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1.0 SUMMARY 

Experiments were conducted t o  test a spec t s  of t h e  p i t t i n g  corro- 

s i o n  model and t h e  e l ec t rochemica l  mass- t ransport-kinet ic  model f o r  SCC 

previously developed. The p o t e n t i a l  t r a n s i e n t  experiments i n  gene ra l  

r a i s e d  more ques t ions  than  they answered b u t  several conclusions can be 

drawn. The p o t e n t i a l  i n  an a c t i v e  co r ros ion  p i t  i n  t i t a n i u m  i s  much 

more nega t ive  than  t h e  p i t t i n g  p o t e n t i a l  bu t  t h e  p r e c i s e  thermodynamic 

o r  k i n e t i c  s i g n i f i c a n c e  of t h e  p o t e n t i a l  i s  n o t  known. The t r a n s i e n t  

p o t e n t i a l s  observed i n  SCC were c o n s i s t e n t  w i th  p r e d i c t i o n s  of t h e  

mass- t ransport-kinet ic  model bu t  t h e  presence of an undefined ca thod ic  

r e a c t i o n  i n  t h e  crack i s  i n d i c a t e d .  Tagged c h l o r i d e  experiments i n d i -  

cate t h a t  c h l o r i d e  i s  n o t  appreciably absorbed i n  growing Ti02 f i lms  a t  

cu r ren t  d e n s i t i e s  expected i n  a stress co r ros ion  crack. This appea r s  

t o  e l i m i n a t e  abso rp t ion  of c h l o r i d e  i n  t h e  w a l l s  as a mechanism of 

anodic p a s s i v a t i o n  i n  c h l o r i d e  s o l u t i o n s  and focuses a t t e n t i o n  on elec- 

t rochemical  r e a c t i o n s  n e a r  t h e  crack t i p .  



2 

2.0 INTRODUCTION 

This  r e p o r t  d e s c r i b e s  p a r t  of a s t u d y  of stress co r ros ion  cracking 

of t i t a n i u m  a l l o y s  i n i t i a t e d  i n  J u l y  1965 (1) and continued under NASA 

sponsorship beginning J u l y  1966 ( 2 ) .  

p o r t  i n  t h e  series ( 3 ,  4 ,  5,  6) and covers t h e  pe r iod  J u l y  1 through 

September 30, 1967. 

This is t h e  f i f t h  Quar t e r ly  Re- 

Work descr ibed inc ludes  p o t e n t i a l  t r a n s i e n t  s t u d i e s  i n  p i t t i n g  

co r ros ion  and stress co r ros ion  cracking of t i t a n i u m  and abso rp t ion  of 

tagged c h l o r i d e  i n  growing Ti02 f i lms.  Other work i n  p rogres s ,  which 

inc ludes  a c t i v a t i o n  energy of SCC v e l o c i t y ,  a c o u s t i c  emission during 

SCC and f u r t h e r  SCC experiments i n  methanol s o l u t i o n s  w i l l  be  descr ibed 

i n  t h e  nex t  Quar t e r ly  Report. 

, 
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3.0 TECHNIC&’ DISCUSSION 

3 . 1  P o t e n t i a l  T rans i en t s  a t  Open C i r c u i t  During SCC and P i t t i n p  Corro- 
s ion  - 

Some ana log ie s  between p o t e n t i a l  t r a n s i e n t s  at open c i r c u i t  during 

SCC and p i t t i n g  co r ros ion  have been presented (6) .  The technique has  

been r e f i n e d  and f u r t h e r  r e s u l t s  have been obtained.  A l oga r i thmic  

t i m e  base  produced with a s i l i c o n  diode on t h e  x-axis of t h e  o s c i l l o -  

scope inc reased  t h e  amount of information p e r  experiment. A graded 

photographic n e g a t i v e  on t h e  osc i l l o scope  sc reen  compensated f o r  varia- 

b l e  exposure r e s u l t i n g  from t h e  dec reas ing  sweep speed ac ross  t h e  

sc reen .  Up t o  f i v e  decades i n  t i m e  could thereby be photographed i n  a 

s i n g l e  experiment as shown i n  Fig. 1. 

3.1.1 P i t t i n s  Corrosion Trans i en t s  

The i n i t i a l  p l a t e a u ’ g i v e s  an IR-drop-free p o t e n t i a l  which is  diag- 

n o s t i c  i n  i n t e r p r e t a t i o n  of e l ec t rochemica l  mechanism. The i n i t i a l  

p l a t e a u  p o t e n t i a l s  i n  p i t t i n g  co r ros ion  experiments with commercially 

pure t i t a n i u m  f o i l  (3) i n  0.6 molar c h l o r i d e ,  bromide and iod ide  solu-  

t i o n s  are shown i n  Fig. 2.  Several i n t e r e s t i n g  f e a t u r e s  w e r e  found. 

