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1.0 SUMMARY 

Stress corrosion cracking of titanium:8%Al-l%Mo-l%V alloy 

was studied using techniques previously developed at Boeing. 

cracked specimens were introduced to the studies resulting in lower 

failure loads and providing a wider range of stress for study. 

Heat treatment effects and various solvent environments were in- 

vestigated. Electrochemical kinetic measurements were made to ob- 

tain more quantitative numbers for the parameters used in the 

electrochemical models describing velocity control. 

Pre- 

One of the interesting findings is that SCC of Ti:8-1-1 

occurred in pure water and methanol, but could be suppressed by 

addition of small amounts of nitrate or sulfate - on the order 

of 10-100 ppm. Ti:8-1-1 was also susceptible to SCC in chlorinated 

solvents such as carbon tetrachloride, methylene chloride and tri- 

chlorethylene. Heat treatment has a very marked effect on frac- 

ture load and crack velocity. Evidence from the kinetic studies 

indicates that the hydride mechanism does not play a role in SCC 

of Ti:8-1-1 under the conditions used in this work. 
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2.0 INTRODUCTION 

Th i s  r e p o r t  d e s c r i b e s  p a r t  of a s tudy  of stress c o r r o s i o n  

c racking  of t i t a n i u m  a l l o y s  i n i t i a t e d  i n  J u l y  1965 (Ref.  l), and 

cont inued under NASA sponsorsh ip  beginning  J u l y  1966. The f i r s t  

Quar te r ly  r e p o r t  on t h i s  c o n t r a c t  covered t h e  pe r iod  from J u l y  1 

through September 30,  1966 (Ref.  2 ) .  The p r e s e n t  r e p o r t  cove r s  

t h e  pe r iod  October 1 through December 3 1 ,  1966. I n  t h i s  pe r iod  

c l o s e  coope ra t ion  cont inued  wi th  D r .  N.  M .  Lowry who i s  suppor ted  

by a AWA "coupling" program and wi th  D r .  M. J .  Blackburn of 

Boeing S c i e n t i f i c  Research Labora to r i e s  who i s  i n  p a r t  suppor ted  

by t h e  p r e s e n t  NASA c o n t r a c t .  D r .  Blackburn c o n t r i b u t e d  t h e  sec- 

t i o n  on e f f e c t  of h e a t  t r ea tmen t .  
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3.0 TECHNICAL DISCUSSION 

3.1 SCC Under P o t e n t i o s t a t i c  Condi t ions  

A t echn ique  f o r  precracking  t h e  notched t e n s i l e  specimens 

w a s  worked o u t  and app l i ed .  The f a t i g u e  c r a c k s  were made by 

f l e x i n g  specimens a t  t h e  midsect ion wi th  four -poin t  l oad ing .  The 

dimensions of t h e  f l e x i n g  device  are shown i n  F ig .  1. The peak 

t o  peak d e f l e c t i o n  of  t h e  machine w a s  about 0.8 c m  (- i n c h ) .  400 

c y c l e s  ( a t  1725 c y c l e s  pe r  minute) w a s  s u f f i c i e n t  t o  cause  s m a l l  

q u a r t e r - c i r c l e  f a t i g u e  c rack  zones on each s i d e  of a 0.001 r o o t  

r a d i u s  machined notch  i n  a 0.060 inch  t h i c k  specimen as a l s o  shown 

i n  F ig .  1. The r a d i i  of t h e  f a t i g u e  c rack  zones measured from t h e  

c o r n e r s  of t h e  r o o t  of a notch were n e a r l y  one-half  t h e  s h e e t  t h i ck -  

nes s .  

20 
64 

R e s u l t s  w i t h  precracked and non-precracked specimens are 

compared i n  F ig .  2. 

w a s  s i g n i f i c a n t l y  reduced a t  p o t e n t i a l s  of s u s c e p t i b i l i t y  i n  0.6 M 

KC1 s o l u t i o n .  The c rosshead  was s topped when square  f r a c t u r e  in-  

i t i a t e d  s o  t h i s  is  a l s o  t h e  maximum load .  This  procedure pro- 

duced a longe r  squa re  f r a c t u r e  than  t h a t  produced by a l lowing  con- 

t i nued  crosshead  movement. Specimens wi th  c racks  p r e i n i t i a t e d  a t  

-500 mv (Ref.  2) appeared t o  f a i l  a t  l o a d s  between t h o s e  of t h e  

precracked and t h e  non-precracked specimens.  

The load  a t  which squa re  f r a c t u r e  i n i t i a t e d  

Fur the r  comparisons of u l t i m a t e  load  f o r  precracked and non- 
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precracked specimens are shown in Table 1. 

cracked specimens was slightly reduced from the non-precracked 

ievei, probably due to the reduced net cross sectional area. The 

significant decrease in ultimate load for precracked specimens at 

-500 mv in 0.6 M chloride solutions is seen. Interestingly, re- 

initiation of SCC in precracked specimens after stopping the 

crack occurred at a slightly higher load than the initiation. Re- 

initiation of a crack preinitiated electrochemically at -500 mv 

occurred at a slightly lower load than the preinitiation. 

The air valve for pre- 

Corresponding data for mill annealed Ti:8-1-1 are given in 

Table 2. Results in air are similar to those for duplex annealed 

Ti:8-1-1. Whereas notched mill annealed Ti:8-1-1 specimens did 

not show l o s s  of strength from air valves in 0.6  M chlorides at 

-500 mv, precracking caused a further l o s s  of strength. 

Two additional anions, cyanide and thiocyanate were tested 

in a few runs with no apparent susceptibility as noted in Table 3 .  

To date, chloride, bromide and iodide are the only anions found to 

produce SCC in aqueous solution under potentiostatic conditions. 
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PRECRACKED SPECIMENS 

Run No. Environment 

L257 

L258 

Air 

Air 

6 74 0.6 M KC 

675 

67 6 

677 

678 

679 

680 

6 8 1  

683 

684 

685 

-500 mv 

Ultimate load - kg 

initiation reinitiation 

2310 

2240 

2275 
- 

490 

560 

508 

700 

620 

64 4 

634 

618 

648 

674 

436 

595 

Avg . 
532 

605 

516 

686 

740 

800 

692 

630 

686 

706 

702 

662 Avg. 
- 

Table 1. 

Duplex Annealed Ti:8-1-1 (Sheet No. 2194 ,  (Ref. l), Thickness 0.060 in., 

Crosshead Speed 0.005 cm/min, Room Temp.) 

Comparison of Ultimate Load of Precracked and Non-Precracked 
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(NON-PRECRACKED) NOTCHED SPECIMENS 

Run No. 

