e  t e s t .  The  s o f t e n i n g  o f  th e  i n n e r  l a y e r s  

showed how t h e  s u l p h u r  d i o x i d e  un d e rm in e d  t h e  w hole  f i l m .

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

p o r e s  t o  w id e n .  D i s s o l u t i o n  o f  t h e  p o r e  w a l l s  o c c u r r e d  and 

t h i s  e f f e c t i v e l y  weakened t h e  m a t r i x  of  a s - a n o d i s e d  

m a t e r i a l  ( 1 3 1 ) .  T h i s  was shown by  t h e  reduced a b r a s io n  

r e s i s t a n c e .  C h e m ica l d i s s o l u t i o n  i s  a l s o  known t o  ’ open u p ’
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t h e  c e l l  w a l l  s t r u c t u r e .  I f  t h e  c e l l  w a l l  m a t e r i a l  had a 

lo w  a p p a re n t  d e n s i t y ,  s e a l i n g  may h a ve  been a d v e r s e l y  

a f f e c t e d .  S o f t e n i n g  o c c u r s  i r r e s p e c t i v e  o f  s e a l i n g  t im e .  

Even at  s h o r t  s e a l i n g  t im e s  t h e  s o f t e n i n g  p r o c e s s  has begun 

and i s  i r r e v e r s i b l e .  C om plete  c l o s u r e  o f  t h e  p o r e s  ca n n o t 

h a rd e n  t h e  f i l m .  T h e  d e t r i m e n t a l  e f f e c t  o f  th e  s u lp h u r  

d i o x i d e  gas was e x a c e r b a te d  when f i l m s  were a n o d is e d  at  

h i g h  t e m p e r a t u r e s .

5 .1 1  The R o l e  o f  ’ T r i b r i t e >  i n  E l e c t r o l y t i c  C o l o u r i n g

T h e  c o m p o s i t io n  o f  t h e  T r i b r i t e  s o l u t i o n  i s  not 

c e r t a i n .  Mhen used i n  a s ta n n o u s  s u l p h a t e  p l a t i n g  b a t h  i t  

c a u s e s  b r i g h t  d e p o s i t i o n  w h ich  i s  n o t  e x p la in e d  a s  a 

phenomenon a s  y e t .  I t  p ro m o te s  h ig h  t h r o w i n g  power i . e .  th e  

a b i l i t y  t o  g i v e  even d e p o s i t  t h i c k n e s s  on c a th o d e s  of 

uneven sh a p e . On co p p er c a th o d e s  t h e  e f f e c t  of  a d d in g  i t  t o  

a s ta n n o u s  s u l p h a t e  s o l u t i o n  was t o  s u p p r e s s  o u tw a rd  g r o w th  

o f  t i n  ( w h i s k e r s ) ,  and pro m o te  s id e w a y s  g r o w th  and v e r y  

s m a l l  g r a i n  s i z e .  I f  t h e  p oor d i s t r i b u t i o n  o f  t i n  i n  th e  

a n o d ic  p o r e s  was caused by u s i n g  t i n  b a t h s  w hich  would 

p l a t e  o n l y  lo o s e  w h is k e r y  d e p o s i t s ,  u se  o f  a b r i g h t  

s o l u t i o n  s h o u ld  fa vo u r a compact p o r e  d e p o s i t  at  t h e  p o r e  

b a s e ;  a form o f  l a t e r a l  g r o w t h .

T h e  a p p l i c a t i o n  o f  T r i b r i t e  i n  a p l a t i n g  b a t h  has 

been d is c u s s e d  ( 1 3 4 ) .  I t s  u se  i n  e l e c t r o l y t i c  c o l o u r i n g  

w i l l  be e x p l a i n e d  i n  th e  l i g h t  o f  t h i s  p r e s e n t  kn o w le d ge . A 

s u b s t a n t i a l  p r o p o r t i o n  o f  t h e  b r i g h t e n e r  was found t o  be 

i n c o r p o r a t e d  i n  t h e  b r i g h t  d e p o s i t  p l a t e d  o n to  a co pper
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c a t h o d e .  T h i s  was 3 or 4 t i n e s  as h a rd  as t i n  and was 

c o n p r e s s i v e l y  s t r e s s e d .  I t  was t h e  a d d i t i o n  o f  t h e

b r i g h t e n e r  w h ich  g a v e  a t h r o w i n g  e f f i c i e n c y  o f  >+100 and 

t h e  u n u su a l  p o t e n t i o s t a t i c  p o l a r i z a t i o n  c u r v e .  Th e

b r i g h t e n e r  c a u s e d  more t i n  d e p o s i t i o n  on t h e  fa r  c a th o d e  

tha n  on t h e  near c a t h o d e .  Th u s  more re c e s s e d  a re a s  d i s t a n t  

from t h e  anode w ere  a n a lo g o u s  w i t h  t h e  base o f  t h e  p o r e s «  

and i t  can  be assumed t h a t  more t i n  was d e p o s it e d  i n  t h i s  

r e g i o n ,  i n  p r e f e r e n c e  t o  t h e  p o r e  m ouths. E x c e s s iv e  amount 

o f  b r i g h t e n e r  g a v e  a t h r o w in g  e f f i c i e n c y  o f  >+100 w h i l e  

norm al a d d i t i o n s  g a v e  b elow  +100j(. T h i s  phenomenon o c c u r r e d  

a t  lo w  a v e r a g e  c a t h o d e  c u r r e n t  d e n s i t y .  C o - d e p o s i t i o n  o f  Ha 

gas o c c u r r e d  a s  t h e  c u r r e n t  d e n s i t y  was r a i s e d ,  and

t h r o w i n g  e f f i c i e n c y  was < + 100 . Gas e v o l u t i o n  was a l s o

o b s e rv e d  d u r i n g  e l e c t r o c o l o u r i n g .  The  p o t e n t i o s t a t i c  

p o l a r i z a t i o n  c u r v e  showed t h a t  at  a s p e c i f i c  p o t e n t i a l ,  

p o l a r i z a t i o n  o f  t h e  c a th o d e  o c c u r r e d .  T h i s  o n l y  happened 

w i t h  t h e  a d d i t i o n  o f  b r i g h t e n e r .  U i t h  t h e  o t h e r  i n g r e d i e n t s  

p o l a r i z a t i o n  was lo w  up t o  a l i m i t i n g  c u r r e n t  d e n s i t y .  T h i s  

c a th o d e  p a s s i v i t y  was where t h e  c a th o d e  r e a c t i o n  of  t i n  

d e p o s i t i o n  s t o p p e d .  In  e l e c t r o c o l o u r i n g  t h e  d e p o s i t i o n  o f  

t i n  and e v o l u t i o n  o f  h yd ro g e n  gas ce a s e d . Th e

p o t e n t i o s t a t i c  p o l a r i z a t i o n  c u r v e  showed t h e  ' a c t i v e ’ and 

' p a s s i v e '  r e g i o n s  o f  t h e  c a th o d e  p o t e n t i a l .  A t  about - 0 . 2 S V  

Cnhe) b r i g h t e n e r  a d s o rb e d  v e r y  s t r o n g l y  o n t o  t h e  t i n  t o  

form a l a y e r  t h r o u g h  w h ich  s ta n n o u s  i o n s  passed w i t h  

d i f f i c u l t y .  T h u s  t h e  h e a v y  i n c o r p o r a t i o n  o f  t h e

n o n - m e t a l l i c  m a t t e r  i m m o b i l i z e d  t h e  t i n  atom s; b u t  a t  

norm al p l a t i n g  t e m p e r a t u r e s  t h e y  were p a r t i c u l a r l y  m o b i le .
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T h e r e f o r e  th e  tw o  mechanism w ere  i n  c o m p e t i t i o n .  D e p o s i t i o n  

o f  t i n  o c c u r r e d  o v e r  th e  w h o le  p o t e n t i a l  ra n g e  - 0 . 2  t o  

- 0 . 7 V f  i t  was t h e  b r i g h t e n e r  w h ich  gave  t h e  u n u s u a l  

p o t e n t i o s t a t i c  c u r v e .  I t  sf iould  be p o s s i b l e  t o  f i n d  

c o n d i t i o n s  where t h e  near c a t h o d e s  ( p o r e  m ouths) a r e  

p o l a r i z e d  w h i l e  t h e  fa r  c a t h o d e s  ( p o r e  b a s e s )  a r e  on t h e  

’ a c t i v e ’ p a r t  o f  t h e  p o t e n t i o s t a t i c  p o l a r i z a t i o n  c u r v e i  

w h ich  would r e c e i v e  a h ig h e r  c u r r e n t .  Due t o  t h e

’ o s c i l l a t i n g  p o l a r i z a t i o n ’ found by g a l v a n o s t a t i c  

p o l a r i z a t i o n  c u r v e s ,  t h e  upper p a r t  o f  t h e  p o re  was i n  t h e  

’ a c t i v e ’ s t a t e  f o r  a s h o r t  t im e ,  a l l o w i n g  some d e p o s i t i o n  

t o  o c c u r  h e r e .  I f  t h e  p o r e  b a s e s  sp e n t more o f  t h e  t im e  i n  

t h e  ’ a c t i v e ’ s t a t e ,  th e n  th e  m a j o r i t y  o f  d e p o s i t i o n  w o uld  

o c c u r  h e r e .  T h e  p r o p o s i t i o n  t h a t  t i n  i s  d e p o s i t e d

p r e f e r e n t i a l l y  i n  s h o r t  p o r e s  ( 1 3 1 )  does n o t  f o l l o w  from 

t h i s  a c t i v e - p a s s i v e  p o r e  t h e o r y .  The  t o t a l  c e l l  c u r r e n t  was 

low  b e cau se  i t  was made up o f  t h e  s m a ll  near c a th o d e  

c u r r e n t  and t h e  l a r g e r  far  c a th o d e  c u r r e n t .  A d d i t i o n s  o f  

b r i g h t e n e r  in c r e a s e d  t h e  p o l a r i z a t i o n  f o r  Ha d i s c h a r g e  on 

t h e  t i n  c a t h o d e ;  such  p o l a r i z a t i o n  i s  i n  any ca se  h ig h  on 

t i n .  The  gas e v o l u t i o n  e v e n t u a l l y  sto p p e d  due t o  t h e  

p o l a r i z a t i o n .  A p p l y i n g  t h i s  t o  e l e c t r o c o l o u r i n g ,  i t  was 

shown t h e  b r i g h t e n e r  f a v o u re d  d e p o s i t i o n  o v e r  t h e  o t h e r  

c a t h o d i c  r e a c t i o n .  T e s t s  o f  sa m ples o f  t h e  s ta n n o u s  

s o l u t i o n  c o n t a i n i n g  t h e  b r i g h t e n e r  i n  a H u l l  C e l l  T e s t  

showed a s h a rp  d e m a r c a t io n  between b r i g h t  and d u l l  a r e a s .  

