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3 . 

ABSTRACT 

T h i s  r e p o r t  d e s c r i b e s  r e s u l t s  of t h e  f i r s t  q u a r t e r  of 
r e sea rch  work t o  determine t h e  mechanism of h o t - s a l t  stress 
cor ros ion  c rack ing  of t i t a n i u m  a l l o y s .  Explora tory  t es t s  
were s t a r t e d  w i t h  r a d i o t r a c e r  3 6 C l  t o  determine t h e  r o l e  o f  
c h l o r i d e  i n  t h e  c o r r o s i o n  c rack ing  phenomenon. D i r e c t  
observa t ions  were made of s a l t  r e a c t i o n  wi th  Ti-8Al-lMo-lV 
a l l o y  a t  v a r i o u s  tempera tures .  E lec t ron  microscopy s t u d i e s  
were s t a r t e d  t o  determine t h e  r e l a t i o n s h i p  between a l l o y  
s t r u c t u r e  and c rack  morphology. P re l imina ry  r e s u l t s  i n d i c a t e  
t h a t  a small amount of H C 1  gas  i s  g iven  o f f  du r ing  dehydra t ion  
of  s e a  s a l t  hea ted  t o  650'~. 
hydroxides may be  involved  i n  i n i t i a t i o n  of s t r e s s  c o r r o s i o n  
c racking .  Examinations of c r a c k s  r e v e a l e d  t h a t :  

The E C i  gas  and/or r e s u i t a n t  

0 Cracks propagate  a long  a lpha  phase g r a i n  boundar ies  
and a lpha -be ta  phase i n t e r f a c e s .  

0 Cracks appear  t o  propagate  by chemical  a t t a c k  wi th  no 
evidence o f  mechanical  r u p t u r e .  

0 The b e t a  phase i s  ca thod ic  t o  t h e  a lpha  matrix and i s  
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. 
STRESS CORROSION CRACKING OF TITANIUM ALLOYS 

PRqGRESS REPORT: APRIL 1 -JUNE 30, 1964 

INTRODUCTION 

This i s  the f i rs t  q u a r t e r l y  progress  r e p o r t  of NASA- 
sponsored  r e s e a r c h  by the Savannah R ive r  Labora tory  on the 
mechanism of h o t - s a l t  stress cor ros ion  c rack ing  of t i t a n i u m  
a l l o y s .  Incomplete o r  unconfirmed data may be p r e s e n t e d  i n  
these p r o g r e s s  r e p o r t s .  

The o b j e c t i v e  of t h i s  r e sea rch  i s  t o  develop fundamental  
knowledge abou t  t h e  c o r r o s i o n  phenomena invo lved  i n  c racking .  
The m a t e r i a l - m e t a l l u r g i c a l  f a c t o r s  and t h e  chemical-environmental  
f a c t o r s  that  affect  s u s c e p t i b i l i t y  t o  c rack ing  are t o  be 
i n v e s t i g a t e d  f o r  bo th  low temperature  ( w e t )  and high tempera- 
t u r e  ( w e t  and d r y )  c o n d i t i o n s ,  w i t h  emphasis on the la t te r .  
The e x a c t  r o l e s  of c h l o r i d e  i o n s ,  c h l o r i n e  gas ,  oxygen, 
hydrogen, and water i n  the cor ros ion  phenomena w i l l  be 
i n v e s t i g a t e d  as w e l l  as t h e  e f f e c t s  of f a b r i c a t i o n ,  heat 
t r ea tmen t ,  welding, and s u r f a c e  cond i t ions .  