The i n i t i a l  p l a t e a u  w a s  d i f f e r e n t  f o r  t h e  t h r e e  h a l i d e s :  -650 mv i n  

ch lo r ide ;  -300 mv i n  bromide; and -30 m v  i n  iod ide .  These compare t o  

t h e  s t anda rd  r e v e r s i b l e  p o t e n t i a l s  f o r  t h e  t h r e e  titanium t e t r a h a l i d e s  

( c a l c u l a t e d  from L a t i m e r ,  7) of :  -630 mv, -760 mv and -810 mv,  respec- 

t i v e l y .  The c h l o r i d e  p o t e n t i a l  i s  nea r  t h e  r e v e r s i b l e  p o t e n t i a l  bu t  

t h e  bromide and i o d i d e  p o t e n t i a l s  are considerably more p o s i t i v e .  Sur- 

p r i s i n g l y ,  t h e  i n i t i a l  p l a t e a u  i n  bromide s o l u t i o n  w a s  independent of 
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the  app l i ed  p o t e n t i a l ,  w i th in  exper imenta l  e r r o r ,  from 1 v o l t  t o  1 6  

v o l t s .  P i t t i n g  co r ros ion  i n  bromide and iod ide  s o l u t i o n s  gene ra l ly  

produced a d i p  o r  minimum i n  t h e  p o t e n t i a l  vs .  log  t i m e  curve as i l l u s -  

t r a t e d  i n  Fig.  1. With ch lo r ide  s o l u t i o n ,  however, t h e  p o t e n t i a l  went 

i n  t h e  p o s i t i v e  d i r e c t i o n  i n  t h e  f i v e  runs t h a t  w e r e  made. 

The i n i t i a l  p l a t e a u  is  e i t h e r  t h e  p o t e n t i a l  of t h e  base  of t h e  

p i t s  o r  i t  is  an immediately e s t a b l i s h e d  p o t e n t i a l  between t h e  d isso lu-  

t i o n  r e a c t i o n  i n  t h e  p i t s  and a reduct ion  on t h e  oxide-covered s u r f a c e  

ou t s ide  of t h e  p i t s .  It i s  no t  p o s s i b l e  t o  d e f i n i t e l y  answer which i t  

is  y e t ,  bu t  f u r t h e r  d i scuss ion  is  given below. 

The apparent  constancy of t h e  i n i t i a l  p l a t e a u  wi th  app l i ed  poten- 

t i a l ,  and t h e r e f o r e  cu r ren t  dens i ty  ( 3 ) ,  sugges ts  a r e a c t i o n  going a t  

i t s  r e v e r s i b l e  p o t e n t i a l .  This  would r e q u i r e  a very h igh  exchange cur- 

r e n t  dens i ty  because t h e  p i t t i n g  co r ros ion  cu r ren t  d e n s i t i e s  are i n  the  

range of 1 t o  40 amp/cm2 ( 3 ) ,  bu t  t h i s  i s  not  unreasonable.  

ch lo r ide ,  however, gave a p o t e n t i a l  nea r  t h e  s t anda rd  p o t e n t i a l  f o r  t h e  

formation of t e t r a h a l i d e .  Bromide and iod ide  gave p o t e n t i a l s  t h a t  were 

450 mv and over 750 mv, r e s p e c t i v e l y ,  more p o s i t i v e .  I f  t hese  are re- 

v e r s i b l e  p o t e n t i a l s ,  t h e r e  i s  a ques t ion  of what t h e  r e a c t i o n  is .  How- 

eve r ,  i f  t h e s e  are r e v e r s i b l e  p o t e n t i a l s  f o r  t i t a n i u m  corros ion ,  they 

may re la te  t o  t h e  anodic  p r o t e c t i o n  f o r  S C C  as w i l l  be  descr ibed  i n  

s e c t i o n  3 . 3 .  

Only t h e  

I f  t h e  p o t e n t i a l  i n  bromide inc ludes  an a c t i v a t i o n  ove rpo ten t i a l  

t h e r e  is  a problem t o  exp la in  t h e  constancy of i n i t i a l  p l a t e a u  poten- 

t i a l  w i th  app l i ed  p o t e n t i a l  and t h e  l a c k  of change i n  t h e  p l a t e a u  t o  
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seconds from open c i r c u i t .  Constancy of a mixed p o t e n t i a l  would 

be s i m i l a r l y  d i f f i c u l t  t o  exp la in .  

The d i p  i n  t h e  t r a n s i e n t  p o t e n t i a l  curve is c o n s i s t e n t  with col- 

l a p s e  of t h e  concen t r a t ion  g r a d i e n t  i n  t h e  d i f f u s i o n  l a y e r  w i th  termi- 

n a t i o n  of r e a c t i o n  i n  t h e  p i t s .  The concen t r a t ion  p o l a r i z a t i o n  is: 

nc = 5 9 / 4  l o g  [‘Ti X,/(C ) 41. 

t i o n  of t h e  h a l i d e  i o n  would i n c r e a s e  a t  t h e  e l e c t r o d e  s u r f a c e .  It i s  

d i f f i c u l t  t o  e x p l a i n ,  however, why t h e  d i p  d i d  no t  occur i n  ch lo r ide  

When t h e  c u r r e n t  ceases, t h e  concentra- 
X- 

s o l u t i o n s .  