526 
527 
528 
529 

530 
531 
5 32  
533 
5 34 
5 35 

576 
577 
578 
579 
580 
581 
582 
583 
5 84 

585 
5 86 
588 
589 

665 
666 
667 
668 
669 

Environment 

0.6 M N a C l  -500 mv 

0 .6  M K C 1  -500 mv 

0.6 M K C 1  -500 mv 

0.6 M K C 1  -500 mv 

Ultimate l oad  - kq 

2600 
2445 
2495 
2605 

2540 Avg . 

1460 
1795 
1350 
1570 
1700 
1345 

1530 Avg . 

initiation 
1500 
1690 
1690 
1655 
1645 
1840 
1770 
1640 
2000 

reinitiation 
1500 
1555 
1585 
1605 
1100 
15 70 
1225 
1100 
1850 

1805 1600 
19 70 1690 
1705 1555 
1950 1595 

15 00 1235 
1400 1225 
1750 1705 
1640 1495 
2025 1900 

1730 1510 Avg. 
- - 
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Run No. 

Precracked 

699 

700 

701 

702 

Non-Precracked 

72 

73 

75 

77 

7 9  

Environment U l t i m a t e  load  - kg 

A i r  

A i r  

0.6 M K C 1  -500 mv 

0.6 M K C 1  -500 mv 

A i r  

A i r  

0.6 M L i C l  -500 mv 

0.6 M L i C l  -500 mv 

0.6 M L i C l  -500 mv 

1110 

1200 

1155 Avg. 

440 

548 

495 Avg. 
- 

1310 

1260 

1285 Avg. 

1270 

1340 

1400 

1340 Avg. 

Table 2 .  Comparison of U l t i m a t e  Load of Precracked and Non-Precracked 

M i l l  Annealed Ti:8-1-1 (Sheet No. 2026, (Ref. l), Thickness  0,060 i n - ,  

Crosshead Speed 0.005 cm/min, Room Temp.) 
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Run No. 

716 

717 

718 

719 

720 

721 
722 

Environment Ultimate load - kg 

0.6M NaCNS -500 mv 2150 

0.6M NaCNS 0 mv 2285 

0.6M NaCNS +500 mv 2055 
0.6M NaCNS +lo00 mv 2100 

0.6M KCN -500 mv 1926 

0.6M KCN 0 2135 
0.6M KCN +500 mv 2235 

Table 3 .  Ultimate Load of Precracked Duplex Annealed Ti:8-1-1 in 
Cyanide and Thiocyanate (Sheet No. 2194, (Ref. 1) Thickness 0.060 in., 

Crosshead Speed 0.005 cm/min, mom Temp.) 
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3 . 2  E f f e c t  of Heat Treatment 

The v a r i a t i o n  of f r a c t u r e  stress w i t h  h e a t  t r ea tmen t  f o r  t h e  

a l l o y  Ti:8Al:lMo:lV i n  a i r  and 0.6 M KC1 i s  shown i n  F ig .  3.  

mens were s o l u t i o n  t r e a t e d  i n  t empera tu res  between 500°C and llOO°C 

Speci-  

and subsequent ly  water quenched. T e s t i n g  w a s  conducted on f a t i g u e  

cracked specimens.  T e s t i n g  i n  t h e  0.6 M K C 1  s o l u t i o n  w a s  performed 

a t  -500 mv as t h i s  h a s  been shown t o  be  i n  t h e  range  of maximum sus-  

c e p t i b i l i t y  t o  SCC. It can  be  seen  from F ig .  3 t h a t  t h e  f r a c t u r e  

s t r e n g t h  i n c r e a s e s  wiYh s o l u t i o n  t r ea tmen t  tempera ture  i n  bo th  a i r  

and 0.6 M KC1, t h e  i n c r e a s e  i n  s t r e n g t h  i n  KC1 be ing  most r a p i d  

between 900 and 1000°C. 

i n v e s t i g a t e d  i n  some d e t a i l  (Ref. 3 , 4 )  and t h e  v a r i a t i o n  of s t r u c t u r e  

The phase s t r u c t u r e  of t h i s  a l l o y  has  been 

with quenching tempera ture  i s  i n d i c a t e d  i n  F ig .  3 .  The d e c r e a s e  

f r a c t u r e  stress i n  a i r  i s  a s s o c i a t e d  wi th  i n c r e a s i n g  tendency t o  

form s h o r t  range o r d e r  (SRO) and e v e n t u a l l y  p a r t i c l e s  of t h e  phase 

(based on Ti3A1). This  e s s e n t i a l l y  p r e c i p i t a t i o n  hardening  re- "2 

a c t i o n  has  been shown t o  i n c r e a s e  t h e  y i e l d  s t r e n g t h  and dec rease  

the  d u c t i l i t y  and no tch  s t r e n g t h .  It is  apparent  t h a t  t h i s  t r a n s -  

formation does n o t  produce a g r e a t  change i n  t h e  i n i t i a t i o n  stress 

i n  KC1, but  t h e r e  is  evidence  t h a t  i t  can change t h e  c rack  propagat ion  

v e l o c i t y .  It i s  tempting t o  a s s o c i a t e  t h e  l a r g e  change i n  f r a c t u r e  

s t r e n g t h  i n  KC1 between 900°C-10000C t o  t h e  m a r t e n s i t i c  t ransform- 

a t i o n s  t h a t  occur  i n  t h e  6-phases on quenching. 

however, t h a t  a more impor tan t  change i s  i n  t h e  re la t ive volume 

f r a c t i o n  of t h e  a and 6-phases p r e s e n t  a t  t h e s e  tempera tures .  

It i s  cons ide red ,  

Th i s  
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change is illustrated in the optical micrographs in Fig. 4 .  Fracto- 

graphy results have shown that failure under SCC condition occurs by 

apparent cleavage in the a-phase and ductile failure of the 6-phase. 

From this observation it is concluded that the a-phase controls sus- 

ceptibility to SCC, and factors which influence brittle failure of 

the a-phase will likewise influence susceptibility to SCC. In this 

case we can list at least three such factors. 

(1) Grain size and probably more important in a + 6 alloys, 

mean free path in the a-phase. It can be seen from Fig. 4 

that although there is a slight increase in grain size at 

1000°C, there is a decrease in mean free path within the 

a-phase. 

(2) Composition: Any reduction in aluminum content of the 

a-phase will reduce susceptibility. With increasing 

solution treatment temperature dilution of the a-phase 

by vanadium and molybdenum occurs. 

Possibly a reduction in the degree of SRO in the a-phase. 

The ability of the a-phase to relax stress concentrations 

is related to the ability of dislocations to cross slip 

which will be related to the degree of SRO. Increasing 

solution treatment temperatures would be expected to re- 

duce SRO. 