SUMMARY 

During this first q u a r t e r  s u p p l i e s  were procured ,  t e s t  
equipment w a s  se t  up, and  exp lo ra to ry  tests were started with 
r a d i o t r a c e r  36C1 t o  de te rmine  the r o l e  of c h l o r i d e  i n  hot-  
s a l t  c o r r o s i o n  of Ti-8Al-lMo-lV a l l o y .  E lec t ron  microscopy 
s t u d i e s  were started t o  determine the m i c r o s t r u c t u r e  and the 
s u b s t r u c t u r e  of the  a l l o y ,  and t o  examine the morphology of 
stress c o r r o s i o n  c racks .  Thin- fo i l  t r ansmiss ion  e l e c t r o n  
micrographs w i l l  be used t o  determine the s t r u c t u r e ,  and 
r e p l i c a t i o n  of c r a c k - f r a c t u r e  s u r f a c e s  and me ta l log raph ic  
c r o s s  s e c t i o n s  will be used i n  t h e  morphology examinat ions.  

P re l imina ry  r e s u l t s  i n d i c a t e  that a small amount of  HCl 
gas i s  g iven  off i n i t i a l l y  when sea s a l t  i s  heated t o  about  
6 5 0 ~ ~ .  T e s t s  are c o n t i n u i n g  t o  determine i f  e i t he r  the HC1 
gas  o r  metal hydroxides  remaining i n  the  sa l t  are involved  
i n  i n i t i a t i o n  of stress co r ros ion .  

Depos i t s  of sea sa l t  con ta in ing  radiotracer 36C1 
produced t i n y  c o r r o s i o n  p i t s  and cracks  i n  the s u r f a c e  of a n  
a l l o y  sample that was s t r e s s e d  t o  144,000 p s i  and heated for 
one week a t  6 5 0 ' ~ .  When the sa l t  was washed o f f ,  on ly  t r a c e s  
of r a d i o a c t i v i t y  remained. Microautoradiographs are be ing  
prepared t o  determine if c h l o r i d e s  are concen t r a t ed  a t  s i tes  
of stress c o r r o s i o n .  
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C r y s t a l s  of d r i e d  sea s a l t  were clamped between t h e  , 

f a c e s  o f  TI-8Al-lMo-lV a l l o y  s t r i p s  t h a t  had m e t a l l o g r a p h i c a l l y  
p o l i s h e d  edges ,  I n d i v i d u a l  "salt  sandwiches" were hea ted  for 
8 hours  a t  tempera tures  ranging  from 400 t o  1200'F. A t  temper- 
a t u r e s  > 8 0 0 O ~ ,  c o r r o s i o n  p roduc t s  s p r e a d  from t h e  s a l t - m e t a l  
i n t e r f a c e  a c r o s s  the p o l i s h e d  edges.  E f f o r t s  are  being made t o  
i d e n t i f y  t he  c o r r o s i o n  p roduc t s .  

E lec t ron  microscopy of a U-bend sample of the a l l o y  t h a t  
had c racked  by h o t - s a l t  exposure r e v e a l e d  t h a t :  

0 Cracks propagate  a long  a lpha  phase g r a i n  boundar ies  and 
a lpha-be ta  phase i n t e r f a c e s .  

0 Cracks appear  t o  propagate  by chemical  a t t a c k  wi th  no 
evidence of mechanical r u p t u r e .  

0 The b e t a  phase i s  c a t h o d i c  t o  the a l p h a  matrix and i s  
conta ined  una t t acked  w i t h i n  c o r r o s i o n  products  i n  stress 
c o r r o s i o n  c r a c k s .  

Thin f o i l s  of mi l l - annea led  a l l o y  were s u c c e s s f u l l y  p repa red  
f o r  e l e c t r o n  t r ansmiss ion  s t u d i e s  of f i n e  s t r u c t u r e .  

DISCUSSION 

BACKGROUND 

Titanium a l l o y s  are prime cand ida te s  f o r  use  i n  t h e  
c o n s t r u c t i o n  of supe r son ic  t r a n s p o r t  a i r c r a f t  (SST). The 
a l l o y s  a r e  known t o  be s u s c e p t i b l e  t o  s t r e s s  c o r r o s i o n  c rack ing  
when i n  c o n t a c t  w i th  c h l o r i d e  sa l t s  a t  tempera tures  above about  
55OoF. Skin tempera tures  may exceed t h i s  l i m i t  d u r i n g  
o p e r a t i o n  of t h e  SST, and sa l t  contaminat ion  i s  l i k e l y  t o  
occur  du r ing  l and ing  and t a k e - o f f  from seacoas t  a i r p o r t s .  