The f i n a l  i n c r e a s e  i n  p o t e n t i a l  must be due t o  a ca thod ic  r e a c t i o n  

on t h e  oxide-covered s u r f a c e  which provides  c u r r e n t  f o r  r e p a s s i v a t i o n  

of t h e  p i t s .  The only l i k e l y  r e a c t i o n s  with h igh  enough p o t e n t i a l s  are 

r educ t ion  of t h e  halogens which w e r e  oxidized from t h e i r  r e s p e c t i v e  

ions .  The brown c o l o r  of i o d i n e  w a s  observed forming on t h e  t i t a n i u m  

oxide s u r f a c e .  

Fu r the r  work i s  planned t o  r e s o l v e  more of t h e  d e t a i l e d  e l e c t r o -  

chemistry of p i t t i n g  co r ros ion  of t i t a n i u m  as i t  appears r e l e v a n t  t o  

SCC. 

3 . 1 . 2  SCC T r a n s i e n t s  

A t y p i c a l  p o t e n t i a l  t r a n s i e n t  f o r  open c i r c u i t  i n  stress corro- 

s i o n  cracking has  been shown (6) .  

m i l l  annealed Ti:8-1-1 t h a t  w e r e  epoxy coated t o  avoid any c o n t r i b u t i o n  

of c u r r e n t  from t h e  s u r f a c e  of t h e  specimens. A f t e r  t h e  i n i t i a l  pla-  

Fu r the r  experiments were done wi th  

t e a u  t h e  p o t e n t i a l  always went n e g a t i v e  towards t h e  mixed p o t e n t i a l  f o r  

oxide formation and hydrogen i o n  reduct ion.  
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The rate of change of p o t e n t i a l  wi th  log  t i m e  as t h e  p o t e n t i a l  

approached t h e  open c i r c u i t  mixed p o t e n t i a l  i s  given i n  Fig. 3 .  The 

d a t a  f o r  c h l o r i d e ,  bromide and iod ide  s o l u t i o n s  a l l  f e l l  on t h e  same 

l i n e ,  i n d i c a t i n g  t h e  same process  occurr ing.  

t h e  open c i r c u i t  mixed p o t e n t i a l  observed dur ing  SCC. 

The ze ro  i n t e r c e p t  is a t  

A p l o t  of i n i t i a l  p l a t e a u  versus  app l i ed  p o t e n t i a l  i s  given i n  

Fig. 4 .  

appl ied  p o t e n t i a l  up t o  an app l i ed  p o t e n t i a l  of +200 m v .  

app l i ed  p o t e n t i a l s  t h e  i n i t i a l  p l a t e a u  becomes asymptot ic  t o  +200 m v .  

The value of t h e  asymptote appears t o  be independent of whether bromide 

o r  i od ide  s o l u t i o n s  w e r e  used and independent of pH of t h e  bulk s o l u t i o n  

i n  t h e  range of ze ro  t o  14 .  

It i s  seen t h a t  t h e  i n i t i a l  p l a t e a u  i s  only s l i g h t l y  below t h e  

A t  h ighe r  

A s  wi th  t h e  p i t t i n g  cor ros ion  t r a n s i e n t s ,  t h e  i n i t i a l  p l a t e a u  

e i t h e r  represents t h e  IR-free p o t e n t i a l  at  t h e  reg ion  of the  crack t i p  

o r  i t  r ep resen t s  a mixed p o t e n t i a l  t h a t  may be e s t a b l i s h e d  on t h e  w a l l s  

of t h e  crack.  A t i p  p o t e n t i a l  of +200 m v  nea r  t h e  crack t i p  appears t o  

be  unreasonably high i f  t h e  k i n e t i c s  of ox ida t ion  of newly genera ted  

plane s u r f a c e s  of  t i t a n i u m  ( 4 , 5 )  apply i n  a crack. The oxida t ion  cur- 

r e n t  dens i ty  f o r  an a c t i v a t i o n  overvol tage  of 1300 m v  [200 mv - (-1100 m v  

r e v e r s i b l e ) ] ,  an exchange cu r ren t  d e n s i t y  of 

s lope  of 120 mv ( 4 )  would be about l o 9  amp/cm2, an unreasonable va lue .  

The i n i t i a l  p l a t e a u  i s  t h e r e f o r e  assumed t o  be a mixed p o t e n t i a l  es tab-  

l i s h e d  on t h e  w a l l s  of .  t h e  crack.  

amp/cm2 and a Ta fe l  

A mixed p o t e n t i a l  e s t a b l i s h e d  i n  t h e  monolayer zone of t h e  crack 

appears  t o  be c o n s i s t e n t  wi th  t h e  r e s u l t s  of c a l c u l a t i o n s  f o r  t h e  
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e lec t rochemica l  mass- t ransport-kinet ic  model (6,8) Only a s m a l l  p a r t  

of t h e  I R  drop i n  a crack would d i sappea r  immediately - t h a t  i n  t h e  

o u t e r  p o r t i o n  of t h e  crack.  The major p a r t  of t h e  I R  drop, i n  t h e  mon- 

o l a y e r  zone n e a r  6’, would n o t  d i sappea r  i f  a ca thod ic  r e a c t i o n  could 

occur i n  t h i s  zone g iv ing  a mixed p o t e n t i a l .  