The  e q u a t io n  i= C 1 0 3 S —S 2 4 1 o g x 3I was o n l y  a p p l i c a b l e  when 

p o l a r i z a t i o n  was n e g l i g i b l e .  Th e  b r i g h t e n e r  was 

i n c o r p o r a t e d  i n t o  t h e  b r i g h t  a r e a ,  a t  th e  h ig h  c u r r e n t
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d e n s i t y  end o f  th e  H u l l  C e l l  T e s t  c a t h o d e i  w h ich  was where 

p o l a r i z a t i o n  was n e g l i g i b l e .  H ow e ve r, i f  t i n  d e p o s it e d  on 

t h e  low c u r r e n t  d e n s i t y  end o f  t h e  c a th o d e ,  then 

p o l a r i z a t i o n  o c c u r r e d  and t h e  e q u a t io n  was n o t  a p p l i c a b l e .  

C o a rse  d u l l  d e p o s i t s  were formed on t h e  H a r i n g -B l u m  ca th o d e  

a t  lo w e r (more n e g a t i v e )  p o t e n t i a l s ,  even when b r i g h t e n e r  

was p r e s e n t .  Th u s  t h e  c a th o d e  p o t e n t i a l  of  t h e  a n o d ise d  

a lu m in iu m  d e te rm in e d  what t y p e  o f  t i n  was d e p o s it e d  i . e .  

b r i g h t  i n  t h e  a c t i v e  r e g i o n  or d u l l  near t h e  p a s s iv e  

r e g i o n .  Th e  amount o f  b r i g h t e n e r  had a d i r e c t  b e a r i n g  on 

t h i s  d e p o s i t i o n .

A d m it t a n c e  d e c re a se d  w i t h  i n c r e a s i n g  T r i b r i t e  

because t i n  was s u p p re s s e d  down t h e  p o r e s .  A g r e a t e r  

f r a c t i o n  o f  t h e  t o t a l  t h i c k n e s s  a c t s  as a d i e l e c t r i c  and 

hence t h e  a d m it ta n c e  i s  l e s s  th a n  fo r  e l e c t r o c o l o u r e d  f i l m s  

from b a t h s  not h a v in g  T r i b r i t e  a d d e d . At lo n g  c o l o u r i n g  

t im e s  s u p p r e s s io n  o f  t i n  re a c h e d  a l i m i t i n g  p o i n t  and when 

c o lo u r e d  fo r  e x c e s s i v e  p e r i o d s  e v o l u t i o n  of  h yd ro ge n  gas 

became t h e  p re d o m in a n t  r e a c t i o n ,  c a u s in g  th e  f i l m  t o  s p a l l .  

The  a d m it ta n c e  re a c h e d  a l i m i t  for s m a l l  a d d i t i o n s  o f  th e  

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

a d d i t i o n s  d i d  n o t  cause a d m it ta n c e  t o  d e c re a s e  any f u r t h e r .

In c re a s e d  amounts o f  T r i b r i t e  caused s p a l l i n g  to  

o c c u r  a t  s h o r t e r  c o l o u r i n g  t im e s  than i n  s o l u t i o n s  w i t h o u t  

t h e  b r i g h t e n e r .  Lower c u r r e n t  d e n s i t i e s  p r e v e n t e d  s p a l l i n g .  

The  p r e s e n c e  o f  T r i b r i t e  may p rom ote  e i t h e r  a g r e a t e r  f la w  

p r o d u c t i o n ,  more r e a n o d i s i n g  b e n e a th  t h e  o r i g i n a l  b a r r i e r  

l a y e r  or g r e a t e r  h yd ro g e n  gas e v o l u t i o n ,  or a c o m b in a t io n  

o f  a l l  t h r e e  f a c t o r s .  I t  i s  th o u g h t  t h e  ga s e v o l u t i o n  p l a y s
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a s i g n i f i c a n t  r o l « .

Tha  H u l l  C a l l  T a s t  c a th o d e s  showed how w e l l  th e  

t i n  s o l u t i o n s  p l a t e d  o n to  t h e  c o p p e r .  S m a ll  q u a n t i t é s  of 

T r i b r i t e  gave  good c o v e r  b u t  as t h e  am ounts in c r e a s e d  th e  

sm oothness and b r i g h t n e s s  o f  t h e  c o v e r  d e t e r i o r a t e d .  The 

H u l l  C e l l  T e s t  c a th o d e s  showed no c o r r e l a t i o n  w i t h  e i t h e r  

t h e  a d m it t a n c e  o r  t h e  l u m in a n c e .  T h e s e  l a t t e r  maasurements 

i n d i c a t e d  b e t t e r  p e r f o rm a n c e  tha n  t h e  c o r r e s p o n d in g  ca th o d e  

c o v e r  wo uld  s u g g e s t .  The  a d m i t t a n c e  was i n f l u e n c e d  b y  sm all 

i n i t i a l  q u a n t i t i e s ,  r a t h e r  tha n  e x c e s s i v e  amounts. T h i s  

showed t h e  im m ediate  im p a ct  o f  t h e  T r i b r i t e .  O c c a s i o n a l l y  

t h e  c o v e r  on th e  c a t h o d e s  d i d  n o t  ch a n g e  a f t e r  f u r t h e r  

a d d i t i o n s  o f  b r i g h t e n e r .  T h i s  was because i t  may n o t  have 

d i s s o l v e d  c o m p l e t e l y .  A n o th e r  f a c t o r  was t h a t  i f  a d d i t i o n s  

were made w i t h i n  a s h o r t  p e r i o d  the n  t h e  a c t i v i t y  o f  th e  

b r i g h t e n e r  would n o t  h a ve  been i n c r e a s e d  s i n c e  a 

' w o r k i n g - i n '  p e r i o d  was r e q u i r e d  b e f o r e  f u l l  a c t i v i t y  was 

re a c h e d .  In  t h e  c o n c e n t r a t e d  t i n  s o l u t i o n  p l a t i n g  on th e  

c o p p e r  c a th o d e  o c c u r r e d  a t  th e  h ig h  c u r r e n t  d e n s i t y  end 

o n l y .  T o r  l e s s  c o n c e n t r a t e d  s o l u t i o n s  p o l a r i z a t i o n  fo rc e d  

t h e  t i n  ro u n d  t h e  back o f  t h e  c a t h o d e .  R e s i s t a n c e  was sm all 

between t h e  anode and near end because when c u r r e n t  d e n s i t y  

i s  h i g h ,  t h e  p o t e n t i a l  t e n d s  t o  z e r o  i . e .  n o n - p o l a r i z a b l e .  

Th e  e q u a t io n  i  = t 1 0 3 S -S 2 4 1 o g x l I  i s  used o n l y  i f  

p o l a r i z a t i o n  i s  n e g l i g i b l e  i . e .  t h e  c o n c e n t r a t e d  s o l u t i o n  

w here p l a t i n g  o c c u r r e d  at  t h e  h ig h  c u r r e n t  d e n s i t y  end.

The  a c t i v i t y  o f  t h e  T r i b r i t e  d im i n is h e d  w i t h  

t i m e .  Optimum amounts re a c h e d  a peak o f  a c t i v i t y  w hich  

d e c l i n e d  r a p i d l y  b u t  th e n  m a in t a in e d  a low l e v e l  o f
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a c t i v i t y  for a p e r i o d  o f  t i m e .  T h i s  i n d i c a t e s  t h a t  th e  

T r i b r i t e  co m plexes w i t h  t h e  t i n  s o l u t i o n  and e x c e s s i v e  

amounts s i m p l y  s a t u r a t e  i t .  T h e  a c t i v i t y  c a n n o t  be 

i n c r e a s e d  beyond a l i m i t i n g  v a l u e .