( 3 )  

Work is being performed on binary titanium aluminum alloys to investigate 

more quantitatively the above effects. Investigations of the variation 

crack propagation velocity, with heat treatment in Ti:8-1-l,is also in 

progress. 
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965 5 OOx 
Ti 8-1-1 quenched from 900°C 

9 64 5 OOx 
Ti 8-1-1 quenched from 1000°C 

Fig. 4 Optical Photomicrographs of Quenched 
Ti:8-1-1 Alloy. 
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3 . 3  SCC Under Open Circuit Conditions 

Much of the effort this quarter was devoted to studies of 

stress corrosion cracking in pure solvents or solvents with very 

low salt concentrations. Precracked specimens were used. With 

very low salt concentration the resistivity of the solutions is so 

high that the apex of the crack is essentially electrically isolated 

from the environment and the potentiostat could not be used. The 

technique of measuring crack propagation velocities by observing the 

progress of the crack past pencil lines scribed on the surface was 

used (Ref. 1). Solvents studied were distilled water, methanol, 

carbon tetrachloride, methylene chloride and trichlorethylene. SCC 

occurred in all of these solvents. (SCC did not occur, however, in 

methanol from one of the bottles of reagent grade material.) 

The relative order of velocities in the various solvents 

at room temperature is indicated in Fig. 5. Velocities were deter- 

mined by measuring the slope of a crack length versus time curves. 

Taking a derivative of experimental data increases error by a large 

factor, and the curves are not exactly linear as will be shown later. 

Velocity was highest in carbon tetrachloride and increased most 

rapidly with length of crack in this so lvent .  

lower but also increased with length in distilled water and methanol. 

Velocity appeared to be constant and independent of crack length 

in methylene chloride. SCC did not occur in trichlorethylene at 

room temperature but did occur at temperatures above 47'C. 

Velorfties were 
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Because i t  w a s  suspec ted  t h a t  t r a c e s  of c h l o r i d e  from some 

source caused t h e  stress c o r r o s i o n  c rack ing  i n  d i s t i l l e d  water and 

i n  methanol,  a series of experiments w a s  made t o  de te rmine  t h e  e f -  

f e c t  of added c h l o r i d e .  (The metal specimens were handled wi th  

rubber g loves  a f t e r  washing w i t h  ace tone  and methanol t o  avoid 

c h l o r i d e  contaminat ion  from hands.)  R e s u l t s  a r e  p l o t t e d  i n  F ig .  6 

as a f u n c t i o n  of c o n c e n t r a t i o n  of added sodium c h l o r i d e .  Average 

s lope  of t h e  v e l o c i t y  v e r s u s  c r a c k  t r a v e l  d i s t a n c e  from p l o t s  l i k e  

Fig. 5 w a s  used a s  t h e  most r e l i a b l e  index  of t h e  e f f e c t  of added 

s a l t .  

i t y  w i t h  c h l o r i d e  c o n c e n t r a t i o n  i n  both  d i s t i l l e d  water and methanol 

as seen  on Fig.  6 .  

There appeared t o  be an i n c r e a s e  i n  c rack  propagat ion  ve loc-  

A s m a l l  amount of s i l v e r  n i t r a t e  w a s  added t o  d i s t i l l e d  water 

and t o  methanol i n  some runs i n  o r d e r  t o  p r e c i p i t a t e  any c h l o r i d e  

contamination p r e s e n t .  

observed, bu t  SCC w a s  completely i n h i b i t e d .  

ques t ion  of whether i n h i b i t i o n  w a s  due t o  p r e c i p i t a t i o n  of c h l o r i d e  

o r  t o  t h e  e f f e c t  of n i t r a t e  i o n  (Ref. 1) an equ iva len t  molar con- 

c e n t r a t i o n  of potassium n i t r a t e  w a s  added i n  some runs (ppm KN03 = 

=ppm AgN03 x 169.84 . 
f e c t i v e ,  as shown i n  Fig.  7 .  A smaller c o n c e n t r a t i o n  of potassium 

n i t r a t e ,  by a f a c t o r  of about '/lo, w a s  r e q u i r e d  t o  i n h i b i t  SCC i n  

methanol. 

Sodium f l u o r i d e  w a s  an i n h i b i t o r  bu t  a c o n c e n t r a t i o n  on t h e  o r d e r  

of 1000 ppm w a s  r e q u i r e d  i n  d i s t i l l e d  water. 

N o  v i s i b l e  ev idence  of a p r e c i p i t a t e  w a s  

To t r y  t o  r e s o l v e  t h e  

101.10) Potassium n i t r a t e  w a s  only s l i g h t l y  less e€- 

Sodium s u l f a t e  w a s  a s i m i l a r l y  e f f e c t i v e  i n h i b i t o r .  
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Considerable  e f f o r t  w a s  s p e n t  i n  f i n d i n g  t h e  b e s t  way of  

c o r r e l a t i n g  t h e  d a t a  ob ta ined  on c rack  growth i n  t h e  v a r i o u s  sol- 

vents .  An a n a l y s i s  of a mass t r a n s p o r t  - k i n e t i c  model f o r  t h e  

so lven t  i n  t h e  c rack  sugges ted  a power f u n c t i o n  

n ( R  - Eo) KT Equat ion 1 

where: 

R = c rack  l e n g t h  i n  cm a t  t i m e  T i n  sec, 

R = i n i t i a l  c r ack  l e n g t h  , c m ,  

K and n = c o n s t a n t s .  

0 

Of t h e  v a r i o u s  expres s ions  t r i e d ,  t h i s  proved t o  g i v e  t h e  b e s t  cor -  

r e l a t i o n  f o r  t h e  g r e a t e s t  number of runs .  

Typ ica l  log-log p l o t s  of ( a  - R ) v e r s u s  T f o r  t h e  v a r i o u s  
0 

s o l v e n t s  are shown i n  F ig .  8. It i s  t o  be  noted  t h a t  t h e  s l o p e  

and t h e r e f o r e  t h e  exponent n, i s  d i f f e r e n t  i n  t h e  d i f f e r e n t  s o l v e n t s .  

With t h e  excep t ion  of carbon t e t r a c h l o r i d e ,  a f a i r l y  c o n s i s t e n t  

va lue  of n w a s  ob ta ined  i n  each s o l v e n t  as shown i n  Table  4 .  The 

va lue  of  R f o r  each run  w a s  determined by making a p l o t  of 9, 

versus  T , us ing  t h e  a p p r o p r i a t e  v a l u e  of n f o r  t h e  s o l v e n t ,  and 

e x t r a p o l a t i n g  t o  a z e r o  v a l u e  of T . 