The ques t ion  of which ca thod ic  r e a c t i o n s  occur t o  g i v e  t h e  mixed 

p o t e n t i a l  remains t o  be completely resolved.  The presence of a ca thod ic  

r e a c t i o n  i n  t h e  monolayer zone w i l l  al low t h e  crack t o  cont inue t o  

propagate a f t e r  t h e  c i r c u i t  i s  opened. The v e l o c i t y  should t h e r e f o r e  

change cont inuously from t h a t  a t  t h e  o r i g i n a l  app l i ed  p o t e n t i a l  t o  t h a t  

of t h e  s t e a d y - s t a t e  mixed p o t e n t i a l  f o r  SCC on open c i r c u i t  (about 

-800 mv). 

monolayer zone can be c a l c u l a t e d  from t h e  equat ion:  

The average hydrogen i o n  r educ t ion  c u r r e n t  d e n s i t y  i n  t h e  

For a v e l o c i t y  of 

Ip M 7 x lom6  amp/cm, and a va lue  of 6 N 7 x lom5 cm (6 ) .  The average hy- 

drogen i o n  r educ t ion  c u r r e n t  d e n s i t y  t o  provide t h e  t i p  c u r r e n t  would the re -  

f o r e  b e  - lo-’ amp/cm2. 

which i s  w i t h i n  an o r d e r  of magnitude of t h i s  value.  I f  t h e  crack vel- 

o c i t y  continued on open c i r c u i t  and t h e  p o t e n t i a l  decreases  only a 

s m a l l  amount, ox ida t ion  of t i t a n i u m  must a l s o  cont inue by means of a 

ca thod ic  r e a c t i o n  t h a t  proceeds a t  up t o  +200 mv,  r e q u i r i n g  an addi- 

t i o n a l  cu r ren t .  

cm/sec, t h e  M-T-K model gave a t i p  c u r r e n t ,  

The M-T-K model (6) gave a value - l ov2  amp/cm2,  
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The independence of +ZOO m v  p l a t e a u  on pH of t h e  bulk s o l u t i o n  in-  

d i c a t e s  t h a t  t h e  r educ t ion  r e a c t i o n  i s  e i t h e r  pH independent o r  t h a t  it 

occurs deep enough i n  t h e  crack t h a t  t h e  s o l u t i o n  is always a c i d  re- 

g a r d l e s s  of t h e  s o l u t i o n  pH o u t s i d e  of t h e  crack. P o s s i b l e  r educ t ion  

r e a c t i o n s  f o r  t h e  va r ious  s p e c i e s  t h a t  may b e  p r e s e n t  are given i n  

Table I. (Electrochemical  r e a c t i o n s  wi th  aluminum, molybdenum, vana- 

dium and o t h e r  trace elements i n  t h e  titanium a l l o y  are n o t  included 

bu t  it remains t o  be demonstrated t h a t  they p l a y  no r o l e . )  The only 

r e a c t i o n s  t h a t  appear t o  meet t h e  v a r i o u s  s e l e c t i o n  cr i ter ia  are reduc- 

t i o n  of t i t a n i u m  i o n s .  The presence of  t i t an ium i o n s  i n  s o l u t i o n  has  

been ignored i n  t h e  M-T-K model b u t  t h e  formulat ion and r e s u l t s  would 

no t  be s e r i o u s l y  changed i f  some formed i n  s o l u t i o n  i n  paral le l  with 

formation of T i 0 2 .  

T i + 3  and TiO* i o n s  are t h e  s t a b l e  s p e c i e s  i n  a c i d  s o l u t i o n  at h igh  

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

t h a t  TiO, i s  k i n e t i c a l l y  favored over  T i + 3  and TiO* i n  s p i t e  of t h e  

thermodynamics, b u t  t h e  presence of t h e s e  t i t a n i u m  i o n s  should be ex- 

pected.  

According t o  t h e  Pourbaix diagram f o r  t i t a n i u m  ( 9 ) ,  

The +ZOO mv p l a t e a u  w a s  observed independent of whether bromide o r  

The bromine/bromide and i o d i n e / i o d i d e  re- i o d i d e  s o l u t i o n s  w e r e  used. 

v e r s i b l e  p o t e n t i a l s  are 550 mv a p a r t  s o  t h e s e  r e a c t i o n s  are no t  very 

probable.  

Hydrogen ion  r educ t ion ,  although thermodynamically p o s s i b l e  a t  

+ZOO m v  i f  t h e  hydrogen a c t i v i t y  i n  t h e  m e t a l  s u r f a c e  i s  a t m ,  does 

no t  appear f e a s i b l e  k i n e t i c a l l y .  Using t h e  approximate k i n e t i c  d a t a  
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f o r  hydrogen ion  r educ t ion  on b a r e  m e t a l  (5) g ives  a c u r r e n t  d e n s i t y  of 

amp/cm2 a t  +200 mv. This is f a r  t o o  s m a l l  f o r  hydrogen i o n  re- 

duct ion t o  p l ay  a s i g n i f i c a n t  r o l e .  