5 . 1 1 . 1  C o l o r i m e t r y

G o ld  and l i g h t  b r o n z e  c o l o u r s  had a h ig h  

p e r c e n ta g e  r e f l e c t a n c e  a t  t h e  re d  end o f  t h e  s p e c t r u m .  The  

p e r c e n ta g e  r e f l e c t a n c e ,  a t  a l l  w a v e le n g t h s ,  became f a i r l y  

e q u a l as th e  c o l o u r  ten d e d  to w a rd s  b l a c k .  V e r y  l i t t l e  l i g h t  

was r e f l e c t e d  from d a rk  c o l o u r s ,  b u t  even t h e  g o l d  c o l o u r  

o n l y  r e f l e c t e d  sm a ll  amounts o v e r a l l  ( a p p r o x i m a t e l y  12 , 

At lo n g  c o l o u r i n g  t im e s  t h e  c o l o u r  becomes g r e y ,  t h i s  was 

c o n f ir m e d  by t h e  SEM p h o t o g r a p h s .  T r i b r i t e  d e c re a s e d  t h e  

p e r c e n ta g e  r e f l e c t a n c e  a t  a l l  w a v e le n g t h s ,  b u t  t h e r e  was a 

s l i g h t l y  g r e a t e r  p e r c e n ta g e  r e f l e c t a n c e  a t  t h e  re d  end of  

t h e  sp e c tru m  tha n  at t h e  b l u e  e n d , for s h o r t  c o l o u r i n g  

t im e s .  T f i is  showed T r i b r i t e  a l t e r e d  th e  l i g h t  s c a t t e r i n g  

c e n t r e s  o f  t h e  d e p o s i t s .  T o r  c o n c e n t r a t e d  t i n  s o l u t i o n s ,  

i n c r e a s i n g  amounts o f  T r i b r i t e  ca u s e d  th e  c o l o u r s  t o  become 

l i g h t e r  for  a l l  c o l o u r i n g  t i m e s .  T h i s  i n d i c a t e d  t h a t  

T r i b r i t e  a l t e r e d  t h e  way i n  w h ic h  t h e  t i n  was d e p o s i t e d .  

T r i b r i t e  may cause p e r f e r e n t i a l  f o r m a t io n  o f  P - t i n ,  as i s  

found i n  t h e  p u r e  m e t a l .

A s t a n d a r d  2 0 g / l  s ta n n o u s  s u l p h a t e  s o l u t i o n  

s h o u ld  c o n ta in e d  lOg/1 Sn^***, b u t  a n a l y s i s  showed t h a t  o n l y  

5 g / l  Sn^'*' was i n  s o l u t i o n .  Th e  t i n  was l o s t  d u r i n g  

p r e p a r a t i o n  o f  t h e  s o l u t i o n  due t o  o x i d a t i o n  t o  s t a n n i c  

s u l p h a t e .  Of t h e  5 g / l  Sn^"' i n  s o l u t i o n ,  up t o  h a l f  was l o s t
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due t o  o x i d a t i o n  d e p e n d in g  upon t h e  f r e q u e n c y  o f  u&e and 

s lo w  o x i d a t i o n  o v e r  t i m e .  H o w e ve r,  Sheasby ( 5 4 )  s t a t e d  

t h a t  t h i s  l o s s  o c c u r r e d  whether t h e  b a th  was used or n o t .  

P r e su m a b ly  t h e  s o l u t i o n s  were l e f t  open t o  t h e  a i r .  In  my 

i n v e s t i g a t i o n s ,  th e  s o l u t i o n s  were b o t t l e d  when n o t  i n  use 

and t h i s  l i m i t e d  th e  amount o f  o x i d a t i o n .

The  n e g a t i v e  g r a d i e n t s  for t h e  c o l o u r i n g  t im e  of 

&min showed i r r e g u l a r  b e h a v io u r  fo r  c o l o u r i n g  w i t h  and 

w i t h o u t  T r i b r i t e  as s e a l i n g  t im e  i n c r e a s e d .  O v e r a l l ,  th e  

g r a d i e n t s  were low er when f i l m s  were c o l o u r e d  w i t h  th e  

a d d i t i o n  o f  T r i b r i t e .  A s i m i l a r  t r e n d  was a l s o  o b s e rv e d  for 

t h e  p o s i t i v e  g r a d i e n t s  f o r  s h o r t  c o l o u r i n g  t im e s ,  a l t h o u g h  

t h e  e f f e c t  was n o t  as p r o n o u n c e d .  G ra p h s  14b and 15b, w hich  

showed t h e  c a l c u l a t e d  t i n  c o n t e n t ,  i n d i c a t e d  t h a t  t h e r e  was 

l e s s  d i s t i n c t i o n  between th e  amount o f  t i n  found w i t h  or 

w i t h o u t  T r i b r i t e  p r e s e n t .  T r i b r i t e  a p p e a rs  t o  have a 

g r e a t e r  i n f l u e n c e  a t  s h o r t  s e a l i n g  t im e s .  A t  s h o r t  s e a l i n g  

t im e s ,  and p a r t i c u l a r l y  f o r  f r e s h  f i l m s ,  t h e  p o r e  b l o c k i n g  

m a t e r i a l  was g e l a t i n o u s .  The  c o n t r i b u t i o n  made by t h e  t i n  

t o  th e  a d m i t t a n c e  v a l u e  may have been g r e a t e r  i n  t h i s  case  

and hence any e f f e c t  o f  T r i b r i t e  may h ave been d e t e c t e d  

more r e a d i l y .  The  g r a d i e n t s  c a l c u l a t e d  from t h e  e q u a t io n

< 5 .1 0 )
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6 .1  N i t r i c  A c i d  P r » d i p

F i l m s  a l r e a d y  s o f t e n e d  by  o t h e r  a g e n t s ,  such as 

h ig h  a n o d i s i n g  e l e c t r o l y t e  t e m p e r a t u r e ,  s u f f e r e d  

s u b s t a n t i a l  w e ig h t  and t h i c k n e s s  l o s s ,  w h i l e  h a r d  f i l m s  d i d  

n o t .  I t  i s  t h e  s u r f a c e / i n t e r m e d i a t e  l a y e r  w h ich  i s  l o s t  

when two l a y e r s  e x i s t .  I t  may be t h e  i n t e r m e d i a t e  la y e r  

w h ich  i s  t h e  much s o f t e r  o u t e r  l a y e r  i n  i n h e r e n t l y  s o f t  

f i l m s ,  and t h i s  may be a cc o u n te d  f o r  by  t h e  more ’ p o r o u s ’ 

a n h y d ro u s  c e l l  w a l l s  w h ich  o c c u r  i n  s o f t  f i l m s .  Th e  c e l l  

w a l l s  may th e m s e lv e s  become h y d r a t e d .  O v e r s e a le d  f i l m s  l o s t  

some o f  t h e  s o f t  o u t e r  l a y e r  t o  r e v e a l  an u n d e r l y i n g  hard 

f i  1 m.

£.-2 33'/. N i t r i c  A c id  A d m it t a n c e  D r i f t  T e a t

I t  appeared t o  be t h e  i n t e r m e d i a t e  l a y e r  which 

i n f l u e n c e d  t h e  d r i f t  t e s t .  U e l l  s e a le d  f i l m s  g a v e  sm all 

p o s i t i v e  d r i f t s  w h i l e  i n a d e q u a t e l y  s e a l e d  f i l m s  g a ve  la r g e  

p o s i t i v e  d r i f t s .  The  Y - (  p r o f i l e  showed how w e l l  sealed  

f i l m s  were c o n s o l i d a t e d  t h r o u g h o u t  w h i l e  p a r t i a l l y  sealed  

f i l m s  were n o t .  S o f t  f i l m s  e x h i b i t e d  a d r i f t ,  b u t  t h i s  was 

due t o  t h e  removal o f  t h e  s o f t  o u t e r  l a y e r ,  d e c r e a s i n g  th e  

t h i c k n e s s ,  and not due t o  i n f e r i o r  s e a l i n g  q u a l i t y .  I t  was 

found t h a t  w e l l  s e a le d  h a rd  f i l m s  ga ve  a p o s i t i v e  Y o f  0 .1  

t o  0 . 2  and Y t  o f  1 t o  2.
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T h e  d r i f t  method ahowed how t h e  p o re  f i l l i n g  

m e t e r i a l  o f  f i l m s  s e a l e d  i n  ’ A lc o a  4 8 2 ’ in c r e a s e d  i n  

c o n s o l i d a t i o n  as a g e in g  p ro c e e d e d .  H o w e ve r,  t h e  d r i f t s  d id  

n o t  a t t a i n  t h e  lo w  v a l u e s  c h a r a c t e r i s t i c  o f  h y d r o t h e r m a l l y  

s e a l e d  f i l m s .

Th e  c o n c e n t r a t e d  n i t r i c  a c i d  d r i f t  o f  f r e s h l y  

p r e p a r e d  f i l m s  c o u l d  n o t  be measured b e cau se  t h e  p o re  

f i l l i n g  g e l  r e q u i r e d  c o n s o l i d a t i o n  b e f o r e  a v a l u e  c o u l d  be 

m easured.

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

l a y e r s  were n o t  d i s s o l v e d  b u t  t h a t  some r e d i s t r i b u t i o n  of 

m a t e r i a l  cau se d  t h e  p o r e s  t o  become b lo c k e d .  I t  i s  

p o s t u l a t e d  t h a t  i t  i s  t h e  s u r f a c e  l a y e r  w h ic h  i s  d i s s o l v e d  

and p a r t  o f  t h e  i n t e r m e d i a t e  l a y e r  w h ich  i s  r e d i s t r i b u t e d .  

T h i s  r e d i s t r i b u t i o n  may j u s t  o u tw e ig h  t h e  d i s s o l u t i o n  

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

p o s i  t i  ve  d r  i  f t .