0 
n 

n 
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Table  4 Exponent i n  Equat ion 1 f o r  Various So lven t s  

Run 
No. - 

Conc. 
ppm 

Temp 
O C  - 

II -cm 
0 

n Solvent  Added 
S a l t  

U 1  t i m a  t e 
load  kn 

707 
708 
709 
7 10 
711 
712  
713 

C2HC1 3 47 
68 
55 
77 
66 
5 1  
60 

1706 
1376 
1400 
1268 
1376 
1506 
1362 

0.04 
0.02 
0 
0.04 
0.05 
0.04 
0.04 

1.00 
1.07 
1.00 
1.07 
1.07 
0.93 
0.97 

1.02 

N a C l  
N a C l  
N a C l  

N a C  1 
N a C l  

- 

5 
500 
100 

100 
100 

- 

RT 
RT 
RT 
RT 
RT 
RT 

880 
9 80 
940 
962 
746 
9 80 

7 34 CH OH 
750 
751 

L237 
L238 
L239 

0.08 1.46 
0.08 1.49 
0.04 1.64 
0.03 1.80 
0.07 1 . 4 7  
0.08 1.58 

1.57 

737 
7 39 
7 4 1  
745 
746 
747 
748 

. 764 
765 
768 
7 69 

H2° 
10 

20 
20 
50 
1 
5 

1000 
100 
500 

- 
RT 
RT 
RT 
RT 
RT 
RT 
RT 
RT 
RT 
RT 
RT 

1100 
1268 
1410 
1250 
1350 
1120 
1030 
900 
926 
956 

1120 

KNO 3 - 
&NO3 
KNO 3 

N a C  
N a C l  
N a C l  
N a C l  
N a C l  
- 

- 
0.04 

0.03 
0 .01  

-0.04 
0.04 
0 .01  
0.05 

- 

- 

- 
1.55 

1.57 
1.52 
1 .63  
1 .51  
1.70 
1 .55  

- 

- 

1.57 

S a t .  
- L229 CH2C12 H 2 0  

- 1,231 d r Y  
L234 dry  
L235 H20 S a t .  - 

Avg 

1386 
1186 
1190 
1328 

0.04 1.25 

0.04 1 .31  
0.04 1.29 

1 . 2 8  

- - 

- 

RT 
RT 
RT 
RT 

L230 
L233 
L236 

1236 
882 
936 

0.10 1.87 
0.15 3.08 
0.02 3.58 

CC14  RT 
RT 
RT 

- 
S a t .  
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3.4 K i n e t i c s  of React ion on N e w  Metal Su r face  

S t u d i e s  of k i n e t i c s  of ox ida t ion  of newly genera ted  Ti:8-1-1 

s u r f a c e  on which mul t i - l aye r s  of ox ide  are forming have p rev ious ly  

been r epor t ed  (Ref.  1). This  work has  now been extended t o  s tudy-  

i n g  k i n e t i c s  of o x i d a t i o n  and of hydrogen i o n  r educ t ion  on new 

m e t a l  s u r f a c e  du r ing  t h e  formation of t h e  f i r s t  monolayer of oxide .  

The same ce l l  and 0.060 i n .  t h i c k ,  1 /8  i n .  wide m i l l  annealed 

notched Ti:8-1-1 specimens descr ibed  p r e v i o u s l y  (Ref.  1, Fig .  5 )  

w e r e  used. A c o a t i n g  of epoxy r e s i n  w a s  a p p l i e d  t o  t h e  specimen t o  

avo id  r e a c t i o n  on t h e  pre-ex is t ing  s u r f a c e .  The r e s i n  w a s  scored  

o v e r  t h e  notch  i n  t h e  metal t o  l o c a l i z e  t h e  break  i n  t h e  r e s i n  and 

minimize adhes ion  f a i l u r e  and exposure of p re -ex i s t ing  t i t a n i u m  

s u r f a c e .  

A sudden break  w a s  caused by dropping a heavy weight con- 

n e c t e d  through a l e v e r  arm t o  t h e  specimen. Travel of t h e  l e v e r  

a r m  was l i m i t e d  so  t h a t  t h e  new f r a c t u r e  s u r f a c e s  sepa ra t ed  by about  

2 mm. Movement of t h e  lever arm c losed  a microswitch t h a t  t r i g g e r e d  

t h e  sweep i n  t h e  Tekt ronix  type  545 A oxc i l lo scope .  

s h u t t e r  w a s  open on t i m e  exposure du r ing  t h e  run.  

The camera 

Runs were made i n  0.6 M potassium c h l o r i d e  and concen t r a t ed  

(approx. 12  M) hydroch lo r i c  a c i d .  Concentrated HC1 was used be- 

cause  i t  is  t h e  e l e c t r o l y t e  t h a t  i s  be l i eved  t o  e x i s t  n e a r  t h e  

apex of a propagat ing  c rack  wi th  a c h l o r i d e  s o l u t i o n  as t h e  environ-  

ment f o r  t h e  metal specimen (Ref. 1). The p re l imina ry  d a t a  thus  f a r  
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.- obtained are rather crude but nevertheless are good enough for order 

of magnitude estimates of corrosion current density, exchange cur- 

rent density and mixed potential. Further refinements are planned 

to improve the accuracy of the experiments. 

Fig. 9 illustrates typical current-time oscillographs for 

two different applied potentials. At -800 mv. the initial current 

pulse was anodic, presumably due to the first oxide layer building 

up on bare titanium metal. 

initial decay is believed to be due to coverage of the surface by 

The current then decayed with time. The 

oxide. 

to discharge oxide on existing oxide, the current density can be 

Because a higher overpotential would be required in order 

described by 

anFy i = (1 - e )  i exp( RT ) a 0 
Equation 2 

for the Tafel condition, where 8 is the fraction coverage by oxide. 

Fraction coverage is related to current density by 

Equation 3 

where Q is the coulombic charge equivalent to a monolayer of oxide 

(Q X 425 x 

ing slope at time zero to zero current (Fig. 9 )  gives the time to 

form a monolayer at a constant current equal to the initial value. 

The initial current density for oxide formation based on Equation 3 

coulomb/cm2, Ref. 1). Extrapolation of the limit- 
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Conc. HCl at - 8 0 0 m v  (Net Anodic Curren t )  

Vert .  O.I/cm (across loa), 
Horiz.  2 ms/cm 

Conc. HC1 at -960 mv  (Net  Cathodic Curren t )  

(A) Vert .  0.1 v/cm ( a c r o s s  l o a ) ,  

(B) Vert .  0.05 v/cm (ac ross  loa), 
Horiz. 2 ms/cm 

Horiz. 0.2 sec /cm 

Fig .  9 Curren t  - T i m e  o s c i l l o g r a p h s  (1 I n i t i a l  
Oxida t ion  peak on b a r e  T i ,  2 T i m e  t o  form 
ox ide  monolayer a t  i n i t i a l  o x i d a t i o n  cur-  

on b a r e  T i ,  4 
r e n t  d e n s i t y ,  3 I n i t i a l  H + r e d u c t i o n  peak 

H+ r educ t ion  on Ti02) 
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i s  t h e r e f  o r e  
_. 