Reduction of d i s so lved  oxygen, wh i l e  a l s o  thermodynamically f e a s i -  

b l e  is a l s o  l i m i t e d  by k i n e t i c s  (5) and by m a s s  t r a n s p o r t .  The m a s s  

t r a n s p o r t  l imi t ing -cu r ren t  d e n s i t y  i s  (1): 

L 

I = RR ( R / 6 )  

Assuming z = 4 ,  D N lo-' cm2/sec, y = 0.05 r a d i a n s ,  C" = 1.26 x 

mole/cm3 ( s a t u r a t i o n  i n  H20 a t  1 a t m  i s  0.0283 cm3 (STP)/cm3 H20 

6 = cm and Q = 10-1 cm;  g ives  I = 3.7 x amp/cm. Again 

O2 

is t o o  s m a l l  t o  be s i g n i f i c a n t .  

Fu r the r  work must b e  done t o  determine i f  d i s so lved  t i t a n i u m  ions  

a r e  p re sen t  at  s u f f i c i e n t  concen t r a t ion  t o  support  t he  c u r r e n t  r equ i r ed  

f o r  continued crack propagation on open c i r c u i t .  

3 . 2  Chloride Absorption During Formation of T i 0 2  Film 

One of t h e  mechanisms proposed f o r  t h e  anodic p r o t e c t i o n  of t i t a n -  

ium a l l o y s  a g a i n s t  SCC i n  c h l o r i d e  s o l u t i o n s  w a s  t h a t  at  high anodic 

p o t e n t i a l s  c h l o r i d e  would be absorbed i n  t h e  forming oxide on t h e  w a l l s  

of a crack and no t  reach t h e  crack t i p  (1). This hypothesis  w a s  t e s t e d  

experimental ly  by breaking notched mill-annealed, Ti :8-1-1 rods i n  

tagged c h l o r i d e  (Cl-36) s o l u t i o n s  and anodizing a t  va r ious  constant  

c u r r e n t  values .  I n  a l l  runs ( i n  which t h e  c u r r e n t  d e n s i t y  w a s  v a r i e d  

from 1.6 x t o  6.7 x amp/cm2) t h e  coulombic e f f i c i e n c y  f o r  

10-6 

@ 25OC), 

t h i s  



c h l o r i d e  abso rp t ion  w a s  less than  0.3%. It i s  concluded t h a t  c h l o r i d e  

abso rp t ion  i n  t h e  w a l l s  of t h e  crack i s  no t  a l i k e l y  mechanism of anodic  

p a s s i v a t i o n .  A d e t a i l e d  d e s c r i p t i o n  of t h e  experiments follows. 

The mill-annealed Ti:8-1-1 rods  were 5/16 inches i n  diameter  and 

Each had a machined 60' notch 1/32 inch  deep a t  t h e  s i x  inches long.  

midsect ion,  l eav ing  a n e t  diameter  of 1 / 4  i nch  ( n e t  area of 0.32 em2). 

The rods were r i n s e d  i n  kerosene and acetone a f t e r  machining. They 

were then anodized t o  about 70 v o l t s  i n  o r d e r  t o  minimize c u r r e n t  t o  

t h e  o ld  s u r f a c e  during t h e  experiments.  Some of t h e  rods w e r e  addi- 

t i o n a l l y  coated wi th  eopxy r e s i n  t o  i n c r e a s e  t h e i r  e lec t r ica l  resis- 

t ance ,  t h e  r e s i n  being scored a t  t h e  notch t o  f a c i l i t a t e  i t s  f r a c t u r e .  

A Teflon c e l l  w a s  used t o  con ta in  t h e  e l e c t r o l y t e  a t  t h e  midsec- 

t i o n  of t h e  specimens. A platinum counter  e l e c t r o d e  w a s  used. A s a tu -  

r a t e d  calomel r e fe rence  e l e c t r o d e  connected through a sa l t  b r i d g e  con- 

t a i n i n g  non-radioact ive s a l t  s o l u t i o n  w a s  used t o  monitor p o t e n t i a l  

The specimen and counter  e l e c t r o d e  were switched t o  a 100-volt power 

supply w i t h i n  a f r a c t i o n  of a second a f t e r  t h e  break.  Series r e s i s t o r s  

of s e l e c t e d  va lues  w e r e  used t o  maintain an approximately constant  cur- 

r e n t  during each tes t .  

The e l e c t r o l y t e  w a s  n e u t r a l  0.0038 molar sodium c h l o r i d e  made by 

n e u t r a l i z i n g  and d i l u t i n g  a 0.3 M H C 1  c o l u t i o n  con ta in ing  99+ % of t h e  

c h l o r i d e  as C1-36. The H C 1  c o l u t i o n  w a s  obtained from Nuclea; Science 

and Engineering Corporation, P i t t s b u r g h .  

w i th  a h a l f - l i f e  of 3 .1  x l o 5  yea r s .  

r a d i o a c t i v e  sodium c h l o r i d e  w a s  added t o  i n c r e a s e  t h e  t o t a l  c h l o r i d e  

C1-36 is  a 0.77 MeV 6-emi t te r  

In one group of experiments,  non- 
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concen t r a t ion  by a f a c t o r  of t e n  f o r  t h e  same r a d i o a c t i v e  c h l o r i d e  con- 

c e n t r a t i o n .  This w a s  done t o  avoid a mass-transport  l i m i t a t i o n  during 

an o d i  z i n g  . 