£ . 3  N i c k e l A c e t a t e  S e a l i n g

When a n t i - s m u t  a g e n ts  a r e  p r e s e n t  i n  t h e  s e a l i n g  

s o l u t i o n  i t  i s  t h o u g h t  t h a t  no i n t e r m e d i a t e  l a y e r  i s  

form ed . H ow e ve r, due t o  t h e  c o m p e tin g  h y d r o t h e r m a l  r e a c t i o n  

some form o f  b o e h m ite  may be p r e s e n t .  The p o s s i b l e  

c o m b in a t io n  o f  t h e  h e x a a q u a n ic k e l  ( I I )  io n  w i t h  th e  

CAl < H * 0 ) « i* ' ’‘ i o n  may form an i n s o l u b l e  complex which 

b lo c k e d  t h e  p o r e s .  Th e  a g e in g  o f  t h i s  co m plex may pro ce e d  

b y  a p o l y m e r i s a t i o n  r e a c t i o n  c a u s in g  t h e  d e n s i t y  and 

c r y s t a l l i n i t y  t o  i n c r e a s e ,  and b l o c k i n g  t h e  d i f f u s i o n
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p a th w a y s .  Th*  o u t e r  r e g i o n s  o f  t h e  p o r e s  were th e  most 

im perm eable  s i n c e  r a p i d  i n i t i a l  g e l  f o r m a t io n  o c c u r r e d  

h e r e .  Th e  p r e s e n c e  o f  n i c k e l  a l lo w e d  t h e  ’ a c t i v e  s i t e s ’ t o  

re m a in  u n h in d e r e d  by c o n ta m in a n t s ,  so t h a t  t h e  h y d r o x y l  io n  

c o n c e n t r a t i o n  c o n t in u e d  t o  be prom oted at  th e s e  s i t e s .  As 

t h e  q u a n t i t y  o f  p o re  b l o c k i n g  m a t e r i a l  in c r e a s e d ,  a h ig h e r  

Al'*'’' io n  c o n c e n t r a t i o n  was p ro m o te d , and t h e  lo w  a c i d i t y  

due t o  t h e  i n c r e a s e  i n  h y d r o x y l  io n  c o n c e n t r a t i o n ,  and h ig h  

s o l u t i o n  t e m p e r a t u r e ,  f a v o u re d  t h e  a g e in g  p r o c e s s .  A n e t  

u p ta k e  o f  w a te r  may c o n t r o l  t h e  p o r e  f i l l i n g  p r o c e s s .  I t  

was found t h a t  w a te r  s e a l s  u n s e a le d  f i l m s ,  w hich  have been 

d r i e d ,  t o  a g r e a t e r  e x t e n t  than ’ A l c o a  4 8 2 ’ , s u p p o r t i n g  t h e  

v ie w  t h a t  once t h e  p o r e s  became p a r t i a l l y  b lo c k e d  by 

b o e h m ite ,  t h e  n i c k e l  was h in d e r e d  from e n t e r i n g  and fo rm in g  

t h e  complex t o  any g r e a t  e x t e n t .

The a d m i t t a n c e -a b r a s i o n  p r o f i l e  ( Y - ( )  o f  a w e l l
4 yt-( r r >

s e a le d  h y d r o t h e r m a l  f i l m  showed a c o n s t a n t  admi t t anse

t h r o u g h o u t  t h e  l e n g t h  o f  t h e  s e a le d  p o r e s .  Bo th f re s h  and
a. o M .

aged p o o r l y  s e a le d  h y d ro th e rm a l  f i l m s  showed t he admi t t anc e

t h e  f i l m  was a b ra d e d , as o c c u r s  a ls o  w i t h

f r e s h l y  p r e p a r e d  p o o r l y  s e a le d  ’ A l c o a  4 8 2 ’ f i l m s .  However 

an aged ’ p o o r l y ’ s e a le d  ’ A lc o a  4 8 2 ’ f i l m  a t t a i n e d  a l i n e  

h o r i z o n t a l  t o  t h e  x - a x i s .  T h i s  showed t h a t  c o n s o l i d a t i o n  

i n c r e a s e d  w i t h  a g e in g  t h r o u g h o u t  t h e  l e n g t h  o f  t h e  p o re .

£.4 Long Term Cold Immersion

The s e a l i n g  mechanism f o r  f i l m s  s e a le d  i n  p l a i n  

w a te r  d i f f e r e d  from t h a t  for f i l m s  s e a le d  i n  n i c k e l
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a c a t a t * .  Tha s u p a r f i c i a X  machaniams o f  e a r l y  p ore  

b l o c k i n g / s a a l i n g  w are  q u i t e  d i f f e r e n t .

Water s e a l e d  f i l m s  can be compared t o  p a r t i a l l y  

h y d r o t h e r m a l l y  s e a l e d  f i l m s .  A d m it t a n c e  measurements 

ap p e a re d  t o  show t h e  f i l m s  were s e a l e d i  but t h e  a d m it ta n c e  

d r i f t  t e s t  showed t h a t  t h e  p o r e s  were o n l y  b lo c k e d  w ith  

m a t e r i a l  s o l u b l e  i n  n i t r i c  a c i d .  T h e s e  f i l m s  were s i m i l a r  

t o  th o s e  p a r t i a l l y  s e a le d  by e x p o s u r e  t o  t h e  e n v iro n m e n t  

w here  t h e r e  was a c o m p e t i t i o n  between s e a l i n g  and 

w e a t h e r in g .

F i l m s  immersed i n  a n i c k e l  a c e t a t e  s o l u t i o n  were 

s e a l e d  by a mechanism s i m i l a r  t o  t h a t  which o c c u r s  d u r i n g  

h o t  n i c k e l  a c e t a t e  s e a l i n g .  T h e  f o r m a t io n  o f  a 

n i c k e l - a l u m i n i u m  complex b lo c k e d  t h e  p o r e s  by 

s o l i d i f i c a t i o n  o f  t h e  co m plex, as shown by t h e  a d m it ta n c e  

d r i f t  v a l u e s .  Th e  c o n s o l i d a t i o n  o f  t h e  m a t e r i a l  in c r e a s e d  

w i t h  t im e  and changed t h e  d i e l e c t r i c  c o n s t a n t  o f  th e  

m a t e r i a l .  The  c o n c e n t r a t i o n  o f  t h e  n i c k e l  r a t h e r  t h a n  th e  

d e p th  o f  p e n e t r a t i o n  appeared t o  a f f e c t  t h e  a g e in g  p r o c e s s .

6 . 5  O u td o o r  E x p o s u r e  o f  Ano d ise d  F i l m s

Exposed fa c e s  o f  u n se a le d  f i l m s  w h ich  were not 

a d e q u a t e l y  s e a l e d ,  had a s e v e r e  b loo m  and t h e r e  had been 

some t h i c k n e s s  r e d u c t i o n .  The s h i e l d e d  fa ce s  app e a re d  t o  be 

s e a l e d  by t h e  c r i t e r i o n  o f  an a d m it t a n c e  t e s t ,  b u t  th e  

a d m it t a n c e  d r i f t  t e s t  r e v e a le d  t h e  s e a l i n g  was i n f e r i o r .  

T h e r e  was a bloom and some t h i c k n e s s  i n c r e a s e .  These 

r e s u l t s  a r e  s i m i l a r  t o  t h o s e  of  u n s e a le d  f i l m s  immersed for
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lo n g  p e r i o d s  i n  w a t e r .

Th e  a d m it ta n c e  d r i f t  on p a r t i a l l y  s e a l e d  f i l m s  

showed t h e  exposed fa c e s  t o  be s e a l e d  w h i l e  t h e  s h i e l d e d  

fa c e s  were i n a d e q u a t e l y  s e a l e d .  H ow ever, exposed fa c e s  

c a r r i e d  a w o rse  b loom . W e a t h e r in g  p r o d u c t s  may b lo c k  t h e  

p o r e s ,  g i v i n g  a lo w  a d m it ta n c e  v a l u e ,  but  i n  t h e  a d m it ta n c e  

d r i f t  t e s t ,  t h i s  l o o s e ,  p o r e  b l o c k i n g  m a t e r i a l  d i s s o l v e s .  

Th e  d e c re a s e  i n  t h i c k n e s s  was due t o  t h e  s u r f a c e  l a y e r  

b e i n g  u nderm ined and removed by  t h e  w e a t h e r .  The  

i n t e r m e d i a t e  l a y e r  may a l s o  e x p e r i e n c e  t h e  same phenomena. 

T h i c k n e s s  i n c r e a s e s  were due t o  f a v o u r a b l e  c o n d i t i o n s  fo r  

t h e  p r e c i p i t a t i o n / d i S B o l u t i o n  mechanism.

M i c r o c r a c k s  and c r a z i n g  may h ave i n f l u e n c e d  t h e  

a d m it t a n c e  v a l u e s  at d i f f e r e n t  t im e s  o f  t h e  y e a r  c a u s in g  

a d m it t a n c e  t o  r i s e  a f t e r  h o t ,  d r y  p e r i o d s  and renewed 

p r e c i p i t a t i o n / d i s s o l u t i o n  may h ave h e a le d  th e s e  d e f e c t s  

a f t e r  wet p e r i o d s .  However, wet p e r i o d s  w o uld  a l s o  prom ote 

’ w e a t h e r i n g ’ of  t h e  f i l m .  T h u s  t h e r e  was a c o m p e t i t i o n  

between w e a t h e r in g  and s e a l i n g ,  t h e  e f f e c t s  o f  e i t h e r  one 

p r e d o m in a t i n g  d u r i n g  s p e c i f i c  e n v i r o n m e n t a l  p a t t e r n s .

