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1.0 SUMMARY 

This  is t h e  f i n a l  r e p o r t  t o  appear under t h i s  c o n t r a c t  number. 

Some new d a t a  on s t r e s s  co r ros ion  cracking i n  acqueous s o l u t i o n s  

and molten salts and a u n i f i e d  p i c t u r e  of k i n e t i c s  of new t i t an ium 

s u r f a c e s  conducted i n  t h e  p a s t  f i v e  yea r s  a r e  presented  h e r e i n .  

Abs t rac ts  of t h e  work i n  each a r e a  a r e  g iven  i n  each s e c t i o n  of 

t h e  r e p o r t .  



2.0 INTRODUCTION 

This work desc r ibes  p a r t  of a s tudy of s t r e s s  cor ros ion  crack- 

ing  of t i t an ium a l l o y s  i n i t i a t e d  i n  J u l y  1965 (1) and cont inued 

under NASA sponsorship beginning J u l y ,  1966 (2) .  This i s  t h e  twen t i e th  

Quar te r ly  Report i n  t h e  s e r i e s  (3 ,  4 ,  5, 6 ,  7, 8,  9 ,  10 ,  11, 12,  13 ,  1 4 ,  

15 ,  16 ,  17 ,  18 ,  19 ,  20, 21) and covers  t h e  six-month per iod  of January 1 

through June 30, 1971. A s h o r t  l e t t e r  r e p o r t  (21) descr ibed  work i n  

progress  i n  t h e  per iod  of January 1 through March 31 ,  b u t  d id  n o t  

p re sen t  d e t a i l e d  r e s u l t s .  

This  i s  t h e  f i n a l  r e p o r t  t o  appear under t h i s  c o n t r a c t  number. 

The bulk  of t h e  f i n a l  per iod  was devoted t o  c leaning  up loose  ends 

and preparing manuscripts f o r  pub l i ca t ion .  Three main t o p i c s  a r e  presented  

i n  t h i s  r e p o r t :  1. New experimental  d a t a  on s t r e s s  cor ros ion  crack- 

i ng  i n  aqueous s o l u t i o n s ;  2. Manuscript on f i r s t  phase of work on 

s t r e s s  cor ros ion  cracking i n  molten s a l t s ;  3. Two manuscripts  on work 

on e lec t rochemis t ry  of f r e s h l y  generated t i t an ium s u r f a c e s  c o l l e c t e d  

i n  one p l ace  from a l l  t h e  p a s t  q u a r t e r l y  r e p o r t s  and i n t e r p r e t e d  i n  

a un i fy ing  perspec t ive .  
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4.0 TECHNICAL DISCUSSION 

4 .1  Studies of Cracks i n  Thin Specimens 

A n  attempt has been made t o  study some aspects  of cracks i n  t h i n  

specimens of suscep t ib le  a l loys  u t i l i z i n g  transmission e lec t ron  microscopy. 

A suscep t ib le  a l l o y  T i  10% Alwas  se lec ted  f o r  t h i s  study and two hea t  

treatment conditions were u t i l i z e d ,  water quenched from 97S°C t o  r e t a i n  

an (almost) disordered s t r u c t u r e  and quenched and aged a t  7 5 0 ' ~  f o r  48 

hours t o  produce p a r t i c l e s  of the  cx (Ti Al) phase. Thin specimens 
2 3 

were produced from these  by conventional e lec t ropol ishing 

techniques taking care  t o  keep the  temperature low enough t o  prevent 

hydride formation. These specimens which were t h i n  enough f o r  transmission 

e lec t ron  microscopy were then t r e a t e d  i n  the  following manner. The t h i n  

sec t ions  were immersed i n  0.6 M K C 1  a c i d i f i e d  with H C 1  t o  a pH %1.0 under 

p o t e n t i o s t a t i c  control .  The specimen was then perforated with a sharp 

sapphire point  near the  t h i n  edge. Such perfora t ion produced cracking of 

the  specimens which i n  some cases resembled SCC cracks a t  l e a s t  during 

perfora t ion.  However on subsequent examination t h e  cracks appeared t o  be 

a shear nature  and thus may not have grown by a SCC mechanism. However, 

the  cracks did form i . e . ,  exposed f resh  surface  within an environment which 

resembled t h a t  wi th in  a SCC crack. The s a l i e n t  f ea tu res  observed i n  these 

experiments a r e  shown i n  Figures 1, 2 and 3 from which the  following points  

can be made. 

Cracking tended t o  be transgranular  and crystal lographic;  

the  plane of cracking could not be measured accura te ly  

due t o  the  d i s t o r t i o n  of f o i l s  but  appeared t o  be near 

the  basa l  (0002)a plane i n  some cases. (It is obvious 



from f i g u r e  2 t h a t  t h i s  i s  not  t r u e  i n  a l l  cases.) 

A high d i s loca t ion  densi ty  is generated near the  cracks 

and extends t o  a t  l e a s t  the  margin of t h e  cracked gra in .  

The d i s loca t ion  densi ty  tends t o  be higher a t  the  crack 

surf  aces. 

Attempts t o  show t h a t  t i tanium hydr2de was present  within 

the  s l i p  bands w e r e  unsuccessful-- no con t ras t  or,more 

e s p e c i a l l y ,  no se lec ted  a rea  d i f f r a c t i o n  evidence was obtained 

f o r  hydride formation. I n  order t o  inves t iga te  regions near 

the  crack surfacer.specimens which contained the  c12 phase 

were used. Figure 3 shows that: using dark f i e l d  techniques 

no changes i n  t h e  p a r t i c l e s  a r e  observed adjacent  

t o  the  crack surface  even i n  sheared p a r t i c l e s .  This a t  

l e a s t  ind ica tes  t h a t  i f  hydride is  formed on t h e  f r a c t u r e  
0 

surface  the  l a y e r  must be extremely t h i n  ( i . e . ,  <<lo0 A ) .  

The above r e s u l t s  were obtained a t  applied p o t e n t i a l  of -500 mV and 

a . l i m i t e d  number of tests w e r e  performed a t  o ther  po ten t i a l s .  It was 

found t h a t  cathodic p o t e n t i a l s  -1500 mV resu l t ed  i n  hydride formation 

although r e s u l t s  were e r r a t i c  i n  t h a t  not  a l l  specimens formed hydride. 

Anodic po la r i za t ion  i n  a c i d i f i e d  iodide  so lu t ions  resu l t ed  i n  p i t t i n g  

e.g.,  Kgure 4 ,  and s e l e c t i v e  d i s so lu t ion  of s l i p  bands. However, these 

e f f e c t s  have not been s tudied i n  d e t a i l .  

These r e s u l t s  a r e  perhaps i n t e r e s t i n g  but  by no means conclusive. 

They do ind ica te  t h a t  t i tanium hydride formation r e s u l t i n g  from hydrogen 

absorbtion from aqueous solut ions  does not occur eas i ly .  The techniques 

w i l l  be extended and an attempt made t o  propagate SCC cracks through pre- 



- 
thinned reg ionsa l though they may n o t  prove f e a s i b l e .  Fu r the r  a t tempts  

w i l l  a l s o  be  made t o  produce t h i n  f o i l  specimens from a c t u a l  SCC crack 

su r f aces ;  previous experience has  i n d i c a t e d  t h a t  t h i s  is n o t  easy. 

4.2 SCC of Ti-6A1-4V i n  Chloride,  Iod ide  and F luo r ide  So lu t ions  

In t roduc t ion  

I n  t h e  p a s t  q u a r t e r l y  r e p o r t s  t h e  behavior  of a  number 

of t i t an ium a l l o y s  i n  a  v a r i e t y  of aqueous s o l u t i o n s  have been descr ibed .  

The most important  commercial a l l o y  Ti-6A1-4V was n o t  included among t h e  

a l l o y s  t e s t e d  and complete v e l o c i t y  (V): stress i n t e n s i t y  (K) r e l a t i o n -  

s h i p s  had n o t  been determined under c e r t a i n  condi t ions .  Thus, i t  w a s  

decided t o  s tudy  t h e  behavior  of this a l l o y  i n  c h l o r i d e ,  i od ide  and 

f l u o r i d e  s o l u t i o n s  a t  room temperature and f i x e d  p o t e n t i a l s .  

Experimental The a l l o y  was obta ined  i n  t h e  form of 0.2" s h e e t  and was 

i n  t h e  m i l l  annea l led  condi t ion .  Two f a c t o r s  con t r ibu ted  t o  t h e  h igh  

degree of s u s c e p t i b i l i t y  of t h i n  a l l o y ,  i t s  h i g h  oxygen content  and 

extreme t r a n s v e r s e  t e x t u r e ,  as can be  seen  i n  Figure 5. DCB specimens, 

0.2" wide were cu t  from t h e  s h e e t  i n  t h e  WR o r i e n t a t i o n .  S t r e s s  was app l i ed  

t o  such specimens by d r i v i n g  a wedge i n t o  t h e  notch and t h e  K ca l cu la t ed  

from t h e  s tandard  equat ion  f o r  such specimens. 

Resu l t s  

Aqueous So lu t ions  

The r e s u l t s  w i l l  b e  d iv ided  i n t o  t h r e e  s e c t i o n s  depending on t h e  

environment. Limited s u s c e p t i b i l i t y  was de t ec t ed  i n  room a i r  and d e t i l l e d  

water  a s  may b e  seen  i n  Figure 6 which a l s o  inc ludes  t h e  V:K curves f o r  

0.6 M ch lo r ideand  5.0 M i od ide  under open c i r c u i t  condi t ions .  



The in f luence  of p o t e n t i a l  on crack growth r a t e  i n  0.6 M KC1  i s  

shuwn i n  t h e  V:K curves i n  Figure 7, from which t h e  fol lowing po in t s  

can be made. 

KISCC v a r i e s  i n  a r e l a t i v e l y  complex way wi th  p o t e n t i a l  

r i s i n g  wi th  anodic and cathodic p o t e n t i a l s .  I n  t h i s  very 

suscep t ib le  a l l o y  t h e  v a r i a t i o n  i s  no t  a s  marked a s  may 

be observed i n  less suscep t ib le  ma te r i a l .  

The v e l o c i t y  of cracking a t  h igh  K l e v e l s  (region 11) 

inc reases  wi th  p o t e n t i a l  although the  inc rease  i s  no t  a 

simple l i n e a r  funct ion  over t h e  complete p o t e n t i a l  range. 

[The v a r i a t i o n  i s  not  exponential  a s  has been observed i n  

aluminum a l loys . ]  

The v a r i a t i o n  of cracking v e l o c i t y  a t  lower K l e v e l s  (region 

I I a )  is  more complex arid does no t  show a l i n e a r  inc rease  

wi th  p o t e n t i a l .  

A f u r t h e r  observat ion was t h a t  a t  high anodic p o t e n t i a l s  (>1000mV) - 

t h e  crack tended t o  tunnel  and a p a l e  yellow green l i q u i d  (TiOC12 ?) 

was discharged from t h e  crack. The fractography of m a t e r i a l  f r a c t u r e d  

at these  h igh  anodic p o t e n t i a l s  is under s tudy a t  t h i s  t ime.  

Behavior i n  5M K I  so lu t ions  i s  i l l u s t r a t e d  i n  Figure 8 from which 

it can be seen t h a t  a much simpler  type of behavior is  observed. The 

crack v e l o c i t y  inc reases  wi th  p o t e n t i a l  bu t  again the  inc rease  is  no t  

a simple l i n e a r  increase '  w i th  p o t e n t i a l  (although more nea r ly  s o  than t h e  

chlor ide  r e s u l t s ) .  KISCC tends t o  f a l l  w i t h  Sncreasing p o t e n t t a l  but  t h e  

r a t e  of decrease is  smal l  a t  p o t e n t i a l s  > O  mV. An a d d i t i o n a l  poin t  of 

i n t e r e s t  i s  then an apparent region I type behavior i s  exhib i ted  i n  



t h i s  s o l u t i o n  a t  p o t e n t i a l s  ~ 1 0 0 0  mV. This behavior i s  observed when 

the  f r e e  iodine  i s  generated wi th in  the crack. However, crack growth 

- 6 with  v e l o c i t i e s  <10 cm/sec has  no t  been observed which may i n d i c a t e  

a t r u e  threshold (KISCC) e x i s t s  under these  condit ions o r  poss ib ly  t h a t  

t h e  iodine  is  exhausted i n  t h e  crack. A t  cathodic p o t e n t i a l s  (-1500 mV) 

the  V:K curve i s  d isp laced  below t h a t  of d i s t i l l e d  water  although complete 

- 6 p ro tec t ion  is  not  observed. The low cracking r a t e s  ($10 cm/sec) a r e  

the  lowest observed i n  aqueous s o l u t i o n  at  t h i s  time and i n d i c a t e  t h a t  

i t  may be poss ib le  t o  ob ta in  very slow s u b c r i t i c a l  crack growth i n  a l l o y s  

apparently immune t o  SCC i n  s h o r t  t i m e  t e s t s .  

I n  previous r e p o r t s  i t  had been concluded t h a t  f l u o r i d e  i n h i b i t e d  

crack growth i n  t i tan ium a l loys ,  a t  l e a s t  i n  concentrat ions ~ 0 . 6  M. 

This r e s u l t  has been p a r t i a l l y  confirmed a s  may be seen i n  Figure 9, 

however, i t  i s  a l s o  evident  from t h i s  f i g u r e  t h a t  i n  high concentrat ion 

(6 M) f l u o r i d e  a c t s  a s  an acce le ra to r .  The behavior i s  somewhat 

complex a s  t h e  concentrated s o l u t i o n  (6 M KF) produces h igher  v e l o c i t i e s  

and a lower KISCC than d i s t i l l e d  water  bu t  lower concentrat ions produce 

both lower v e l o c i t i e s  and h igher  KISCC l e v e l s .  Prel iminary p o t e n t i a l  

s t u d i e s  have ind ica ted  t h a t  cathodic (-1400 m ~ )  and anodic p o t e n t i a l s  

(0 mV) i n h i b i t  crack growth i n  t h e  6 M KF so lu t ion .  

The inf luence  of 6-heat t reatments  

It has been shown t h a t  a c i c u l a r  s t r u c t u r e s  tend t o  have b e t t e r  SCC 

proper t i e s  than equiaxed s t r u c t u r e s  i n  a+@ type a l loys .  This  has been 

confirmed i n  t h i s  a l l o y  by r ehea t  t r e a t i n g  m i l l  anneal led m a t e r i a l  i n  t h e  

B-phase f i e l d  before  t h e  conventional m i l l  anneal l ing  treatment.  A f t e r  

these  t reatments  the  a l l o y  was t e s t e d  i n  0.6 M K C 1  a t  open c i r c u i t .  



It was found t h a t  t e s t i n g  was more d i f f i c u l t  due t o  considerable crack 

branching with t h e  a t tendant  complexities of K and ve loc i ty  measurements. 

However, the  following points  can be made (based p a r t i a l l y  on the  assumption t h a t  

crack branching i s  t h e  r e s u l t  of a ve loc i ty  p la teau independent of the  

K l e v e l ) .  The KISCC value is  increased t o  u34 ~ s i f i  and the  ve loc i ty  

of cracking i s  reduced t o  1 .4  x cm/sec a s  shown i n  Figure 6. The 

K~~ 
value (or  i n  t h i s  case K as  the  plane s t r a i n  c r i t e r i o n  i s  not  

Q 
f u l f i l l e d  i n  0.2 inch mater ia l )  is increased t o  ~ 8 0  ~ s i &  i n  8-processed 

mater ia l .  

Discuss ion  

These r e s u l t s  suppliment the  da ta  reported previously and i n  most 

cases confirm i n  a more quan t i t a t ive  way t h a t  the  e a r l i e r  r e s u l t s  were 

correc t .  The s u s c e p t i b i l i t y  i n  concentrated f l u o r i d e  so lu t ions  completes 

a general  p i c t u r e  of K 
ISCC 

v a r i a t i o n  which i s  shown schematically i n  

Figure 10. Velocity va r ia t ions  with p o t e n t i a l  (and concentration) a r e  

more complex and f u r t h e r  work is required t o  evaluate t h i s  influence 

quanti tat ively--  t h i s  w i l l  be attempted when t h e  MTK model is  modified 

(as such da ta  w i l l  be required).  The b e n e f i c i a l - i n f l u e n c e  of a c i c u l a r  

s t r u c t u r e s  compared with equiaxed s t r u c t u r e  was confirmed, both KISCC 

being increased and t h e  ve loc i ty  decreased. The tendency t o  form branched 

cracks could r e s u l t  i n  ye t  higher K 
ISCC 

l e v e l s  i n  c e r t a i n  cases. The 

reason f o r  t h i s  improvem.ent i s  no doubt due t o  severa l  f a c t o r s  which 

include a more random tex tu re ,  a smaller a-pla te  o r  grain s i z e  and t h e  

presence of a t h i n  f i l m  of the  B-phase (non-susceptible) a t  the  a-phase 

boundaries. 



Figure 1 

Ti-10% A1 (975OC WQ) perforated thin foil showing dislocation distribution 

near the end of a crack. (So1ution:acidified KC1 - 500mV) 



F i g u r e  2 

Ti-10% A 1  ( 9 7 5 O C  WQ) p e r f o r a t e d  t h i n  f o i l  showing c r a c k s  c r o s s i n g  grain 

boundary ( S o 1 u t i o n : a c i d i f i e d  K C 1  - 500mV) 



Figure  3 

Ti-- lo% A 1  (950' WQ + 48 h  

no te  t h a t  a. (Ti  A l )  p a r t i  2 3 
a c i d i f i e d  K c 1  - 5" mV) 



F i g u r e  4 

T i - 1 0 %  A1 (950°C WQ) P i t s  developed i n  a c i d i f i e d  KT. a t  +I000 mV ( n o t e  t h a t  

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



Figu re  5 

( 0 0 0 2 ) a  p o l e  f i g u r e  f o r  Ti-6A1-4V(MA) used i n  t h i s  s t u d y  
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Veloci ty (V) vs  s t r e s s  i n t e n s i t y  (K) f o r  Ti-6A1-4V t e s t e d  i n  a i r ,  d i s t i l l e d  

wa te r ,  potassium-chloride and potassium-iodide environments. Note t h e  in f luence  

of f3 h e a t  t rea tment  on t h e  c rack  growth behavior  i n  potassium c h l o r i d e  
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Figure  7 

Veloc i ty  (V) v s  s t r e s s  i n t e n s i t y  (K) r e l a t i o n s h i p s  f o r  Ti-6A1-4V t e s t e d  i n  

0.6M KCL a t  room temperature  and a t  s e v e r a l  app l i ed  p o t e n t i a l s  
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Figure  8 

Crack Veloc i ty  (V) vs  s t r e s s  i n t e n s i t y  (K) r e l a t i o n s h i p s  f o r  Ti-6A1-4V t e s t e d  

i n  5.0 M K I  a t  var ious  p o t e n t i a l s  



STRESS INTENSITY (ksifi.) 

Figure 9 

Velocity (V) vs stress intensity (K) relationships for Ti-6A1-4V(MA) 

tested ir fluoride and distilled-water environments 
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Figure  10 

Schematic r ep re sen ta t ion  of t h e  dependence of K 
l S C C  

on p o t e n t i a l  of a  sus- 

c e p t i b l e  t i t an ium a l l o y  i n  concent ra ted  aqueous h a l i d e  s o l u t i o n s  



4.3 STRESS CORROSION CRACKING I N  MOLTEN SALTS 

This  r e p o r t  on the  molten s a l t  work is  s p l i t  i n t o  t h r e e  p a r t s .  

The f i r s t  p a r t  i s  a d e s c r i p t i o n  of t h e  work i n  t h e  LiC1-KC1 me l t s ,  

and except  f o r  s l i g h t  changes i s  t h e  same a s  a paper presented at  t h e  

I n t e r n a t i o n a l  Symposium on S t r e s s  Corrosion Mechanisms i n  Titanium 

Alloys he ld  i n  A t l an t a ,  on January 27-29, 1971. It w i l l  be  publ ished 

i n  t h e  proceedings of t h a t  meeting. The second p a r t ,  Appendix 1, i s  

an a n a l y s i s  of t h e  t r a n s p o r t  phenomena a s soc i a t ed  wi th  p r e c i p i t a t i o n  of 

K T i c 1  from K C 1  me l t s  caused by anodic d i s s o l u t i o n  of t i tanium. The 
2 4 

t h i r d  p a r t ,  Appendix 2 ,  de sc r ibes  t h e  r ecen t  r e s u l t s  of t e s t i n g  i n  

A1C13-NaC1-KC1 mel t s .  



LiC1-KC1 Melts  

INTRODUCTION 

The tendency f o r  some t i t an ium a l l o y s  t o  c rack  when exposed under 

s t r e s s  a t  e leva ted  temperatures  i n  t h e  presence of some h a l i d e  s a l t s  

was recognized i n  1 9 5 7 .  Since t h i s  d a t e ,  a l a r g e  number of l abo ra to ry  

i n v e s t i g a t i o n s  have confirmed t h a t  c racking  occurs  and have de l inea t ed  

s e v e r a l  of t h e  f a c t o r s  which c o n t r o l  such cracking.  A s  i n  many s i m i l a r  

s i t u a t i o n s  t h e r e  w a s  an  almost immediate absess ion  wi th  t h e  mechanism of 

c racking  i n  s p i t e  of t h e  l a c k  of any r e a l l y  q u a n t i t a t i v e  d a t a  and t h i s  

has  continued t o  t h e  p re sen t  time. The controversy over which chemical 

s p e c i e s  i s  r e spons ib l e  f o r  h o t  salt cracking has  resolved i t s e l f  i n t o  t h e  

usua l  ( a t  l e a s t  i n  t i t an ium SCC problems) pro-hydrogen and pro-hal ide ion  

f a c t i o n s ,  t h e  arguments (aga in  a s  u sua l )  being remarkable f o r  t h e i r  volume 

r a t h e r  than  t h e i r  s c i e n t i f i c  mer i t .  Some of t he  confusion appears  t o  

a r i s e  from t h e  v a r i a b i l i t y  of t e s t i n g  techniques used by va r ious  workers. 

Titanium a l l o y s  can be  degraded by exposure a t  e l eva t ed  temperatures  under 

stress and i n  va r ious  environments i n  a v a r i e t y  of ways. These could be  

d iv ided  i n t o  

(a )  General co r ros ion  

(b) S u b c r i t i c a l  crack growth (SCC) 

(c) Absorption of some degrading spec i e s  

(almost c e r t a i n l y  hydrogen) 

(d) Me ta l lu rg i ca l  i n s t a b i l i t y ,  e .g . ,  an  

e m b r i t t l i n g  r e a c t i o n  such as w-phase 

A t  temperature 

Usually measured i n  room 

temperature - t e s t s  a f t e r  

exposure 

p r e c i p i t a t i o n .  



One of t h e  c o n t r o v e r s i a l  ques t ions  i n  h o t  s a l t  SCC is  i f  p rocesses  

(b) and (c )  a r e  r e l a t e d .  

An i n v e s t i g a t i o n  of c racking  of Ti:8%Al:l%Mo:l%V i n  molten s a l t s  

was i n i t i a t e d  a s  i t  was considered t h a t  such a s tudy might provide a l i n k  

between aqueous room-temperature SCC and h o t - s a l t  cracking.  Such molten 

s a l t  environments a r e  u s e f u l  both because of t he  wide temperture range 

a v a i l a b l e  f o r  s tudy  and because t h e  composition v a r i a b l e s  can be c o n t r o l l e d .  

I n  a d d i t i o n ,  very  pure  c h l o r i d e  m e l t s  should enable  a c r i t i c a l  t e s t  of 

whether hydrogen embri t t lement  o r  formation of an oxide  p lays  a c r i t i c a l  

r o l e  i n  t h e  propagat ion of a s t r e s s  cor ros ion  crack.  S u s c e p t i b i l i t y  t o  

SCC has been r epor t ed  f o r  molten L ~ c ~ - K c ~ [ ~ ] ,  where t h e  f a i l u r e  of a s t r e s s e d  

specimen was s t a t e d  a s  "instantaneous". 