The specimens w e r e  p u l l e d  t o  r a p i d  f r a c t u r e  i n  t h e  I n s t r o n  t e n s i l e  

machine at  a c ros s  head v e l o c i t y  of 0.5 cm/min. The anodizing c u r r e n t  

w a s  switched on manually a t  f r a c t u r e .  Current and p o t e n t i a l  were re- 

corded on a two-pen s t r i p  c h a r t  r eco rde r .  The anodizing c u r r e n t  w a s  

ad jus t ed  s o  t h a t ,  al though t h e  c u r r e n t  w a s  v a r i e d  over  four-hundred 

f o l d ,  t h e  t o t a l  coulombic q u a n t i t y  w a s  t h e  same o r d e r  of magnitude i n  

a l l  o f  t h e  experiments.  

A t  t h e  t e rmina t ion  of c u r r e n t ,  t h e  upper h a l f  of t h e  specimen w a s  

removed from t h e  t e n s i l e  machine and r i n s e d ;  t h e  t i m e  r equ i r ed  w a s  

about 5 seconds. The f i r s t  fou r  specimens w e r e  r i n s e d  with acetone 

on ly ,  t h e  l a s t  t h r e e  with d i s t i l l e d  w a t e r  then acetone,  and a i r  d r i e d .  

The epoxy coa t ing ,  i f  used, w a s  t hen  s t r i p p e d  o f f  and t h e  f r a c t u r e  su r -  

face w a s  placed i n  t h e  counter .  

Counting w a s  done with a Geiger tube and Trace r l ab  scaler.  A l e a d  

s h i e l d  w a s  arranged s o  t h a t  only t h e  new f r a c t u r e  s u r f a c e  w a s  exposed 

t o  t h e  Geiger t ube ,  which w a s  approximately 3/8 inch from t h e  f r a c t u r e  

s u r f a c e .  30-minute count pe r iods  w e r e  used. The system w a s  c a l i b r a t e d  

by p l ac ing  one drop (- 1 /23  cm3) of t h e  0.0038 M a c t i v e  s a l t  s o l u t i o n  

on a f r a c t u r e  f a c e ,  evaporat ing t h e  w a t e r  and making a count. The cali- 

b r a t i o n  gave 21,600 counts/min compared t o  194,000 d i s i n t e g r a t i o n s / m i n  

t h e o r e t i c a l ;  t h e  d i f f e r e n c e  being due t o  geomet r i ca l  and instrument  fac- 

t o r s .  The conversion f a c t o r  t o  coulombic charge i s :  
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0.0038 m o l e / l i t e r )  (1/23 cm3) (96,500 coul/mole) 
( l o 3  c m 3 / l i t e r )  (21,600 CPM) 

f = (  

= 7 . 4  x coul/CPM 

The conversion f a c t o r  f o r  t h e  s o l u t i o n  con ta in ing  9 : l  non-radioactive 

t o  r a d i o a c t i v e  c h l o r i d e  is  10-fold l a r g e r .  

Data from t h e  seven experiments run are given i n  Table 11. The 

coulombic e f f i c i e n c y  f o r  abso rp t ion  of c h l o r i d e  ion  is: 

(CPM) f 
Q E =  

where Q i s  t h e  coulombic charge passed p e r  f r a c t u r e  face.  I n  a l l  runs,  

with t h e  except ion of #I. which w a s  conducted p o t e n t i o s t a t i c a l l y  and had 

an i n a c c u r a t e  measure of t o t a l  charge passed, t h e  coulombic e f f i c i e n c y  

was less than 0.3%. The coulombic e f f i c i e n c i e s  are p l o t t e d  i n  Fig. 5. 

The c a l c u l a t e d  s t eady- s t a t e  mass-transport  l i m i t i n g  c u r r e n t  d e n s i t y  f o r  

t h e  two s o l u t i o n s  i s  a l s o  p l o t t e d ,  showing t h a t  l i m i t i n g  mass t r a n s p o r t  

should no t  have b i a sed  the  r e s u l t s .  

e f f i c i e n c y  w a s  c a l c u l a t e d  from t h e  equation: 

The mass-transport l i m i t i n g  c u r r e n t  

Z F D C O  E = -  
d i  

where z = 1, F = 96,500 coul /equiv,  D M 

bulk concen t r a t ion  i n  mole/cm3 and i = c u r r e n t  d e n s i t y  i n  amp/cm2. 

cm2/sec, 6 X 0.05 cm, Co = 

The th i ckness  of oxide a t t a i n e d  i n  t h e  experiments can b e  calcu- 

l a t e d  from t h e  equa t ion  
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Table I1 - Coulombic Ef f i c i ency  of Chloride Absorption 