T h e  c o n t in u e d  d e c r e a s e  i n  t h e  g r a d i e n t s  o f  

p a r t i a l l y  and f u l l y  s e a le d  f i l m s  i n d i c a t e d  t h a t ,  a l t h o u g h  

d i f f u s i o n  p a thw a ys may be b l o c k e d ,  f u r t h e r  s e a l i n g  o c c u r r e d  

s i n c e  some d i f f u s i o n  o f  w a te r  may t a k e  p l a c e  t h r o u g h  t h e  

a n h y d ro u s  c e l l  w a l l s ,  and t h i s  may be enhanced by 

m i c r o c r a c k s .  V a r i a t i o n s  i n  t h i c k n e s s  on exposed fa c e s  o f  

f u l l y  s e a le d  f i l m s  showed t h e  c o m p e t i t i o n  between t h e  

p r e c i p i t a t i o n / d i s s o l u t i o n  mechanism and w e a t h e r in g .  The 

a d m it t a n c e  d r i f t  o f  w e l l  s e a l e d  f i l m s  was s m a ll  i n d i c a t i n g
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t h a t  a x p o a u r «  had n o t  undarntinad t h a  f i l m .  V a r y  t h i c k  f i l m a  

wara p r o n a  t o  c r a z i n g  avan whan w e l l  a e a le d .

6 . 6  S u lp h u r  D io x id a  T e s t

T h e  optimum c o n d i t i o n s  f o r  a s u l p h u r  d i o x i d e  t e s t  

were 6 h o u r s  a t  a t e m p e r a t u r e  o f  40*C. M a ll  s e a le d  

h y d r o t h e r m a l  25Mm f i l m s  p a sse d  t h e  t a s t .  T i l m s  s e a le d  fo r  

o t h e r  t im e s  and h a v in g  o t h e r  t h i c k n e s s e s  f a i l e d  t h e  t e s t .  

C r a z e d ,  w e l l  s e a le d  f i l m s  a l s o  f a i l e d .  Th e  p o r e s  of  

i n a d e q u a t e l y  s e a l e d  f i l m s  became b lo c k e d  due t o  t h e  

p re s e n c e  o f  c o r r o s i o n  p r o d u c t s ,  w h ic h  u n d e rm in e d  t h e  f i l m  

as shown b y  an i n h e r e n t  b lo o m . Th e  s u l p h u r  d i o x i d e  gas 

s o f t e n e d  f i l m s  w h ich  e x h i b i t e d  an o u t e r  s o f t  l a y e r  and an 

in n e r  h a r d e r  l a y e r .  The  p r e s e n c e  o f  c o n d e n s a t io n  d u r i n g  t h e  

f i r s t  2 t o  3 h o u r s  o f  t h e  t e s t  caused t h e  f o r m a t io n  o f  

s u l p h a t e .  O v e r s e a le d  f i l m s  showed i r i d e s c e n c e  due t o  t h e  

l a t e r a l  f l a k i n g  o f  s u r f a c e  and i n t e r m e d i a t e  l a y e r s .

F i l m s  s e a l e d  i n  ’ A l c o a  4 8 2 ’ were n o t  a t t a c k e d  by 

t h e  s u lp h u r o u s  a c i d  i n d i c a t i n g  t h e  im p e rm e a b le  n a t u r e  of  

t h e  p o r e  f i l l i n g  m a t e r i a l .

6 .7  S e a l i n g  Bloom

W h ite  powder r e s i d u e s  on t h e  g l a s s  paper o f  t h e  

t h r e e  paper t e s t  showed a s e a l i n g  bloom t o  be p r e s e n t  on 

w e l l  s e a l e d  2S»>m f i l m s ,  w h i l e  t h e  s u l p u r  d i o x i d e  t e s t  gave  

no b lo o m . S h o r t  s e a l i n g  t im e s  d i d  n o t  g i v e  a s e a l i n g  bloom, 

but a s u lp h u r  d i o x i d e  bloom  fo rm e d . T h e  t h r e e  paper
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a b ra m io n  t » s t  can d i s t i n g u i s h  bstw san p o o r l y  and w e l l  

s a a l a d  f i l m s ,  b a f o r a  a s u lp h u r  d i o x i d a  t a s t  i s  p a r  formed. 

I t  can a l s o  d i s c r i m i n a t a  batwaan t h i c k  and t h i n  f i l m s  w h ich  

wara a n o d is a d  a t  a l a c t r o l y t e  ta m p a r a t u r e s  a b o va  20*C. T h i c k  

f i l m s  wara s u b j a c t a d  t o  t h e  d i s s o l u t i o n  e f f e c t s  o f  t h e  a c i d  

and showed s o f t  o u t e r  l a y e r s  w h i l a  t h i n  f i l m s  d i d  n o t .

A n o d i s i n g  f i l m s  at e l e v a t e d  t e m p e r a t u r e s  and

s u b j e c t i n g  them t o  a s u lp h u r  d i o x i d e  t e s t  g a v e  two d i s t i n c t  

l a y e r s  i n  t h e  f i l m ,  t h e  o u t e r  l a y e r  b e in g  s o f t e r  th a n  th e  

i n n e r  l a y e r ,  w h ich  was a l s o  u n a c c e p t a b ly  s o f t .  A f t e r  a 

p r e d i p  i n  337C n i t r i c  a c id  b o th  l a y e r s  were s o f t e n e d  f u r t h e r  

sh o w in g  t h a t  t h e  n i t r i c  a c i d  p r e d i p  does n o t  remove t h e  

s u l p ^ r  d i o x i d e  b lo o m / s o f t  l a y e r s  b u t  a c c e n t u a t e s  them. T h i s  

bloom i s  i n h e r e n t  w i t h i n  t h e  f i l m .  A s o f t  f i l m  h a v in g  two 

l a y e r s  and s u b j e c t e d  t o  a p r e d i p  a lo n e  c a r r i e d  o n l y  one

l a y e r  a f t e r  t h e  p r e d i p .  The p r e d i p  had removed t h e  s o f t

o u t e r  l a y e r .  I t  can be c o n c lu d e d  t h a t  t h e  i n t e r m e d i a t e

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

when t h i s  l a y e r  i s  a t ta c k e d  b y  t h e  s u lp h u r o u s  a c i d  i t s  form 

changes so t h a t  i t  becomes i n s o l u b l e  i n  33V, n i t r i c  a c i d .

£ . 8  The  S i g n i f i c a n c e __ g f  t h t __ a r i d i t n t * __ 0 l _________ S r i C h  g f

Yt(2 5 * »C )  A g a i n s t  T h i c k n e s s ____u ___found___by___y i s __ L in e a r

R e g r e s s io n  Method

Over a l i m i t e d  ra n g e  o f  d e l i b e r a t e  t h i c k n e s s  

v a r i a t i o n s  o f  a n o d ic  o x id e  f i l m s  i t  was found t h a t  i f  t h e  

p o i n t s  on t h e  g ra p h  o f  Y t ( 2 S * C )  a g a in s t  t h i c k n e s s  were 

t r e a t e d  by l i n e a r  r e g r e s s i o n  t o  o b t a i n  an e q u i v a l e n t  l i n e a r
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g r a d i e n t ,  t h e  b a t c h  was deemed a c c e p t a b l e  i f  t h e  g r a d i e n t  

was l e s s  th a n  -*-10. T h i s  a pproach  showed a u s e f u l  c o n n e c t io n  

w i t h  t h e  q u e s t i o n  o f  t h e  de gre e  o f  s e a l i n g  o f  b a tc h e s  

h a v in g  a ra n g e  o f  t h i c k n e s s e s  b u t  a common s e a l i n g  t im e .  

The l i n e a r  r e l a t i o n s h i p  i s  a r e a s o n a b le  a ss u m p tio n .

6 . 9  E l e c t r o c o l o u r e d  O x id e  F i lm s

I t  i s  p o s s i b l e  t h a t  t h e  e l e c t r o l y t i c a l l y  

d e p o s i t e d  t i n  i s  i n  a d i s t o r t e d  t e t r a g o n a l  form . The 

i n f l u e n c e  o f  c o l o u r i n g  c u r r e n t  d e n s i t i e s  p la y e d  an 

i m p o r t a n t  r o l e  w i t h  r e s p e c t  t o  c o l o u r i n g  t i m e .  The  lower 

c u r r e n t  d e n s i t i e s  p ro d u c e d  t h e  d a r k e r  c o l o u r s  f o r  lo n g  

c o l o u r i n g  t im e s ,  w h i l e  at h ig h  c u r r e n t  d e n s i t i e s  th e  

l i m i t i n g  v a lu e s  w e re  approached q u i c k l y  and s p a l l i n g  

o c c u r r e d .  T h i s  may have been due t o  a combined e f f e c t  of 

h yd ro g e n  gas e v o l u t i o n  and th e  n ew /old  b a r r i e r  l a y e r  

i n t e r f a c e .  An a l t e r n a t i v e  e x p l a n a t io n  i s  t h a t  a r i s e  i n  pH 

enhances t i n  d e p o s i t i o n .  E l e c t r o n s  must p l a y  a p a r t  in  

e i t h e r  a r e d u c t i o n  r e a c t i o n  or a c t i v a t i o n  o f  f la w s ,  and 

s e m i - c o n d u c t i o n  may o c c u r  th r o u g h  t h e s e  f la w s .  As c o l o u r i n g  

t im e  i n c r e a s e d  t h e  c o l o u r s  became d a r k e r  as shown by 

c o l o r i m e t r y ,  and a t  e x te n d e d  c o l o u r i n g  t im e s  t i n  was shown 

by v a r i o u s  means t o  e x t e n d  t o  th e  mouths o f  th e  p o r e s .  