The 550'F t h r e s h o l d  tempera ture  f o r  the h o t - s a l t  c r ack ing  
phenomenon was e s t a b l i s h e d  by p a s t  r e s e a r c h .  The t ime t o  
i n i t i a t e  c rack ing  dec reases  wi th  i n c r e a s i n g  s t ress  and temper- 
a t u r e .  Unpublished r e s e a r c h  r e s u l t s  i n d i c a t e d  t h a t  c h l o r i d e  
sal ts  of o t h e r  c a t i o n s  or mixtures  of v a r i o u s  c h l o r i d e s  can 
cause  c rack ing  a t  tempera tures  lower than  55O0F. 

Chemical r e a c t i o n s  t h a t  have been proposed p rev ious ly  
f o r  h o t - s a l t  c o r r o s i o n  of t i t a n i u m  a l l o y s  invo lve  the  format ion  
of t i t a n i u m  d i c h l o r i d e  then  c h l o r i n e  gas .  Once s ta r ted ,  t h e s e  
r e a c t i o n s  could  be a u t o c a t a l y t i c ,  as fo l lows .  
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1. 2NaC1 + T i  + O2 -t Na,O, + T i C 1 2  o r  

2NaC1 + T i  + Ti02 + 1/2 0, -+ Na2Ti0, + TiC1, 

3 .  T i  + C 1 ,  -+ T i c 1 2  

4. (Repeat r e a c t i o n s  2,3 ;  2,3; e t c )  

The purpose  of the c u r r e n t  research a t  SRL i s  t o  determine 
whether these proposed r e a c t i o n s  a r e  v a l i d ,  and whether o r  
n o t  o t h e r  r e a c t i o n s  i n v o l v i n g  H20 o r  H2 c o n t r i b u t e  t o  c rack ing .  

P ROCUREME NT 

Arrangements were made w i t h  Langley Research Center  t o  
o b t a i n  a 0.050-inch-thick s h e e t  of Ti-8Al-lMo-lV a l l o y  from 
t h e  same l o t  of material  being used i n  t h e i r  r e s e a r c h .  Pending 
r e c e i p t  of t h i s  material ,  t e s t s  were begun us ing  a 0.032-inch- 
t h i c k  s h e e t  of the a l l o y  p rev ious ly  purchased from Titanium 
Metals Corporat ion of America. 

Radioac t ive  sea s a l t  was prepared from r a d i o t r a c e r  3 6 C l  
(as 1M H C 1 )  purchased from Oak Ridge Na t iona l  Laboratory.  
The H C 1  t r a c e r  s o l u t i o n  was added t o  n a t u r a l  sea water  i n  t h e  
r a t i o  of 1 t o  50 p a r t s  by volume, and t h e  pH of the sea water 
w a s  a d j u s t e d  t o  t h e  o r i g i n a l  l e v e l  w i t h  sodium hydroxide.  The 
sea water w a s  then  evapora ted  t o  make dry  sa l t .  The b e t a  
r a d i a t i o n  a c t i v i t y  o f  t h i s  sa l t  was 3.5 x lo' d i s i n t e g r a t i o n s  
p e r  minute p e r  gram of salt .  

oxygen-18 (92.8% i s o t o p i c  p u r i t y )  w a s  purchased f o r  tests 
t o  de te rmine  t h e  r o l e s  of atmospheric oxygen and TiO, i n  the 
c o r r o s i o n  phenomenon. This material w a s  n o t  d e l i v e r e d  soon 
enough t o  begin tests t h i s  qua r t e r .  