Two f a c t o r s  a r e  important  i n  t he  s e l e c t i o n  of s a l t  systems t h a t  can be 

used t o  s tudy SCC behavior .  These a r e :  (1) t h e  m e t a l l i c  i o n  i n  t h e  s a l t  

must be h igher  i n  t h e  e lec t romot ive  s e r i e s  than  t i t an ium o r  t h e  t i t an ium 

w i l l  r ep l ace  t h e  i o n ,  thus  r e s t r i c t i n g  t h e  choice  of s a l t s  t o  those  of t h e  

a l k a l i  meta ls ,  t h e  a l k a l i n e  e a r t h  s e r i e s ,  and 81, Z r ,  and Mn; (2) t h e  mel t ing  

po in t  of $he sal t  mixture should n o t  be  too h igh ,  say  <450°C, i n  order  t o  

avoid changing t h e  m e t a l l u r g i c a l  s t r u c t u r e .  

These two r e s t r i c t i o n s  r e s u l t  i n  a r a t h e r  l i m i t e d  number of p o s s i b i l i t i e s .  

-2 -3 
For example, no systems based on SO o r  PO4 a r e  p o s s i b l e ,  and i t  is  4 

d i f f i c u l t  t o  produce high F- con ten t s  i n  s o l u t i o n .  However, s e v e r a l  low 

melt ing po in t  e u t e c t i c s  a r e  formed between t h e  va r ious  a l k a l i  h a l i d e s ,  and of 



t h e s e ,  two have been used t o  d a t e  i n  t h i s  l abo ra to ry :  

LiCl  - K C 1  [58 mole % LiCl]  mp. 352OC 

LiBr - KBr [60 mole % LiBr] mp. 348OC 

A second s e r i e s  of low mel t ing  p o i n t  s o l u t i o n s  of i n t e r e s t  a r e  t h e  a l k a l i  

n i t r a t e s .  Three compositions t h a t  have been used t o  d a t e  a r e :  

LiN03 - KN03 [44 mole % LiN03] mp. 125OC 

LiNO - KNO [81 mole % LiN03] mp. 160°c 
3 3 

NaN03 - KPUO [50 mole % NaN03] mp. 223OC 
3 

It was found t h a t  high concent ra t ions  b f  ~ 1 -  ( i n  the  form of KC1) could be 

added t o  t hese  mel t s  i f  t h e  temperature was above 300 - 350°C. Iodide  

add i t i ons  were more d i f f i c u l t  t o  make, e s p e c i a l l y  t o  L i N O  m e l t s ,  because 
3 

r e a c t i o n  occurred.  However, i o d i d e  could be  added t o  t he  NaNO - KN03 
3 

mel t s ,  a l though i n  r a t h e r  low concent ra t ions .  A l i m i t e d  amount of work 

has  been performed i n  hydroxide systems, b u t  as t h e s e  s o l u t i o n s  produce 

r a p i d  genera l  co r ros ion ,  work w i t h  these  me l t s  has  been d iscont inued .  

Other mel t s  t h a t  could be considered a r e  cyanides and th iocyanates  b u t  

t h e s e  have n o t  been i n v e s t i g a t e d  due t o  t h e i r  h igh  t o x i c i t y .  Biphosphates,  

b i s u l f a t e s ,  e t c . ,  have low mel t ing  p o i n t s  b u t  we have been unable t o  melt  

such s a l t s  s u c c e s s f u l l y ,  as dehydrat ion occurs  and t h e  mel t  r e v e r t s  t o  a 

s o l i d .  

R e l a t i v e l y  r e c e n t l y ,  t e s t s  have been run  i n  A l C l  - N a C l  - K C 1  mixtures  
3 

which have t h e  advantage of very  low mel t ing  po in t s .  These t e s t s  a r e  of 

i n t e r e s t  f o r  two reasons.  F i r s t ,  they  should permit a d i r e c t  comparison of 

aqueous and molten s a l t  SCC a t  t h e  s a m e  temperature.  Secondly, i t  was found 

t h a t  n e i t h e r  aluminum a l l o y s  (7079 grade)  nor s t a i n l e s s  s t e e l  (304 grade) 



exh ib i t ed  c racking  i n  t h i s  melt .  I n  both cases  t h e r e  is  q u i t e  s t r o n g  

evidence t h a t  a smal l  amount of water  i s  e s s e n t i a l  f o r  t h e  occurrence 

of SCC i n  these  m a t e r i a l s .  12 y 3 1  Ti8-1-1, on t h e  o t h e r  hand, i s  s u s c e p t i b l e  

t o  SCC i n  t h i s  melt .  See Appendix 2 f o r  f u r t h e r  d i scuss ion .  

A t a b l e  is  presented below which summarizes t h e  systems i n v e s t i g a t e d  

t o  d a t e ,  t h e  SCC behavior found, and t h e  condi t ions  of t h e  t e s t s .  [41  The 

r e s u l t s  of more ex tens ive  work on t h e  n i t r a t e - c h l o r i d e  mel t s  have been 

d iscussed  p rev ious ly , [41  and t h e  remainder of t he  p re sen t  r e p o r t  w i l l  be  

devoted t o  t h e  LiCl - K C 1  e u t e c t i c  r e s u l t s .  

TABLE I 

STRESS CORROSION CRACKING BEKAVIOR I N  VARIOUS MELTS 

Sys tem 

L i C 1 - K C 1  

Cracking Behavior 

F a s t  cracking 

Condit ions 

375"C, dry  box 

L i N O  -KN03-KC1 Cracking occurs  375OC, open a i r  
3 

S imi la r  t o  LiC1-KC1 

F a s t  cracking 

NaN03-KN03-KC1 Cracking occurs  

400°C, dry box 

80°C, open a i r  

300°C, open a ir  

NaNO 3-KN0 3-KBr Simi la r  t o  analogous ~ 1 -  system 300°C, open a i r  

NaNO -KNO -NaI-Ki S imi la r  t o  analogous ~ 1 -  system 
3 3 

300°C, open a i r  

LiN03-KNO -KBr 
3 

S imi la r  t o  analogous ~ 1 -  system 310°C, open a i r  

NaOH-NaI Slow crack  growth 
( a l s o  genera l  cor ros ion  

Open a ir  

NaNO 3-KN0 No growth i n  two days 450°C, open a i r  

LiN0 3-KN0 No growth i n  20 hours 450°C, open a i r  

NaN0 3-KN0 3-LiF No growth i n  10 hours  375"C, open a i r  

LiC1-KC1-A1C13 F a s t  cracking 120°C, dry box 



The thermodynamics of the electrochemical reactions of interest in this 

work are summarized in the table below. The data are taken from 

Plambeck. 15 I 

TABLE I1 
Electromotive Force Series in LiCl - KC1 Eutectic at 450°C 

Couple . Em0 (volts) 

1 - 
- H (g) + e- = H 2 2 

Al(II1) + 3e- = Al(s) 

- 1 
HCl (g) + e = T H2 (g) + ~ 1 -  
1 - C12 + e- = CI- 2 

We arbitrarily chose Ag(1) (melt)/Ag(s) as the reference for the table 

since this was the reference electrode used in the tests. 



EXPERIMENTAL 

The L i C 1 - K C 1  e u t e c t i c  used i n  t h e s e  s t u d i e s  w a s  ob ta ined  from t h e  

Anderson Physics  Laboratory,  and s p e c i f i e d  t o  con ta in  l e s s  than  1 ppm 

hydrogen a s  OH-. The m a t e r i a l  was handled only i n  t h e  dry  box. 

The a l l o y  Ti-8A1-1Mo-1V was s e l e c t e d  f o r  t h e  i n v e s t i g a t i o n  f o r  

s e v e r a l  reasons.  Considerable d a t a  had been generated on t h i s  a l l o y  

i n  t h i s  l abo ra to ry  i n  t h e  form of v e 1 o c i t y : s t r e s s  i n t e n s i t y  r e l a t i o n s h i p s  

f o r  s e v e r a l  environments and thus  formed a u s e f u l  b a s i s  f o r  comparison. E61 

This a l l o y  has been t e s t e d  ex tens ive ly  under h o t  s a l t  SCC cond i t i ons ,  

aga in  a u s e f u l  comparative b a s i s .  [ Fur the r ,  Ti-8A1-1Mo-1V e x h i b i t s  

s e v e r a l  p r o p e r t i e s  which a r e  advantageous t o  t he  expe r imen ta l i s t ,  a wide range 

of SCC s u s c e p t i b i l i t y  w i th  h e a t  t rea tment  and a p r e f e r r e d  o r i e n t a t i o n  wi th  t h e  

b a s a l  p lanes  l y i n g  p a r a l l e l  t o  t h e  r o l l i n g  d i r e c t i o n  al lowing t h e  u t i l i z a t i o n  

of DCB specimens. Three s h e e t s  of Ti8A1-1Mo-1V have been u t i l i z e d  i n  t h i s  

program, two s h e e t s  showing t h e  t e x t u r e  shown i n  Fig. 1 whi le  t h e  t h i r d  s h e e t  

showed a l e s s  pronounced t e x t u r e .  Three h e a t  t rea tments  have been s tud ied  t o  

d a t e  which a r e  

(a )  800°C f o r  1 hours ,  s t e p  cooled t o  500°C over 72 hours  (S.C.) 

(b) 800°C f o r  2 hours ,  water  quenched (D.A.) 

(c )  1100°C f o r  112 hour ,  water  quenched (M) 

A t y p i c a l  DCB specimen used i n  t h i s  s tudy  is  shown i n  Fig.  1 

toge the r  wi th  shee t  and p r e f e r r e d  o r i e n t a t i o n  information.  These specimens 

were s t r e s s e d  us ing  a wedge made of a Ti-Mo a l l o y  h e a t  t r e a t e d  t o  a s t r e n g t h  

l e v e l  of 190 K s i .  The s t r e s s  i n t e n s i t y  va lues  were c a l c u l a t e d  from t h e  



(a) DCB Specimen 

(b) Orientation of WR DCB-Specimens Used 

t RD 

(c) Idealized (0002), Pole Figure for Sheet 

Fig. 1. Specimens and p r e f e r r e d  o r i e n t a t i o n  informat ion f o r  t h e  Ti8-1-1 used 

i n  t h e  s tudy  



s tandard  equat ion  r e l a t i n g  c rack  l eng th  t o  d e f l e c t i o n .  The advantages of 

such specimens a r e  t h e i r  s i m p l i c i t y  and t h e  ease  of loading  and t e s t i n g  a s  

no e x t e r n a l  loading  system i s  requi red  nor  a r e  any d i s s i m i l a r  meta ls  

introduced i n t o  t h e  molten sal t .  

The t e s t s  were conducted i n  a dry box which maintained t h e  argon 

atmosphere a t  about 10 ppb water  and about 10 ppm oxygen and n i t rogen .  The 

melts  were contained i n  a  pyrex c e l l .  The temperature of t h e  m e t a l  w a s  

maintained a t  t h e  des i r ed  l e v e l  t o  - + 5OC,  a s  measured by a  thermocouple. 

A l l  t h e  t e s t s  were performed under p o t e n t i o s t a t i c  c o n t r o l .  The r e fe rence  

e l e c t r o d e  used was a s i l v e r  rod p a r t i a l l y  immersed i n  a melt  of AgCl i n  

t h e  LiC1-KC1 e u t e c t i c  i n s i d e  a  pyrex tube c losed  on one end. The c losed  end 

was immersed i n  t h e  bulk  mel t ,  and t h e  conduct iv i ty  of t h e  g l a s s  made 

e l e c t r i c a l  con tac t  poss ib l e .  The p o t e n t i a l  of t h i s  r e f e rence  e l e c t r o d e  

d i f f e r e d  from t h e  s tandard  e l e c t r o d e  Ag/Ag(I)(melt) l i s t e d  i n  Table I1 by 

about 200 mV. The specimen was i n s e r t e d  i n t o  t h e  melt  under p o t e n t i a l  

c o n t r o l ,  w i th  t h e  specimen a t  -1800 mV wi th  r e s p e c t  t o  t h e  ~ g ( s ) / A g ( ~ )  r e f e rence  

e l ec t rode .  The r e s t  p o t e n t i a l  (with zero n e t  c u r r e n t )  of t h e  specimen was 

about -1175 mV versus  t h e  r e f e rence  e l ec t rode .  

Fas t  cracking was followed by us ing  motion p i c t u r e  photography, whi le  

v i s u a l  observa t ion  was adequate  f o r  slower propagat ion.  The crack  l eng th  

was recorded a s  a  func t ion  of t i m e .  This  made i t  p o s s i b l e  t o  c a l c u l a t e  

v e l o c i t i e s  of c racking ,  a t  a p a r t i c u l a r  s t r e s s  i n t e n s i t y .  These d a t a  w i l l  

be repor ted  below. 



RESULTS 

A. Effect of Stress Intensity on Crack Propagation Velocity 

Data on the velocity of cracking is given in Figs. 2, 3, and 4. 

For both the step-cooled and duplex-annealed heat treatments, the 

propagation velocities may be divided into two regions. As in other 

environments, the velocity of cracking is strongly stress dependent at 

low crack tip stress intensities, and becomes independent of stress at 

higher K. The magnitude of the velocity is very similar for both heat 

treatments, at a particular value of stress intensity, and the curves 

become identical for velocities below cm/sec. The behavior in "wet" 

melts is also included in the figures, as noted, for water contents of 

10-50 ppm. No significant differences can be noted between the velocities in 

these "wet" melts and those with about 1 ppm water. The relative amounts of 

water in these melts were estimated from the relative (limiting) currents 

measured at -1800 mV. A more systematic investigation of the influence of 

water, and at higher concentrations, is planned for the near future. The 

maximum water content attainable is about 130 ppm, before significant 

degradation of the glass occurs. [81 

B. Influence of Temperature on Crack Velocity 

The influence of temperature on crack velocities, in step-cooled 

Ti 8-1-1, in region 11, is presented in Fig. 5. The activation 

energy of about 3 kcal is compatible with a diffusion-limited process. 
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Fig. 5. Velocity as function of temperature for step-cooled Ti8-1-1 in 
+ LiC1-KC1 eutectic, in Region 11, at -1100 mV (vs Ag/Ag melt) 



C. Effect of Metallurgical Parameters on Crack Velocity 

Two metallurgical parameters have been investigated to a limited 

extent in this investigation - heat treatment and preferred orientation. 

The heat treatments studied are listed in the experimental section and the 

phase structures produced are essentially a+a2(Ti3A1) (SC), a+B(DA) 

and martensitic at(M). Changes in phase structure at the test temperature 

for SC and DA material can probably be neglected as the testing times 

especially for region I1 type growth studies are relatively short. However, 

some decomposition (tempering) of the martensitic (M) structures are 

possible, although this has not been investigated at this time. From 

Figs. 2, and 3, it can be seen that there is little difference between the V:K 

curves for SC and DA material although slight differences in the transition 
I 

- 
region from region I1 to region I growth are observed, this region being more 

marked in DA material. Problems were encountered with the measurement of 

V:K curves for SC and DA material although slight differences in the transition 

region from region I1 to region I growth are observed, this region being more 

marked in DA material. Problems were encountered with the measurement of V:K 

curves for M-Material due to crack branching which caused the crack to 

deviate from the center plane of the specimen. Thus neither velocity nor 

stress intensity could be measured with any degree of accuracy. Results obtained 

indicate that cracks propagate more slowly in M-type specimens-crack 

velocities of u8 x crn/sec at K values from 50-70 being observed. 

The second metallurgical factor studied is that of texture within the 

various sheets of Ti8-Al-lNo-1V tested. The influence of this parameter may be 

seen by comparing the V:K curves shown in Fig. 4. from which it can be seen - 



t h a t  both t h e  t r a n s i t i o n  reg ion  v e l o c i t i e s  and t h e  reg ion  I v e l o c i t i e s  

a r e  d i sp l aced  t o  h ighe r  K l e v e l s  f o r  s h e e t  5215, a s  compared t o  s h e e t s  2917 

and 5300. Di f fe rences  i n  t e x t u r e  between t h e s e  two m a t e r i a l s  a r e  shown 

i n  Figure 6 which c o n s i s t  of t h e  t h r e e  f aces  of t h e  s h e e t  m a t e r i a l  which 

have been co lor  e tched (such a procedure d e l i n e a t e s  t h e  b a s a l  p lanes  of 

t h e  hexagonal phase which appear a s  yel low reg ions  - whi t e  i n  t h e s e  

photographs)? It can be seen  t h a t  t h e  more random t e x t u r e  (Figure 6 (b ) )  

e x h i b i t s  V:K curves d isp laced  t o  h ighe r  K l e v e l s .  



Fig. 6 .  The t e x t u r e  of two s h e e t s  of Ti8-1-1 used i n  t h e  s tudy  



D. E f f e c t  of E l e c t r i c a l  P o t e n t i a l  on Crack Growth Rates  

The d i scuss ion  of t h e  e f f e c t s  of p o t e n t i a l  w i l l  be  d iv ided  i n t o  

two p a r t s ,  namely t h e  ca thodic  p r o t e c t i o n  e f f e c t s ,  and t h e  q u a n t i t a t i v e  

e f f e c t  on the  V:K curves.  

The ca thodic  p r o t e c t i o n  e f f e c t s  a r e  t h e  key t o  t h e  succes s fu l  t e s t s  

which we have made i n  t h i s  melt .  A specimen was usua l ly  placed i n  t h e  

mel t  ( a f t e r  being preheated t o  t h e  temperature of t h e  me l t )  a t  a  p o t e n t i a l  

of -1800 mV v s  t h e  r e f e rence  e l ec t rode .  This  p ro t ec t ed  t h e  specimen f o r  

as long a s  d e s i r e d ,  t h a t  is ,  t h e r e  w a s  no c rack  propagat ion observable 

dur ing  t h i s  p r o t e c t i o n  per iod .  The r e s t  p o t e n t i a l  of t h e  specimen w a s  

u sua l ly  about -1175 mV, a s  mentioned e a r l i e r .  I n  o rde r  t o  propagate  a  

c rack ,  t h e  p o t e n t i a l  w a s  switched quick ly  t o  t h e  des i r ed  va lue  (e .g. ,  

-1100 mV) and maintained t h e r e  f o r  t h e  d u r a t i o n  of t h e  t e s t .  Crack 

propagat ion was i n i t i a t e d  almost immediately, u sua l ly  w i th in  f i v e  seconds. 

The c rack  could be  stopped immediately by switching t h e  p o t e n t i a l  back t o  

-1800 mV. It w a s  more d i f f i c u l t  t o  i n i t i a t e  cracking a t  p o t e n t i a l s  more 

nega t ive  than  -1250 mV, as w i l l  be d iscussed  below, but  t h e  cracking could 

always be stopped by switching t h e  p o t e n t i a l  back t o  -1800 mV. This  

i n d i c a t e s  t h a t  p o t e n t i o s t a t i n g  t h e  specimen a t  -1800 mV w a s  e f f e c t i v e  i n  

p r o t e c t i n g  aga ins t  c rack  propagat ion as w e l l  a s  crack i n i t i a t i o n .  

The r e s u l t s  of t h e  e f f e c t  of p o t e n t i a l  on propagat ion v e l o c i t y  w i l l  

be  d iscussed  by comparison wi th  t h e  r e s u l t s  a t  -1100 mV, as r epor t ed  i n  

f i g u r e  3 .  A l l  t h e s e  r e s u l t s  were obtained on duplex-annealed specimens 



a t  375OC. For p o t e n t i a l s  more p o s i t i v e  than  -1200 mV, t h e  v e l o c i t y  i n  

reg ion  I1 is  n o t  inf luenced by t h e  e l e c t r i c a l  p o t e n t i a l .  It is n o t  c l e a r  

a t  t h i s  t ime whether o r  no t  t h i s  i s  a l s o  t r u e  f o r  p o t e n t i a l s  more nega t ive  

than  t h i s .  Some d a t a  a t  -1400 mV and -1475 mV i n d i c a t e  a  lower v e l o c i t y  

i n  reg ion  I1 than  a t  -1100 mV, bu t  t h e  unce r t a in ty  i n  t h e  d a t a  i s  too  

l a r g e  t o  make a  more d e f i n i t e  s ta tement .  One reason f o r  t h e  u n c e r t a i n t y  

i n  t h e  d a t a  i s  t h a t  poor movies have been obtained f o r  t h e  few t e s t s  run 

a t  t hese  nega t ive  p o t e n t i a l s .  Another reason  i s  t h e  d i f f i c u l t y  a s soc i a t ed  

wi th  i n i t i a t i n g  c racks  a t  p o t e n t i a l s  more nega t ive  than  -1200 mV. It 

has not  been p o s s i b l e  t o  i n i t i a t e  c racks  a t  -1400 f o r  example, by switching 

t h e  p o t e n t i a l  d i r e c t l y  from -1800 mV. The technique of switching from 

-1800 mV a t  -1100 mV t o  i n i t i a t e  t h e  c racks ,  and then  t o  t h e  p o t e n t i a l  of 

i n t e r e s t  (say -1400 mV) has  been p a r t i a l l y  succes s fu l ,  bu t  l e a d s  t o  some 

d i f f i c u l t y  i n  i n t e r p r e t i n g  t h e  d a t a  obtained during t h e  switching.  More 

t e s t i n g  w i l l  undoubtedly r e so lve  t h i s  unce r t a in ty .  

The e f f e c t  of p o t e n t i a l  i n  reg ion  I i s  gene ra l ly  t o  produce a h igher  

v e l o c i t y  t h e  more p o s i t i v e  t h e  p o t e n t i a l ,  a t  a  p a r t i c u l a r  va lue  of t h e  

-5 
s t r e s s  i n t e n s i t y .  Another way of saying t h i s  i s  t h a t  t h e  v e l o c i t y  of 10  cmlsec 

i s  achieved a t  lower va lues  of t h e  s t r e s s  i n t e n s i t y ,  t h e  more p o s i t i v e  t h e  

p o t e n t i a l .  P o t e n t i a l s  more p o s i t i v e  than  -1100 mV l ead  t o  V:K curves above 

(higher  v e l o c i t y  a t  same s t r e s s  i n t e n s i t y )  and roughly p a r a l l e l  t o  t h a t  f o r  

-1100 mV. The curves tend t o  merge a t  about 20 k s i 6  and h igher  f o r  

t hese  p o t e n t i a l s .  P o t e n t i a l s  more nega t ive  than  -1100 mV l e a d  t o  V:K curves 



s h i f t e d  no t  only downward, b u t  a l s o  t o  t h e  r i g h t ,  in comparison t o  

f i g u r e  3. This  i s  shown by t h e  va lues  of s t r e s s  i n t e n s i t y  a t  which t h e  

v e l o c i t y  w a s  found t o  be cm/sec. That i s  a t  -900 mV t h e  s t r e s s  

i n t e n s i t y  was about 4  k s i z ,  a t  -1100 mV about 7 k s i 6 ,  at -1200 mV 

about 14 k s i G ,  a t  -1350 mV about 25 ksi&, at -1400 mV about 32 ksi&, 

and. a t  -1475 mV about 36 ksi&. The f u l l  V:K curves a r e  not  repor ted  h e r e  

because of poor r e p r o d u c i b i l i t y  at t h e  more nega t ive  p o t e n t i a l s ,  bu t  t h e  

t r ends  descr ibed  he re  a r e  always found. These r e s u l t s  a r e  q u i t e  c o n s i s t e n t  

w i th  t h e  ca thodic  p r o t e c t i o n  e f f e c t s  mentioned above. 

Severa l  t e s t s  were a l s o  run  i n  which t h e  p o t e n t i a l  w a s  changed slowly 

from -1800 mV t o  more p o s i t i v e  va lues .  Cracking occurred only when t h e  

p o t e n t i a l  was i n  t h e  neighborhood of -1200 mV t o  -1150 mV. The cu r ren t  

flowing i n t o  t h e  specimen w a s  ca thodic  a t  -1800 mV (and sma l l ) ,  bu t  w a s  

2 
anodic ( 1 mA /cm of bulk  su r f ace )  when crack  propagat ion occurred. The 

sharp  anodic cu r r en t  i n c r e a s e  a s soc i a t ed  wi th  cracking i s  shown i n  f i g u r e  7. 