Q Coulombic 
(%IT) CPM Ef f i c i ency  

Run I(,ma) .r(sec) (Coul/face x 103) (counts/min) E X  l o2  

l(a,b) - - - 1.8 9.1- 14 .2  0.37-0.58 

1.0 66  33 88.9 0 . 2 0  (b) 

(b) 0.10 318 16  47 .0  0 . 2 0  

4 ( b )  10 7-12 35-60 122 .4  0.15-0.26 

, (c> 10 10 50 3.4-11.6 0.05-0.17 

6(c)  42 2 .3  4 8  9 . 1  0 . 1 4  

,(e> 1.0 6 1  30 2.0-9.3 0.05-0.23 

NOTES : 

(a )  Experiment done p o t e n t i o s t a t i c a l l y  a t  -500 mv. A l l  o t h e r  experi-  

ments a t  cons t an t  cu r ren t .  

(b) Specimen r i n s e d  wi th  acetone w i t h i n  approximately 5 seconds a f t e r  

t e rmina t ion  of cu r ren t .  

(c)  Epoxy-coated specimens. These specimens r i n s e d  wi th  d i s t i l l e d  

water, t hen  acetone,  w i t h i n  approximately 5 seconds a f t e r  termina- 

t i o n  of cu r ren t .  
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is  4.85 x cm3/coul f o r  r u t i l e  (1). For a charge The va lue  of - 
d e n s i t y  of 16 t o  60 x 

range w a s  240 t o  910 A O .  It is n o t  l i k e l y  t h a t  much of t h e  c h l o r i d e  

would be leached out  of t h i s  t h i ckness  f i l m  during r i n s i n g .  The e f f e c t  

of o t h e r  v a r i a b l e s  such as pH and temperature were n o t  i n v e s t i g a t e d  be- 

cause abso rp t ion  of c h l o r i d e  i n  t h e  oxide w a s  s m a l l  and does n o t  appear 

t o  be an important f a c t o r  i n  SCC of t i tanium. 

MO 

P Z F  

coulombs p e r  0 . 3 2  cm2 f a c e  t h e  th i ckness  

3.3 Theory 

3 . 3 . 1  Mass-Transport-Kinetic Model 

Displacement of adsorbed h a l i d e  i o n  o r  t i t an ium h a l i d e  on ba re  

metal by oxide i n  t h e  monolayer zone w a s  added t o  t h e  mass-transport-  

k i n e t i c  model t o  comply t o  t h e  observed e f f e c t  of concen t r a t ion  on 

v e l o c i t y  ( 6 ) .  With r e c y c l i n g  of h a l i d e  n e a r  t h e  crack t i p  t h e  calcu- 

l a t e d  v e l o c i t i e s  i nc reased  s e v e r a l  fo ld .  I n  o r d e r  t o  g e t  t h e  ve loc i -  

t ies  aga in  c o n s i s t e n t  w i th  experimental  po ten t i a l -ve loc i ty -cu r ren t  d a t a  

t h e  t i p  p o t e n t i a l  w a s  made more nega t ive  than t h e  mixed p o t e n t i a l  f o r  

formation of TiO, i n  a c i d  s o l u t i o n  and hydrogen ion  discharge.  

i nc reased  t h e  rate of hydrogen i o n  d i scha rge  i n  t h e  monolayer zone and 

decreased t h e  hydrogen h a l i d e  a c i d  concentrat ion.  Need f o r  t h i s  compu- 

t a t i o n a l  change impl i e s  t h a t  t h e  t i p  p o t e n t i a l  is a mixed p o t e n t i a l  de- 

termined by hydrogen i o n  r educ t ion  and an ox ida t ion  r e a c t i o n  more nega- 

t i v e  than  t h e  r e a c t i o n  of t i t a n i u m  wi th  w a t e r  t o  g ive  T i 0 2 .  This  reac- 

t i o n  could be formation of T i f t  ( s t anda rd  r e v e r s i b l e  p o t e n t i a l  of 

-1870 mv ve r sus  SCE compared t o  -1120 m v  f o r  T i 0 2  i n  a c i d  s o l u t i o n )  o r  

charging of t h e  e lec t r ica l  double l a y e r  w i th  h a l i d e  ions.  

This 

, 
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3.3.2 Anodic P a s s i v i t y  i n  Chlor ide and Bromide S o l u t i o n s  

It has been proposed (1) t h a t  t h e  anodic  p a s s i v i t y  observed i n  

c h l o r i d e  and bromide s o l u t i o n s  is  due t o  t h e s e  anions no t  reaching t h e  

crack t i p  because they are r e a c t e d  and removed on t h e  w a l l s  of t h e  

crack. The C1-36 experiments r epor t ed  h e r e i n  i n d i c a t e  t h a t  abso rp t ion  

i n  oxide on t h e  w a l l s  i s  n e g l i g i b l e .  