Equat ion 4 i = - Q  
a T 

0 

A t  a p o t e n t i a l  of -910 mv.  t h e  i n i t i a l  c u r r e n t  was c a t h o d i c  

due t o  hydrogen i o n  d i scha rge .  The c u r r e n t  subsequent ly  decayed 

and presumably t h i s  w a s  due t o  ox ide  coverage by s imultaneous oxi -  

da t ion .  By de termining  T as above, t h e  t r u e  o x i d a t i o n  c u r r e n t  

dens i ty  can be  e s t ima ted  by p o t e n t i a l s  where t h e  n e t  measured cur -  

r e n t  i s  ca thod ic .  The n e t  c u r r e n t  d e n s i t y  is 

0 

i = i  - i  Equat ion 5 a C 

where t h e  s u b s c r i p t s  a and c r e f e r  t o  anodic  and ca thod ic  r e s p e c t -  

i v e l y .  The measured n e t  c u r r e n t  i s  t h e r e f o r e  n o t  t h e  a c t u a l  anodic  

o r  c a t h o d i c  c u r r e n t ,  bu t  a somewhat smaller v a l u e  depending on how 

f a r  d i s p l a c e d  from t h e  mixed p o t e n t i a l  o r  c o r r o s i o n  p o t e n t i a l ,  where 

i =  i - i  = O .  a C 

An estimate of c u r r e n t  f o r  d i s c h a r g e  of hydrogen i o n  on 

? i G 2  was a l s o  made as shown i n  Fig .  9. 

o b t a i n  t h i s  va lue .  

A slow t r a c e  vas =sed to 

The anodic  and c a t h o d i c  c u r r e n t  d e n s i t i e s  as a f u n c t i o n  of 

2 
p o t e n t i a l  are summarized i n  Fig.  lo. A new area of 0.05 c m  w a s  

used t o  c a l c u l a t e  c u r r e n t  d e n s i t i e s  from t h e  peak c u r r e n t s  and 

hydrogen i o n  d i scha rge  on T i 0 2 .  Equat ion 4 g i v e s  t h e  t r u e  anodic  
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Ti + 2H20+TiO2+ 4H++ 4e 

on Ti. Corrected for IR Drop. 
H + + e + H  I 

N \ ~ 1 ° ~  a E 10-1 

ri 

o n T i  i 

+ 4H++ 4e 

\ 
6 

, 

Y 0 Item 1, Fig. 9 

0 Equation 4 and 
Item 2, Fig. 9 

DItem 3, Fig. 9 
0 Item 4, Fig. 9 

on T i 0 2  

-1000 -800 -600 -400 -200 0 

POTENTIALMV vs SCE 

Fig. 10 Summary of Kinetic Data for New Ti:8-1-1 
Surface in 12 M HC1. 
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c u r r e n t  d e n s i t y .  

t h e  assumptions made, t h e r e  i s  a reasonably  good correspondence 

between n e t  anodic  c u r r e n t  d e n s i t y  from t h e  peaks and t r u e  anodic  

cu r ren t  d e n s i t y  from T and Equat ion 4 .  A t  h igh  c u r r e n t  d e n s i t i e s  

t h e r e  i s  a r e l a t i v e l y  l a r g e  I R  drop between t h e  Luggin c a p i l l a r y  

t i p  on t h e  two new s u r f a c e s .  

Cons ider ing  t h e  scat ter  of t h e  d a t a  and a l l  of 

0 

This  p o t e n t i a l  drop may be e s t ima ted  

by 

i 
K 

A $  = - xA Equat ion 6 

2 A t  a c u r r e n t  d e n s i t y  of 1 amplcm , a Luggin c a p i l l a r y  t o  e l e c t r o d e  

spac ing  of 0 .3  c m  and a c o n d u c t i v i t y  of 0.5 R 

(Ref. 5 ) ,  t h e  p o t e n t i a l  drop i s  0.6 v o l t s .  An anodic  T a f e l  l i n e  of 

120 mv pe r  decade s l o p e  i s  drawn us ing  t h i s  I R  c o r r e c t i o n .  

-1 -1 cm f o r  1 2  M H C 1  

Probably t h e  most s i g n i f i c a n t  conclus ion  t o  be drawn from 

these  d a t a  i s  t h a t  t h e  c o r r o s i o n  p o t e n t i a l  of newly exposed T i : 8 - 1 - 1  

s u r f a c e  i n  12 M H C 1  appears  t o  be about  -900 m v .  I f  t h e  e l e c t r o l y t e  

w i t h i n  a propagat ing  c rack  i n  a c h l o r i d e  environment i s  concen t r a t ed  

H C 1  as  p r e d i c t e d  (Ref. l), t hen  t h i s  would e x p l a i n  t h e  -900 mv 

i n t e r c e p t  i n  t h e  c rack  propagat ion  v e l o c i t y  v s  p o t e n t i a l  p l o t  (Ref.  1). 

A second b i t  of in format ion  u s e f u l  i n  t h e  a n a l y s i s  of SCC 

i s  t h a t  hydrogen i o n  i s  reduced and t h e  c u r r e n t  d e n s i t y  i s  on t h e  

order  of  lo-' t o  1 amp/cm2 t a k i n g  t h e  I R  c o r r e c t i o n  i n t o  c o n s i d e r a t i o n .  

This  w i l l  be  d i scussed  f u r t h e r  i n  t h e  next  s e c t i o n .  
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The r e s u l t s  i n  0 .6  M K C 1  were s i m i l a r  except t h a t  t h e  I R  

e r r o r  w a s  about an o r d e r  of magnitude l a r g e r  and t h e  co r ros ion  po- 

tential. s h i f t e d  t o  -1750 r n ~ .  This  850 av s h i f t  i s  twice t h e  va lue  

expected f o r  t h e  change i n  PH. Fu r the r  work i s  needed t o  r e s o l v e  

t h i s  d i f f e r e n c e .  
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3.5  Theory 

Previously (Ref. 1) it was shown that the oxide wedging 

mechanism is not probable at the crack propagation velocities ex- 

hibited by Ti:8-1-1 alloy. The new kinetic data substantiate the 

earlier calculations. The time to form a monolayer of oxide at con- 

stant current is 

T -  - A  
m i  a 

Equation 7 

-1 2 -3 Assuming i = 10 to 1 amp/cm gives T = 4 . 2 5  x 10 to 4 . 2 5  x 

seconds for monolayer oxygen coverage. For a crack propagation ve- 

locity of cm/sec, the distance to obtain the first monolayer 

would therefore be 4 . 2 5  x to 4.25  x cm. But the current 

density decays with 0 ,  which gives a longer time and distance. Com- 

bining Equations 2 and 3 and integrating gives 

a m 

- Q  T -  m i  a initial 
Equation 8 

If it is assumed that 99% coverage is required before the second 

-4 sec. and corresponding distances of 2 x 10 to 2 x cm for the 

first monolayer to be essentially complete. 

of a monolayer within this distance (Ref. 1, Fig. 3 2 )  should not 

The argument that growth 

cause a wedging force therefore still stands. 
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Prev ious ly  i t  w a s  no t  poss ib l e  t o  pass  judgment on t h e  pos- 

s i b l e  hydr ide  mechanism of  c racking .  The new k i n e t i c  d a t a  provide  

a b a s i s  f o r  examining t h e  f e a s i b i l i t y  of t h i s  mechanism. The ten-  

t a t i ve  conclus ion  a t  t h i s  t i m e  is t h a t  t h e  hydr ide  mechanism i s  n o t  

l i k e l y  as t h e  cause  of  SCC i n  the  T i :8 -1 -1  a l l o y  experiments .  