The t ime s c a l e  on t h i s  f i g u r e  is  such t h a t  a l l  t h e  r a p i d  propagat ion i n  

reg ion  11, and much of t h a t  i n  reg ion  I, took p l ace  i n  t h e  t ime spent  a t  t h e  

cu r r en t  peak. The sharp decrease  i n  c u r r e n t  from t h e  peak must r ep re sen t  

p a s s i v a t i o n  of t h e  c rack  su r f ace ,  perhaps by p r e c i p i t a t i o n  of a  s o l i d  such 

a s  K TiC14 (see  below f o r  f u r t h e r  d i scuss ion ) .  
2 



TIME (min) 

Fig. 7. Current as a f u n c t i o n  of t ime  a t  i n i t i a t i o n  of c rack ing  (Ti8-1-1 i n  

LiC1-KC1 e u t e c t i c )  



E. In f luence  of Added H20 and LiH 

Resul t s  have been obta ined  from experiments designed t o  r e v e a l  t h e  

in f luence  of water ,  and i n  p a r t i c u l a r  hydrogen. The .da ta  i n  F igures  2 

and 3 a s  a l ready  mentioned, revea led  no e f f e c t  of changing t h e  water  

conten t  of t h e  me l t s .  The ca thodic  p r o t e c t i o n  r e s u l t s ,  p resented  above 

+ 
a l s o  i n d i c a t e  t h a t  n e i t h e r  H nor  H i s  important ,  s i n c e  it i s  i n  t h i s  

2  

reg ion  of p o t e n t i a l  t h a t  any in f luence  should be found. We have a l s o  

performed experiments i n  which water  was introduced i n t o  a  mel t  w i th  

a  specimen under ca thodic  cond i t i ons ,  and noted t h a t  t h e  ca thodic  cu r r en t  

fncreased  ( a s  expected) by a  f a c t o r  of 10.  Associated wi th  t h i s  i nc rease  

of c u r r e n t  w a s  t h e  evo lu t ion  of gas  (assumed t o  be H ) from t h e  specimen 2 

s u r f a c e ,  and no cracking was observed. We a l s o  used a  specimen i n  which 

. a c rack  had been propagated f o r  s e v e r a l  mi l l ime te r s  i n  d i s t i l l e d  wa te r ,  

i n  t h e  open l abo ra to ry .  This  specimen, s t i l l  s t r e s s e d ,  was in t roduced  

i n t o  t h e  dry box, i n s e r t e d  i n t o  t h e  mel t  under ca thodic  c o n t r o l ,  and no 

cracking was observed. 



Experiments were a l s o  conducted i n  which LiH was added t o  a mel t ,  

t o  a  concent ra t ion  of about  0 . 1  M. For p o t e n t i a l s  more p o s i t i v e  than 

-2100 mV, H- was oxid ized  t o  H gas which was evolved from t h e  speciman 
2 

2 
su r f ace .  A l i m i t i n g  c u r r e n t  of 10 mA/cm on t h e  specimen was a t t a i n e d  a t  

about -1800 mV and was cons t an t  a t  t h i s  l e v e l  ou t  t o  -1100 mV, where T i  

began t o  d i s s o l v e  anod ica l ly .  No cracking  was observed f o r  p o t e n t i a l s  

more nega t ive  than -1100 mV, bu t  c racking  occurred a t  t h i s  p o t e n t i a l ,  wi th  

an a t t e n d a n t  i n c r e a s e  of anodic cu r r en t .  The v e l o c i t y  of c racking  could 

not  be determined accu ra t e ly  because o'f t h e  opac i ty  of t h e  i n e r t  con ta ine r  

(BN) used t o  hold t h e  me l t ,  b u t  i t  was about 0.5 cm/sec. 

G. Mode of Cracking 

Region I1 and t h e  t r a n s i t i o n  reg ion  crack  f r a c t u r e  su r f aces  

e x h i b i t  c leavage-l ike f e a t u r e s  as shown i n  Fig.  8 ( a ) .  F rac tu re  s u r f a c e s  

produced during reg ion  I type growth i n d i c a t e  t h a t  s epa ra t ion  occurs  by 

a  mixture of c leavage and i n t e r g r a n u l a r  s e p a r a t i o n ,  F ig .  8 ( b ) .  Such 

behavior  is  t y p i c a l  of Ti-8Al-1Mo-1V and o t h e r  a+B type a l l o y s  t e s t e d  

i n  a  v a r i e t y  of environments, e.g.  methanolic s o l u t i o n s  and l i q u i d  mercury. [ 61  

The c rys t a l log raphy  of t h e  cleavage p l ane  i n  molten s a l t s  has  no t  been 

i n v e s t i g a t e d  direct ly;however ,  t h e  i n f luence  of p r e f e r r e d  o r i e n t a t i o n  and t h e  

s i m i l a r i t y  of i t s  e f f e c t  on SCC i n  both aqueous and molten sal t  s o l u t i o n s  

i n d i c a t e  t h a t  t he  p lane  must l i e  near  t h e  b a s a l  plane.  



Fig.  8. Crack f r a c t u r e  s u r f a c e s  i n  ( a )  Region I T ,  and (b)  Region I 



DISCUSSION 

+ 
Our d a t a  i n d i c a t e  t h a t  t h e  presence of hydrogen i n  t h e  form of H , 

H2 

or H- has  no in f luence  on t h e  c racking  behavior  of T i  8-1-1 i n  t h e  

L i C 1 - K C 1  e u t e c t i c ,  and p lays  no major r o l e  i n  t h e  mechanism f o r  c rack  

extension.  In  a d d i t i o n ,  t h e  v e l o c i t y  of t h e  f a s t  cracks i s  too l a r g e  

t o  be caused by t h e  small q u a n t i t i e s  of hydrogen a v a i l a b l e  i n  t h e  pure m e l t s .  

This may be  shown by a  s imple c a l c u l a t i o n .  1101 

One may c a l c u l a t e  t h e  f l u x  of hydrogen ions  reduced t o  H a t  a  2 

l i m i t i n g  c u r r e n t  by so lv ing  t h e  equat ion  of c o n t i n u i t y .  I n  t h e  presence 

+ 
of a  l a r g e  excess  of o t h e r  c u r r e n t  c a r r i e r s  ( i  e .  , t h e  L i  , K', and ~ 1 -  

ions )  and under s t eady- s t a t e ,  s tagnant  condi t ions  ( i . e . ,  t h e  s o l u t i o n  i s  

pul led  along wi th  t h e  c r ack ) ,  t h e  equat ion  of con t inu i ty  becomes 

For a  wedge-shaped, sha rp  c rack ,  wi th  hydrogen ions  be ing  reduced a t  t h e  

l i m i t i n g  cu r r en t  a long t h e  w a l l s  of t h e  c r ack ,  t h e  f l u x  of t hese  ions  t o  

t h e  c rack  t i p  is  exac t ly  zero.  For a rounded t i p  ( f o r  t h e  small ang le  

c racks  of i n t e r e s t  he re  t h e  exac t  shape i s  of l i t t l e  importance) ,  wi th  

hydrogen ions  a l s o  being reduced a t  l i m i t i n g  cu r r en t  a t  t h e  c rack  t i p ,  and t h e  

f l u x  of c u r r e n t  i n t o  t h e  c rack  of 



The f l u x  of hydrogen ions  t o  t h e  c rack  t i p  is now 

For a c rack  ang le  of 2 O ,  i . e . ,  0 = 90 ,  t h e  f l u x  i s  not  zero ,  bu t  i s  

c e r t a i n l y  s m a l l . .  Therefore ,  we conclude t h a t  only a small v e l o c i t y  of 

cracking could b e  supported by hydrogen i o n  r educ t ion  i n  molten LiC1-KC1. 

Having e l imina ted ,  we b e l i e v e ,  a mechanism of cracking involv ing  

hydrogen, we may a l s o  e l i m i n a t e  one involv ing  oxygen by r e f e r r i n g  t o  

t h e  same d a t a .  Those mechanisms which seem most c o n s i s t e n t  wi th  our  

d a t a  a r e  anodic d i s s o l u t i o n ,  o r  adsorp t ion  of a damaging spec i e s  a t  t he  c rack  

t i p .  

I f  anodic d i s s o l u t i o n  were s o l e l y  r e spons ib l e  f o r  crack ex tens ion ,  

2 
cu r r en t  d e n s i t i e s  a t  t h e  c r ack  t i p  of t h e  o rde r  of l o 4  A/cm would be requi red  

f o r  v e l o c i t i e s  of 1 cm/sec i n  t i t an ium.  Furthermore, t h e  cu r r en t  d e n s i t y  

on the  w a l l s  of t h e  c rack  would have t o  be much lower than a t  t h e  t i p  o r  

b lun t ing  of t h e  crack would occur .  I f  t h e  same r e a c t i o n  were occurr ing  on the  

w a l l s  of t he  c rack  and a t  t h e  t i p ,  and t h e r e  were no pas s iva t ing  processes  

involved,  t h e  t h e o r e t i c a l  c u r r e n t  d i s t r i b u t i o n  i s  completely oppos i t e  t o  t h i s .  

That i s ,  Wagner and Cheh 1121 have shown t h a t  t he  c u r r e n t  d e n s i t y  decreases  

wi th  d i s t a n c e  down a notch ,  and is  zero a t  t h e  c rack  t i p  i n  t h e  l i m i t  of 

a cu r r en t  determined s o l e l y  by ohmic r e s i s t a n c e  i n  t h e  e l e c t r o l y t i c  s o l u t i o n .  

Therefore,  t h e  e f f e c t  of having c l ean  c rack  w a l l s  would be  t o  d i s t r i b u t e  t h e  

c u r r e n t  away from t h e  t i p ,  producing a b lunted  crack.  One moderates t h i s  by 

inc luding  t h e  a c t i v a t i o n  p o l a r i z a t i o n  e f f e c t s  b u t  t h e s e  a r e  expected t o  be  



smal l  i n  t h i s  molten sal t  system. This  c o n f l i c t  between what i s  

t h e o r e t i c a l l y  a l lowable  and what i s  requi red  i n  o rde r  t o  have c rack  

ex tens ion  by anodic d i s s o l u t i o n ,  could be reso lved  by one of t h r e e  

p o s s i b i l i t i e s  : 

(1) a  p a s s i v a t i o n  process  occurs  on t h e  crack w a l l s ,  t hus  

reducing t h e  cu r r en t  d e n s i t y  t h e r e ,  and al lowing more c u r r e n t  t o  flow 

t o  t h e  t i p ;  

(2) aluminum i s  p r e f e r e n t i a l l y  d isso lved  from t h e  m a t e r i a l ,  thus  

exhaust ing aluminum from t h e  s u r f a c e  of t h e  c rack  w a l l ,  and lowering t h e  

cu r r en t  dens i ty ,  away from t h e  c rack  t i p ,  o r ;  

(3) s t r e s s  e f f e c t s  are such a s  t o  cause g r e a t e r  d i s s o l u t i o n  a t  

t h e  c rack  t i p  than  on t h e  w a l l s .  

A p a s s i v a t i o n  r e a c t i o n  i n  LiC1-KC1 could be t h e  formation of T i c 1  
2 

f i l m s ,  o r  a  mixed c h l o r i d e  such as K T i c 1  A phase diagram of T i c 1  
2 4 '  2  - 

K C 1 - L i C 1  is  no t  a v a i l a b l e  i n  t h e  l i t e r a t u r e ,  a l though t h e  b ina ry  systems 

have been inves t iga t ed .  T i c 1  forms a continuous s e r i e s  of s o l i d  s o l u t i o n s  
2 

wi th  LiC1, b u t  forms both K T i c 1  ( a  p e r i t e c t i c )  and KTiCl ( a  congruent 
2  4 3  

s o l i d )  wi th  K C 1  (24). It i s  worthwhile t o  ana lyze  t h e  l e v e l  of T i  

d i s s o l u t i o n  c u r r e n t  t h a t  would be  needed t o  p r e c i p i t a t e  K T i c 1  from a 
2 4 

T i c 1  -KC1 mel t ,  t o  determine i f  t h e  c u r r e n t  requi red  i s  reasonable  
2 

f o r  t h e  system under i n v e s t i g a t i o n .  From t h e  r e s u l t s  i n  Appendix 1, w e  

s e e  t h a t  a t  s t eady  s t a t e ,  a cu r ren t  of 168 mA/cm2 could p r e c i p i t a t e  K2TiC1& 

from a mel t  of T iC12-KC1.  Since we a r e  not  even s u r e  t h a t  t h i s  s o l i d  

- , . . ~ 



would p r e c i p i t a t e  from me l t s  conta in ing  LiC1, nor a r e  we c e r t a i n  what t h e  

mel t  composition would have t o  b e  t o  p r e c i p i t a t e  t h e  s o l i d  i f  i t  d i d ,  

i t  is  no t  p o s s i b l e  t o  draw a very  d e f i n i t e  conclusion from t h i s  r e s u l t .  

But we can say t h a t  i t  i s  reasonable  t o  expect  t h a t  a s o l i d  of some 

2 
composition could be produced a t  t h e  c u r r e n t  l e v e l s  (up t o  l o 4  ~ / c m  ) 

appropr i a t e  i n  a propagat ing crack. 

With regard t o  t h e  second p o s s i b i l i t y ,  chemical a n a l y s i s  of a bulk 

m e l t  a f t e r  a s t r e s s  cor ros ion  test revea led  t h e  presence of both 

aluminum and t i tan ium,  bu t  t h i s  is  no t  be l ieved  t o  be  i n d i c a t i v e  of t h e  

concent ra t ions  i n  t h e  crack. However, some s l i g h t  p r e f e r e n t i a l  d i s s o l u t i o n  

of A 1  might b e  expected i n  view of t h e  d a t a  presented i n  Table 11. This  

type  of a t t a c k  has  been found i n  s e v e r a l  o t h e r  systems, and Harr i son  and 

Wagner [ I3 ]  p re sen t  d a t a  f o r  p r e f e r r e d  d i s s o l u t i o n  e f f e c t s  (not SCC) f o r  

an  a l l o y  i n  one molten sal t  system. 

The f i n a l  p o s s i b i l i t y  has  been d iscussed  by s e v e r a l  people (e .g . ,  

Despic, e t  a 1 [ l 4 ]  ) , b u t  no q u a n t i t a t i v e  d a t a  a r e  a v a i l a b l e  f o r  oxide- 

f r e e  su r f aces .  



I f  aluminum is  anod ica l ly  d i s so lved  i n  t he  me l t ,  A 1  (111) w i l l  be 

formed, b u t  t h e  h igh  vapor p re s su re  of A12C16 w i l l  l i m i t  t he  amount which 

can be r e t a i n e d  i n  t h e  mel t  a t  t h e  temperatures  of i n t e r e s t  here .  The 

d i s s o l u t i o n  of t i t an ium is  more complex, w i th  both T i ( I 1 )  and T i ( I I 1 )  formed. 

The T i ( I 1 )  spec i e s  w i l l  predominate f o r  p o t e n t i a l s  more nega t ive  than  

about -0.86 vo l t s . '  A t  equi l ibr ium,  wi th  T i ,  T i ( I I ) ,  and T i ( I I 1 )  a l l  p r e s e n t ,  

t h e  r a t i o  of T i ( I 1 )  t o  T i ( I I 1 )  may be c a l c u l a t e d  from 

where K i s  h e r e  t h e  equi l ibr ium cons tan t .  
eq 

An adsorp t ion  mechanism might be viewed as: 

(1) a  damaging spec i e s  a r r i v i n g  a t  t h e  c rack  t i p ;  

(2) adsorbing on t h e  atoms t h e r e ,  thus  weakening t h e  i n t e r -  

m e t a l l i c  bonds, and; 

(3 )  f i n a l l y  l ead ing  t o  s e p a r a t i o n  of t hese  atoms and crack  ex tens ion .  

The requirements f o r  such a  mechanism a r e  t h a t  t h e r e  should be a  damaging 

s p e c i e s ,  and t h a t  i t  should be suppl ied  i n  such q u a n t i t i e s  as would be 

r equ i r ed  t o  promote bond-breaking. I n  a d d i t i o n ,  our d a t a  i n d i c a t e s  t h a t  t h e  

adsorp t ion  process  would have t o  be s t r o n g l y  potent ial-dependent .  The 

func t ion  of s t r e s s  i n  such a  mechanism would be t h e  c r e a t i o n  of vu lne rab le  

s i t e s ,  l o c a l i z e d  i n  t h i s  case  a t  t h e  c rack  t i p .  

The p re sen t  d a t a  j u s t  do n o t  a l low any dec i s ion  t o  be made concerning 

which of t h e s e  mechanisms (or  some o t h e r )  i s  appropr i a t e  f o r  our  system. 

More experiments w i l l  have t o  be performed be fo re  f u r t h e r  d i scuss ion  i s  



warranted. However, the simple nature of this LiC1-KC1 system should 

make it possible to perform definitive experiments which will reveal much 

about the basic mechanism. In particular, the multiplicity of reactions 

and species found in aqueous solutions is reduced in this melt, so that 

more careful control of variables is possible. 

Much further work is also required to evaluate the influence of heat 

treatment on the SCC behavior of titanium alloys in molten salts. The 

similarity of the V :K curves for DA & SC type material found in this 

investigation is different from the quite large change observed in 

these heat treatments on testing in aqueous and other solutions at room 

temperature. However this difference may be attributed to the similarity 

in mechanical properties of these materials at elevated temperatures. 1151 

The gradual convergence of such properties may also reflect similar 

deformation substructure (dislocation arrangements) a factor which has been 

correlated with SCC at room temperature. However, confirmation of such 

speculation must await direct analysis of deformation substructures. The 

influence of texture is similar in both molten salt and aqueous environments, 

the K l ~ ~ ~  
values for the two sheets shown in Fig. 4 were determined as 

34 Ksi & (sheet 5215) and 17 Ksi 6 (sheet 4300). 

In the introduction it was stated that this work was performed apart 

from any intrinsic merit to 'bridge, possibly, the gap between hot salt SCC 

and aqueous SCC at ambient temperatures. It is obvious that certain 

features of molten salt cracking show strong similarities with SCC in 

several environments at ambient temperatures. The shape of the V:K 

relationships and the fracture.path are two such correlations. [ 6 1  



I n  regard  t o  t h e  r e l a t i o n  of t h e s e  molten sal t  experiments t o  h o t  salt  

SCC the  fo l lowing  p o i n t s  can be made. The r a t e s  of c racking  i n  molten s a l t  

a r e  many o rde r s  of magnitude h igher  than the  l i m i t e d  d a t a  repor ted  f o r  

ho t  s a l t  SCC. However, most repor ted  r a t e s  could become equ iva l en t  

i n  reg ion  I type growth i n  molten salts. It may be s i g n i f i c a n t  t h a t  t h e  

predominant f r a c t u r e  mode r epor t ed  f o r  (a+B) a l l o y s  i n  ho t  s a l t  SCC is  

i n t e r g r a n u l a r  which t h e r e f o r e  may c o r r e l a t e  wi th  reg ion  I. The p re sen t  

i n v e s t i g a t i o n  has a l s o  shown t h a t  ~ 1 -  is  s u f f i c i e n t  t o  cause c racking  i n  

Ti-8A1-1Mo-1V a t  e l eva t ed  temperatures.  It has  never been unambiguously 

shown t h a t  ho t  s a l t  c racking  occurs  i n  t h e  absence of water  and thus  hydrogen. 
- 

Recent t e s t s  by Gray and Johnson [16]  have demonstrated t h a t  c racking  may 

occur a t  very  low water  con ten t s  of t h e  dynamic a i r  s t ream used i n  t h e  t e s t s .  d 

However, t h e  au tho r s ,  who a t t r i b u t e  c racking  t o  hydrogen, p o i n t  ou t  t h a t  t h e  

appl ied  s a l t  l a y e r  may con ta in  some water. One ques t ion  t h a t  must be 

answered i f  t h e  ~ 1 -  ion  i s  r e spons ib l e  f o r  ho t  s a l t  c racking  is  how i t  is  

t r anspor t ed  t o  t h e  c rack  from t h e  s o l i d  NaCl c r y s t a l s .  The observa t ions  

of Kirchner and ~ i ~ l i n ~ ' ' ]  t h a t  s o l i d  o r  l i q u i d  f i l m s  a r e  formed dur ing  . 

exposure a t  e l eva t ed  temperatures  which migra te  on t h e  specimen s u r f a c e  may 

i n d i c a t e  t h a t  some lower mel t ing  p o i n t  mixture i s  c r e a t e d  by r e a c t i o n  of t h e  

NaC1, oxide l a y e r  and m e t a l .  



SUMMARY 

This report has given data on stress corrosion cracking of Ti8-1-1 

in LiC1-KC1 melts at different temperatures, and for three different heat 

treatments. Experiments were conducted to determine the influence of 

+ 
hydrogen, with results which indicated no importance of H , Hz, or H- in 

the cracking mechanism. Finally, the implications of an anodic dissolution 

mechanism and an adsorption mechanism have been discussed. 



APPENDIX 1 

The fundamental equation for transport phenomena in molten salts 

is, [ I 7 1  

where 

moles 
i 

is the concentration of species i in (7) 
cm 

Vui 
is the gradient of electrochemical potential of 

i in(calories/cm mole) 

K~~ I are friction coefficient in P Oule;sec 
cm 

v ,v are macroscopic velocities in 
i -j 

Laity [18y191 and KLemm 120 y211 have used similar equations for molten salts; 

and Onsager [221 has suggested a similar equation for aqueous solutions. 

This equation has also been applied to aqueous solutions, in investigations 

of the potential of cells with liquid junction. [231 The concentration 

dependence of each Kij is largely accounted for by the relationship 



where CT is the total concentration 

and the Dij ' s are diffusion coefficients for binary interactions. Also, 

For a system of n components, there are (n-1) independent equations 

+ 
of the form of (1). The system of interest here is composed of K , ~ 1 - ,  

and ~ i + ~  ions. [241 If we choose and ~ 1 -  to be the two independent 

species, we may write 

and a similar equation for species 2 is redundant because of the Gibbs- 

+ 
Duhem relation. Here species 1 is species 2 is K , and species 3 

is ~1-. The other relationships which we need are the electroneutrality 

equation 

and the current equation 



From thermodynamics 

and 

where PA and lJB are the chemical potential of Tic1 and KC1 
2 

respectively. 

We are interested in a steady-state situation where solid K Tic1 is 2 4 

just precipitated by dissolution of Ti metal. We are interested in the 

current level at which precipitation just begins. At this current level, 

+ 
which we shall call the solubility current, the flux of K and ~ 1 -  first -.... 

become non-zero. That is, below the solubility point, flux of both are .. d 

zero, and the flux of ~ i + ~  is wholly responsible for the current at the surf ace. . 

The equations (2) and (3) may be inverted 1231 to give the fluxes in 

terms of the driving forces. This inversion gives 

* 1 C .v.) has been chosen as the where the molar-average velocity 1 (= - 
'T i 1-1 

reference velocity. An equation can also be written for species 2, 



The g rad ien t  of chemical p o t e n t i a l  of A(TiC1 ) and t h e  cu r r en t  have 
2 

been chosen as t h e  two independent d r i v i n g  f o r c e s  al though o t h e r  choices  

a r e  poss ib l e .  The c o e f f i c i e n t s  may be  shown t o  have t h e  fo l lowing  

r e l a t i o n s h i p s  t o  t h e  K ij Y i . e .  Y 



where 

i i Also, t h e  c o e f f i c i e n t s  L1 and L a r e  r e l a t e d  t o  t h e  t r ans fe rence  numbers 
3 

* 
where t h e  s u p e r s c r i p t  i n d i c a t e s  t h a t  t h e s e  a r q t r a n s f e r e n c e  numbers where -. 

V t h e  molar-average v e l o c i t y  i s  t h e  r e f e rence  v e l o c i t y .  A d i f f e r e n t  choice 

of the  r e f e rence  v e l o c i t y  (such as t h e  mass-average v e l o c i t y )  would l ead  

t o  d i f f e r e n t  t r ans fe rence  numbers. 