It has been proposed t h a t  i f  t h e  p a s s i v a t i o n  is  due t o  formation 

of covalent  t e t r a h a l i d e  i n  t h e  monolayer zone, t h e  l ack  of anodic pas- 

s i v i t y  i n  iod ide  s o l u t i o n s  may be due t o  r a p i d  h y d r o l y s i s  of t i t a n i u m  

t e t r a i o d i d e  and r egene ra t ion  of i o d i d e  ions  (1). A necessary conse- 

quence of t h i s  hypothesis  i s  t h a t  t h e  p a s s i v i t y  i n  c h l o r i d e  and bromide 

s o l u t i o n s  should be s e n s i t i v e  t o  temperature because t h e  hydro lys i s  

rate cons t an t  should be s t r o n g l y  temperature dependent. A group of 

experiments i n  c h l o r i d e  and bromide s o l u t i o n s  (3) gave l i t t l e  depend- 

ence of SCC s t r e n g t h  on temperature.  The h y d r o l y s i s  of t i t a n i u m  tetra- 

h a l i d e  i n  s o l u t i o n  i n  t h e  crack does no t  t h e r e f o r e  appear t o  be impor- 

t a n t .  

The i n i t i a l  p l a t e a u  p o t e n t i a l s  observed on open c i r c u i t i n g  t h e  

p i t t i n g  r e a c t i o n  may be r e l e v a n t  t o  t h e  anodic  p a s s i v a t i o n  i n  SCC. I f  

t h e s e  i n i t i a l  p l a t e a u  p o t e n t i a l s  are t h e  p o t e n t i a l s  f o r  formation of 

t i t a n i u m  t e t r a h a l i d e s ,  t hey  are i n  t h e  r i g h t  o r d e r  t o  e x p l a i n  passiva- 

t i o n  i n  c h l o r i d e  s o l u t i o n ,  p a r t i a l  p a s s i v a t i o n  i n  bromide s o l u t i o n  and 

l ack  of p a s s i v a t i o n  i n  i o d i d e  s o l u t i o n .  

most n e g a t i v e  p o t e n t i a l  (-650 mv). The M-T-K model shows t h a t  t h e r e  i s  

l i t t l e  p o t e n t i a l  drop i n  t h e  o u t e r  p a r t  of t h e  crack s o  t h a t  p o t e n t i a l s  

Chloride s o l u t i o n s  gave t h e  
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more p o s i t i v e  than  t h i s  can e a s i l y  be achieved i n  t h e  monolayer zone, 

and T i C l , +  could be formed. I f  h y d r o l y s i s  is  slow i n  s o l u t i o n  i t  could 

occur w e l l  o u t s i d e  of t h e  monolayer zone and t h e r e f o r e  t h e  temperature 

i n f l u e n c e  would b e  s m a l l .  This  mechanism should,  however, produce a 

decreasing v e l o c i t y  as t h e  anodic p r o t e c t i o n  zone is  approached b u t  

t h i s  has  n o t  been observed (6) .  It is  apparent t h a t  more r e f i n e d  k i n e t i c  

experiments should be run wi th  newly f r a c t u r e d  t i t a n i u m  s u r f a c e s  i n  ha l -  

i d e  s o l u t i o n s ,  t o  g e t  a b e t t e r  understanding of t h e  e l ec t rochemis t ry  on 

t h e  monolayer zone. 
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4.0 CONCLUSIONS 

The fol lowing conclusions are based on t h e  work accomplished i n  

t he  pe r iod  of J u l y  1 through September 30, 1967. 

1. In t h e  p i t t i n g  co r ros ion  of t i t an ium,  t h e  p o t e n t i a l  i n  t h e  p i t s  is  

considerably more n e g a t i v e  than t h e  p i t t i n g  p o t e n t i a l ;  t h e  d i f f e r -  

ence a t t r i b u t e d  t o  I R  drop i n  t h e  e l e c t r o l y t e  d i f f u s i o n  l a y e r .  

2. P o t e n t i a l  t r a n s i e n t s  observed on open c i r c u i t i n g  a propagat ing 

stress co r ros ion  crack are c o n s i s t e n t  w i th  p r e d i c t i o n s  of t h e  

mass- t ransport-kinet ic  model. 

3.  Experiments on growth of TiO, on newly generated metal s u r f a c e  i n  

s o l u t i o n s  of tagged c h l o r i d e  i n d i c a t e  t h a t  c h l o r i d e  is n o t  appre-  

c i a b l y  absorbed i n  a range of c u r r e n t  d e n s i t i e s  expected i n  a 

stress co r ros ion  crack, e l i m i n a t i n g  abso rp t ion  of c h l o r i d e  i n  t h e  

crack wal ls  as a mechanism of anodic p a s s i v a t i o n  of SCC. 
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5.0 FUTURE WORK 

The fol lowing i t e m s  of work are planned f o r  t h e  immediate f u t u r e :  

1. Resolve t h e  problem of c h l o r i d e  a n a l y s i s  of t i t an ium.  

2. Refine and extend k i n e t i c  s t u d i e s  t o  a wider range of h a l i d e  con- 

c e n t r a t i o n s  and t o  o t h e r  a l l o y s .  

3 .  I n v e s t i g a t e  m e t a l l u r g i c a l  and mechanical parameters f u r t h e r  and 

develop more q u a n t i t a t i v e  r e l a t i o n s h i p s .  
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