V a r i a t i o n s  i n  t h e  c h r o m a t i c i t y  c o - o r d i n a t e s  fo r  f i l m s  

c o l o u r e d  under i d e n t i c a l  c o n d i t i o n s  were due t o  v a r i a t i o n s  

i n  s u r f a c e  t o p o g r a p h y .  Th e  lu m in a n c e  v a l u e  was found t o  be 

more u s e f u l  measurement tha n  th e  c o - o r d i n a t e s  and t o g e t h e r  

w i t h  t h e  L ,  a, b ,  aE sy s te m , gave q u a n t i t a t i v e  e v a l u a t i o n s
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o f  c o l o u r .  By o b s e r v in g  t h e  shapes o f  t h e  g r a p h s  o f  aE 

a g a i n s t  c o l o u r i n g  t im e ,  and t h e  lu m in a n c e  a g a i n s t  c o l o u r i n g  

t im e  (w h ic h  a r e  m i r r o r - i m a g e s ) , t h e  ’ o v e r f i l l i n g ’ o f  p o re s  

w i t h  t i n  may be a v o i d e d .  Bo th c u r v e s  o f  th e s e  g r a p h s  

in c r e a s e d  r a p i d l y  at  s h o r t  c o l o u r i n g  t im e s ,  b u t  a t  lo n g  

c o l o u r i n g  t im e s  p ro d u c e d  l i t t l e  v a r i a t i o n .  T h i s  showed t h e  

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

q u i c k l y  r e a c h i n g  an ’ o p tim u m ’ v a l u e .  I n c r e a s i n g  t h e  t i n  

beyond t h i s  optimum v a l u e  was d e t r i m e n t a l  t o  t h e  f i l m .

At s h o r t  c o l o u r i n g  t im e s  t h e  amount o f  t i n  

a p p e a rs  t o  be i r r e g u l a r  f o r  i d e n t i c a l  c o l o u r i n g  t im e s .  

D u r i n g  t h e  f i r s t  m in u te  o f  c o l o u r i n g  t h e  c u r r e n t  r o s e  

r a p i d l y  due t o  t h e  r e c t i f y i n g  a c t i o n  o f  t h e  a n o d ic  f i l m .  

The  t im e  ta k e n  f o r  t h e  r e c t i f i c a t i o n  t o  d e c re a s e  may

d e t e r m in e  when t i n  d e p o s i t i o n  b e g i n s .

Th e  a d m it t a n c e  o f  e l e c t r o c o l o u r e d  f i l m s  was 

g r e a t e r  th a n  t h a t  o f  n a t u r a l  c o l o u r e d  f i l m s .  F i l m  t h i c k n e s s  

was in d e p e n d e n t  o f  c o l o u r i n g  t im e « p  t o  a p o i n t  b u t  f i l m  

q u a l i t y  was dependent upon t h e  f i l m  t h i c k n e s s .  T h e o r e t i c a l  

c a l c u l a t i o n s  showed t h e  t h i c k n e s s  o f  t h e  f i l m  i n f l u e n c e d  

t h e  amount o f  t i n  d e p o s i t e d  fo r  i d e n t i c a l  c o l o u r i n g  t im e s .  

Long c o l o u r i n g  t im e s  showed t h e  p e r c e n t a g e  o f  t i n  d e c re a se d  

as t h i c k n e s s  i n c r e a s e d ,  w h i l e  f o r  s h o r t  c o l o u r i n g  t im e s  th e  

p e r c e n t a g e  in c r e a s e d  as t h i c k n e s s  i n c r e a s e d .  I t  was 

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

p o r e s  w h ich  ap p e a re d  t o  be c o n f ir m e d  b y  t h e  c a l c u l a t i o n s  o f  

t i n  t h i c k n e s s .  I t  was p o s s i b l e  t h a t  t h e  t h i c k e r  f i l m s  had a 

l a r g e r  p o r e s  c r e a t i n g  a s m a l l e r  f la w  p o p u l a t i o n  and l e s s  

d e p o s i t i o n  o f  t i n  (b u t  see s e c t i o n s  6 . 1 0  and 6 . 1 1 ) .
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T h e  g r a d i e n t s  o f  t h e  gra p h  o f  Y t ( 2 S * C )  a g a i n s t  

f i l m  t h i c k n e s s  f o r  w e l l - s e a l e d  f i l m s  were l a r g e  and 

n e g a t i v e  due t o  t h e  p re s e n c e  o f  t i n  i n  t h e  p o r e s .  As f i l m  

t h i c k n e s s  i n c r e a s e d ,  t h e  g r a d i e n t  found from t h e  e q u a t io n

d e c r e a s e d ,  assum ing t h a t  A and t«,  re m a in e d  c o n s t a n t .  The  

p o i n t s  on t h e  g r a p h  o f  Y t ( 2 5 * C )  a g a i n s t  t h i c k n e s s  o ve r  a 

l i m i t e d  t h i c k n e s s  r a n g e  can be t r e a t e d  by l i n e a r  r e g r e s s i o n  

t o  g i v e  an e q u i v a l e n t  l i n e a r  g r a d i e n t ;  an a v e ra g e  v a l u e  o f  

t h e  form Y t ( 2 5 * C )  = a + b t ,  o v e r  t h e  w hole  t h i c k n e s s  r a n g e .  

Th e  c o m p a riso n  o f  e x p e r i m e n t a l l y  p ro d u c e d  r a n g e s  w i t h  

co m m e rc ia l  r a n g e s  su g g e s te d  t h e  t h e o r y  was not t o o  s im p l e  

t o  g i v e  r e a s o n a b le  r e s u l t s ,  i f  th e  a ss u m p tio n  was made t h a t  

t h e  t i n  f i l l s  22 t o  23)<m o f  a 25 t o  30>>m f i l m .  H ow ever, A 

must v a r y  as t ’ v a r i e s  f o r  a common s e a l i n g  t im e  fo r  a 

r a n g e  o f  t h i c k n e s s e s .  T h u s  A and t«.  d i d  not re m a in  

c o n s t a n t .  (A  in c r e a s e d  as t ’ d e c r e a s e d . )  Th e  gra p h  o f  t h e  

g r a d i e n t  a g a i n s t  t o t a l  f i l m  t h i c k n e s s  th e n  a pproached a 

s e m i - 1 o g a r i t h m i c  r e l a t i o n s h i p .  I f  t h e  l i n e a r  r e g r e s s i o n  

method was a p p l i e d  t o  a ra n g e  o f  t h i c k n e s s e s  t h e  a v e ra g e  

l i n e a r  g r a d i e n t  was found t o  be more r e a s o n a b l e .

F o r s h o r t  c o l o u r i n g  t im e s  t h e  t i n  metal t h i c k n e s s  

was not s i g n i f i c a n t  and t h e  e f f e c t i v e  d i e l e c t r i c  t h i c k n e s s  

was a p p r o x i m a t e l y  e qual t o  t h a t  o f  t h e  t o t a l  o x i d e  

t h i c k n e s s .  Th e  g r a d i e n t s  were p o s i t i v e  and a c h ie v e d  a v a l u e  

o f  -1-10, so t h e  e l e c t r o c o l o u r  a d m it ta n c e  t h e o r y  d i d  n o t
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a p p l y  ae n a g a t i v a  g r a d i e n t s  w ere  o n l y  found w i t h  d a rk  

c o l o u r s .

6 . 1 0  Th e  E f f e c t s  o f  A n o d i s i n g .  S o a k in g ___and C o l o u r i n g  a t

SlcYtttd TiiTiBeratures

The a b r a s i v e  wheel t e s t  was u s e f u l  f o r  a s s e s s in g  

t h e  t h i c k n e s s  at  w h ich  t i n  was p r e s e n t  i n  t h e  f i l m .  The

g e n e r a l  t r e n d  showed t h a t  t h e r e  was l e s s  t i n  i n  t h e  p o r e s

when f i l m s  were a n o d is e d  at 15‘ C tha n  when a n o d is e d  above 

t h i s  t e m p e r a t u r e .  T h i s  i n d i c a t e d  t h a t  t h e  p o r e s  were 

e n l a r g e d  at e l e v a t e d  a n o d i s i n g  t e m p e r a t u r e s .  The t h i n n e r  

p o r e s  appeared t o  r e s t r i c t  t h e  t i n  t o  t h e  p o re  d e p t h s .  T h i s  

r e s u l t  was at  v a r i a n c e  w i t h  t h e  t h i c k n e s s  o f  t i n  found by 

t h e o r e t i c a l  c a l c u l a t i o n s  for f i l m s  o f  d i f f e r e n t  t h i c k n e s s e s  

c o l o u r e d  fo r  i d e n t i c a l  t im e s ,  i n  w h ich  t h e  l a r g e r  p o r e s

c a r r i e d  l e s s  t i n  ( b u t  see s e c t i o n  6 . 9 ) .  H ow e ve r, t h e

m o r p h o l o g i c a l  ch a n g e s w hich  o c c u r r e d  t o  t h e  p o r o u s  

s t r u c t u r e  d u r i n g  e l e v a t e d  te m p e r a t u r e  a n o d i s i n g  were 

g r e a t  er th a n  any cha n g e s t o  p o r e  d im e n s io n s  w h ich  may o c c u r  

s i m p l y  due t o  c h e m ic a l  d i s s o l u t i o n .  T h i s  f a c t  t o g e t h e r  w i t h  

t h e  e v id e n c e  o f  t i n  t h i c k n e s s  found from t h e  a b r a s i v e  wheel 

t e s t  s u g g e s ts  t h e  e x p e r im e n t a l  e v id e n c e  i s  r e a s o n a b le .  The  

t i n  c o n t e n t  found b y  t h e  t h e o r e t i c a l  c a l c u l a t i o n s  a ppeared 

t o  be o v e r e s t im a t e d  compared t o  th o s e  found by t h e  a b r a s i v e  

wheel m ethod. T h i s  o v e r e s t i m a t i o n  was due t o  t h e  a ss u m p tio n  

t h a t  A was a c o n s t a n t  C Y t ' ( 2 5 « C )  = 200 Sm x 1 0 - ‘ “ 1, and i f  