EXPERIMENTAL RESULTS 

Role of Chlorine 

Radioac t ive  sea sa l t  i s  being used  t o  de te rmine  whether 
c h l o r i n e  gas  o r  any v o l a t i l e  ch lor ine-bear ing  product  i s  formed 
by r e a c t i o n  of h o t  salts w i t h  Ti-8Al-lMo-lV a l l o y .  Pre l iminary  
r e s u l t s ,  d e s c r i b e d  below, i n d i c a t e  t h a t  a small amount of H C 1  
gas  i s  g iven  o f f  du r ing  dehydrat ion of sea sa l t  heated t o  
550 t o  6 5 0 ~ ~ .  
stress c o r r o s i o n  c rack ing .  

The HC1 gas  may be invo lved  i n  i n i t i a t i o n  of 
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Samples of r a d i o a c t i v e  Sa l t  a l o n e  and s a l t - c o a t e d  c h i n s  
o f  t h e  a l l o y  were hea ted  i n  a tube  fu rnace  a t  up t o  6 5 0 ~ ~ .  
A i r  was passed  through t h e  fu rnace  ( a t  0 . 1  t o  0 .4  cubic  f e e t  
p e r  hour )  and through a beta r a d i a t i o n  a i r  moni tor .  S ign i -  
f i c a n t  r a d i o a c t i v i t y  ("'Cl) w a s  n o t  d e t e c t e d  i n  t h e  a i r  du r ing  
3 hours  of h e a t i n g  below 6 5 0 ' ~ .  Released  r a d i o a c t i v i t y  w a s  
d e t e c t e d  when samples of s a l t  and s a l t - c o a t e d  a l l o y  c h i p s  were 
hea ted  t o  h ighe r  tempera tures .  

Subsequent tes ts  showed t h a t  t h e  r e l e a s e  of r a d i o a c t i v i t y  
from t h e  sa l t  a l o n e  s topped  a f t e r  abou t  3 hours  a t  tempera ture ,  
and a f t e r  about  10 t o  30 minutes  from s a l t - c o a t e d  c h i p s  of 
a l l o y .  
a c t i v i t y  from t h e  s a l t - c o a t e d  ch ips  was due t o  a metal-salt 
r e a c t i o n  or t o  t h e  i n c r e a s e d  r a t i o  of s u r f a c e  area t o  volume 
of sa l t .  

It i s  n o t  c l e a r  whether t h e  more r a p i d  r e l e a s e  of 

Two a d d i t i o n a l  experiments  were performed t o  demonstrate  
that t h e  ch lo r ine -bea r ing  v o l a t i l e  p roduc t  was H C 1  gas .  I n  
t h e  f i r s t  experiment a sample of s a l t - c o a t e d  c h i p s  of a l l o y  
that  had been hea ted  a t  6 5 0 ' ~  was cooled  t o  room temperature ,  
and t h r e e  drops of wa te r  were added. When r e h e a t e d  t o  6 5 0 ' ~ ,  
t h i s  sample a g a i n  r e l e a s e d  a r a d i o a c t i v e  product  over  a b r i e f  
p e r i o d .  I n  t h e  second experiment a sample of a l l o y  c h i p s  
coa ted  w i t h  nonrad ioac t ive  s e a  s a l t  was hea ted  a t  6 5 0 O ~ ,  and 
t h e  e f f l u e n t  a i r  w a s  bubbled through a wa te r  b a t h .  The wa te r  
b a t h  was then  analyzed and found t o  c o n t a i n  11 ppm c h l o r i d e  
i o n  and on ly  t r a c e s  of c a t i o n s  such as N a ,  Mg, e t c .  Taken 
t o g e t h e r ,  t h e s e  r e s u l t s  i n d i c a t e  t h a t  H C 1  gas  i s  l i b e r a t e d  
d u r i n g  dehydra t ion  of  t h e  s a l t .  Experiments a r e  con t inu ing  
t o  make c e r t a i n  t h e  v o l a t i l e  c h l o r i n e - b e a r i n g  compound i s  
H C 1  and t o  determine whether s t ress  c o r r o s i o n  c rack ing  i s  
i n i t i a t e d  by r e l e a s e  of H C 1  from t h e  h o t  s a l t .  