The argument is similar to  t h a t  used f o r  ox ide .  I n  t h e  apex 

zone wi th  less than  a monolayer of ox ide  t h e  metal would appear  t o  

be a t  t h e  mixed p o t e n t i a l  and t h e  anodic  and ca thod ic  c u r r e n t  den- 

s i t i e s  would be  equal .  

s u r f a c e  g i v e s  Q = 212 x 1 0  coul/cm . Assuming a l s o  t h a t  c u r r e n t  

d e n s i t y  dec reases  wi th  0 by Equation 2 ,  g i v e s  a d i s t a n c e  of 1 0  

t o  

Assuming one hydrogen p e r  t i t a n i u m  on t h e  

-6 2 
H 

-4 

cm f o r  99% doverage of  a monolayer ( ignor ing  t h e  s imultaneous 

coverage of ox ide ) .  

s u r f a c e  m o b i l i t y  t h e  concen t r a t ion  of hydrogen atoms a t  t h e  apex 

would be  too  s m a l l  t o  produce s i g n i f i c a n t  hydr ide .  

Unless  t h e  hydrogen atoms have an  unusual ly  h igh  

It i s  l i k e l y  t h a t  hydrogen atoms would d i f f u s e  i n t o  t h e  me ta l  

as f a s t  as they  are formed, r a t h e r  t h a n  s i t  on t h e  s u r f a c e s  as an 

adsorbed l a y e r .  It is i n s t r u c t i v e  t o  cons ide r  t h e  l i m i t i n g  case of 

complete  d i f f u s i o n  i n t o  t h e  metal  of a l l  of t h e  d ischarged  hydrogen. 

I n  o r d e r  t o  use  a s i m p l i f i e d  model f o r  which r e s u l t s  can be r e a d i l y  

c a l c u l a t e d ,  cons ide r  t h a t  t h e  metal  is  d iv ided  i n t o  t h i n  s h e e t s  con- 

d u c t i v e  t o  hydrogen sepa ra t ed  by i n f i n i t e s i m a l l y  t h i n  non-conducting 

membranes. The s h e e t s ,  Ay i n  th i ckness ,  are  normal t o  t h e  p l anes  of 

t h e  new s u r f a c e  and p a r a l l e l  t o  t h e  c r a c k  f r o n t .  Unsteady-state  d i f -  

f u s i o n  a t  a cons t an t  s u r f a c e  f l u x  occur s  ( ignor ing  change due t o  e )  
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at the edge of each of these sheets, starting at time of for- 

mation of the cut edge. The age of the cut edge is 

T = y/v 
Y Equation 9 

The concentration of hydrogen at the surface, y distance from the 

geometric apex for a constant surface flux, by analogy to heat trans- 

fer is (Ref. 6), 

j x=o 

DH 
C = 1.13 - x= 0 Equation 10 

where x is the distance into the sheets from the edge. Assuming 

the upper limit for current density of 1 amp/cm , 2 

-i = - -  2 I - I O - ~  mole/cm sec. jx=O - ZF 105 

The diffusivity of hydrogen in titanium is not known, but a value 

recently determined for hydrogen in iron of about 10 cm /sec (Ref. 7), 

will be used. The age of the new surface is zero at the apex, but 

a d i s t a n c e  of atomic dimensims will be ~ e d  f o r  illustration. 

suming y = 2 x 10 cm and V = 10 cmlsec, gives T = 2 x 10 sec. 
Y 

Putting these values in Equation 10 gives cx-o - % 3 x 10 mole/cm . 
3 ~ 1 0 - ~  

Converting to mole fraction of hydrogen in titanium gives N H =  4.5147 

The hydride mechanism appears highly unlikely under the 

-5 2 

AS- 
-8 -2 -6 

-6 3 

X 3 x 

conditions of our experiments if this analysis is correct. 
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A f u r t h e r  argument a g a i n s t  t h e  hydrogen mechanism is  t h a t  SCC 

occur s  i n  carbon t e t r a c h l o r i d e  a t  r e l a t i v e l y  h igh  v e l o c i t y .  It made 

l i t t l e  d i f f e r e n c e  i n  t h e  v e l o c i t y  whether  t h e  carbon t e t r a c h l o r i d e  

w a s  s a t u r a t e d  w i t h  water o r  d r i ed  ove r  Drieri te.  Because carbon 

t e t r a c h l o r i d e  has  no hydrogen i n  i t  and water w a s  reduced t o  a very  

low leve l ,  a hydr ide  mechanism appears  ex t remely  u n l i k e l y  i n  t h i s  

s o l v e n t .  F u r t h e r ,  adding benzene, a hydrocarbon, had t h e  e f f e c t  o f  

dec reas ing  c rack  propagat ion  v e l o c i t y .  

I f  c h l o r i d e ,  bromide and i o d i d e  are t h e  only  SCC a g e n t s ,  as 

p r e v i o u s l y  found (Ref. 11,  t h e  ques t ion  arises as t o  t h e  sou rce  of 

t h e s e  i n  t h e  methanol and d i s t i l l e d  water experiments .  Chlor ide  i o n  

is  a common contaminant i n  a l l  m a t e r i a l s  and i t  i s  conce ivable  t h a t  

a "super  p u r i f i c a t i o n "  of methanol and d i s t i l l e d  water p l u s  con- 

d u c t i n g  t h e  SCC experiments  i n  a c l e a n  room would be r equ i r ed  t o  

e l i m i n a t e  e x t e r i o r  contaminat ion.  M r .  F. Drosden of Boeing, H u n t s v i l l e  

(Ref. 8 ) ,  however, suggested t h a t  t h e  metal i t s e l f  may be a source  of 

c h l o r i d e  because i t  i s  made by reduct ion  of t i t a n i u m  t e t r a c h l o r i d e .  