From t h e  cu r r en t  equat ion ,  

where we have used t h e  boundary condi t ions  d iscussed  above ( i . e . ,  v  =v =O). 
2 3 

Therefore,  



which leads to 

This gives the desired connection between the current and the gradient 

of the chemical potential of A. Rearranging, 

* 
and introducing the definitions for Lfi and tl , 



where fA is the mean molar activity coefficient of A. By introducing 

the definition for the Kij,s, 

where 

If we assume that D is independent of concentration, the equation may 

be integrated. The boundary condition that the concentration of A goes 

to zero at some distance d from the surface leads to the equation, 

The concentration of A at tl-esurface is fixed by the assumption of 

precipitation of K TiC14, i.e., 
2 



By assuming t h a t  t h e  mel t  i n  con tac t  wi th  t h e  s o l i d  is  of t h e  

same composition a s  t h e  s o l i d ,  and using t h e  dens i ty  of molten K& 

a s  t h e  )densi ty  of t h e  m e l t ,  

we may now c a l c u l a t e  the  cu r ren t  necessary  t o  just p r e c i p i t a t e  

the s o l i d  from ( 9 ) .  W e  assume 

5 
F = 10 coulombs/ 

equiva len t  
6 = 10-I crn 

and use  

t o  ob ta in  



APPENDIX 2 

Tes t s  have been run i n  a (?A! (64 rnol %) - Na (?A! (20 mol %) - 
3 

K d  (16 mol %) mel ts  a t  120°C. The mel t  was p u r i f i e d  by contac t ing  

i t  wi th  aluminum powder f o r  s e v e r a l  days. The r e s u l t i n g  l i q u i d  was 

colored s l i g h t l y  yellow - i n d i c a t i v e  of some remaining i r o n  contami- 

na t ion .  Cycl ic  voltammograms of t h e  mel t  revea led  an anodic peak 

a t  +400 mV vs .  t h e  a r e f e rence  e l e c t r o d e  which is  t h e  app ropr i a t e  

vo l t age  f o r  f e r r o u s  ion  oxida t ion .  No o t h e r  peaks were obta ined  

between +400 and +I600 mV. The mel t  was handled only i n  t h e  dry box. 

The t e s t s  were l a r g e l y  unsuccessful  i n  t h a t  i t  was no t  p o s s i b l e  

t o  ca thod ica l ly  p r o t e c t  t h e  specimen. Cracks propagated a t  3  x 

cmlsec f o r  K l e v e l s  between 17  and 24 k s i  &, and were independent 

of p o t e n t i a l  between -300 mV and +300 mV, both wi th  r e spec t  t o  an 

aluminum re fe rence  e l ec t rode .  The i n a b i l i t y  t o  p r o t e c t  t h e  specimen 

ca thod ica l ly  i s  c o n s i s t e n t  w i th  t h e  p o t e n t i a l  s e r i e s  r epo r t ed  by 

yntema, e t . a l .  (25) ,  i . e . ,  T i  i s  repor ted  t o  be more nega t ive  than  

t h a t  of i n  Ak? d 3 - N a u - K d  me l t s  (and thus  no t  measurable) . 
Fur ther  t e s t i n g  i n  t h i s  mel t  w i l l  b e  f r u i t f u l  only i f  a  technique 

may be found t o  p r o t e c t  t h e  specimen a g a i n s t  such propagat ion u n t i l  

observa t ion  can be made. 



Nomenclature 

3 
concent ra t ion  of hydrogen ions  (moles/cm ) 

2 
cu r ren t  dens i ty  (A/cm ) 

2 
di f fus ion- l imi ted  cu r r en t  (A/cm ) 

~ a r a d a y ' s  cons tan t  (coulombs/equivalent) 

2 
d i f f u s i o n  c o e f f i c i e n t  of hydrogen ions  (Cm / sec)  

crack angle  

s t r e s s  i n t e n s i t y  ( k s i  6 ) 

equi l ibr ium cons tan t  

g rad ien t  of e lec t rochemica l  p o t e n t i a l  of spec i e s  

i (calories/cm-mole) 

5 
f r i c t i o n  c o e f f i c i e n t  (joule-seclcm ) 

macroscopic v e l o c i t y  of spec i e s  i (cm/sec) 

gas cons tan t  (calories/"K-mole) 

temperature (OK) 

d i f f u s i o n  c o e f f i c i e n t  f o r  b ina ry  i n t e r a c t i o n  

charge number of i o n i c  spec i e s  ( l lmole)  

number of r a t i o n s  o r  anions produced by d issoc ia t ion  

of one mole of e l e c t r o l y t e  

molar average v e l o c i t y  (cm/sec) 

3 
t o t a l  concent ra t ion  (moles/cm ) 

t r ans fe rence  number of i wi th  r e spec t  t o  t h e  molar 

average v e l o c i t y  
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4.4 Electrochemistry of Freshly-Generated Titanium 
Surfaces ,  I. Scraped-Rotating-Disk Experiments 

T. R. Beck 

Boeing S c i e n t i f i c  Research Labora tor ies  

S e a t t l e ,  Washington 98124 

ABSTRACT 

Experiments were conducted i n  which a r o t a t i n g  d i s k  of t i t an ium 

was scraped wi th  a s apph i r e  c u t t e r  i n  H C 1  s o l u t i o n .  The amount of 

t i t an ium going i n t o  s o l u t i o n  determined chemically and by ox ida t ion  

of ~ i ~ '  t o  Ti(1V) a t  a gold r i n g  accounted f o r  a l a r g e  f r a c t i o n  of 

t h e  anodic cu r r en t  t o  t h e  scraped su r f ace .  The d a t a  a r e  c o n s i s t e n t  

wi th  a r ev i sed  p o t e n t i a l  - pH diagram tak ing  i n t o  account t h e  simul- 

taneous formation of ~ i ~ +  and a mes t a s t ab l e  pas s iva t ing  oxide.  Oxida- 

t i o n  of ~ i ~ +  t o  Ti(1V) on gold was h igh ly  i r r e v e r s i b l e  even i n  6M HC1. 

Ring-disk t r a n s i e n t  behavior  was analyzed. 

INTRODUCTION 

A mass-transport-kinet ic  (MTK) model developed t o  desc r ibe  t h e  

1 
elec t rochemica l  events  i n  a propagat ing s t r e s s  cor ros ion  crack  re -  

qu i red  t h a t  k i n e t i c  d a t a  f o r  newly generated s u r f a c e s  of t i t an ium b e  

determined. New s u r f a c e s  of t i t an ium were generated by f a s t  f r a c t u r e  

2 
under p o t e n t i o s t a t i c  condi t ions  i n  aqueous s o l u t i o n s  and cu r ren t  

t r a n s i e n t s  were i n t e r p r e t e d  i n  terms hydrogen ion  r educ t ion  and 

formation of oxide. During t h e  development of t h e  MTK model i t  became 



evident  t h a t  t h e s e  two r e a c t i o n s  were i n s u f f i c i e n t  t o  exp la in  events  

i n  a s t r e s s  cor ros ion  crack  and t h e  simultaneous formation of Ti3+ i o n  

was suspected.  
1 

The purpose of t h e  work descr ibed  i n  t h e  p re sen t  papers  w a s  t o  

determine i f  Ti3+ i s  formed simultaneously wi th  oxide and t o  determine 

3+ 
t h e  k i n e t i c s  of formation of Ti  and t h e  i n i t i a l  pas s iva t ing  oxide 

l a y e r .  The f i r s t  paper descr ibes  i d e n t i f i c a t i o n  and q u a n t i t a t i v e  

3+ 
determinat ion of T i  i n  scraped r o t a t i n g  d i s k  experiments.  The second 

paper  i s  concerned wi th  f a s t  f r a c t u r e  experiments i n  aqueous s o l u t i o n s  

and f i t t i n g  of models f o r  simultaneous hydrogen ion  r educ t ion  and forma- 

t i o n  of Ti3+ and t i t an ium oxide t o  t h e  da t a .  

Electrochemistry of f r e s h l y  generated me ta l  s u r f a c e s  has  rece ived  

inc reas ing  a t t e n t i o n  i n  r ecen t  yea r s .  Andersen and EYring3 i n  a s e r i e s  

of papers  desc r ibe  a continuous scrap ing  technique using a sapphi re  b i t  

t o  determine t h e  p o i n t  t o  zero charge of noble  meta ls .  Titanium and 

aluminum were too  r e a c t i v e  t o  determine t h e  p o i n t  of zero charge by 

t h i s  method. Hagyard and Ea r l4  s t u d i e d  r e a c t i o n s  of new aluminum su r -  

f aces  generated by r a p i d  shea r  wi th  a ruby c u t t e r  i n  K C 1  s o l u t i o n  and 

presented  some k i n e t i c  i n t e r p r e t a t i o n s .  Tomashov and Vershinina 
5 

abraded a number of meta ls  wi th  a corundum gr inding  wheel and determined 

r e l a t i v e  r e a c t i v i t y  t o  unabraded specimens f o r  hydrogen i o n  and oxygen 

reduct ion  and f o r  meta l  d i s s o l u t i o n .  Anodic cu r r en t  d e n s i t i e s  f o r  

t i t an ium were observed t o  i n c r e a s e  by 3-4 o rde r s  of magnitude by 

scrap ing .  They a t t r i b u t e d  t h e  increased  c u r r e n t  t o  d isso lu tkon  and t o  

r epas s iva t ion ,  a l though they  made no q u a n t i t a t i v e  sepa ra t ion  and i t  

is  doub t fu l  t h a t  a s e p a r a t i o n  could b e  made f o r  t h e i r  s u r f a c e  condi t ion .  



Numerous s t u d i e s 6  have been made of cu r r en t  t r a n s i e n t s  w i t h  s t r e t c h e d  

wi re s  which presumably c rack  o r  t h i n  t h e  pas s iva t ing  oxide l a y e r s  lead ing  t o  

a  r epas s iva t ion ,  bu t  only q u a l i t a t i v e  i n t e r p r e t a t i o n s  have been made. 

EXPERIMENTAL 

Two s e t s  of experiments were conducted f o r  t h e  purpose of de t e r -  

mining t h e  presence and t h e  amount of s o l u b l e  ~ 1 ~ '  formed i n  p a r a l l e l  

w i th  formation of oxide on new t i tan ium s u r f a c e s  i n  a c i d  s o l u t i o n .  

The f i r s t  was wi th  a  r o t a t i n g  t i t an ium d i s k  t h a t  was scraped wi th  a  

s apph i r e  c u t t i n g  t o o l  and t h e  s o l u b l e  t i t an ium was determined co lo r i -  

7 
m e t r i c a l l y  us ing  t h e  hydrogen peroxide method . The second s e t  of ex- 

periments was wi th  a t i tan ium d i s k  t h a t  was scraped wi th  a  s apph i r e  

c u t t e r  and s o l u b l e  ~ i ~ +  formed was determined by ox ida t ion  t o  Ti0 
2+ 

a t  a  gold r ing .  

Rotating Disk Experiments 

The geometry of t h e  r o t a t i n g  d i s k  experiments i s  i l l u s t r a t e d  i n  

Figure 1. The 99.9% p u r i t y  iod ide- t i tan ium rod (A. D. Mackay, New 

York) was bored out  s u  t h a t  t h e  a r e a  of t h e  scraped f a c e  would not  

change a s  t i t an ium was removed. The o u t s i d e  diameter  was 0.6 cm and 

t h e  i n s i d e  diameter 0.4 cm. The Teflon c e l l  was 2 .5  cm i n s i d e  diam- 

e t e r  and 2.5 cm deep. A minimum volume of e l e c t r o l y t e  (-20~1) was 

used s o  t h a t  a  measurable concent ra t ion  could b e  b u i l t  up wi th  a  

reasonable amount of sc rap ing  on t h e  t i t an ium.  A 0.38 cm diameter  

s apph i r e  rod w a s  ground on t h e  end t o  a  square-nose t o o l  w i t h  a  0.20 cm 

wide c u t t i n g  edge, a nega t ive  rake  angle  of 17 degrees and a  r e l i e f  angle  

of 14 degrees.  It was bonded i n  a h o l e  i n  t h e  aluminum base  p l a t e  w i t h  



epoxy r e s i n .  A d r i l l - p r e s s  t a b l e  holding t h e  c e l l  and c u t t e r  was 

equipped wi th  a motor d r i v e  f o r  advancing t h e  c u t t e r  i n t o  t h e  r o t a t i n g  

t i t an ium tube  a t  va r ious  con t ro l l ed  r a t e s .  A Wenking Model 6379 TR poten- 

t i o s t a t  was used t o  hold  t h e  t i t an ium tube  a t  cons tan t  p o t e n t i a l  i n  r e spec t  

t o  a s a t u r a t e d  calomel r e f e rence  e l ec t rode .  A l l  p o t e n t i a l s  were meas- 

ured i n  r e spec t  t o  t h e  s a t u r a t e d  calomel e l e c t r o d e  o r  s i l v e r / s i l v e r  

c h l o r i d e  e l e c t r o d e  and converted t o  t h e  s t anda rd  hydrogen e l e c t r o d e  s c a l e  

by adding 0.24 v o l t s  o r  0.12 v o l t s  r e spec t ive ly .  (The Ag/AgCl e l e c t r o d e  i n  

6.M HC1  was measured t o  b e  -118 mV t o  SCE.) 

Soluble  t i t an ium w a s  determined by t h e  hydrogen peroxide method 

descr ibed  i n  Kolthoff  and ~ l v i n ~ ~  using a Cary Model-14 Recording 

Spectrophotometer.  A c a l i b r a t i o n  curve w a s  made us ing  Bakers reagent  

3+ 
grade Ti02 as s tandard .  I n  t h e  de te rmina t ions ,  t h e  s o l u b l e  T i  was 

oxid ized  t o  ~ i 0 ~ +  by t h e  hydrogen peroxide t o  form a yellow-colored 

complex w i t h  t h e  excess  of hydrogen peroxide.  

A t  t h e  completion o f . e a c h  run t h e  e l e c t r o l y t e  was immediately 

3 poured out  of t h e  c e l l  i n t o  a graduated c y l i n d e r ,  3 cm of 3% H202 

w a s  added and t h e  t o t a l  volume recorded. A p o r t i o n  of t h i s  s o l u t i o n  

w a s  examined i n  t h e  spectraphotometer .  Rapid t r a n s f e r  of t h e  s o l u t i o n  

w a s  necessary because t h e  meta l  c u t t i n g s  continued t o  r e a c t  as evidenced 

by v i s i b l e  hydrogen evolu t ion .  The c u t t i n g s  had a h ighe r  r e a c t i v i t y  

a s  compared t o  massive t i t an ium probably due t o  co ld  working and 

increased  s u r f a c e  a rea .  The s o l u t i o n  p r i o r  t o  H 0 a d d i t i o n  had a 
2 2 

3+ 
l i g h t  v i o l e t  co lo r  i n d i c a t i v e  of T i  . 
Ring Disk Experiments 

The design of t h e  r ing-disk e l e c t r o d e  is shown i n  F igure  2.  The 



gold r i n g  and t i t an ium rod w i t h  exposed end forming t h e  d i s k  were 

mounted i n  a  Teflon body, i n  t u r n  f a s t ened  t o  t h e  r o t a t i n g  s h a f t  . 

through a  screw f i t t i n g .  Disk m a t e r i a l  was iod ide  t i t an ium as i n  

t h e  scraped d i s k  experiments and t h e  r i n g  was gold of 99.9% p u r i t y .  

Leads from t h e  d i s k  and r i n g  were connected through a  Hut t inger  Baldwin 

Messtechnik SK-6 s l i p - r i n g  assembly t o  t h e  e x t e r n a l  c i r c u i t .  Four 

s l i p  r i n g s  were connected t o  t h e  d i s k  and two s l i p  r i n g s  were con- 

nected t o  t h e  gold r ing .  

The e l e c t r o d e  was immersed i n  e l e c t r o l y t e  f i l l e d  t o  6  cm depth 

i n  a  square  P l e x i g l a s  c e l l  w i th  i n t e r n a l  dimensions 10 x  10 x  8  cm. 

The d i s k  was p o t e n t i o s t a t e d ,  t h e  s a t u r a t e d  calomel r e f e rence  e l e c t r o d e  

a t  t h e  edge of t h e  Teflon body and t h e  plat inum counter  e l e c t r o d e  a t  

t h e  s i d e  of t h e  c e l l  as ind ica t ed  i n  Figure 3 .  A s i l v e r  s h e e t  anodized 

i n  c h l o r i d e  s o l u t i o n  wi th  3 112 cm by 1 8  cm immersed a r e a  (per  s i d e )  

was used a s  r e f e rence  and counter  e l e c t r o d e  f o r  t h e  gold r i n g .  A 

b i a s  vo l t age  was app l i ed  t o  t h e  gold r i n g  wi th  a 100 ohm potent iometer  

ac ros s  two s e r i e s  mercury c e l l s ,  and a  10 ohm shunt  was used f o r  meas- 

ur ing  cu r ren t .  The d i s k  was scraped by a sapph i r e  c u t t e r  of similar 

shape t o  t h e  foregoing,  bonded i n  a  t i t an ium ho lde r  a t t ached  t o  t h e  

bottom of t h e  c e l l .  

Before t h e  scrap ing  experiment could be  i n t e r p r e t e d  a  number of 

pre l iminary  experiments and c a l i b r a t i o n s  were made. These included 

measurement of p o l a r i z a t i o n  curves f o r  ox ida t i cn  of Ti3+ on gold ,  

de te rmina t ion  of r i n g  e f f i c i e n c y  f o r  ox ida t ion  of Ti3+ formed by re- 

duc t ion  of Ti(IV) from s o l u t i o n  on d i s k ,  de te rmina t ion  of t h e  r i n g  

e f f i c i e n c y  by reduct ion  of i od ine  genera ted  a t  t h e  d i sk ,  de te rmina t ion  



of r i n g  cu r r en t  f o r  hydrogen generated a t  t h e  d i s k  and s tudy  of r ing-  

d i s k  t r a n s i e n t s .  

3+ 
1. P o l o r i z a t i o n  curve f o r  T i  /Ti(IV) on gold 

The i r r e v e r s i b i l i t y  of t h e  Ti3+/Tio2+ ~ o u p l e  i n  polarography on 

8 
a  mercury s u r f a c e  is  w e l l  known . A s i m i l a r  i r r e v e r s i b i l i t y  w a s  ob- 

se rved  i n  t h e  p re sen t  work on gold and plat inum e l ec t rodes .  The couple 

i s  s o  i r r e v e r s i b l e  t h a t  no ox ida t ion  cu r ren t  was measured wi th  a  0.1M 

Tic1  s o l u t i o n  between t h e  p o t e n t i a l s  of hydrogen and oxygen evo lu t ion ,  3  

whereas t h e  s tandard  r e v e r s i b l e  p o t e n t i a l  of t h e  couple g iven  by Latimer 
9  

i s  about + 0 .1  V. 

8 
I n  agreement w i th  t h e  polarographic  work , an ox ida t ion  cu r ren t  

was found wi th  a  s t a t i o n a r y  gold e l e c t r o d e  i n  a  s t r o n g l y  a c i d  s o l u t i o n  

of 0.lM TiC13 i n  6M H C 1  as i n d i c a t e d  i n  F igure  4. Curve A i s  f o r  6M H C 1  

and t h e  anodic c u r r e n t  at--+0.9V rep resen t s  d i s s o l u t i o n  of gold.  According 

t o  la t imer '  t h e  s t anda rd  p o t e n t i a l  f o r  formation of t h e  AUCI- complex i s  4 

+ 1.0 v o l t .  The equi l ibr ium p o t e n t i a l  should b e  approximately 60 mV 

l e s s  p o s i t i v e  i n  6M H C 1  and f u r t h e r  w i th  noegold i n  s o l u t i o n .  The 

ca thodic  cu r r en t  a t  0  V is  presumed t o  be  f o r  hydrogen i o n  reduct ion .  

The anodic p a r t  of curve B i s  f o r  ox ida t ion  of ~i-.  A t  a  p o t e n t i a l  

above + 0.5V t h e  cu r r en t  becomes l i m i t e d  a t  l e a s t  i n  p a r t  by mass t r ans -  

p o r t  i n  s o l u t i o n  as evidenced by an i n c r e a s e  i n  c u r r e n t  when t h e  e lec-  

t r o l y t e  was s t i r r e d .  The s t eady- s t a t e  l i m i t i n g  cu r r en t  d e n s i t y ,  however, 

- 4 - 3 w a s  -- 2 x  10 A.mp/cm2 compared t o  a c a l c u l a t e d  va lue  of 2  x  10 Amplcm 
2 

2 
f o r  a  d i f f u s i v i t y  of cm / sec  f o r  ~ i ~ +  and a  d i f f u s i o n  l a y e r  th ickness  of 

5  x  lo-' cm f o r  a  one-electron r eac t ion .  It would appear t h a t  t h e r e  

remains a h igh  degree of i r r e v e r s i b i l i t y  i n  s p i t e  of t h e  h igh  concen- 



t r a t i o n  of HC1. The i r r e v e r s i b i l i t y  f o r  ox ida t ion  of is  a l s o  

manifested i n  t h e  s m a l l  i n c r e a s e  i n  cu r r en t  w i th  p o t e n t i a l  up t o  0.5V. 

The r e v e r s i b l e  p o t e n t i a l  f o r  t h e  Ti3+/Tio2+ couple appears  t o  be  between 

0 . 1  and 0.18V i n  approximate agreement w i th  t h e  va lue  of 0.1V from 

~ a t i m e r '  b u t  t h e  va lue  i s  inf luenced  t o  some e x t e n t  by a  mixed p o t e n t i a l  

r e s u l t i n g  from hydrogen i o n  reduct ion .  

2. Ring e f f i c i e n c y  f o r  ox ida t ion  of Ti  
3+ 

The e f f i c i e n c y  of t h e  r i n g  f o r  ox ida t ion  of Ti3+ produced a t  t h e  

d i s k  was determined by reducing Tio2+ from s o l u t i o n  on t h e  d i s k  and 

reoxid iz ing  i t  a t  t h e  r i n g .  The e l e c t r o l y t e  was approximately 0.4 M Ti0 
2+ 

i n  6 M H C 1 ,  produced by d i s so lv ing  Bakers reagent-grade T i c 1  i n  concen- 
4 

t r a t e d  H C 1  and d i l u t i n g  t h e  H C 1  t o  6M. The t i t an ium d i s k  was h e l d  a t  0 V 

f o r  reduct ion  of Tio2+ and t h e  gold r i n g  p o t e n t i a l  was v a r i e d  from 0.2 t o  

0.9V. Hydrogen overvol tage i s  g r e a t e r  on t i t an ium than  on gold s o  essen- 

2+ 
t i a l l y  a l l  of t h e  cu r r en t  t o  t h e  d i s k  a t  0 V went t o  reduct ion  of Ti0 . 

3+ Ef f i c i ency  of T i  ox ida t ion  versus  p o t e n t i a l  a t  t h e  r i n g  i s  given 

i n  Table 1 and p l o t t e d  i n  Figure 5 f o r  a r o t a t i o n a l  v e l o c i t y  of 400 RPM. 

Eff ic iency  was c a l c u l a t e d  from 

N = A I R / I D  L 

where A 1  i s  the  change i n  r i n g  cu r r en t  (anodic) and I t h e  ca thodic  
R D 

d i s k  cu r r en t  f o r  reduct ion  of Ti(1V). It may b e  noted t h a t  a  h igh  

degree of i r r e v e r s i b i l i t y  f o r  ox ida t ion  of a t  t h e  r i n g  is  ind ica t ed  



by t h e  low e f f i c i e n c i e s  compared t o  t h e  va lue  ex t r apo la t ed  from t h e  

Albery and Bruckenstein modello f o r  t h e  r i n g  and d i s k  dimensions 

given i n  F igure  2. Furthermore, a t  a given r i n g  p o t e n t i a l  t h e  e f f i c i e n c y  

decreased wi th  t ime i n d i c a t i n g  a poisoning of t h e  sur face .  The e f f i c i e n c y  

increased  a f t e r  t h e  r i n g  had been t o  a p o t e n t i a l  of 0.92V where gold 

d i s s o l u t i o n  occurred and t h e  s u r f a c e  was ev iden t ly  p a r t i a l l y  cleaned 

of t h e  poisoning agent .  

3. Ring e f f i c i e n c y  f o r  ox ida t ion  of hydrogen 

The r i n g  c u r r e n t  and e f f i c i e n c y  were determined f o r  ox ida t ion  of 

hydrogen generated a t  a  nega t ive  p o t e n t i a l  on t h e  d i s k  because of t h e  

p o s s i b i l i t y  of e r r o r  i n  t h e  scrap ing  experiments due t o  ox ida t ion  a t  

t h e  r i n g  of hydrogen generated on t h e  new s u r f a c e  and on t h e  c u t t i n g s .  

The d a t a  shown i n  Table 2 i n d i c a t e  a very  low cu r ren t  and cu r ren t  

e f f i c i e n c y  a t  t h e  r i n g  f o r  ox ida t ion  of d i sso lved  hydrogen compared t o  

t h e  va lues  f o r  ox ida t ion  of Ti3+ shown i n  Table 1. It i s  t h e r e f o r e  

assumed t h a t  ox ida t ion  of d i sso lved  hydrogen can b e  neg lec t ed  a t  t h e  

r i n g  i n  t h e  scrap ing  experiments.  