A s e r i e s  of t e s t s  was conducted t o  de te rmine  i f  c h l o r i d e  
i s  concen t r a t ed  i n  t h e  s u r f a c e  oxide  f i l m  and/or t h e  c o r r o s i o n  
p roduc t s  at s i t e s  of s t r e s s  c o r r o s i o n  c rack ing .  Depos i t s  of 
ra .d ioac t ive  s e a  s a . l t  were pla.ced on t e s t  s t r i p s ,  which were 
t h e n  s t r e s s e d  t o  approximate ly  90,000 p s i  and  hea ted  for one 
week at 6 5 0 ~ ~ .  Samples of t h e  a . l l oy  w i t h  d i f f e r e n t  s u r f a c e  
c o n d i t i o n s  were t e s t e d  (F igu re  1). After  h o t - s a l t  exposure,  
the  salt  was r i n s e d  o f f  and t h e  samples were scanned i n  a b e t a  
r a .d i a t ion  counter .  Tra,ces of r a .d ioa . c t iv i ty  were d e t e c t e d  on 
each sample (F igu re  2 ) ,  b u t  no 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  wa.s ind ica . ted  i n  t h e  sur fa .ce  oxide .  Tiny c racks  and 
p i t s  ( v i s i b l e  a t  magni f ica , t ions  of 1 O X  and  h i g h e r )  were observed 
a.round t h e  edge of t h e  s a l t - c o a t e d  a r e a  on one sample t h a t  
had been po l i shed  through 6-micron diamond a.bra.sive p r i o r  t o  
salt exposure (F igu re  3 ) .  They d i d  n o t  occur  where t h e  s a . l t  
d e p o s i t  w a s  t h i c k e s t ,  which i s  i n  agreement w i t h  obse rva t ions  
by o t h e r  workers and  sugges t s  tha . t  a, tmospheric oxygen ma.y be 
involved .  
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FIGURE 1, 

The t i m e  r e q u i r e d  f o r  i n i t i a t i o n  of t h e  observed c o r r o s i o n  
p i t t i n g  and c rack ing  has  n o t  been determined,  but the at t .ack 
m y  s ta r t  very  e a r l y  i n  t h e  h o t - s a l t  exposure.  If H C 1  g a s  i s  
g i v e n  o f f  du r ing  s a l t  dehydrat ion,  some sodium hydroxide must 
be produced i n  the s a l t .  
t h e  i n i t i a l  a t t a c k .  

E i t h e r  the H C 1  o r  t he  NaOH may cause  
Experiments a r e  con t inu inn  t o  d e t e r m i n e  ~ ~ - - 

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

SAMPLES OF Ti-8AI-1Mo-1V ALLOY (with deposits of radioactive sea salt) 
STRESSED T O  APPROXIMATELY 144,000 PSI AND HEATED FOR 
ONE WEEK AT 6 5 O O F  

Sample s u r f a c e s  were prepared as f o l l o w s :  

1x 

#1 As-rol led,  chemical ly  c leaned  w i t h  s t anda rd  

#2 As-ro l led ,  chemical ly  c leaned  w i t h  s t a n d a r d  

#3 As-rol led,  mechanical ly  p o l i s h e d  through 

procedure*. 

procedure  except  t i m e  i n  "0 ,  w a s  10 min. 

6-micron diamond abrasive. 