A subsequent  c a l l  t o  Ti tanium Metals Corp. (Ref. 9)  revea led  t h a t  

t h e  c h l o r i d e  level  of commercial t i t a n i u m  metal i s  on t h e  o r d e r  of 

10  t o  20 p a r t s  p e r  m i l l i o n .  

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

wedge shaped c rack  by l e a c h i n g  c h l o r i d e  from t h e  w a l l s .  

is be ing  pursued.  

are underway and vacuum h e a t  t r e a t i n g  t o  remove c h l o r i d e  i s  be ing  in -  

v e s t i g a t e d .  

This level  would be  h igh  enough t o  g i v e  

This  l e a d  

Analyses f o r  c h l o r i d e  i n  t h e  meta l  specimens used 
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A mathematical  model i n c l u d i n g  c o n c e n t r a t i o n  of c h l o r i d e  from 

t h e  c rack  walls i n  t h e  s o l u t i o n  p r e d i c t e d  t h e  power l a w  (Equat ion 1) 

t h a t  b e s t  f i t  t h e  d a t a .  The development i s  not  i n  i t s  f i n i s h e d  form 

s o  p r e s e n t a t i o n  of i t  w i l l  be  d e f e r r e d  t o  t h e  nex t  q u a r t e r l y  r e p o r t .  

This a n a l y s i s  is  an  ex tens ion  of work begun p r i o r  t o  t h e  c o n t r a c t  i n  

c o l l a b o r a t i o n  wi th  P ro f .  E. A. Grens of Berkeley on an a n a l y s i s  of  

cu r ren t  d i s t r i b u t i o n  i n  a propagat ing  c rack .  R e s u l t s  of t h e  s tudy  

w i l l  be  p re sen ted  a t  t h e  1967 s p r i n g  Elec t rochemica l  Soc ie ty  

Meeting i n  Da l l a s .  The extended a b s t r a c t  f o r  t h e  paper  i s  inc luded  

i n  Appendix A. 



4.0 CONCLUSIONS 

The fo l lowing  conclus ions  a r e  based on t h e  work accomplished 

i n  t h e  pe r iod  of October 1 through December 31, 1966. 

1. Precracking  t h e  notched duplex annealed T i : 8 - 1 - 1  t e n s i l e  

specimens r e s u l t e d  i n  lower u l t i m a t e  l o a d s  under SCC cond i t ions .  

Precracking  m i l l  annealed specimens r e s u l t e d  i n  a s e n s i t i v i t y  t o  

SCC n o t  p rev ious ly  observed.  

2 .  Two more an ions ,  cyanide and th iocyana te  d i d  n o t  appear  t o  

produce SCC i n  Ti :8-1-1.  To da te  t h e  only  an ions  found t o  produce 

SCC i n  T i : 8 - 1 - 1  are c h l o r i d e ,  bromide and iod ide .  

3 .  The u l t i m a t e  s t r e n g t h  of precracked T i :8 -1 -1  specimens i s  very 

sensi t ive t o  h e a t  t r ea tmen t  when t e s t e d  a t  -500 mv i n  0 .6  M K C 1 .  

Th i s  e f f e c t  is b e l i e v e d  t o  b e  r e l a t e d  t o  g r a i n  s i z e  and mean f r e e  

p a t h  w i t h i n  t h e  a-phase,  a - B phase d i f f e r e n t i a l  composition 

e f f e c t s  and p o s s i b l e  changes i n  s h o r t  range o r d e r .  

4.  T i :8 -1 -1  was found t o  be s u s c e p t i b l e  t o  SCC i n  t h e  fo l lowing  

p u r e  s o l v e n t s :  d i s t i l l e d  water, methanol,  carbon t e t r a c h l o r i d e ,  

methylene c h l o r i d e ,  and t r i c h l o r e t h y l e n e .  There i s  a wide v a r i a t i o n  

i n  c rack  propagat ion  v e l o c i t i e s  between s o l v e n t s .  

could  b e  r e l a t e d  t o  t i m e  by t h e  r e l a t i o n  ( k  - L o )  = K T , where n 

i s  r e l a t i v e l y  cons t an t  f o r  each s o l v e n t  (except  f o r  CC14) bu t  

v a r i e d  between s o l v e n t s .  

Crack l e n g t h  

n 
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5 .  SCC could  be  comple te ly  suppressed  i n  d i s t i l l e d  water and i n  

methanol by a d d i t i o n  of n i t r a t e  o r  s u l f a t e  a t  c o n c e n t r a t i o n s  on t h e  

order  of 10 - 100 ppm. Addi t ion  of c h l o r i d e  t o  t h e  s o l v e n t s  in -  

creased SCC s u s c e p t i b i l i t y  and c rack  p ropaga t ion  v e l o c i t y ,  

6 .  Elec t rochemica l  k i n e t i c s  experiments  on newly genera ted  Ti:8-1-1 

s u r f a c e  i n  concen t r a t ed  HC1 i n d i c a t e  t h a t  t h e  c o r r o s i o n  p o t e n t i a l  

i s  about -900 m v  v e r s u s  SCE i n  t h i s  medium. Th i s  is  c o n s i s t e n t  

with t h e  -900 mv i n t e r c e p t  on t h e  v e l o c i t y  v e r s u s  p o t e n t i a l  r e l a t i o n  

f o r  SCC i n  c h l o r i d e  s o l u t i o n s ,  as concen t r a t ed  H C 1  i s  p r e d i c t e d  

a t  t h e  apex of t h e  SCC c r a c k  under t h e s e  c o n d i t i o n s .  

7 .  The k i n e t i c s  experiments  i n d i c a t e  t h a t  hydrogen i o n  i s  reduced 

i n  t h e  apex zone of a propagat ing  stress c o r r o s i o n  c rack  but  t h a t  

t h e  ra te  of hydrogen format ion  is too  s m a l l  t o  form a s i g n i f i c a n t  

amount of hydr ide .  The hydr ide  mechanism of SCC i n  T i :8 -1 -1  

t h e r e f o r e  appears  u n l i k e l y .  

8. Chlo r ide  leached  o u t  of t h e  m e t a l  i s  suspec ted  as t h e  SCC 

agent i n  d i s t i l l e d  water and methanol environments.  
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5.0 FUTURE WORK 

The followiag items of wcrk are planned for the irmediate 

future: 

1. Test titanium-aluminum alloys in the range of 8% to 10% 

aluminum in order to correlate SCC results with simple and known 

metallurgy. (Delivery of alloy sheets is imminent.) 

2. 

metal structure. 

Determine relationship of SCC velocity to heat treatment and 

3 .  Obtain chloride analyses for titanium metal. Prepare speci- 

mens with different chloride levels and determine effect on 

velocity in distilled water and methanol environments. 