4. Ring e f f i c i e n c y  f o r  I2 reduct ion  

Because t h e  r i n g  e f f i c i e n c i e s  observed i n  t h e  ox ida t ion  of T i  3+ 

were low compared t o  theory ,  i t  w a s  d e s i r a b l e  t o  experimental ly  check 

t h e  system wi th  a more r e v e r s i b l e  couple.  The 1-11 couple i n  n e u t r a l  2 

0.6M KI s o l u t i o n  was used; i od ide  i o n  was oxidized t o  I a t  t h e  d i s k  2 

and t h e  I was reduced a t  t h e  r i n g .  Data a r e  presented  i n  Table 3 .  2 

The average r i n g  e f f i c i e n c y  of 0.44 a t  400 RPM i s  c l o s e  t o  t h e  va lue  

of 0.46 f  rorn Albery and  rucke ens t e i n l 0 .  Ring e f f i c i e n c y  was e s s e n t i a l l y  

independent of d i s k  and r i n g  c u r r e n t s  and of r i n g  p o t e n t i a l  from 0.2V 



t o  n e a r l y  0.62V showing t h a t  t h e  r i n g  c u r r e n t  was indeed under d i f f u s i o n  

con t ro l .  The decrease  i n  e f f i c i e n c y  a t  a r i n g  p o t e n t i a l  of 0.70V was 

due t o  k i n e t i c  c o n t r o l  of t h e  r educ t ion  of I2 n e a r  t h e  r e v e r s i b l e  po- 

t e n t i a l  of t I redox couple a s  i n d i c a t e d  by t h e  h igh  background 

anodic cu r r en t  on t h e  r i n g .  It may b e  noted t h a t  a t  t h e  same p o t e n t i a l  

t h e  anodic d i s k  c u r r e n t  decreased i n  success ive  experiments due t o  t h e  

inc reas ing  o x i d e , t h i c k n e s s  on t h e  t i t an ium.  Scraping t h e  d i s k  r e s t o r e d  

t h e  h ighe r  cu r r en t .  Moving t h e  sapph i r e  s c r a p e r  n e a r  t h e  d i s k  b u t  no t  

touching it had a n e g l i g i b l e  e f f e c t  on t h e  r i n g  e f f i c i e n c y  f o r  t h e s e  

experiments,  i n d i c a t i n g  t h a t  t h e  presence of t h e  sapph i r e  t o o l  d i d  n o t  

i n o r d i n a t e l y  upse t  t h e  hydrodynamic condi t ions .  Decrease i n  r i n g  e f f i -  

ciency wi th  i n c r e a s e  i n  RPM i s  an anomoly; ~evich ' '  and Albery and 

~ r u c k e n s t e i n l '  show t h a t  N should be  independent of r o t a t i o n  speed. 

5. Ring-disk t r a n s i e n t s  

During t h e  scrap ing  experiments it  w a s  observed t h a t  a l though a 

gene ra l  i nc rease  i n  anodic r i n g  c u r r e n t  occurred during sc rap ing ,  

t h e r e  appeared t o  be  no c o r r e l a t i o n  between cu r ren t  f l u c t u a t i o n  peaks 

on t h e  d i s k  and r i n g  when i n v e s t i g a t e d  on an  expanded t ime s c a l e .  An 

3+ 
explana t ion  is t h a t  t h e r e  was a delay t i m e  f o r  t r a n s p o r t  of T i  from 

d i s k  t o  r i n g  and t h a t  t h i s  de lay  time w a s  v a r i a b l e  depending on t h e  

r a d i a l  p o s i t i o n  of t r a n s i e n t l y  scraped pa tches  of meta l  on t h e  d isk .  

Measurements hade of t h e  t r a n s p o r t  de lay  t ime from d i s k  t o  r i n g  wi th  

t h e  I /I- system were c o n s i s t e n t  w i th  t h i s  hypothes is .  
2 

A s t r i p - c h a r t  record of d i s k  and r i n g  t r a n s i e n t  c u r r e n t s  accompany- 

i ng  s t e p  changes i n  d i s k  p o t e n t i a l  i n  0.6M HI s o l u t i o n  from an essen- 

t i a l l y  zero I- ' ion ox ida t ion  cu r ren t  t o  about 0.4 mA i s  shown i n  F igure  6 .  



It may b e  noted t h a t  a t  t h e  i n s t a n t  t h e  p o t e n t i a l  was switched on t h e  

d i s k ,  denoted by T t h e r e  w a s  a s l i g h t  change i n  t h e  r i n g  c u r r e n t  
P ' 

due t o  a change i n  I R  drop i n  t h e  s o l u t i o n  nea r  t h e  e l e c t r o d e  f ace .  

There was then  a  de lay  t ime denoted by A T  between t h i s  t i m e  T and 
d ' P ' 

t h e  onse t  of change i n  r i n g  cu r r en t  due t o  reduct ion  of I The l a t t e r  
2 ' 

t ime w a s  determined by e x t r a p o l a t i n g  t h e  i n i t i a l - c u r r e n t  s l o p e  back 

t o  t h e  i n t e r s e c t i o n  w i t h  t h e  pre-poten t ia l - s tep  cu r r en t .  (That  AT^ 
is  approximately equal  t o  t h e  t ime d i f f e r e n c e  i n  t h e  two pen p o s i t i o n s  

is  a coincidence i n  t h i s  experiment.)  The same va lue  of A T  was found 
d 

f o r  t h e  p o t e n t i a l  s t e p  t o  t h e  zero  d i s k  cu r r en t  and from zero  t o  a  

f i n i t e  d i s k  cu r r en t .  

A p l o t  of de lay  time versus  t h e  per iod  of r evo lu t ion  f o r  t h r e e  

speeds i n  F igure  7 shows a l i n e a r  r e l a t i o n  passing through t h e  o r i g i n .  

The de lay  t i m e  a t  400 RPM, a t  which most of t h e  r ing-disk scrap ing  ex- 

periments were done, i s  about 0.25 sec .  This  i s  f o r  a gap between r i n g  

and d i s k  of 0.05 cm (Figure  2 ) .  The r a d i a l  d i s t a n c e  between t h e  bound- 

a r i e s  of t h e  scraped  zone on t h e  d i s k  and t h e  i n n e r  r ad ius  of t h e  r i n g  

w a s  i n  t h e  range of about 0 .1  t o  0.25 cm. Assuming cons tan t  r a d i a l  

v e l o c i t y  ac ros s  t h i s  p o r t i o n ,  t h e  d i s k  would t h e r e f o r e  g i v e  de lay  t imes 

of 0.5 t o  1.25 seconds, which would exp la in  t h e  l a c k  of c o r r e l a t i o n  of 

r i n g  and d i s k  c u r r e n t  peaks a t  a  h igh  r e s o l u t i o n  of time. The a c t u a l  

del,ay t i m e s  would be  longer  than  t h e s e  because r a d i a l  v e l o c i t y  of so- 

l u t i o n  i s  a func t ion  of r ad ius  a s  d iscussed  i n  t h e  Appendix. 

RESULTS AND DISCUSS I O N  

Thermodynamics 

A review of t h e  thermodynamics of t h e  t i tanium-water system i s .  



appropr i a t e  be fo re  d iscuss ing  t h e  experimental  r e s u l t s .  The p o t e n t i a l  - 

pH diagram g ives  a convenient d i sp l ay  of f i e l d s  of thermodynamic s t a b i l i t y  

f o r  t h e  var ious  spec i e s .  

The p o t e n t i a l  - pH diagram of ~ o u r b a i x ' ~  f o r  t i t an ium i s  modif ied 

h e r e  i n  l i g h t  of r ecen t  da t a .  A communication by pourbaix13 p o i n t s  ou t  

t h a t  t i t an ium hydr ide  e q u i l i b r i a  should a l s o  b e  considered.  Us inga  

f r e e  energy of formation f o r  TiH2 of -25 kcal/mole14 g ives  f o r  t h e  

r e a c t i o n  

+ 
T i  + 2H + 2e -+ TiH2; $e = 0.54 - 0.059 pH. 

Titanium hydr ide  should t h e r e f o r e  form spontaneously on new t i t an ium 

s u r f a c e s  i n  aqueous s o l u t i o n s .  Fu r the r ,  t h e  d a t a  and a n a l y s i s  of O l ive r  

and ~ o s s l ~  show t h a t  t h e  s tandard  p o t e n t i a l  f o r  t h e  ~ i ~ + / ~ i ~ +  couple is  

-2.3V r a t h e r  than  -0.378 a s  used by ~ a t i m e r '  and by pourbaix12. Such 

a nega t ive  p o t e n t i a l  f o r  t h i s  couple would r e q u i r e  t h a t  t i t an ium be  oxi- 

2+ 
dieed d i r e c t l y  t o  Ti3+ i n s t e a d  of t o  T i  , 

Ti  -+ + 3e, and 4 = - 1.21, 
e 

f o r  a f r e e  energy of formation of -83.6 kca19 f o r  ~ i ~ + .  Oxidat ion 

of t i t an ium hydride would g i v e  

+ 
TiH +- + 2H + 5e; me = -0.51 - 0.024 pH. 

2 

The phase boundary between hydr ide  and Ti02 ( r u t i l e )  is 

TiH2 + 2H20 -+ Ti0 + 6 ~ '  + 6e;  $e = - 0.47 - 0.059 pH 
2 

f o r  a f r e e  energy of formation of -203.8 k c a l  f o r  Ti0 This t u r n s  ou t  
2 .  

t o  be above t h e  Ti203/Ti0 and TiO2/Ti2O3 equi l ibr ium l i n e s 1 2  , s o  t h e  

Ti0 /TiH equi l ibr ium p r e v a i l s .  The phase boundary between Ti3+ and 
2 2 

Ti02,  



completes t h e  b a s i c  diagram a s  i l l u s t r a t e d  i n  F igure  8a.  S imi l a r  

cons ide ra t ions  l e a d  t o  t h e  diagram f o r  t h e  hydrated oxides i n  F igure  8b. 

The dashed l i n e s  a and b a r e  f o r  t he  r e v e r s i b l e  hydrogen and oxygen 

12 
e l e c t r o d e  r e s p e c t i v e l y  . 

Under nonequilibrium condi t ions  ( a s  f o r  f r e s h l y  generated t i t an ium 

su r faces )  me ta s t ab le  phases may form when t h e  k i n e t i c s  f o r  t h e i r  formation 

i s  f avorab le  but .  t h e  k i n e t i c s  f o r  t h e i r  r e a c t i o n  t o  t h e  s t a b l e  phase i n  

t h a t  f i e l d  i s  slow. A n  e x p p l e  of such a me ta s t ab le  phase f i e l d  boundary 

t h a t  w i l l  be  considered i n  t h e  ox ida t ion  of f r e s h l y  genera ted  t i t an ium 

s u r f a c e s  is  : 

3+ 
The T i  /T i  equi l ibr ium is  a l s o  metas tab le  f o r  a f r e s h  t i t an ium su r face .  

These two e q u i l i b r i a  f o r  t h e  b a r e  t i t an ium s u r f a c e  a r e  i l l u s t r a t e d  i n  

F igures  8a and b .  The Ti0*/Ti3+ equi l ibr ium12 has  a range of s t a b i l i t y  

i n  s t r o n g l y  a c i d  s o l u t i o n s  f o r  t h e  hydrated oxide system (Figure  8b) b u t  

is  completely metas tab le  f o r  t h e  anhydrous oxide system (Figure 8a ) .  

The s i g n i f i c a n c e  of t h e  modified p o t e n t i a l  - pH diagrams t o  t h e  

p re sen t  experiments i s  as fo l lows:  1. A t  a mixed p o t e n t i a l  f o r  new 

t i t an ium su r faces  i n  a c i d  s o l u t i o n  of - - 0.6U, ~ i ~ + ,  Ti02 and TiH 2 

should form simultaneously.  Experimental r e s u l t s  f o r  scraped t i t an ium 

s u r f a c e s  i n  t h i s  paper  and f o r  f r a c t u r e d  s u r f a c e s  i n  t he  fol lowing paper  

3+ 
w i l l  be  i n t e r p r e t e d  on t h i s  b a s i s .  2. A t  t h e  T ~ o * / T ~  equi l ibr ium 

p o t e n t i a l  T ~ O *  is metas tab le  i n  r e spec t  t o  Ti0 The h igh  degree of 
2 ' 

i r r e v e r s i b i l i t y  f o r  t h i s  couple and t h e  poisoning of t h e  gold e l e c t r o d e  

s u r f a c e  noted i n  F igures  4 and 5 could t h e r e f o r e  be  a t t r i b u t e d ' t o  An 



i n s u l a t i n g  l a y e r  of Ti0 being formed on t h e  su r f ace .  2 

Rotating Disk Experiments 

Data f o r  t h e  scraped r o t a t i n g  d i s k  experiments a r e  g iven  i n  Table 4.  

The weight of meta l  t h a t  would be  d isso lved  i f  a l l  of t h e  charge passed 

produced ~ i ~ +  is  W1. The weight of meta l  i n  s o l u t i o n  corresponding t o  

t h e  spectrophotometr ic  a n a l y s i s  i s  W It may be  noted i n  a l l  cases  
2 ' 

t h a t  t h e  meta l  pickup w a s  g r e a t e r  than  could b e  accounted f o r  by t h e  

anodic c u r r e n t  t o  t h e  new s u r f a c e ,  i n d i c a t i n g  con t r ibu t ions  from spon- 

taneous d i s s o l u t i o n  of t h e  c u t t i n g s  and t h e  d i s k  su r f ace .  Af t e r  t h e  

f i r s t  run,  each was t h e  same l eng th  i n  an e f f o r t  t o  g ive  a uniform 

amount of spontaneous d i s s o l u t i o n .  

The d a t a  on d i s s o l u t i o n  of t i t an ium a r e  p l o t t e d  i n  Figure 9 .  The 

dashed curve is  based on an assumed cons tan t  average spontaneous d isso lu-  

t i o n  of 1 .4 x gm and a l i n e a r  i n c r e a s e  i n  d i s s o l u t i o n  of t h e  d i s k  

- 4 
wi th  p o t e n t i a l  of 0.8 x 10 gm/V from a m i x e d  p o t e n t i a l  of - 0.6V. 

It was concluded from t h e s e  experiments t h a t  a l a r g e  f r a c t i o n  of t h e  

3+ cu r ren t  t o  a new t i tan ium s u r f a c e  goes t o  form s o l u b l e  T i  i n  a c i d  

s o l u t i o n  b u t  t h a t  more s e n s i t i v e  experiments would have t o  be  devised 

t o  s e p a r a t e  t h e  component of cu r r en t  going t o  oxide formation.  

Before proceeding t o  t h e  r ing-disk experiments some o t h e r  scraped 

d i s k  c o r r e l a t i o n s  a r e  presented .  Measured cu r ren t  versus  p o t e n t i a l  from 

Table 4 i s  p l o t t e d  i n  Figure 10 and t h e  l i n e  drawn through t h e  d a t a  w a s  

determined i n  an independent experiment by varying t h e  p o t e n t i a l  a t  t h e  

same cons tan t  advance r a t e  on t h e  c u t t e r .  



This  cu r r en t  i s  about 116 t h e  va lue  c a l c u l a t e d  from f a s t - f r a c t u r e  

k i n e t i c s  d a t a  f o r  ox ida t ion  of new t i t an ium s u r f a c e  i n  12M and 3M H C 1  

2 
where A = scraped a r e a  of d i s k  (0.16 cm ) ,  -r = t ime between c u t s  

r 
T 

(0.060 s e c  a t  1000 RPM) , and Q = \ i d r  determined from t h e  f a s t  f r a c t u r e  
J 

k i n e t i c s  experiments (from ~ e f e r e B c e  2 and t h e  fol lowing paper ) .  It 

t u r n s  out  t h a t  i n  t h e  k i n e t i c s  experiments t h e  cu r r en t  decayed r a p i d l y  

and became n e g l i g i b l e  a f t e r  about 0.015 s e c  so  t h e  va lue  of 0 became 

e s s e n t i a l l y  cons tan t  f o r  a g iven  p o t e n t i a l ,  Values of Q found i n  12M 

and 3M H C 1  a t  a  p o t e n t i a l  of 0.24U were 7.6 x  loF3 and 6.0 x  Coul/cm 
2  

- 3 2 
r e s p e c t i v e l y  wi th  an average va lue  of 6 .8 x  10 Coul/cm . The i n t e g r a l  

a l s o  v a r i e d  l i n e a r l y  w i th  p o t e n t i a l ,  going t o  zero a t  t h e  mixed p o t e n t i a l  

of ---0.6V. The cu r ren t  i n  t h e  scrap ing  experiments w a s  low compared t o  

E q .  3 presumably because t h e  depth of c u t  was s m a l l  compared t o  t h e  

r ad ius  of t h e  c u t t i n g  edge, r e s u l t i n g  i n  a s t i c k - s l i p  condi t ion  which 

gave only a f r a c t i o n  of b a r e  su r f ace .  

The e f f e c t  of t o o l  advance r a t e  and r o t a t i o n a l  v e l o c i t y  on c u r r e n t  

w a s  t h e r e f o r e  examined and d a t a  a r e  presented  i n  Table 5. The d a t a  a r e  

c o r r e l a t e d  i n  F igure  11 by p l o t t i n g  the  f r a c t i o n  of ca l cu la t ed  cu r r en t  

a s  a func t ion  of t h e  depth removed pe r  t u r n ,  d  = advance r a t e  /M. It 

% is  seen t h a t  f  v a r i e s  a s  - d  apparent ly  becoming asymptot ic  t o  un i ty  



f o r  a removal depth equal  t o  t h e  --1p r a d i u s  of t h e  c u t t i n g  edge of t h e  

sapphi re  t o o l .  Values of f less than  u n i t y  a r e  t h e r e f o r e  a t t r i b u t e d  

t o  s t i c k - s l i p  cond i t i on  which w a s  a l s o  evidenced by a u d i b l e  t o o l  c h a t t e r  

and e r r a t i c  cu r r en t .  

Ring-Disk Experiments 

Ring and d i s k  c u r r e n t s  f o r  t h e  scrap ing  experiments i n  6M H C 1  a r e  

presented  i n  Table 6. Based on t h e  pre l iminary  experiments,  i t  w a s  

assumed t h a t  t h e  r i n g  c u r r e n t  was e s s e n t i a l l y  a l l  f o r  ox ida t ion  of 

~ i ~ +  t o  ~ i 0 ~ ' .  The equiva len t  c u r r e n t  a t  t h e  d i s k  t o  form t h e  T i  
3+ 

i s  t h e r e f o r e  

3AI 
I = Ring 

The r a t i o  of t h i s  va lue  t o  t h e  change i n  d i s k  c u r r e n t  w i t h  scrap ing  

+3 
should g i v e  the  f r a c t i o n  of t h e  d i s k  cu r r en t  t o  form s o l u b l e  T i  . 
Some continuous background ca thodic  c u r r e n t  f o r  hydrogen i o n  reduct ion  

occurred a t  t h e  d i s k  p o t e n t i a l s :  i n  Table 6 ,  thus  t h e  use  of AIDisk.  

I n  t h e  f i r s t  two experiments shown i n  Table 6 i n  which a r e l a t i v e l y  

h igh  t o o l  advance r a t e  was used, i t  appears t h a t  most of t h e  d i s k  

cu r r en t  went t o  s o l u b l e  ~ i ~ + .  The va lue  of N u s e d  from Figure  5 

i s  very approximate due t o  t h e  poisoning of t h e  r i n g  s o  t h e  experi-  

mental r e s u l t s  a r e  no t  very p r e c i s e ,  b u t  t h e  experiments demonstrated 

t h a t  a l a r g e  f r a c t i o n  of t h e  cu r r en t  t o  a new t i t an ium s u r f a c e  i n  a c i d  

3+ 
s o l u t i o n  goes t o  form s o l u b l e  T i  . 

I n  t h e  last  t h r e e  experiments shown i n  Table 6 a lower bu t  

succes s ive ly  inc reas ing  t o o l  advance r a t e  was used. The r i n g  cu r r en t  

increased  more wi th  t o o l  advance r a t e  than t h e  d i s k  cu r r en t  sugges t ing  



t h a t  a t  low t o o l  advance r a t e s  Ti02 i s  scraped o f f  p r e f e r e n t i a l l y  and 

most of t h e  cu r r en t  goes t o  grow more oxide on t h e  thinned oxide. Only 

a  l i m i t e d  number of sc rap ing  experiments ,was conducted wi th  t h e  r i n g  d i s k  

system because t h e  d i s k  was damaged and had t o  be  resur faced  a f t e r  each 

experiment. 

CONCLUSIONS 

The fol lowing conclusions a r e  drawn from e lec t rochemica l  experiments 

i n  which a  ro t a t ing -d i sk  of t i t an ium w a s  scraped by a  s apph i r e  c u t t e r  i n  

6 M H C 1  s o l u t i o n  and i n  which ~ 1 ~ '  was oxidized t o  Ti(1V) a t  a gold r i n g .  

1. A l a r g e  f r a c t i o n  of t h e  cu r r en t  t o  a scraped t i t an ium s u r f a c e  is  

3+ 
accounted f o r  by formation of T i  . 

2 .  A r e l a t i v e l y  smal l  charge dens i ty  e f f e c t i v e l y  p a s s i v a t e s  t h e  new 

t i t an ium su r face .  

3. Oxidation of ~ i ~ +  t o  Ti(1V) on gold i s  very  i r r e v e r s i b l e .  

NOMENCLATURE 

A = a r e a ,  cm 
2 

d = depth of c u t ,  cm 

2 
D = d i f f u s i v i t y  , cm /sec  

f = f r a c t i o n  of expected cu r r en t  (Eq. 4 ) ,  dimensionless 

i = c u r r e n t  d e n s i t y ,  A /cm 2 

I = c u r r e n t ,  Amps 

N = r i n g  e f f i c i e n c y ,  dimensionless 

Q = charge dens i ty ,  Coul/cm 
2 

r = r a d i u s ,  cm 

v = v e l o c i t y ,  cm/sec 



W = weight ,  gm 

y  = normal d i s t a n c e  from d i s k ,  cm 

6 = d i f f u s i o n  l a y e r  t h i ckness ,  cm 

2 
v = kinematic  v i s c o s i t y ,  cm / sec  

T = t ime, s e c  

I$ = p o t e n t i a l ,  Vol t s  

- 1 
w = r o t a t i o n a l  v e l o c i t y ,  s e c  

Subsc r ip t s  

C - ca l cu la t ed  

d = delay  

D = d i s k  

e  = equi l ibr ium 

m = mixed p o t e n t i a l  

E = measured 

p  = p o t e n t i o s t a t  

r = r o t a t i o n ,  r a d i a l  

R = r i n g  
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APPENDIX 

It is  of i n t e r e s t  t o  examine t h e  s i g n i f i c a n c e  of t h e  r ing-disk 

delay time t o  t h e  hydrodynamic equat ions f o r  t h e  r o t a t i n g  d i s k  e l ec t rode .  

It can be  shown from ~ e v i c h "  t h a t  t h e  r a d i a l  v e l o c i t y  i n  t h e  s o l u t i o n  

nea r  t h e  d i s k  can be  approximated by 

where w = r o t a t i o n a l  speed,  r a d i a n s l s e c ;  r = r a d i a l  p o s i t i o n  on d i s k  

where t h e  v e l o c i t y  v  i s  determined; v = kinematic  v i s c o s i t y ;  and y  = 
r 

d i s t a n c e  i n t o  s o l u t i o n  normal t o  d isk .  Because t h e  r a d i a l  s o l u t i o n  

v e l o c i t y  i s  zero a t  t h e  d i s k  s u r f a c e ,  t h e  de lay  time i s  t h e  sum of t h e  

time f o r  d i s k  products  t o  d i f f u s e  from rl (Eigure 2) t o  a  p o s i t i o n . i n  

t h e  f l u i d  yd wi th  f i n i t e  v e l o c i t y  and be  t r anspor t ed  from rl t o  r p  

and f i n a l l y  t o  d i f f u s e  back t o  t h e  r i n g  a t  rt .  The value  of ye must be  
, 

between zero and 6 , t h e  d i f f u s i o n  l a y e r  t h i ckness .  