*Standard c l ean ing  procedure: 

( a )  Clean w i t h  acetone and c l o t h  
( b )  Immerse i n  NaOH base c l e a n e r  (6  02. NaOH p e r  

g a l l o n  o f  w a t e r )  a t  300'F f o r  10 minutes  
( e )  Rinse i n  hot water 
( d )  Dip i n  20% n i t r i c  a c i d  s o l u t i o n  f o r  30 seconds 
( e )  Rinse  thoroughly  in  water and dry 
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FIGURE 3. PITTING AND CRACKING CAUSED BY SEA SALT ON 
STRESSED Ti-8AI-1Mo-1V ALLOY (Sample #3, Figure 1) 
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. *Direct Observation of Salt Corrosion 

An u n s t r e s s e d  wafer of t h e  a l l o y  was c o a t e d  w i t h  n a t u r a l  
sea salt  and hea ted  i n  a n  appara tus  t h a t  p e r m i t t e d  d i r e c t  
o b s e r v a t i o n  of t h e  sample under  a low-power mlcroscope (up  t o  
3 O X ) .  
a t  tempera tures  up t o  65OoF, but a t  1000°F whi te  and ye l low 
r e a c t i o n  p roduc t s  were produced. Probing t h e  r e a c t i o n  
p roduc t s  w i th  mois t  l i t m u s  ( a f t e r  c o o l i n g )  i n d i c a t e d  a pH of 
8 t o  10, which sugges ted  that  a hydroxide o r  a n  a l k a l i n e  oxide  
w a s  p r e s e n t .  

No ev idence  of r e a c t i o n  was observed a f t e r  30 minutes  

I n  order t o  observe  more c l o s e l y  the r e a c t i o n  a t  t h e  salt-  
metal i n t e r f a c e ,  c r y s t a l s  of d r i e d  sea s a l t  were sandwiched 
between two s t r i p s  of a l l o y  s h e e t ,  t h e  edges of which had been 
g iven  a me ta l log raph ic  p o l i s h .  The sa l t  c r y s t a l s  were p o s i t i o n e d  
f l u s h  wi th  t h e  p o l i s h e d  edges of the  s t r i p s ,  which were then  
b o l t e d  t o g e t h e r  w i t h  only  enough f o r c e  t o  ho ld  t h e  sa l t  i n  p l a c e .  
These "salt  sandwiches" were then  hea ted  for 8 hours  a t  400, 
650, 800, 900, 1000, 1100, and 1200'F. Changes observed wi th  
t h e  naked eye d u r i n g  t h e s e  t e s t s  are desc r ibed  i n  t h e  t ab le  
on page 15. F igure  4 shows t h e  samples a f t e r  coo l ing  t o  room 
tempera ture .  

The "sa l t  sandwiches" w i l l  be disassembled;  h a l f  w i l l  be  
ana lyzed  by X-ray d i f f r a c t i o n ,  spectroscopy,  e tc ,  t o  a t t e m p t  
i d e n t i f i c a t i o n  of c o r r o s i o n  products ,  and half will be used  
f o r  metal lography.  

FIGURE 4. APPEARANCE OF TITANIUM - SEA SALT "SANDWICHES" 5x 

Crystals of d r i e d  s e a  s a l t  were p l aced  between s t r i p s  of 
Ti-8Al-lMo-lV a l l o y  and hea ted  f o r  8 hours  at i n d i c a t e d  
t empera tu res .  
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Electron Microscopy Studies 

Elec t ron  microscopy techniques  a r e  be ing  used i n  h o t - s a l t  
c o r r o s i o n  s t u d i e s  to determine  whether  a r e l a t i o n s h i p  e x i s t s  
between a l l o y  s u b s t r u c t u r e  and s u s c e p t i b i l i t y  t o  stress 
c o r r o s i o n .  The n a t u r e  of g r a i n  and phase boundar ies  i s  of 
p a r t i c u l a r  i n t e r e s t  because t h e s e  boundar ies  have been shown 
t o  be s u s c e p t i b l e  p a t h s  a long  which stress c o r r o s i o n  c racks  
propagate  i n  the a l l o y ( ' ) .  