4 .  

densities, Tafel slopes and other electrochemical parameters 

needed for analysis of crack propagation velocity. 

Refine and extend kinetic studies to obtain exchange current 

5. Refine and extend mass transport-kinetic model to apply to 

conditions near the apex of a propagating stress corrosion crack. 

6. Relate the electrochemical model to the pertinent metallurgical 

parameters. 
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ANALYSIS OF CURRENT DENSITY DISTRIBUTION 
I N  A PROPAGATING STRESS CORROSION CRACK 

T. R. Beck* and E. A. Grens II** 

*Boeing S c i e n t i f i c  Research L a b o r a t o r i e s  
P. 0. Box 3981, Seatt le,  Wash. 98124 

** Department of Chemical Engineer ing  
U n i v e r s i t y  of C a l i f o r n i a  
Berke ley ,  C a l i f .  94720 

The purpose of t h i s  work was t o  deve lop  a q u a n t i t a t i v e  model 
f o r  t h e  k i n e t i c  and mass t r a n s p o r t  p rocesses  i n  a propagat ing  stress 
c o r r o s i o n  crack.  The p r e d i c t i o n s  of t h e  model have been compared t o  
expe r imen ta l  stress c o r r o s i o n  c racking  d a t a  f o r  a t i t a n i u m  a l l o y  re- 
p o r t e d  p rev ious ly  ( 1 ) .  

The model f o r  t h e  one-dimensional t r e a t m e n t  i s  g iven  i n  F ig .  1. 
A c r a c k  i n  a metal s h e e t  of u n i t  t h i ckness  is  assumed t o  have a wedge 
shape  w i t h  a small c o n s t a n t  inc luded  a n g l e  y,  expressed  i n  r a d i a n s .  
The c r a c k  propagates  a t  a c o n s t a n t  v e l o c i t y  V. 
is assumed t o  completely f i l l  t h e  crack, i s  cons ide red  s t a g n a n t  (no 
convect ion)  w i t h  r e s p e c t  t o  t h e  apex of  t h e  c rack .  
e l e c t r o l y t e  are t h e r e f o r e  t aken  as relative t o  a c o o r d i n a t e  system 
moving w i t h  t h e  apex. 
t a n c e  2 from t h e  apex i s  examined. 
s i g n i f i c a n t  f low of c u r r e n t  and e l e c t r o l y t e  from t h e  f a c e s  of t h e  metal 
s h e e t  ( s i d e s  of t h e  c rack )  andothe e l e c t r g l y t e  can  b e  assumed t o  be 
w e l l  mixed a t  c o n d i t i o n s  I$ = I$ and C = C (mouth of c r a c k ) .  The 
r e g i o n  under c o n s i d e r a t i o n  is d iv ided  i n t o  t h r e e  zones: one of l e n g t h  
do, of molecular  dimensions a t  the  apex; a zone 6 - 6, w i t h  less t h a n  
a monolayer of oxide;  and a zone II - 6 wi th  more t h a n  a monolayer of 
ox ide .  

The e l e c t r o l y t e ,  which 

A l l  f l u x e s  i n  t h e  

A p o r t i o n  of t h e  c r a c k  dep th ,  ex tending  a d i s -  
Beyond t h i s  d i s t a n c e  t h e r e  i s  

The e l e c t r o c h e m i c a l  r e a c t i o n s  chosen f o r  t h e  a n a l y s i s  are: 

T I  + 4X- + TiX4 + 4e 

T i  + 2H20 + Ti02 + 4H 

4H' + 4e + 4H 

Reac t ion  1 

Reac t ion  2 

Reac t ion  3 

+ + 4e 

Reac t ion  1, w i t h  a h a l i d e  i o n  X-, i s  cons ide red  t o  occur  a t  t h e  apex 
and t o  be  r e s p o n s i b l e  f o r  t h e  stress c o r r o s i o n  c rack ing .  It may a l s o  
occur  under some c o n d i t i o n s  i n  the  zone w i t h  less t h a n  a monolayer of  
oxide.  Reac t ion  2 occur s  over  the whole l e n g t h  of  t h e  c rack .  Reac t ion  
3 may occur  i n  t h e  a c i d  zone nea r  t h e  apex w i t h  t h e  hydrogen d i s -  
s o l v i n g  i n  t h e  metal. 
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The current density (reaction rate) at the crack surface is 

The kinetic expression used is the Tafel 
determined by electrochemical kinetics and by high-field conduction 
through the oxide layer. 
approximation 

anF = io exp (4  - 4,) 's  

and the high field conduction equation, 

using the usual symbol convention. 
made for oxide coverage 8 in the zone, 6 - 6 . 
the cation and anion of the dissolved salt from the bulk solution and 
the hydrogen ion generated by reaction 2.  
ions along the axis of the crack are: 

Appropriate correction must be 

0 Three ions are assumed to carry the current in the electrolyte: 

The fluxes of the three 

F 
RT where (P = - ( 4  - 

The condition of electroneutrality gives: 

z c  + +  + z C - + Z H ~ = O  - (6) 

The flux of the metal ion, N+, is zero because this ion does not 
participate in the electrochemical reactions. If reaction 1 occurs 
only at the apex and if the surface chloride formed is subsequently 
displaced by oxide, the anion flux, N-, is also zero through most 
of the crack. The current density at any point is 

i = FcziNi (7) 

The total current in the electrolyte at point y for a sheet 
of unit thickness is: 

I = iYY (8) 

for a small angle crack, where i is the current density in direction 
y. By conservation of charge at quasi-steady state: 

dI = y(idy + ydi) = 2js dy ( 9 )  
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For N and N 
rearranged to give: 

both effectively zero, the preceeding equations can be - + 

a t y L 6  

= Reversible potential 'e 
af = Flade potential 
4 

8 

i 

where : 

= overpotential for oxide deposition on oxide 

= fractional oxide coverage on surface = k!li jsdy 
= exchange currents on metal/oxide 

X 

0 

f o r  reaction 2 0 

k = proportionality between deposition and film thickness 

4'1 4 at y = 11 

Equations (10) (11) and (12), together with the boundary conditions: 

a t y = 6 :  4 = 0  i I iapex 
0 

are solved by a Runge-Kutta-Gill numerical integration procedure, start- 
ing with an assumed value of 9" (4  at y = E), integrating from y = do 
t o  y = 11 to find a revised a', and iterating this process to convergence. 
The calculations are implemented by a digital computer and converge in 
a reasonable number of iterations. 
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Results are presented in the form of current density versus y 
at given values of 0' and current and velocity versus 0O. 
calculations are compared to experimental data for stress corrosion 
cracking of Ti:8%Al-l%Mo-l%V alloy. 

The 
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APEX \ - 
V 

I OXIDE 

C0 

I I /  

Y 

1 
y=o 