The d i f f u s i o n  l a y e r  thickness1' i s  given by 

where D = d i f f u s i v i t y  of t r anspor t ed  spec i e s .  The r a t i o  of y/d from 

equat ions  6 and 7 is  



8 3 

The va lue  of vr i s  given approximately by 

t h e  va lue  of v being l a r g e r  than  t h e  r i g h t  hand s i d e  because  AT^ r 

conta ins  t h e  d i f f u s i o n  t imes a s  w e l l  a s  t h e  convect ion t ime from rl t o  

r 2  . Empirical ly  i t  i s  found from Figure  7 t h a t  

L e t t i n g  

and 

g ives  

which f o r  t h e  dimensions i n  F igure  2 g ives  

a cons t an t ,  independent of RPM. 
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E ~ i n g  
(Volts SHE) 

I ~ i s k  
(ma) 
(cathodic) 

*%ng 
(ma) 
(Anodic) 

Table 1 

3+ Disk and Ring Current and Ring Efficiency f o r  Oxidation of T i  Generated 

a t  Disk by Reduction of Tio2+ (0.4 M Tio2+ i n  6 M HC1) 



' ~ i s k  
(ma) 

(ca thodic)  

''Ring 
(ma) 

(anodic) 

Table 2 

Ring Ef f i c i ency  f o r  Oxidation of Hydrogen Generated A t  Disk ( 6  M H C 1 ,  

Ring a t  +0.62VY Disk a t  - 1.16V, - 1000 RPM) 



m - 
RPM 

E ~ i s k  
(V SHE) 

E ~ n g  
(V SHE) 

"l(ing 
(ma) 

(ca thodic)  (anodic) ( ca thod ic  - 
anodic  +) 

1.85 0.430 
0.825 0.445 
0.375 0.440 

0.438 Avg. 

1.44 0.417 
0.835 0.428 
0.440 0.418 

0.421 Avg. 

0.474 
0.476 Avg. 

1.21  0.440 
0.675 0.450 

0.445 Avg. 

1.075 0.430 
0.625 0.445 

0.438 Avg. 

Table 3 .  

C a l i b r a t i o n  of Ring Ef f i c i ency  i n  0.6M K I  So lu t ion  



Run - 

P o t e n t i a l  (V) 

Time (sec)  

Avg . Current  (ma) 

4 
W1 (gm x 10 ) 

3 Soln. vo l .  (cm ) 

ppm T i  +4 

4 
W2 - W1 (grn x 10 ) 

Rat io  W1:W2 

O.C. -0.61 
(-0.56 t o  -0.64) 

Table  4 

0 Cathodic 

Data f o r  Scraped T i  Disk Experiments (-1000 RPM, Tool Advance Rate  

% 50 u/min) 



I 

Advance Disk 
r a t e  current 
(p . /min>  (ma) 

Table 5 

Effect of R P M  and Tool Advance Rate on Disk Current (6M HC1,  $., = 0.24V) 



"Disk "Ring 
N 

E ~ i s k  E ~ i n g  (Figure 9 )  3A1~ing SA1~ing 
(V SHE) (V SHE) (ma) (ma> N 

(anodic) (anodic) (ma) 
NA1~isk 

-0.26 0.82 9.5 0.85 0.35 7 .3  0.77 
-0.26 0.82 6.5 0.84 0.35 7.2 1.11 

0.94 Avg. 

Table 6 

Ring and Disk Currents i n  Scraping Experiments ( 6  M H C 1 ,  400 EM) 



To SCE 

Al Base 

Figure 1 

Scraped t i tan ium d i sk  experiment 



Figure  2 

Design of r ing-d isk  e l e c t r o d e  



Disk Slip Ring 

p Potentiostat 

To Str ip 
Chart Recorder 

Pt  Counter AglAgCl Reference 
Elect rode and Counter Electrode 

\ ~ i t a n i u m  Holder 

Figure  3 

Phys ica l  arrangement of r ing-disk c e l l  and e l e c t r i c a l  c i r c u i t s  



POTENTIAL (Volts SHE) 

1.5 

1.0 

0.5 
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E - 
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0 

-0.5 
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F i g u r e  4 

P o l a r i z a t i o n  c u r v e  o f  g o l d  e l e c t r o d e  i n  6M H C 1  and i n  6M H C 1  + 0.m TiC13 

(sweep speed  624 mV/min.) 

- 

- 

- 
A 6 M H C I  

6 6 M H C I t - O . 1 M T i C I 3  

- 

I Gold Electrode 

Areaz2.5 cm 
2 

I I 1 I I I 
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Albery and Bruckenstein (10) ------------ 

RING POTENTIAL (Volts SHE) 

Figure 5 

Ring e f f i c i e n c y  f o r  oxida t ion  of ~ i + ~  generated a t  d i s k  by reduction of 

Tio2+ (0.4 M Tio2+ i n  6M HC1, 400 RPM) 



1 sec 
.H 

TIME 

Figure  6 

S t r i p  c h a r t  record ing  of d i s k  and r i n g  t r a n s i e n t  c u r r e n t s  f o r  s t e p  change 

i n  d i s k  p o t e n t i a l  i n  0.6M K I  s o l u t i o n  (400 RPM) 



0.5 1.0 
D l S K PER IOD (seclrev) 

Figure  7 

P l o t  of de lay  t ime,   AT^, ve r sus  pe r iod  of r e v o l t u i o n  



Figure 8a 

Potential-pH equilibrium diagram for the system 7I titanium-water, at 25O~., based 

on anhydrous oxides. (Modified re TiH2 and ~i' ' ) . 



Figure  8b 

Potential-pH equi l ibr ium diagram f o r  t i t an ium i n  water  a t  25OC based on 

hydrous oxides (modified r e  T i H  2 and ~ i ~ ' )  



POTENTIAL (Volts SHE) 

Figure 9 

(Weight o f  Titanium i n  So lu t ion  from scraped T i  d i sk  experiments (6M HC1,  



Figure 10 

Calculated 
- Cur ren t  Based 

on  Equation 2 

0 1 
POTENTIAL (Volts SHE) 

Current-Potential curve for scraped titanium'disk experiment (6M HC1, 

% 1000 RPM, tool advance rate 50 y/min.) 



Figure  11 

E f f e c t  of t o o l  advance rate and RPM on f (6M H C 1  @ D = 0 . 2 4 V )  



4.5 Electrochemistry of Freshly-Generated 

Titanium Surfaces, I1 Rapid Fracture Experiments 

T. R. Beck 
Boeing Scientific Research Laboratories 

Seattle, Washington 98124 

ABSTRACT 

Titanium specimens were rapidly fractured in solution under 

potentiostatic conditions and current density was measured 

as a function of time. Effects of alloy, potential, anions, 

pH, Tic1 concentration and solvent were studied. Results 3 

were interpreted in terms of simultaneous formation of 

hydride, oxide and ~1~' ion. Some preliminary kinetic para- 

meters were determined assuming Tafel kinetics and patch growth 

of passivating oxide film. 



INTRODUCTION 

I n  t h e  preceding paper1 i t  was shown t h a t  a l a r g e  f r a c t i o n  of t h e  

anodic cu r r en t  t o  a sc raped  s u r f a c e  of t i t an ium i n  a c i d  s o l u t i o n  goes 

3+ 
t o  form T i  ion .  I n  t h e  p re sen t  paper ,  cur ren t -dens i ty  - t ime d a t a  

f o r  f a s t  f r a c t u r e  of t i t an ium i n  aqueous s o l u t i o n s  a r e  presented  and 

i n t e r p r e t e d  on t h e  b a s i s  of simultaneous d i s s o l u t i o n ,  oxide formation 

and hydrogen i o n  reduct ion .  

EXPERIMENTAL 

The f a s t - f r a c t u r e  technique was previous ly  descr ibed  and i l l u s t r a t e d  

(Fig. 1, r e f .  2 ) .  Notched meta l  specimens, 7.5 cm long,  0.32 cmwide 

and 0.152 cm t h i c k  were made of commercially-pure t i t an ium and some 

a l l o y s  t h a t  were of i n t e r e s t  i n  s t r e s s  cor ros ion  cracking.  They were 

f r a c t u r e d  by suddenly r e l e a s i n g  a 45 kg weight connected through a 5 : l  

l e v e r  arm. Area of t h e  two new s u r f a c e s  generated was approximately 

0.05 cm2. Specimens were p o t e n t i o s t a t e d  i n  e l e c t r o l y t e  i n  a Tef lon  c e l l  

us ing  a Wenking Model 6379 TR. Most of t h e  experiments were done i n  

3 M o r  12 M HC1. Epoxy r e s i n  was appl ied  t o  t h e  specimens t o  avoid 

r e a c t i o n  on the  p r e e x i s t i n g  metal  su r f ace .  The r e s i n  was scored  a t  t h e  

notch t o  f a c i l i t a t e  and l o c a l i z e  i t s  f r a c t u r e .  Current  t r a n s i e n t  d i sp l ays  

were photographed on a Tekt ronix  type  545 A osc i l l o scope  screen .  A 

s a t u r a t e d  calomel r e f e rence  e l e c t r o d e  w a s  used and a l l  p o t e n t i a l s  were 

converted t o  t h e  s tandard  hydrogen e l e c t r o d e  s c a l e  i n  t h i s  paper by 

adding 0.24 v o l t s .  

An a n a l y s i s  of t h e  technique fol lows.  



Sequence of Events a f t e r  Fracture. The proposed sequence of events  

a f t e r  a b r i t t l e  f r a c t u r e  is  summarized i n  Fig. 1. For a b r i t t l e  f r a c t u r e  

wi th  a v e l o c i t y  of --lo5 cm/sec (approx. 113 t h e  speed of sound) across  a 

-10-I cm t h i c k  specimen, t h e  f r a c t u r e  would be complete i n  sec .  It 

is assumed t h a t  under these  condit ions c a v i t a t i o n  bubbles would form on 

t h e  two f r a c t u r e  faces .  Assuming a vapor pressure  of-20 Torr  f o r  H20 

and s e c  t o  form a monolayer a t  1 Torr  and u n i t  s t i c k i n g  c o e f f i c i e n t 3 ,  

t h e  t i m e  t o  form an adsorbed monolayer of H20 would be -2 x sec.  

The time f o r  c a v i t a t i o n  bubbles t o  co l l apse  can be  est imated from 

t h e  Rayleigh equation4 : 

For r z 0.05 cm (112 specimen th ickness ) ,  p = 1 gm/cm3 and P = 1.0 x l o 6  

gm/cm sec2 (one atmosphere), t h e  co l l apse  t i m e  is  -5 x 10'~ sec .  The 

p o t e n t i o s t a t  rise time of -2 x s e c  added t o  t h e  end of t h e  co l l apse  

time gives a t o t a l  time t h a t  i s  less than t h e  r e s o l u t i o n  of 2 x s e c  

attempted on t h e  osc i l loscope  photographs. It is  the re fo re  concluded t h a t  

c a v i t a t i o n  and instrumentat ion should no t  impose a l i m i t  on t h e  present  

i n t e r p r e t a t i o n  of t h e  da ta .  

Charging of t h e  e l e c t r i c a l  double l a y e r  should a l s o  be r e l a t i v e l y  

r ap id  compared t o  t h e  present  r e s o l u t i o n  time. A c e l l  r e s i s t a n c e  of -10 

ohm2, a capaci tance of 20 vfd/cm2 and e l ec t rode  a r e a  of 0.05 cm2, give a 

time constant  of -10'~ sec .  

Effect  of Metal Ductil i ty.  I n  a number of experiments a smal l  cu r ren t  

began t o  f law before  t h e  s t e e p  rise t h a t  s i g n i f i e s  the  f r a c t u r e .  This 

i n i t i a l  p re - r i se  cu r ren t  is a t t r i b u t e d  t o  cracking of t h e  p r o t e c t i v e  oxide 

l a y e r  by s l i g h t  necking i n  t h e  notched zone p r i o r  t o  f r a c t u r e .  



F r a c t u r e  f aces  of b r i t t l e  and d u c t i l e  specimens are i l l u s t r a t e d  

i n  Fig. 2 and current- t ime curves f o r  those  same specimens a r e  respec- 

t i v e l y  shown i n  Fig.  3. It may be  noted t h a t  t h e  most b r i t t l e  specimen 

(a)  showed no necking and a s t e e p  r i s e  i n  c u r r e n t ,  wh i l e  t h e  most d u c t i l e  

specimen (b) showed a cons iderable  necking and a cons iderable  cu r r en t  

be fo re  t h e  s t e e p  r i s e .  These specimens were Ti:14% Mo a l loy :  ( a )  h e a t  

t r e a t e d  a t  850°C f o r  2 hours  and water  quenched followed by 450°C f o r  

3 hours and a i r  cool ing,  and (b) h e a t  t r e a t e d  at 850°C f o r  2 hours  and 

water  quenched. The commercially-pure t i t an ium (specimen c)  t h a t  has  

been used f o r  many of t h e  k i n e t i c  experiments1' showed a s m a l l  amount 

of d u c t i l i t y  and a smal l  cu r r en t  p r i o r  t o  t h e  f a s t  f r a c t u r e .  Fu r the r  

embri t t lement  would b e  d e s i r a b l e  f o r  t h e  k i n e t i c s  experiments.  

Limitations of Technique. Measurement and i n t e r p r e t a t i o n  of cu r r en t  

t r a n s i e n t s  t o  f r e s h l y  generated s u r f a c e s  of an a c t i v e  meta l  such as 

t i t an ium have some l i m i t a t i o n s  t h a t  need b e  discussed.  

The r e v e r s i b l e  p o t e n t i a l  f o r  d i s s o l u t i o n  is s o  nega t ive  t h a t  hydrogen 

i o n  is  simultaneously discharged,  and a s  w i l l  be  shown t h e  c u r r e n t  dens i ty  

f o r  t hese  coupled r e a c t i o n s  exeeds 1 amp/cm2 a t  t h e  mixed p o t e n t i a l .  There 

i s  a l s o  a l i m i t  a s  t o  how c l o s e  t h e  t i p  of t h e  Luggin c a p i l l a r y  can be  

placed t o  t h e  specimen because t h e r e  i s  some induced v i b r a t i o n  a t  f r a c t u r e .  

The average spacing between t h e  t i p  and t h e  specimen was about 0.3 cm i n  

t h e  experiments repor ted  he re .  The p o t e n t i a l  of t h e  s u r f a c e  t h e r e f o r e  

tends t o  go t o  t h e  mixed p o t e n t i a l  i n i t i a l l y .  A s  pas s iva t ing  f i l m s  form, 

decreasing t h e  c u r r e n t ,  t h e  p o t e n t i a l  of t h e  new s u r f a c e s  moves toward t h e  

p o t e n t i a l  e s t a b l i s h e d  by t h e  p o t e n t i o s t a t .  The h igh  and somewhat v a r i a b l e  

ohmic drop between Luggin c a p i l l a r y  and specimen precluded ohmic compensation. 



Another consequence of t h e  h igh  ohmic drop i n  s o l u t i o n  i s  t h a t  

cu r r en t  dens i ty  w i l l  n o t  i n i t i a l l y  b e  uniform over  t h e  su r f ace .  The 

cu r ren t  d e n s i t y  w i l l  t end  t o  be  h i g h e s t  a t  t h e  per iphery  of t h e  f r a c t u r e d  

s u r f a c e s  and lowest  i n  t h e  c e n t e r  of t h e s e  su r f aces .  The e f f e c t  i s  

somewhat accentuated by t h e  f a c t  that t h e  f r a c t u r e  f aces  a r e  p u l l e d  

about 0 .1  t o  0.2 cm a p a r t  thus  t h e  two specimen ha lves  produce some 

mutual i n t e r f e r e n c e  t o  c u r r e n t  f low through t h e  e l e c t r o l y t e .  The l a c k  

of p e r f e c t l y  uniform cu r ren t  d i s t r i b u t i o n  w i l l  b e  considered as a second- 

o rde r  e f f e c t  h e r e ,  t o  be  taken i n t o  account i n  a l a t e r ,  more r igo rous ,  

a n a l y s i s  . 
The f r a c t u r e  process  a l s o  produces d i s tu rbed  su r f aces  on a macro- 

and micro-scale.  Macroscopic roughness due t o  c r y s t a l  f a c e t s ,  p l a s t i c  

y i e l d i n g ,  e t c . ,  is  observed i n  Fig.  2. This  w i l l  be  considered second- 

o rde r  e f f e c t  he re  and c u r r e n t  d e n s i t y  w i l l  b e  based on p ro j ec t ed  a r e a  

of t h e  new s u r f a c e s  only. The e f f e c t s  of h igh  d i s l o c a t i o n  d e n s i t y ,  exo- 

e l e c t r o n s ,  e t c . ,  f o r  t h e  new s u r f a c e s  w i l l  b e  considered o u t s i d e  t h e  

scope of t h e  p re sen t  i n v e s t i g a t i o n .  

RESULTS 

Effect of PotentiaZ. Resu l t s  of experiments conducted w i t h  Ti:8-1-1 

a l l o y  i n  1 2  M H C 1  and wi th  c o ~ e r c i a l l y - p u r e  t i t an ium i n  3 M H C 1  a r e  

shown i n  Pigs.  4 and 5. Conduct ivi ty  of these two s o l u t i o n s  is  0.64 and 

-0.5 ohmm1 c m l  r e spec t ive ly5  s o  t h a t  ohmic drops a r e  roughly equ iva l en t ,  

a l though the a c t i v i t y  of KC1 i s  widely d i f f e r e n t .  

I n  bo th  cases ,  a t  anodic p o t e n t i a l s  (4 > -0.56V1, t h e  i n i t i a l l y  

h i g h  anodic cu r r en t  dens i ty  decayed r a p i d l y  and continued over  s e v e r a l  

decades as observed e a r l i e r  w2th 0.6 M KC1 s o l u t i o n s 2 .  I n  t h e  12 M HC1,  



which was s t u d i e d  more ex tens ive ly ,  t h e r e  w a s  a reg ion  of p o t e n t i a l  a t  

-0.68 < 4 < -0.56 V a t  which t h e  c u r r e n t  was i n i t i a l l y  anodic b u t  l a t e r  

cathodic.  A t  more nega t ive  p o t e n t i a l s  t h e  c u r r e n t  w a s  always ca thod ic  

and the  behavior  was somewhat more complex. Cathodic cu r r en t  went through 

a maximum which was g r e a t e r  and occurred e a r l i e r  a t  more nega t ive  

p o t e n t i a l s .  Following t h e  maximum t h e  c u r r e n t  decayed by two p a t t e r n s ,  

one wi th  decreas ing  s l o p e  and t h e  second wi th  inc reas ing  s lope .  A f t e r  

a per iod  of about 60 m s  t h e  c u r r e n t  dens i ty  became r e l a t i v e l y  cons tan t  and 

c h a r a c t e r i s t i c  of hydrogen i o n  r educ t ion  on an  oxide covered t i t an ium 

su r face2 .  

Effect of Alloy. Specimens of commercially-pure t i t an ium,  Ti:8-1-1 

and Ti:14% Mo gave e s s e n t i a l l y  t h e  same i n i t i a l  cu r r en t  ve r sus  time 

r e l a t i o n s h i p  i n  3M H C 1  a t  -0.26V as shown i n  Fig.  6. A similar behavior  

of t he  newly generated s u r f a c e  i s  n o t  unreasonable f o r  t h e s e  a l l o y s  as 

t h e  i n i t i a l  s u r f a c e  atoms would b e  predominantly t i t an ium.  The e f f e c t  of 

s a t u r a t i n g  t h e  s o l u t i o n  wi th  A 1  o r  Mo ions  i s  y e t  t o  be  determined. 

The behavior  of commercially pure aluminum i s  a l s o  compared t o  

t i t an ium i n  Fig.  6. The aluminum specimen w i t h  t h e  same dimensions 

a s  t h e  t i t an ium specimens, w a s  of s i n t e r e d  aluminum powder (SAP) and 

heav i ly  deformed i n  order  t o  e m b r i t t l e  i t  f o r  c l ean  f r a c t u r e .  The i n i t i a l  

peak c u r r e n t s  were e s s e n t i a l l y  t h e  same a s  expected from an I R  l i m i t  b u t  

t h e  decay i n  c u r r e n t s  followed d i f f e r e n t  laws. The cu r ren t  decay followed 

a -112 power l a w  sugges t ing  an  unsteady-state  mass-transport l i m i t .  

Effect of Anions. Resu l t s  of k i n e t i c s  experiments conducted i n  HC1,  

H2S04, H I  and HI? s o l u t i o n s  of t h e  s a m e  normali ty  a r e  given i n  Fig.  7. 

A t  a p o t e n t i a l  of -0.26 V curves f o r  HC1  and H2S04 were t h e  same w i t h i n  

experimental  e r r o r .  The cu r ren t  was lower i n  H I  compared t o  H C 1  a t  -0.26 V - 



al though t h e  c u r r e n t  i n  H I  and H C 1  was v i r t u a l l y  i d e n t i c a l  f o r  experiments 

a t  0.24 V. 

I n  3M HF, t h e  cu r r en t  r o s e  b u t  d i d  n o t  decay wi th  time a s  i n  3M HC1. 

A second t r a c e  taken about one second a f t e r  t h e  break  gave t h e  same 

p l a t e a u  c u r r e n t ,  showing t h a t  p a s s i v a t i o n  d i d  no t  occur.  The cu r ren t  

dens i ty  could n o t  be  ca l cu la t ed  accu ra t e ly  because t h e  r e a c t i o n  occurred 

on an extended a r e a  where t h e  epoxy r e s i n  had sepa ra t ed  from t h e  su r f ace .  

Judging from t h e  s t a i n i n g  and e t ch ing  t h e  a c t i v e  r e a c t i n g  s u r f a c e  w a s  a t  

l e a s t  seven times t h e  s i z e  of t h e  two new f r a c t u r e  su r f aces .  Conductivity 

of 3M HF i s  about 1/35 t h a t  of 3M H C ~ ~ ,  thus  expla in ing  why t h e  p l a t e a u  

cu r ren t  was lower i n  t h e  HF s o l u t i o n  i n  s p i t e  of t h e  l a r g e r  a r ea .  The 

d i f f e r e n c e  i n  e l e c t r o d e  geometry makes a q u a n t i t a t i v e  comparison of 

cu r r en t  d e n s i t i e s  d i f f i c u l t .  The cu r ren t  reached t h e  p l a t e a u  l e v e l  i n  

l e s s  than  4 mi l l i seconds  i n d i c a t i n g  t h a t  t h e  air-formed t i t an ium oxide 

f i l m  on t h e  o ld  s u r f a c e  i s . v e r y  r ap id ly  removed by HF. 

Seve ra l  experiments were a l s o  conducted i n  3M HNO A ca thodic  3 ' 

cu r ren t  was observed a t  a p o t e n t i a l  of -0.26 V,  which was presumed t o  

b e  due t o  r educ t ion  of n i t r a t e .  The mixed p o t e n t i a l  ob ta ined  by ex t ra -  

p o l a t i o n  of peak cu r ren t  v s .  p o t e n t i a l  appeared t o  be  about 0 V. 

E f f e c t  o f  Solvent .  A methanol-HC1 s o l u t i o n  was prepared by bubbling 

i n t o  anhydrous methanol a s t ream of K C 1  gas produced by  s lowly d r ipp ing  

concent ra ted  H SO onto  N a C l  i n  a f l a s k .  HC1  concent ra t ion  i n  t h e  methanol 
2 4 

was determined by t i t r a t i o n  of an  a l i q u o t  w i t h  s tandard  NaOH s o l u t i o n .  

A cur ren t -dens i ty  t ime curve f o r  a new t i t an ium s u r f a c e  i n  t h e  methanol- 

H C 1  s o l u t i o n  i s  shown i n  Fig.  8. The new t i t an ium s u r f a c e  d id  n o t  

p a s s i v a t e  r a p i d l y  a s  i n  aqueous s o l u t i o n s .  I n  a r e p e a t  run  w i t h  longer  



sweep t i m e  a t  t h e  same p o t e n t i a l  t h e  c u r r e n t  d i d  n o t  decay apprec iab ly  

i n  over 200 m s .  