During t h i s  q u a r t e r  t h e  fo l lowing  were accomplished: 

0 The s u b s t r u c t u r e s  of t h e  a l l o y  i n  both  t h e  mi l l -annea led  
and duplex-annealed cond i t ions*  were examined us ing  t h e  
r e p l i c a t i o n  technique .  

0 One cracked U-bend sample w a s  examined us ing  r e p l i c a s  
o f  s e c t i o n s  through c racks  and r e p l i c a s  of c rack-  
f r a c t u r e  f a c e s  ( f r a c t o g r a p h y ) .  

0 Thin f o i l s  of t h e  a l l o y  i n  t he  mi l l -annea led  c o n d i t i o n  
were s u c c e s s f u l l y  prepared  f o r  e l e c t r o n  t r ansmiss ion  
s t u d i e s  o f  f i n e  s t r u c t u r e .  

The s t r u c t u r e s  o f  t h e  m i l l -  and duplex-annealed a l l o y  
a r e  shown i n  F igu re  5. I n  bo th  c o n d i t i o n s ,  s m a l l  p a r t i c l e s  
of  a second phase (presumably the body-centered cub ic  beta 
phase )  were d i s t r i b u t e d  w i t h i n  the a lpha  m a t r i x  and a l o n g  
g r a i n  boundaries .  Many f i n e  second phase  p a r t i c l e s  were a l s o  
seen  i n  some of t h e  a lpha  g r a i n s ,  b u t  t h e s e  f i n e r  p a r t i c l e s  
were much more d i s t i n c t  i n  the duplex-annealed material  
(compare F igu re  5b and e ) .  The morphology o f  t h i s  f i n e  
p r e c i p i t a t e  i n d i c a t e s  i t  i s  e i t h e r  need le - l ike  or p l a t e - l i k e  
i n  c h a r a c t e r  and p r e c i p i t a t e s  on a d e f i n i t e  h a b i t  p l ane .  
Ev iden t ly  t h e  duplex-annea l ing  t r ea tmen t  caused p r e c i p i t a t i o n  
o f  t h i s  phase w i t h i n  t h e  a l p h a  ma t r ix .  

The fo l lowing  obse rva t ions  i n d i c a t e  t ha t  bo th  s i z e s  of 
p a r t i c l e s  a r e  ca thod ic  t o  t h e  ma t r ix  and t h a t  t h e  i n t e r f a c e s  
between t h e  p a r t i c l e s  and t h e  matrix are  probably  involved  
i n  t h e  c rack ing  mechanism. 

0 S t r e s s  c o r r o s i o n  c racks  propagate  a long  t h e  a lpha-be ta  
phase i n t e r f a c e  and a long  a lpha  g r a i n  boundar ies .  

0 P r e f e r e n t i a l  e t c h i n g  occurred  a t  phase i n t e r f a c e s  i n  
me ta l log raph ic  samples.  

*Mill annea l :  1450°F, 8 h r ,  fu rnace  c o o l  

1450°F, 1/4 h r ,  a i r  c o o l  
Duplex annea l :  1450°F, 8 h r ,  fu rnace  coo l  
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, 0 Beta  p a r t i c l e s  were contained,  a p p a r e n t l y  una t tacked ,  
w i t h i n  c o r r o s i o n  products  t h a t  f i l l e d  stress c o r r o s i o n  
c racks .  

The last  obse rva t ion  w a s  made during examinat ion of a U-bend 
sample of the a l l o y  ( i n  the mil l -annealed c o n d i t i o n )  tha t  had 
been c o a t e d  with n a t u r a l  s e a  s a l t ,  stressed t o  the y i e l d  p o i n t ,  
heated i n  a i r  f o r  17 hours  a t  1200°F, t hen  cooled  t o  65OoF and 
h e l d  a t  that  tempera ture  f o r  s e v e r a l  days.  
the s t r u c t u r e  w a s  similar t o  t h a t  shown i n  F igu re  5a and  b.  
The exposure induced  p r e c i p i t a t i o n  of t h e  f i n e  p a r t i c l e s  and 
produced a s t r u c t u r e  similar t o  that  of duplex-annealed material 
( F i g u r e  5c and d )  