A i n c r e a s e d  as t ’ d e c r e a s e d ,  th e n  t h e  t i n  c o n te n t  may h a v e  

been more i n  l i n e  w i t h  t h a t  found from t h e  a b r a s i v e  wheel
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t e s t .  However I t h e  a b r a s i v e  wheel method was n o t  used on 

f i l m s  l e s s  th a n  20)>m i n  t h i c k n e s s .  The  c o n t r i b u t i o n  made by 

t h e  e l e v a t e d  t e m p e r a t u r e s  t o  t h e  s i z e  o f  t h e  p o r e s  was 

s i g n i f i c a n t  and t h e  a p p a re n t  c o n t r a d i c t o r y  r e s u l t s  may be 

g e n u in e  due t o  g e o m e t r ic a l  f a c t o r s .

C o l o u r i n g  and s o a k in g  f i l m s  i n  s u l p h u r i c  a c i d  at 

e l e v a t e d  t e m p e r a t u r e s  b e f o r e  s e a l i n g  re d u ce d  t h e  a b r a s io n  

r e s i s t a n c e .  C o l o u r i n g  at  room t e m p e r a t u r e  d i d  n o t  have a 

d e t e c t a b l e  s o f t e n i n g  e f f e c t .  C o l o u r i n g  had a m a r g i n a l l y  

g r e a t e r  e f f e c t  than s o a k in g .  I t  was not t h e  a l t e r n a t i n g  

c u r r e n t  c o l o u r i n g  t r e a t m e n t  at  e l e v a t e d  t e m p e r a t u r e s  which 

caused t h e  r e d u c t i o n  i n  a b r a s io n  r e s i s t a n c e ,  but th e  

te m p e r a t u r e  o f  th e  s o l u t i o n .  F a c t o r s  w h ich  i n f l u e n c e d  th e  

r e d i s s o l v i n g  p r o c e s s e s  a f f e c t e d  t h e  a b r a s io n  r e s i s t a n c e .  

Two d i s t i n c t  l a y e r s  were o b s e rv e d  i n  f i l m s  a n o d ise d  and 

c o lo u r e d  or soaked at  h ig h  t e m p e r a t u r e s .  Th e  i n n e r  l a y e r  of 

c o l o u r e d  f i l m s  was s o f t e r  than t h a t  o f  t h e  soaked f i l m s  and 

th e  t h i c k n e s s  at w hich  t h e  i n n e r  l a y e r  o c c u r r e d  

co rre s p o n d e d  t o  t h e  appe a ra n ce  o f  th e  t i n  d u r i n g  th e  

a b r a s i v e  wheel t e s t .  I n h e r e n t l y  s o f t  f i l m s  w h ich  were 

c o l o u r e d  at  e l e v a t e d  t e m p e r a t u r e s  had a t h i c k e r ,  s o f t e r  

i n n e r  l a y e r  th a n  soaked f i l m s ,  show ing t h e  s l i g h t l y  g r e a t e r  

d e t r i m e n t a l  e f f e c t  o f  c o l o u r i n g .  I t  seems t h a t  s o a k in g  s o f t  

f i l m s  e x a c e r b a te d  t h e  s o f t n e s s  o f  th e  two l a y e r s ,  w h i l e  

c o l o u r i n g  i n f l u e n c e d  t h e  r e l a t i v e  p o s i t i o n s  o f  th e s e  

l a y e r s .

A n o d i s i n g  a t  e le v a t e d  t e m p e r a t u r e s  caused p o re  

w i d e n i n g .  D i s s o l u t i o n  o f  t h e  p o r e  w a l l s  weakened t h e  m a t r ix  

o f  t h e  a s -a n o d is e d  m a t e r i a l .  C o l o u r i n g  and s o a k in g  at
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e l e v a t e d  t e m p e r a t u r e s  compounded t h i s  e f f e c t .  I f  t h e  p ore  

w a l l  had l ow a p p a r e n t  d e n s i t y ,  s ubs equ ent  s e a l i n g  may have 

u nde rmi ne d t h e  c e l l  w a l l  s t r u c t u r e  c a u s i n g  g r e a t e r  

s o f t e n i n g  s i n c e  t h e  h y d r o t h e r m a l  r e a c t i o n  i s  known t o  

s o f t e n  t h e  f i l m .

6 i H  The E f f e c t s  Using___’ T r i b r i t e »  i n  t h e E l e c t r o l y t i c

C o l o u r i n g  S o l u t i o n

Uhen T r i b i t e  was used i n  t h e  t i n  s u l p h a t e  

c o l o u r i n g  b a t h  i t  was shown,  by v a r i o u s  a n a l y t i c a l  

t e c h n i q u e s  t h a t  i t  caused some d e g r e e  o f  s u p p r e s s i o n  o f  t he 

o u tw ar d  g r o w t h  o f  t i n  i n  t h e  p o r e s  o f  t h e  a n o d i c  o x i d e  

f i l m .  T h i s  o c c u r r e d  i n  a manner s i m i l a r  t o  t h a t  which 

o c c u r r e d  d u r i n g  t i n  p l a t i n g  on co p pe r  c a t h o d e s .  I f  t h e  p o r e  

base was l i k e n e d  t o  t h e  f a r  c a t h o d e  i n  t h e  H u l l  C e l l  T e s t ,  

t h e n  t h i s  woul d a c c o un t  f o r  t h e  p r e f e r e n t i a l  t i n  d e p o s i t i o n  

i n  t h i s  a r e a .  Two mechanisms were i n  c o m p e t e t i o n  w i t h  one 

a n o t h e r :  ( i l  t i n  atoms were i m m o b i l i s e d  b y  t h e

i n c o r p o r a t i o n  o f  t h e  n o n - m e t a l l i c  m a t t e r ,  and ( i i )  at 

normal  p l a t i n g  t e m p e r a t u r e s  t h e  t i n  atoms were p a r t i c u l a r l y  

m o b i l e .  I t  may be p o s s i b l e  t o  f i n d  c o n d i t i o n s  where t h e

near  c a t h o d e s  ( p o r e  mout hs)  were p o l a r i s e d  w h i l e  t h e  f ar  

c a t h o d e s  ( p o r e  b a se s)  were on t h e  ’ a c t i v e ’ p a r t  o f  t h e

p o t e n t i o s t a t i c  p o l a r i s a t i o n  c u r v e .  T he  p r o p o s i t i o n  t h a t  t i n  

d e p o s i t e d  p r e f e r e n t i a l l y  i n  s h o r t  p o r e s  i s  not  s u p p o r t e d  by 

t h i s  a c t i v e - p a s s i v e  p o r e  t h e o r y  ( s e e  s e c t i o n  6 . 9 ) .

A d d i t i o n s  o f  t h e  b r i g h t e n e r  i n c r e a s e d  t he  

p o l a r i s a t i o n  f o r  h y d r o ge n  ga s d i s c h a r g e  on t h e  t i n
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c a t h o d e s ,  and gas e v o l u t i o n  e v e n t u a l l y  ceased due t o  t h i s  

p o l a r i s a t i o n .  T he  b r i g h t e n e r  was i n c o r p o r a t e d  i n t o  t he  

b r i g h t  a r e a  o f  t h e  H u l l  C e l l  T e s t  c a t h o d e ,  at  t h e  h i g h  

c u r r e n t  d e n s i t y  end,  where p o l a r i s a t i o n  was n e g l i g i b l e .  The 

c a th o de  p o t e n t i a l  of  t h e  a n o d i s e d  a l u m i n i u m  d e t e r m i n e d  what 

t y p e  o f  t i n  was d e p o s i t e d ,  i . e .  b r i g h t  t i n  i n  t h e  a c t i v e  

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

t i m e s  s u p p r e s s i o n  o f  t i n  r e ac he d a l i m i t i n g  v a l u e  and 

h y d r o ge n  e v o l u t i o n  became t h e  pre domi na nt  r e a c t i o n ,  c a u s i n g  

t h e  f i l m  t o  s p a l l .  An opt imum b r i g h t e n e r  c o n c e n t r a t i o n  was 

found by  means of  t h e  H u l l  C e l l  T e s t  c a t h o d e s .  S p a l l i n g  

o c c u r r e d  at  h i g h  c u r r e n t  d e n s i t i e s  f or  l o n g  c o l o u r i n g  t im es  

due t o  t h e  i n c r e a s e d  p o l a r i s a t i o n  f o r  h yd r og en  d i s c h a r g e .  

T h i s  may h a v e i n c r e a s e d  t h e  f l a w p r o d u c t i o n ,  or  s t i m u l a t e d  

r e a n o d i s i n g  be ne at h t h e  o r i g i n a l  b a r r i e r  l a y e r ,  bu t  i t  i s  

t h o u g h t  t h a t  t h e  e v o l u t i o n  of  h yd roge n gas p l a y e d  a 

s i g n i f i c a n t  r o l e .