Current  dens i ty  maxima f o r  new t i t an ium s u r f a c e s  a r e  p l o t t e d  i n  

Fig.  9 a s  a func t ion  of p o t e n t i a l  i n  va r ious  e l e c t r o l y t e s .  Current 

dens i ty  d i d  not  decay w i t h i n  100 m s  i n  runs i n  methanol s o l u t i o n s  

except  f o r  a run a t  a p o t e n t i a l  of -0.66 V f b r  which t h e  peak cu r ren t  

dens i ty  was p l o t t e d .  The cu r ren t  dens i ty  was r a t h e r  e r r a t i c  i n  a l l  of 

t h e  runs i n  methanol s o l u t i o n s ,  however, i n  comparison t o  a uniformly 

vary ing  cu r ren t  dens i ty  i n  aqueous s o l u t i o n s .  Whereas t h e  3N aqueous 

s o l u t i o n s  had apparent  mixed p o t e n t i a l s  a t  -0.51 t o  -0.56 V, t h e  1 .3  N 

methanol - H C 1  s o l u t i o n  had a mixed p o t e n t i a l  a t  about 0.04 V. This  

could b e  a t t r i b u t e d  t o  t h e  considerably i n h i b i t e d  anodic d i s s o l u t i o n  

b u t  t h e  ca thodic  k i n e t i c s  a r e  a l s o  i n h i b i t e d  a s  noted by t h e  s m a l l  s l o p e  

on the  ca thodic  s l i d e .  I n  Table 1 i s  seen  t h a t  t h e  apparent  r e s i s t a n c e  

of t h e  c e l l  on t h e  anodic s i d e  is  reasonably c o n s i s t e n t  between t h e  

aqueous and methanol s o l u t i o n s .  The apparent  r e s i s t a n c e  on t h e  ca thodic  

s i d e  i s  nea r ly  a f a c t o r  of 10 g r e a t e r  i n  methanol-HC1 al though t h e  d a t a  

suggest  a l i m i t i n g  cu r r en t  dens i ty  r a t h e r  than  a pu re ly  ohmic r e s i s t a n c e .  

Effect of pH. The e f f e c t  of pH f o r  experiments a t  t h e  same poten- 

t i a l  is  shown i n  Fig.  10. The s u r p r i s i n g  r e s u l t  was t h a t  from pH -0.5 

t o  +13 t h e  current- t ime curves appeared t o  b e  t h e  same shape w i t h i n  

experimental  e r r o r ,  sugges t ing  that s o l u b l e  t i tan2um spec ie s  ( ~ i ~ +  o r  

ft- Ti0 ) a r e  formed simultaneously wi th  p a s s i v a t i n g  oxide i n  this range 

of pH. I n  o t h e r  words, t h e  s o l u b l e  t i t an ium spec ie s  appears  t o  form 

metas tab ly  a s  w e l l  as t h e  oxide1. The lower conduct iv i ty  of the less- 

a c i d  s o l u t i o n s  may have been compensated by the increased  d r i v i n g  f o r c e  



A t o  form oxide. The increased  cu r ren t  i n  t h e  s o l u t i o n  wi th  1M KOH - 
could be  a t t r i b u t e d  t o  i t s  increased  conduct iv i ty  combined w i t h  t h e  

increased  d r i v i n g  fo rce .  

The e f f e c t  of p o t e n t i a l  on t h e  cur ren t -dens i ty  - t ime curve f o r  

t h e  3M K C 1  + 1 M  KOH s o l u t i o n  i s  s i m i l a r  t o  t h a t  i n  a c i d  s o l u t i o n s  a s  

shown i n  Fig. 11. The anodic cu r r en t  increased  wi th  more p o s i t i v e  

p o t e n t i a l  and t h e  peak c u r r e n t  occurred a t  a  longer  t ime a f t e r  f r a c t u r e .  

The mixed p o t e n t i a l  i n  t h i s  s o l u t i o n  was about -1.51 V. 

Effect of Added TiCZ3 and TiCZ4. The observat ion1 t h a t  a  consider- 

a b l e  f r a c t i o n  of t h e  cu r r en t  f lowing t o  a  newly generated t i t an ium s u r f a c e  

3+ 
r e s u l t s  i n  formation of s o l u b l e  T i  suggested t h a t  t h e  s o l u t i o n  near  

3+ 
t h e  t i p  of a s t r e s s  cor ros ion  crack  may be  s a t u r a t e d  w i t h  T i  . Experi- 

ments were t h e r e f o r e  conducted i n  a s o l u t i o n  s a t u r a t e d  w i t h  T i c 1  (and 3 

3M i n  H C 1  t o  provide an adequate conduc t iv i ty ) .  F igure  12  shows t h a t  

t h e  peak c u r r e n t  was decreased t o  about 25% of t h e  va lue  i n  3M HC1,  

whereas conduct iv i ty  of t h e  s o l u t i o n  was about 70% t h a t  of 3M H C 1  based 

on t h e  s l o p e  of t h e  peak-current versus  p o t e n t i a l  curves.  The mixed 

I 
p o t e n t i a l  a l s o  s h i f t e d  t o  about -0,.16 V,  i . e . ,  i n  a  d i r e c t i o n  c l o s e r  t o  

t h e  r e v e r s i b l e  p o t e n t i a l  f o r  hydrogen i o n  reduct ion .  Therefore i t  

appeared t h a t  an  anodic r e a c t i o n  had been suppressed. The r a t e  

of cu r r en t  decay r e l a t i v e  t o  t h e  peak va lve  w a s  lower i n  t h e  T ic1  3 

s a t u r a t e d  s o l u t i o n  i n d i c a t i n g  a  slower pas s iva t ion .  

The T i c 1  used t o  make t h e  above s o l u t i o n  contained some TiC14 (formed 3 

by d i sp ropor t iona t ion  i n  t h e  reagent  b o t t l e )  because i t  fumed i n  contac t  

w i t h  air .  The ques t ion  a r o s e  whether t h e  Ti(1V) i o n  thus  pu t  i n t o  

s o l u t i o n  was be ing  reduced t o  Ti3+ and decreas ing  t h e  n e t  anodic cu r r en t .  



To t e s t  t h i s  hypothes is  a s o l u t i o n  was made conta in ing  considerably 

3+ 
more Ti(1V) than  would have been p re sen t  i n  t h e  s a t u r a t e d  T i  s o l u t i o n .  

The Ti (1V)solu t ion  was made by adding TiC14 t o  concent ra ted  HC1  and 

d i l u t i n g  t o  3M HC1  + 1 M  Ti(1V). The peak cu r ren t  observed i n  Fig.  12 was 

60% of t h a t  i n  3M H C 1  and t h e  mixed p o t e n t i a l  was about -0.36 V ,  wh i l e  

t h e  conduct iv i ty  of t h e  s o l u t i o n  was e s s e n t i a l l y  t h e  same as f o r  3M HC1.  

Some Ti(1V) reduct ion  could t h e r e f o r e  have occurred,  a l though t h e  sma l l e r  

concent ra t ion  of T i ( 1 ~ )  i n  t h e  p r i o r  experiment w i t h  s a t u r a t e d  T i  
3+ 

s o l u t i o n  sugges ts  t h a t  presence of Ti(1V) only accounted f o r  a sma l l  

p a r t  of t h e  sma l l e r  peak cu r ren t  and s h i f t  i n  mixed p o t e n t i a l .  

DISCUSSION 

Reactions. A minimum of t h r e e  e lec t rochemica l  r eac t ions  w i l l  b e  

considered f o r  newly generated s u r f a c e s  of t i tanium1 : 

T i  -t ~ i ~ +  + 3e  React ion 1 

T i  + 2H20 + Ti02 + 4 ~ '  + 4e React ion 2 

+ 
H + e + H  React ion 3 

* Other lower oxides may b e  formed and a t  high anodic p o t e n t i a l s  Ti0 may 

be  formed, b u t  a t  t h i s  s t a t e  of development of t h e  theory and experiments 

cons idera t ion  of only t h e  t h r e e  above r e a c t i o n s  appears  j u s t i f i e d .  

Reactions wi th  d isso lved  oxygen were no t  considered s i g n i f i c a n t  a t  t h e  

high i n i t i a l  cu r r en t  d e n s i t i e s .  Tomashov and versh in ina7  found no 

d i f f e r e n c e  between deaera ted  and oxygen-saturated s o l u t i o n s  i n  t h e i r  

abras ion  experiments wi th  t i tanium. 

The hydrogen atoms from r e a c t i o n  3 may combine w i t h  t h e  s u r f a c e  

atoms of t i t an ium t o  form TiH2 o r  combine t o  form hydrogen molecules. 

Formation of hydride is  considered p r e f e r r e d  because of i t s  l a r g e  negat ive  



f r e e  energy of formation8. 0tsuka9 showed t h a t  v i s i b l e  hydr ide  l a y e r s  

form on t i t an ium a t  long exposure t o  HC1. Oxidat ion of a hydr ide  sur -  

f a c e  l a y e r  a t  h ighe r  p o t e n t i a l s  might a l s o  occur.  

The potential-pH diagrams given i n  t h e  foregoing paper1 w i l l  be  

used t o  i n t e r p r e t  t h e  k i n e t i c s  experiments.  Models a r e  proposed t o  

s e p a r a t e  c u r r e n t s  f o r  t h e  i n d i v i d u a l  r e a c t i o n s  from t h e  t o t a l  cu r r en t .  

Analysis of Peak Current Densities. Fig .  1 3  compares peak c u r r e n t  

d e n s i t i e s  observed i n  t h e  k i n e t i c s  experiments t o  a s t eady- s t a t e  p o l a r i -  

z a t i o n  curve of Ti:8-1-1 i n  12M HC1. An ohmic drop c o r r e c t i o n  w a s  made 

t o  t h e  peak cu r ren t  d e n s i t i e s  by 

i n  which t h e  average Luggin c a p i l l a r y  t o  e l e c t r o d e  spac ing  w a s  0.3 cm and 

t h e  conduct iv i ty  of 12M H C 1  was -0.5 ohm-' cm-l. The dashed co r rec t ed  

anodic and ca thodic  T a f e l  l i n e s  were drawn wi th  120 mV s lopes  and r ep resen t  

lower-bounds f o r  t h e  new su r faces  as t h e  ohmic c o r r e c t i o n  i s  r a t h e r  

approximate. The anodic c u r r e n t  dens i ty  i n  t h e  s t eady- s t a t e  a c t i v e  reg ion  

i s  seen  t o  b e  a t  l e a s t  f i v e  o rde r s  of magnitude lower than t h e  cu r r en t  

dens i ty  observed f o r  f  reshly-generated s u r f  aces ,  wh i l e  as observed 

e a r l i e r 2 ,  t h e  s t eady- s t a t e  ca thodic  cu r r en t  dens i ty  is about one o rde r  of 

magnitude lower. 

That t h e  s t eady- s t a t e  anodic r a t e s  a r e  a t  l e a s t  f i v e  o rde r s  of 

magnitude lower than those  f o r  new s u r f a c e  i n d i c a t e s  t h a t  even i n  t h e  

a c t i v e  reg ion  d i s s o l u t i o n  is  s t r o n g l y  i n h i b i t e d .  This  p a s s i v a t i o n  i s  

a t t r i b u t e d  t o  oxide which apparent ly  can e x i s t  metastably even i n  s t r o n g l y  

a c i d  s o l u t i o n .  Steady-state  d i s s o l u t i o n  of t i t an ium i n  t h e  a c t i v e  reg ion  



may proceed through oxide formation and d i s s o l u t i o n  s t e p s  i f  t h e  s u r f a c e  

i s  completely oxide covered. S teady-s ta te  r a t e  of d i s s o l u t i o n  of pure  

t i t an ium i n  t h e  a c t i v e  reg ion  i s  very  s t r o n g l y  dependent on H C 1  con- 

c e n t r a t i o n  as shown i n  Fig.  1 3  and a s  observed by 0 tsuka9 .  S teady-s ta te  

was f a i r l y  quick ly  reached i n  12M H C 1  b u t  very  slow t o  a t t a i n  i n  6M HC1. 

I n  c o n t r a s t ,  t h e  peak anodic c u r r e n t  f o r  Ti:8-1-1 f r a c t u r e d  i n  12M H C 1  

(Fig. 4) and f o r  commercially-pure t i t an ium f r a c t u r e d  i n  3M H C 1  (Fig.  5) 

were very s i m i l a r ,  both be ing  l i m i t e d  by ohmic drop. 

Initial Mixed Potential .  I n i t i a l  open-circui t  p o t e n t i a l s  a f t e r  

f r a c t u r e  of t i t an ium specimens were previous ly  observed1' t o  vary  w i t h  

pH wi th  a s l o p e  of -59 mV/pH u n i t .  I n  t h e  p re sen t  k i n e t i c s  experiments 

conducted p o t e n t i o s t a t i c a l l y  t h e  i n i t i a l  mixed p o t e n t i a l  was about 180 

mV more negat ive  than  t h e  i n i t i a l  open-circui t  p o t e n t i a l s  i n  3M H C 1  and 

i n  1M KOH and may be  descr ibed  by 

The less -negat ive  va lues  of t h e  e a r l i e r  i n i t i a l  open-circui t  p o t e n t i a l s  

may be a t t r i b u t e d  t o  no t  reaching $m from a prebreak open-c i rcu i t  

p o t e n t i a l  about a v o l t  more p o s i t i v e .  

The s i g n i f i c a n c e  of t h e  -59 mV s l o p e  w i l l  now b e  considered. A t  t h e  

mixed p o t e n t i a l  

and 

i = i  
c o c exp[-Bt ($m - $ec) 1 (4) 

assuming t h a t  cu r r en t  dens i ty  is  uniform and h igh ,  t h a t  oxide coverage i s  

n e g l i g i b l e  a t  seconds from break  and t h a t  mass t r a n s p o r t  is  n o t  



l i m i t i n g .  L e t t i n g  i = i and s o l v i n g  f o r  $m, a c 

Two obvious ways t o  account f o r  a s l o p e  of -59 m~/pH u n i t  a r e :  

a )  r e v e r s i b l e  p o t e n t i a l s  f o r  anodic r e a c t i o n  2 and ca thodic  

r e a c t i o n  3 both  have a s l o p e  of -59 mV and t h e  exchange cu r ren t  

d e n s i t i e s  a r e  independent of pH ( o r  vary t h e  same way wi th  pH); 

b)  r e v e r s i b l e  p o t e n t i a l  of r e a c t i o n  3 has -59 mV s lope ,  

r e v e r s i b l e  p o t e n t i a l  f o r  r e a c t i o n  1 independent of pH and one 

exchange cu r ren t  dens i ty  ( r e a c t i o n  3) i s  p ropor t iona l  t o  

3;F hydrogen i o n  concent ra t ion  wi th  B = B' = - 
RT ' 

The f i r s t  case  was assumed previously10 whereas t h e  scraped  r o t a t i n g  d i s k  

experiments1 now sugges t  t h e  second c a s e  t o  b e  more c o r r e c t .  

I n i t i a l  Partial Current Densities. I n i t i a l  p a r t i a l  anode and cathode. 

cu r r en t  d e n s i t i e s  on oxide-free s u r f a c e s  w i l l  b e  es t imated  here .  The 

measured cu r ren t  dens i ty  i s  

i = i  - i  
a c (6) 

where t h e  p a r t i a l  cu r r en t  d e n s i t i e s  may b e  descr ibed  i n  terms of t h e  

mixed p o t e n t i a l  and mixed-potential  c u r r e n t  dens i ty  by 

and 

- 
i = i  

C m exp [-B ' ($ - iR - $m) ] 
P 

Assuming f o r  convenience t h a t  B = B '  = - k F  , i t  can be shown t h a t  
RT 



i = i  exp [-sinh 
C m 

and 

Calcula ted  p a r t i a l  anodic and ca thodic  cu r r en t  d e n s i t i e s  a r e  p l o t t e d  as a 

func t ion  of p o t e n t i a l  i n  Fig.  14 f o r  im = 1 amp/cm2 (minimum value ,  Fig.  

13) and im = 10 amp/cm2. It is  seen  t h a t  t h e  i n i t i a l  anodic and ca thod ic  

cu r r en t  d e n s i t i e s  a r e  both apprec i ab le  f o r  a l l  of t h e  p o t e n t i a l s  app l i ed  

i n  t he  experiments.  Therefore models f o r  t r a n s i e n t  behavior  should con- 

s i d e r  them simultaneously.  

Simultaneous Hydrogen Ion Discharge and Diffusion of Hydrogen i n t o  

Metal. The purpose he re  is  t o  explore  whether uns teady-s ta te  d i f f u s i o n  

of hydrogen i n t o  t h e  meta l  from t h e  s u r f a c e  could s i g n i f i c a n t l y  a f f e c t  

t h e  s u r f a c e  concent ra t ion  of hydrogen p red ic t ed  from t h e  p a r t i a l  ca thodic  

cu r r en t  dens i ty .  The a n a l y s i s  is  based on t h e  assumptions i n  Table 2. 

I n  t h a t  t i t an ium hydride has a nega t ive  f r e e  energy of formation8 

t h e  hydrogen atoms formed by r e a c t i o n  3 w i l l  b e  assumed t o  r e a c t  w i t h  t h e  

meta l  t o  form a monolayer of hydr ide  i n  preference  t o  d i s s o l u t i o n  i n  t h e  

e l e c t r o l y t e .  Simultaneous unsteady-state  d i f f u s i o n  of hydrogen i n t o  t h e  

semi - in f in i t e  meta l  phase would b e  expected and t h e  r a t e  w i l l  b e  es t imated .  

Nucleat ion of a bulk phase of TiH2 i s  assumed t o  occur  only a f t e r  t h e  f i r s t  

monolayer of TiH2 is  completed. A s  TiH2 has  m e t a l l i c  p r o p e r t i e s  i t  w i l l  

b e  assumed t h a t  hydrogen i o n  reduct ion  can occur on t h e  TiH2 monolayer and 

t h e  r e s u l t i n g  H atoms can d i f f u s e  t o  ad j acen t  b a r e  m e t a l  s i t e s  t o  form TiH 
2' 

This  permits  a monolayer of TiH t o  form i n  a f i n i t e  t i m e .  
2 



These assumptions l e a d  t o  

iHd.c 'H%IzF j: )' 
= q, - 

-- d-c 
QH 

which has  t h e  s o l u t i o n  

where 

Equation (13) is  p l o t t e d  i n  Fig. 15  us ing  t h e  fo l lowing  cons tan ts :  

QH = 4 x coulomb/cm2 f o r  TiHZ, i . e . ,  H on each s u r f a c e  atom 2 

of T i  i n  b a s a l  p lane ;  

D = 1 .4  x 10'11 cm2/sec f o r  a - T i  based on e x t r a p o l a t i o n  of high 
H 

temperature d i f f u s i o n  data1' t o  room temperature (DH i s  

g r e a t e r  8 - T i ) .  

It is seen  t h a t  f o r  t h e  range of hydrogen i o n  d ischarge  cu r r en t  d e n s i t i e s  

t h a t  might be  expected i n  Fig.  1 5  t h a t  d i f f u s i o n  i n t o  t h e  m e t a l  could be 

important  i n  i n f luenc ing  coverage based on t h e  above assumption. Without 

d i f f u s i o n ,  f o r  example, 8 would equal  u n i t y  a t  0.4 ms f o r  i = 1 amp/cm2. H H 

Therefore a r igorous  a n a l y s i s  of coverage of t h e  su r f ace  by TiH2 must 

cons ider  t h e  simultaneous s o l i d - s t a t e  d i f f u s i o n .  Some of t h e  q u a l i t a t i v e  

r ami f i ca t ions  w i l l  be  considered i n  subsequent s e c t i o n s .  



Analysis of Current Density Transients. Assumptions used in the 

analysis of transient current density behavior are listed in Table 3. 

Assumptions 1, 2, 3 and 6 are based on the preceding discussion. 

Growth of the passivating layer of oxide is assumed to occur by two- 

dimensional patch growth with instantaneous nucleation (assumption 4 )  

because of the high resistivity of the oxide and the high overpotential 

for oxide formation at the mixed potential. Random dissolution of 

titanium to ~ i ~ +  is assumed to occur on the bare surface (assumption 5) because of 

the high overpotential associated with the mixed potential. Titanium 

hydride is assumed to inhibit because of thermodynamics (ref. 1, Fig. 8) 

and Ti02 is assumed to inhibit for kinetic reasons in accordance with 

Fig. 13. 

1. Reactions on Anodic Side of Mixed'Potential 

Fleischmann and ~hirskll present an analysis of nucleation and 

growth of electrode deposits. The various modes are one-, two- and 

three-dimensional growth with either instantaneous or progressive 

nucleation. Of these modes, two-dimensional growth of oxide film patches 

with instantaneous nucleation appears most appropriate to titanium. The 

two-dimensional film would be consistent with the known low conductivity 

of Ti0 and the small amount of charge required for passivation. 2 

Instantaneous nucleation would be expected at the initial mixed potential 

which is about 0.3 V anodic to the oxide reversible potential. The 

equation for current density to the oxide patches may be writtenl1: 

in which 



6*i2 2 
c = m(-) 

Qox 

Other sequences of r eac t ion  a r e  perhaps poss ib le  such a s  d i s so lu t ion  

by react ion 1 followed by an oxidation and p r e c i p i t a t i o n .  Al ternate ly ,  

formation of oxide such a s  by react ion 2 could be  followed by dissolut ion.  

Such more-complicated reac t ion  sequences w i l l  not  be considered a t  t h e  

present  time f o r  the  newly generated surfaces .  

It is  assumed t h a t  throughout t h e  period of growth of t h e  pass ivat ing 

3+ layer  the  g rea te r  f r a c t i o n  of the  current  goes t o  form soluble  T i  , i . e . ,  

and theref  o re  

It i s  f u r t h e r  assumed t h a t  t h e  value of C i n  equation (15) is  constant ,  

independent of time o r  p o t e n t i a l ,  so  t h a t  i n t e g r a t i n g  equation (14) i n  

respect  t o  t i m e  and dividing by mQo gives coverage 

The current  densi ty f o r  formation is  assumed t o  follow Tafel  k i n e t i c s  

on the  bare  areas  between oxide patches 

where 

combining equations (17), (18), (19) and (20) gives 



which may be so lved  e x p l i c i t l y  f o r  T g iv ing  

- I 

T = C-'[B ((p - Be+) - BRi - 2.30 log  (G)] 

Equation (22) g ives  a r e l a t i o n  between c u r r e n t  dens i ty  and t ime conta in ing  

only one a d j u s t a b l e  parameter;  C. The fo l lowing  va lues  were used f o r  a 

s e r i e s  of experiments wi th  commercially-pure t i t an ium conducted i n  3M HC1: 

B = 19.5 vo l t s - I  

- 
R = 0.24 ~ o l t s / ( ~ / c m ~ )  (from peak cu r ren t  d e n s i t i e s ,  Fig.  5) 

= -1.2 Vol t s  

i = 4 x ~ / c m ~  (Fig. 13)  
o+ 

Experimental d a t a  f o r  pure t i t an ium f r a c t u r e d  i n  3M HC1  a t  a p o t e n t i a l  

of 0.24 V a r e  compared t o  equat ion  (22) (us ing  a va lue  of C-' = 0.5 x 

i n  Fig.  16.  The equat ion  f i t s  over a p o r t i o n  i n  t h e  middle of t h e  experi-  

mental d a t a  and t h e  m i s f i t  a t  s h o r t  and long time might b e  a t t r i b u t e d  t o  

t h e  s imp l i fy ing  assumptionsl 

A t  s h o r t  t i m e s  t h e  cu r r en t  f o r  formation of oxide cannot b e  n e g l i g i b l e .  

For example, equat ion  (14) i s  p l o t t e d  i n  Fig.  16 assuming m = 1, 

Qox 
= 4 x ~ o u l l c m ~  and C = 4 x l o 6  (from C-' = 0.5 x above). 

This  oxide cu r r en t  d e n s i t y  i s  n o t  n e g l i g i b l e ,  even f o r  monolayer patches.  

Fu r the r ,  because even monolayer patches consume a f r a c t i o n  of t h e  c u r r e n t ,  

t h e  patches cannot be  many monolayers i n  th ickness .  

The l a c k  of f i t  of equat ion  (22) a t  about T 3 1.5 mi l l i seconds  from 

t h e  break  might b e  a t t r i b u t e d  t o  change i n  t h e  va lue  of C w i th  p o t e n t i a l  

of t h e  s u r f a c e  as t h e  iR ' component decreases  (d iscussed  l a t e r )  , o r  t o  t h e  

onse t  of ox ide  f i l m  th ickening  through t h e  h i g h  f i e l d  conduction mechanism. 



2. Region of Mixed P o t e n t i a l  

I n  t h e  reg ion  of p o t e n t i a l  between -0.68 and -0.56 Y i n  12M H C 1  an 

i n i t i a l  anodic peaW followed by a ca thodic  peak i s  observed (Fig.  4 ) .  

An enlarged osc i l l o scope  t r a c e  a t  a p o t e n t i a l  of -0.66 V i s  shown i n  

Fig.  17. The measured cu r ren t  d e n s i t y  is, of course ,  t h e  d i f f e r e n c e  

between t h e  a c t u a l  anodic and ca thodic  c u r r e n t s  (Eq. 6 ) .  A proposed 

r e s o l u t i o n  of t h e  anodic and ca thodic  cu r r en t  d e n s i t i e s  i s  ind ica t ed  

i n  Fig.  17. It is assumed t h a t  a f t e r  t h e  ca thodic  peak t h e  a c t u a l  

anodic component i s  a s m a l l  f r a c t i o n  of t h e  ca thodic  component. The 

decrease  i n  ca thodic  cu r r en t  dens i ty  is  assumed a s  before2  t o  be  due 

t o  oxide coverage a t  a low c u r r e n t  dens i ty .  The i n i t i a l  s l o p e  of t h e  

ca thodic  c u r r e n t  d e n s i t y  a f t e r  i t s  peak is ex t r apo la t ed  back t o  ze ro  

time. The d i f f e r e n c e  between measured cu r ren t  d e n s i t y  be fo re  t h e  ca thodic  

peak and t h i s  ex t r apo la t ed  l i n e  i s  considered t o  b e  t h e  i n i t i a l  anodic 

cu r r en t  dens i ty .  It is recognized a s  t h e  case  i n  Fig.  1 3  t h a t  t hese  

i n i t i a l  anodic and ca thodic  c u r r e n t  d e n s i t i e s  a r e  lower-bound va lues .  

Ex t r apo la t ion  of t h e  i n i t i a l  r a t e  of decay of anodic c u r r e n t  dens i ty  

t o  t h e  ca thodic  b a s e l i n e  i n  F ig .  17 g ives  a t ime, T f o r  i n h i b i t i o n  of 
0 ' 

t h e  anodic c u r r e n t  dens i ty .  Dividing T i n t o  a charge d e n s i t y  f o r  pas- 
0 

s i v a t i n g  f i l in  g ives  a c u r r e n t  dens i ty ,  i .e . , '  

It is seen  i n  Fig. 18 t h a t  t h e  cu r r en t  dens i ty  c a l c u l a t e d  from equat ion  (23) 

i nc reases  wi th  more nega t ive  p o t e n t i a l s  sugges t ing  t h a t  hydride i n h i b i t e d  

- 4 
anodic d i s s o l u t i o n .  

2 
(A charge dens i ty  of 4 x 10 Coulomb/cm f o r  an 

i n h i b i t i n g  monolayer of TiH2 was used i n  equat ion  23.. ) The equi l ibr ium 

p o t e n t i a l s  i n  potential-pH diagrams1 would al low a hydr ide  l a y e r  t o  i n h i b i t  



d i s s o l u t i o n  of  t i t an ium t o  E3+ a t  s u r f a c e  p o t e n t i a l s  more nega t ive  

than  -0.51 Vol t s  which is  p o s s i b l e  f o r  mm = -0.68 V. The ca thod ic  

cu r r en t  dens i ty  based on equat ion  (23) is h ighe r  t han  t h e  peak ca thodic  

cu r r en t  dens i ty  (Fig.  6 ,  r e f .  2)  c o n s i s t e n t  w i t h  an iR c o r r e c t i o n  re- 

qu i red  f o r  t h e  l a t t e r .  The ca l cu la t ed  ca thodic  c u r r e n t  d e n s i t y  i s  a l s o  

c o n s i s t e n t  a s  t o  o rde r  of magnitude and s i g n  of t h e  s l o p e  t o  va lues  of 

2 
f o r  i = 1 A/cm r e p l o t t e d  from Fig. 14. Di f fus ion  of hydrogen i n t o  

m 

t h e  meta l  would add a f u r t h e r  c o r r e c t i o n  t o  equat ion  ( 2 3 ) .  

Values of i ca lcu la t ed  from equat ion  (23) continue t o  decrease  wi th  

app l i ed  p o t e n t i a l  above t h e  mixed p o t e n t i a l  a s  seen i n  F ig .  18. It i s  

t h e r e f o r e  p o s s i b l e  t h a t  formation of hydr ide  a l s o  p lays  a r o l e  i n  t h e  

i n i t i a l  cu r r en t  dens i ty  decay on t h e  anodic s i d e  of t h e  mixed p o t e n t i a l .  

The inc reas ing  time t o  reach peak cu r ren t  dens i ty  a s  a func t ion  of in-  

c reas ing  p o t e n t i a l  i n  Fig.  11 would b e  c o n s i s t e n t  w i th  an  i n i t i a l  hydr ide  

pas s iva t ion .  There is  thus  some ambiguity a s  t o  whether hydr ide  o r  oxide 

is t h e  i n i t i a l  pas s iva t ing  agent  on t h e  anodic s i d e  of  mm. 
3.  Reactions on Cathodic S ide  of Mixed P o t e n t i a l  

Cathodic cu r r en t  d e n s i t i e s  i n  12M H C 1  over  a longer  t i m e  span a f t e r  

t h e  peak a r e  p l o t t e d  semi logar i thmica l ly  from osc i l l o scope  t r a c e s  f o r  

f o u r  p o t e n t i a l s  i n  Fig.  19. There appear t o  be  t h r e e  d i s t i n c t  reg ions  wi th  

d i f f e r e n t  behavior  of c u r r e n t  dens i ty  w i th  t ime. I n  reg ion  I11 t h e  cu r r en t  

dens i ty  becomes nea r ly  cons tan t  w i th  t ime and i s  i n t e r p r e t e d  a s  prev ious ly  
2 

t o  be hydrogen i o n  d ischarge  on oxide  covered t i t an ium.  Region I1 is 

cha rac t e r i zed  by abrupt  changes i n  s l o p e  a t  each end and a gene ra l ly  s lowly 

inc reas ing  s l o p e  i n  between. The t r a n s i t i o n  t i m e  from region  I and I1 

appears  t o  be independent of p o t e n t i a l  i n  t h e  range a v a i l a b l e  wh i l e  t h e  

t r a n s i t i o n  time from regions  I1 t o  I11 decreases  w i th  inc reas ing  p o t e n t i a l .  

The l a t t e r  i n i d a t e s  an anodic f i l m  i n h i b i t i n g  hydrogen ion  reduct ion  and 



t h e  oxide pa tch  growth model w i l l  b e  appl ied .  

An analogous equat ion  t o  (22) d i f f e r i n g  only i n  s i g n  of some of  t h e  

terms can b e  der ived  f o r  hydrogen i o n  r educ t ion  i n h i b i t e d  by oxide patches.  

The ohmic term can as a f i r s t  approximation be  neglec ted  at t h e  sma l l e r  

c u r r e n t  d e n s i t i e s  on t h e  ca thodic  s i d e  i n  F ig .  19.  Therefore,  p l o t t i n g  

log  i ve r sus  T~ should g ive  a s t r a i g h t  l i n e  f o r  t h i s  model. The d a t a  

f o r  reg ion  I1 f a l l  more n e a r l y  on a s t r a i g h t  l i n e  by such a procedure a s  

shown i n  F ig .  20. Values of t h e  cons tan t  C der ived  from t h e  s lopes  a r e  

d iscussed  below. 

Region I d a t a  appear t o  b e  l i n e a r  on t h e  semilog p l o t  b u t  on l i n e a r  

coord ina tes  t h e  s l o p e  decreases  w i th  time. ~ r e v i o u s l ~ ~  reg ion  I was 

assumed t o  hydrogen i o n  r educ t ion  i n h i b i t e d  by oxide f i l m  growth b u t  i t s  

p re sen t  i n t e r p r e t a t i o n  i s  not  c l e a r .  

Value of c'. Equation (15) s t a t e s  t h a t  C' is p ropor t iona l  t o  t h e  

cu r r en t  dens i ty  a t  t h e  edge of t h e  oxide pa tches ,  a l l  o the r  f a c t o r s  cons tan t .  

I n  t h a t  t h e  s u r f a c e  i n i t i a l l y  approaches t h e  mixed p o t e n t i a l  i r r e s p e c t i v e  

of t h e  app l i ed  p o t e n t i a l ,  t h e  number of oxide pa tches  nuc lea ted  w i l l  be  

assumed cons tan t .  The va lues  of GM and QOx would a l s o  b e  expected t o  

b e  cons t an t  and v a r i a t i o n  i n  Cli w i l l  b e  taken a s  a measure of v a r i a t i o n  

of i i n  equat ion  (15).  
2 

A T a f e l  p l o t  of C' i s  presented  i n  Fig. 21. Values on t h e  ca thodic  

s i d e  of t h e  mixed p o t e n t i a l  were determined from t h e  s lopes  i n  Fig.  19. 

Values on t h e  anodic s i d e  were determined from i n i t i a l  s lopes  of log  i 

ve r sus  p l o t s  of t h e  d a t a  f o r  12  and 3M HC1 of F igs .  4 and 5. This  technique 

4 can g ive  approximate va lues  of C n e a r  t h e  mixed p o t e n t i a l  where t h e  

second exponent ia l  term i n  equat ion  (21) does no t  vary  too r a p i d l y  w i t h  

t i m e .  A numerical technique f o r  eva lua t ion  of C' po in t  by p o i n t  as a 



func t ion  of t i m e  and thus  p o t e n t i a l  a t  t h e  s u r f a c e  is based on 

' which is  developed i n  t h e  appendix. Such a v a r i a t i o n  of C w i t h  

c a l c u l a t e d  p o t e n t i a l  a t  t h e  s u r f a c e  f o r  an app l i ed  p o t e n t i a l  of -0.26V 

i s  shown a s  t h e  dashed curve t o  t h e  r i g h t  of t h e  maximum i n  Fig.  21. 

4 
A v a r i a t i o n  of C w i t h  p o t e n t i a l  would b e  expected i f  i2 is 

k i n e t i c a l l y  con t ro l l ed .  On t h e  ca thodic  s i d e  of t h e  mixed p o t e n t i a l  t h e  

i n c r e a s e  wi th  p o t e n t i a l  may b e  due t o  T a f e l  k i n e t i c s  f o r  t h e  ox ida t ion  

r e a c t i o n  a t  t h e  edges of t h e  patches.  An a l t e r n a t i v e  is  t h a t  t h e  ox ida t ion  

r e a c t i o n  i s  i n h i b i t e d  by a hydr ide  l a y e r  a t  t h e  more nega t ive  p o t e n t i a l s .  

The decrease  i n  C' on t h e  p o s i t i v e  s i d e  of t h e  mixed p o t e n t i a l  could b e  

a t t r i b u t e d  t o  a r e l a t i v e  i n c r e a s e  i n  competing d i s s o l u t i o n  a t  t h e  edges of 

4 t h e  patches.  The decrease i n  C w i th  p o t e n t i a l  could exp la in  t h e  l a c k  

of f i t  of equat ion  (22) us ing  cons tan t  C' t o  t h e  experimental  d a t a  a f t e r  

1% ms i n  Fig.  16. 

CONCLUSIONS 

The fo l lowing  conclusions are made f o r  t h e  behavior  of f r e s h l y  

f r a c t u r e d  s u r f a c e s  of t i t an ium i n  va r ious  e l e c t r o l y t e s  under p o t e n t i o s t a t i c  

condi t ions :  

1. Freshly-generated t i t an ium s u r f a c e s  a r e  r a p i d l y  pas s iva t ed  ( i n  m i l l i -  

seconds) i n  aqueous H C 1  s o l u t i o n s  even up t o  12M concent ra t ion .  

2. Curren t -dens i ty  - t i m e  curves over  t h e  f i r s t  10 m s  a r e  n o t  s t r o n g l y  

inf luenced  by a l l o y  composition from commercially-pure t o  a l l o y s  

w i t h  8% A 1  o r  14% No i n  3M HC1. 

3 .  Solu t ions  of HC1 and H SO of s a m e  normali ty  gave s i m i l a r  cu r r en t -dens i ty  - 
2 4 



time curves. No evidence of passivation occurred in 3M HF and air- 

formed oxide was apparently removed within 4 ms. In HNO solution ' 3 

the mixed potential of the new surface was shifted in the positive 

direction apparently by nitrate reduction. 

4 .  Passivation did not occur at times up to 200 ms in methanol - HC1 
solution although initial dissolution rate appeared to be lower than 

in aqueous HC1. There appeared to be a limiting current density for 

the reduction reaction. 

5. The shape of the current density - time curve was similar in chloride 
solutions from 12M HC1 to 3M KC1 + 1M KOH indicating formation of 
metastable soluble species at all pH in this range as well as 

formation of metastable oxide in strong acid. 

6. Saturated Tic1 in HC1 inhibits the initial anodic reaction and shifts 
3 

the mixed potential in the positive direction qualitatively consistent. 

with expected effect on a dissolution reaction. 

7. New surfaces of titanium are more active in HC1 solutions than the 

steady-state oxide-covered surface; hydrogen ion reduction rate 

increased by a factor of about 10 and initial anodic dissolution 

rate up by a factor >lo5 in 12M HC1 and >lo7 in 6M HC1. 

8. A model is proposed which is semiquantitatively in agreement with the 

kinetics and has the following features: 

a) three simultaneous reactions occur 

b) current densrty at mixed potential for 1 and 3 is high 



(9  1 ~ r n ~ / c r n ~ ) ,  therefore  ohmic po la r i za t ion  tends t o  give 

an i n i t i a l  surface  p o t e n t i a l  near the  mixed po ten t i a l ;  

c) t i tanium hydride monolayer r e s u l t i n g  from 3 i n h i b i t s  1 

although some H d i f fuses  i n t o  bulk of metal; 

c) Ti02 monolayer which forms more slowly by patch growth 

model i n h i b i t s  1 and 3. 



NOMENCLATURE 

-1 
B = constant in Tafel equation, &, volts 

3 RT 
c = concentration, mole/cm 

-2 
C = constant in equation 14, sec 

2 
D = diffusivity, cm /sec 

, f = Faraday , Coul/equiv 

i = current density, A/ cm 2 

2 
i2 = current density at edge of oxide patches, A/cm , also number of 

electron, for rate determining step 
R = distance, cm 

m = number of monolayers 

- 2 
n = number of oxide patches, cm 

P = pressure, gm/cm sec 
2 

Q = charge density, Coul/cm 
2 

r = radius, cm 

R = resistance, ohm 

z = valence 

a = transfer coefficient, dimensionless 

0 = coverage, dimensionless 

-1 -1 
K = conductivity, ohm cm 

p = density, gm/cm 
3 



T = t i m e ,  s e c  

@ = p o t e n t i a l ,  Vo l t s  

s u b s c r i p t s  

a = 

C = 

e = 

H =.  

m = 

M = 

0 = 

OX = 

P  = 

+ = 

anodic  

ca thod ic  

equ i l i b r ium 

Hydrogen 

mixed p o t e n t i a l  

monolayer 

exchange c u r r e n t  d e n s i t y  

oxide 

p o t e n t i o s t a t  

me ta l  c a t i o n  



REFERENCES 

1. T. R. Beck, t h i s  JomaZ,  I. Scraped Rotating-Disk Experiments. 

2. T. R. Beck, J. EZectrochem. Soc., 890 (1968). 

3. e .g . ,  S. Dushman and J. M. L a f f e r t y ,  " S c i e n t i f i c  Foundations of 

Vacuum Technique," 2nd ed. John Wiley, New York, 1962. 

Lord Rayleigh, PhiZ. Mag., 34,200 (1917) . 
I n t e r n a t i o n a l  C r i t i c a l  Tables ,  McGraw H i l l ,  New York, 1933. 

N. D. Tomashov and P. M. A l ' t o v s k i i ,  "Corrosion and P r o t e c t i o n  

of Titanium," Moscow, 1963. 

N. D. Tomashov and L. P. Vershinina,  EZectrochimica Acta, 15 ,501  

(1970) . 
JANAF In t e r im  Thermochemical Tables ,  Dow Chemical Co., Midland, 

Mich., 1960. 

R. Otsuka, S c i e n t i f i c  Papers  of t h e  I n s t i t u t e  of Phys i ca l  and 

Chemical Research, - 54, 97 (1960). 

T. R. Beck, Proceedings of Conference Fundamentazs Aspects ofStress 

Corrosion Cracking, Ohio S t a t e  Univers i ty ,  Sep t . ,  1967, p. 605, 

R. W. S t a e h l e ,  ed. ,  NACE, Houston, 1969. 

M. Fleischmann and H. R. Thi rsk ,  Advances i n  Electrochemistry and 

Electrochemical  Engineering, 2, 123, P. Delahay and C.  W. Tobias ,  

eds . ,  John Wiley, New York, 1963. 

Craighead, e t  a l . ,  i n  Progress  i n  Metal Phys ics ,  L, Chalmers and King 

eds . ,  Pergamon P r e s s ,  New York, 1958. 

R. J. Wasilewski and G.  L .  Kehl, MetaZZurgia, 225 (1954). 



APPENDIX 

Equation f o r  c a l c u l a t i o n  of C % 

A. D i s so lu t ion  Current  Density 

Assume : 

1. Disso lu t ion  occurs  by T a f e l  k i n e t i c s  on b a r e  a r eas  

between oxide pa tches  

2. An ohmic drop between Luggin c a p i l l a r y  and specimen 

- 
s u r f a c e  A$o = ip!2 

3 .  Uniform macroscopic cu r r en t  dens i ty  ac ros s  f a c e  of 

specimen. 

4. Avrami condi t ion  a p p l i e s ,  i . e . ,  

1 - 0 = exp(-eex) 

anF 
Taking logar i thms,  e n  i+ = hio+ + ($p - 4e) - 7 u n h a  - eex 

deny+ clnFpa d i  - de ex  _ _ -  - - -  D i f f e r e n t i a t i n g ,  - - 
d-c RT d-c d-c 



B. Equation f o r  Patch Growth 

Assume : 

1. Instantaneous nuclea t ion  of n patches /cm2 

2. Two-dimensional pa tch  growth 

3.  No thickening of patches u n t i l  f i r s t  l a y e r  complete 

C.  Equation t o  Evaluate C 4 

Assume: Current t o  form patches i s  n e g l i g i b l e  compared . 
current, .  e i  = i + 

Combining f i n a l  equat ion i n  p a r t s  A and B 
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Table 1 Comparison of Apparent Cell Resistance a t  Current 

Peak t o  Calculated Value 

Ra 
R 

Solu t ion  K c (ohm- l cm- ' ) Ra(ohm) R (ohm) RCaTc(0hm) 
C 

 ex^.)   ex^.) - Rca lc  - Rca lc  

1 .3  N H C 1  0.3723; 8.3 7 0 3 . 4  2.4  2 0 
i n  MeOH 

** Valve of K f o r  aqueous s o l u t i o n  - no d a t a  f o r  methanol s o l u t i o n .  



Table 2. Assumptions used in calculation of Surface Coverage 

of Hydride 

1 Hydrogen ion discharge occurs uniformly and randomly molecule 

by molecule on bare surface and on TiH2 molecules already present. 

2 At least a monolayer of TiH2 is formed on the surface before a new 

solid phase of TiH is nucleated. 2 

3 The average concentration of hydrogen on the surface is coverage, 

€IH, times concentration of hydrogen in TiH The equilibrium solubility 2 ' 

of hydrogen in titanium in contact with bulk TiH2 phase is 1.5 x atom 

wght /cm 3(12) compared to about 1.5 x 10-I atom wght/cm3 in TiH2 It 

is assumed that the concentration will drop from the latter super- 

saturation level to the lower equilibrium level after bulk TiHZ phase 

is nucleated. 

4 Transport of hydrogen into the metal is by unsteady-state diffusion 

into a continuum semi-infinite medium, i.e., grain-boundary, grain- 

composition and grain-orientation effects'are ignored. 



Table 3. Assumptions Used in Analysis of Current Density 

Transients 

1 Potential of surface initially approaches ' m i.e., @ i > 1 ~ / c m ~ ,  
m 

- 
'P - 'm iR* 

2 Reactions 1, 2, and 3 occur simultaneously initially. 

3 Reaction 3 occurs randomly, molecule by molecule on bare surface 

and is not inhibited by TiHZ monolayer but is inhibited by Ti02 

layer in accordance with Fig. 13. 

4 . Reaction 2 occurs by 2-dimensional patch growth on bare surface and 

by displacement of or growth on surface of hydride monolayer. 

5 Reaction 1 occurs randomly on bare surface and is inhibited by TiH2 

and by TiOZ. 

6 Surface potential goes in direction of after peak current and 
P 

reactions and rates are altered accordingly. 



1 1 Time Span of Measurement 

TIME ~ s e c )  1 - 1 Resolution of 
C u r r e n t  Measurement 
-5 Potentiostat Rise Time - 10 sec. (From Bubble Collapsel 

Cavitation Bubble has Collapsed 

r Monolayer of Adsorbed H20 f rom Vapor Phase 

L- Fracture Complete 

Fig. 1 - Sequence of events a f t e r  f rac ture .  



Fig.  2 - Appearance of f r a c t u r e  s u r f a c e s  

a .  Ti:14% Mo b r i t t l e  
b .  T i :  14% Mo d u c t i l e  
c .  Commercially pure T i .  



Fig. 3 - Oscilloscope traces for specimens fractured in 3.0 M HC1 a t  
-0.26 V (A -- 0.05 cm2) horizontal - 2 ms/cm, vertical - 20 mA/cm 
a. Ti:14% Mo brittle 
b. Ti: 14% Mo ductile 
c. Commercially pure Ti. 



Fig. 4 - Current density-time curves for new surfaces of Ti:8-1-1 in 12M HC1. 



Fig. 5 - Current density-time curves for new surfaces of commercially- 
pure titanium in 3M HC1. 
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Fig. 6 - Current density-time curves for new surfaces of Ti alloys and 
SAP A 1  in 3M HC1 at -0.26 V. 
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Fig. 8 - Current density-time curves for new surfaces of commercially- 
pure Ti in aqueous and methanolic solutions of HC1 at a potential 
of 0.24 V. 



POTENT1 AL (Volts SHE) 

Fig. 9 - Peak current density for new titanium surfaces as a function of 
potential in aqueous and methanol solvents. 
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Fig. 10 - Effect of pH on current density-time curves for new surfaces of 
commercially-pure Ti in 3M chloride solutions at a potential of 
-0.26 V. 
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Fig. 11 - Effect of potential on current density-time curves for new 
surfaces of commercially-pure Ti in 3M KC1 + 1M KOH. 



TIME (ms) 

Fig. 12 - Effect of added Tic1 and TrCl on current density-time 3 4 
curves for new surfaces of commercially-pure Ti in 3M HC1 
at potential of 0.24 Q. 



Fig. 1 3  - Kinetic data for new titanium surface and steady-state kinetics 
in 12M HC1. 



Fig. 1 4  - I n i t i a l  a c t u a l  anodic and cathodic cur ren t  d e n s i t i e s  f o r  
two values of mixed-potential current  densi ty.  



Fig. 15 - Hydride coverage as a function of time for simultaneous 
diffusion into metal; current density parameter. 



1. Experimental Data 

0 1 2 3 4 5 

TIME (ms) 

Fig. 16 - Comparison of equation with experimental data for fracture 
of titanium in 3M HC1 at a potential of 0.24 V. 



Fig. 17 - Data for fracture of Ti:8-1-1 in 12M HC1 at -0.66 V and 
definition of ic @ r = 0, i a and r o on expanded scale. 
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Fig. 18 - Comparison of Q /PC to cathodic current densities. H 0 

-0.8 -0.7 -0.6 -0.5 --0.4 -0.3 -0.2 

POTENTIAL (Volts SHE) 



Fig.  19 - Decay of ca thodic  cu r r en t  dens i ty  f o r  Ti:8-1-1 i n  12M H C 1  
a t  p o t e n t i a l s  of  -0.81 t o  -0.61 V- 



Fig. 20 - Replot of region I1 and I11 data from Fig. 19 vs r2. 
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Pig. 21 - Tafel p l o t  of G'. 
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