H u l l  C e l l  T e s t s  showed how w e l l  t i n  s o l u t i o n s  

p l a t e d  o n t o  copper  c a t h o d e s ,  a l t h o u g h  t h e  c a t h o d e s  showed 

no c o r r e l a t i o n  as t o  t h e  t y p e  or d egr ee  o f  t i n  d e p o s i t i o n  

as i n d i c a t e d  by t h e  a d m i t t a n c e  and l u m i n a n c e  v a l u e s .  These 

l a t t e r  measurements g a v e  a b e t t e r  i n d i c a t i o n  o f  t i n  

s u p p r e s s i  o n .

A ’ w o r k i n g - i n ’ p e r i o d  was r e q u i r e d  f o r  t he  

T r i b r i t e  t o  e x h i b i t  any a c t i v i t y .  An optimum a c t i v i t y  was 

a ss ess ed by t h e  H u l l  C e l l  T e s t  c a th o de  c o v e r .  A c t i v i t y  

d i m i n i s h e d  w i t h  t i m e ,  bu t  was m a i n t a i n e d  a t  a low l e v e l  for  

a c o n s i d e r a b l e  t i m e .  T he  a c t i v i t y  c o u l d  not  be i n c r e a s e d  

beyond a l i m i t i n g  v a l u e .  T h e  e q u a t i o n  i =C 10 3 5 -  524 l o g x l l
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was o n l y  a p p l i c a b l e  when p o l a r i z a t i o n  was n e g l i g i b l e ,  i . e .  

when p l a t i n g  o c c u r r e d  at  t h e  h i g h  c u r r e n t  d e n s i t y  end.

T h e  n e g a t i v e  g r a d i e n t s  of  t h e  g r a ph  o f  a d m i t t a n c e  

a g a i n s t  t h i c k n e s s  as found by  t h e  l i n e a r  r e g r e s s i o n  method 

were l ow e r  when f i l m s  were c o l o u r e d  w i t h  T r i b r i t e  t h a n when 

c o l o u r e d  w i t h o u t  T r i b r i t e .  At s h o r t  c o l o u r i n g  t im es  

( p o s i t i v e  g r a d i e n t s )  t h e  e f f e c t  was not  as p ro no u n c e d .  

T r i b r i t e  a p pe ar ed t o  a f f e c t  t h e  a d m i t t a n c e  more at  s h o r t  

s e a l i n g  t i m e s  due t o  t h e  f r e s h l y  formed b o e h m i t e .  I f  

s m a l l e r  n e g a t i v e  g r a d i e n t s  were t o  be o b t a i n e d ,  t h e  

e x c l u s i o n  o f  t h e  t h i n n e s t  f i l m s  would be n e c e s s a r y  i n  a 

r a n g e  o f  t h i c k n e s s e s .
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CHAPTER 7 

rUTURE WORK

7 . 1  The A d m i t t a n c e  D r i f t  T e a t  (Yli

T he  a d m i t t a n c e  d r i f t  t e s t  may be a p p l i e d  as a 

r a p i d ,  n o n - d e s t r u c t i v e  t e s t  t o  m o n i t o r  a B c i n g / w e a t h e r i n g  of 

a n o d i c  o>.ide f i l m  w h i ch  have been s e a l e d  i n  b o i l i n g  

s o l u t i o n s  o t h e r  t han w a t e r ,  where t h e  a d m i t t a n c e  v a l u e  i s  

a n o m a l o u s l y  l ow .

S i m i l a r l y ,  t o  d i s c o v e r  whet her  i mp re gn at ed

< ! c o l d - s e a l e d ) f i l m s  have been c o r r e c t l y  p r o c e s s e d .

T he use of  t h e  d r i f t  t e s t  t o  supplement  n e g a t i v e  

g r a d i e n t s  o f  t i n  b l a c k s  and d a r k  b r o n z e s  f or  whi ch t he 

a d m i t t a n c e  v a l u e s  a r e  a n om al o u s l y  h i g h  needs f u r t h e r  

i n v e s t i g a t i o n .

7 . 2  T he  A d m i t t a n c e  -  A b r a s i o n  ( Y  -  1) P r o f i l e

T h i s  t e s t  may be used t o  c o n f i r m  n o n - d e s t r u c t i v e  

t e s t  r e s u l t s  from a d m i t t a n c e  v a l u e s  on i m p re gn a te d  f i l m s  

and on metal  gr o wt h  up p o r e s  from e l e c t r o c o l o u r i n g .  Tho 

c o m b i n a t i o n  of  t h e  a d m i t t a n c e  d r i f t  t e s t  used at d i f f e r e n t  

de pt l i s  d u r i n g  t he  Y - J  p r o f i l e  may g i v e  u s e f u l  i n f o r m a t i o n  

on t h e s e  f i l m s .

The e f f e c t s  o f  t h e  s u l p h u r  d i o x i d e  t e s t  c o u l d  be 

i n v e s t i g a t e d  f u r t h e r  by t h e  a d m i t t a n c e  d r i f t  t e s t  and Y - J  

p r o f i l e .  S i m i l a r l y ,  i n f o r m a t i o n  on t h e  e f f e c t s  of  a g ei n g  

b e f o r e  and a f t e r  t he  s u l p h u r  d i o x i d e  t e s t  may be found.
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T he  c o m pe t in g  mechanisms o f  w e a t h e r i n g  and 

s e a l i n g  may be f o l l o w e d  more c l o s e l y  by t h e s e  t e s t s ,  

r e v e a l i n g  t h e  c o n t r i b u t i o n  o f  t h e  i n t e r m e d i a t e  and s u r f a c e  

l a y e r s .

7 . 0  The A b r a s i v e  tjheel T e s t

D e t a i l e d  deptl i  a n a l y s i s  u s i n g  t h i s  t e s t  may t h r o w  

l i g h t  on t h e  e f f e c t s  o f  e l e v a t e d  t e m p e r a t u r e s  o f  t he  

p r o c e s s  s o l u t i o n s .  A d e s t r u c t i v e  t e s t  may be found by 

c o m b i n i n g  t h e  a b r a s i v e  wheel t e s t  and t he  n i t r i ' .  a c i d  

p r e d i p ,  whi ch may g i v e  i n f o r m a t i o n  on t h e  p a r t i c i p a t i o n  of 

t h e  d i f f e r e n t  l a y e r s  i n  s o f t  f i l m s .

2j J ___I l i£____li&fi___¡¿I___A d d i t i o n s ___A g e n t s  P u r i n a  E l e c t r o l y t i c

C o l o u r i n g  of  A nodi c  Or. ide f i l m s .

T u r t h e r  t e s t i n g  and m o d i f i c a t i o n s  o f  t he  

m e t a l - i n ■p o r e  d i s t r i b u t i o n  by use o f  a p p r o p r i a t e  a d d i t i o n  

a g e n t s  i s  r e q u i r e d .  ’ T r i b r i t e ’ shows t l i e r e  i s  an e f f e c t ,  

bu t  t h i s  may not  be t h e  b e s t  a g e n t .

A d d i t i o n a l  s p e c t r o c o p i c  a n a l y s i s  and c o l o r i m e t r y  

t o g e t h e r  w i t h  t h e  a d m i t t a n c e  t e s t s  and a b r a s i r e  wheel  t e s t  

may i n d i c a t e  t l ie c o n t r i b u t i o n  a d d i t i o n  a g e n t s  make t o  t i n  

s u p p r e s s i o n .

T he  e f f e c t s  of  c o n t a m i n a n t s ,  pH and t e m p e r a t u r e  

o f  t he  e l e c t r o l y t i c  c o l o u r i n g  s o l u t i o n  on t h e  a d d i t i o n  

a g e n t s ,  and t h e  c o n c e n t r a t i o n s ,  a c t i v i t y ,  w o r k i n g - i n  p e r i o d  

and age o f  t h e  a g e n t s  r e q u i r e  a s y s t e m a t i c  programme of



r e s e a r c h .

A d d i t i o n  a g e n t s  may be b e n e f i c i a l  t o  

e l e c t r o c o l o u r e d  f i l m s  w hi ch  a r e  s u b j e c t  t o  o u t d o o r  e x p o s u r e  

and s u l p h u r  d i o x i d e  t e s t s ,  s i n c e  ti ie a d d i t i o n  agent  

’ T r i b r i t e ’ i s  l;nown t o  a c t  as a c o r r o s i o n  i n h i b i t o r .

T he  use o f  t h e  a d d i t i o n  a g e n t s  i n  

e l e c t r o c o l o u r i n g  s o l u t i o n s  c o n t a i n i n g  m i x t u r e s  o f  m e t a l l i c  

s a l t s ,  such as t i n - n i c k e l  s o l u t i o n s ,  r e q u i r e s  

i n v e s t  i gat  i o n .

D u r i n g  i n t e r f e r e n c e  c o l o u r i n g  not  a l l  p o r e s  g i v e  

i n t e r f e r e n c e  c o l o u r s ,  bu t  some p r o d u c e  i iormal e l e c t r o l y t i c  

c o l o u r i n g  e f f e c t s .  T h i s  i s  shown by tire b r o n z e  o v e r t o n e s  

and t h e  e f f e c t  i s  enhanced as c o l o u r i n g  p r o c e e d s .  A d d i t i o n  

a g e nt s  may p r e v e n t  t l iese broirze o v e r t o n e s .
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