P r i o r  t o  exposure 

Structure in the mill-annealed condition 3,800X 

3,600X 

Structure in the duplex-annealed condition 

15,800X 

FIGURE 5. ELECTRON MICROGRAPH S O F  Ti-8AI-1Mo-1V ALLOY 
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The exposure a l s o  caused i n t e r g r a n u l a r  stress c o r r o s i a n  
c rack ing  t o  occur  throughout  t h e  bend of  t h e  sample.  Typ ica l  
examples of t h e s e  c racks  are shown i n  F igure  6. Corros ion  
p roduc t s  ( a p p a r e n t l y  o x i d e s )  were observed a long  t h e  c rack  
w a l l s  and t h e  l a r g e r  second phase  w a s  o f t e n  conta ined  una t tached  
w i t h i n  t h i s  ox ide .  

FIGURE 6. TYPICAL STRESS CORROSION CRACKS IN A Ti-8AI- lMo-IV ALLOY 
EXPOSED T O  DRY SEA SALT A T  E L E V A T E D  TEMPERATURES 

Oxide film was on both sides of crack. Second phase is indicated by arrows. 

A f t e r  me ta l log raph ic  examinat ion of t h e  sample c r o s s  
s e c t i o n ,  t h e  specimen w a s  mechanica l ly  f r a c t u r e d  i n  r eg ions  
c o n t a i n i n g  s t r e s s  c o r r o s i o n  c racks  and i n  r eg ions  remote 
f r o m  t h e  c racks .  The f r a c t u r e  f a c e s  were t h e n  examined by 
f r a c t o g r a p h i c  t echn iques .  T h i s  examinat ion i n d i c a t e d  t h a t  
t h e  exposure d i d  n o t  e m b r i t t l e  t h e  sample except  f o r  t h e  
r e d u c t i o n  i n  c r o s s  s e c t i o n  caused by the c racks .  I n  r eg ions  
remote from t h e  c racks ,  f r a c t u r e  occurred  by d u c t i l e  mechanisms, 
as shown by t h e  dimpled r eg ions  seen  i n  F igure  7a; no evidence 
of b r i t t l e  f r a c t u r e  w a s  found. I n  t h e  r eg ion  c o n t a i n i n g  s t r e s s  
c o r r o s i o n  c racks ,  f r a c t u r e  a l s o  occurred  by d u c t i l e  mechanisms 
i n  t h e  a r e a  below t h e  c rack  t i p s  (F igu re  7 b ) .  I n  c o n t r a s t ,  t h e  
f a c e s  of t h e  s t r e s s  c o r r o s i o n  c racks  were c h a r a c t e r i z e d  by a 
s t r u c t u r e  wi th  f e a t u r e s  approximate ly  t h e  same s i z e  as t h e  a lpha  
g r a i n s  of t h e  a l l o y  (F igu re  7 c ) .  
i n d i c a t e d  t h a t  stress c o r r o s i o n  c rack ing  occurred  by chemical,  
n o t  mechanical,  means. No evidence of  d u c t i l e  r u p t u r e  w a s  
appa ren t  except  n e a r  t h e  c rack  t i p s  where a t r a n s i t i o n  from 
s t r e s s  c o r r o s i o n  t o  mechanical  f r a c t u r e  occurred  (F igu re  7 d ) .  
One i n t e r e s t i n g  f e a t u r e  of t h e  c r a c k  f a c e s  w a s  t h e  occurrence  

The d e t a i l  of t h e s e  f a c e s  
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p f  s m a l l  secondary c racks  t h a t  formed p a t t e r n s  of r e g u l a r  
s t r i a t i o n s  i n  i s o l a t e d  a r e a s  ( s e e  arrows i n  F igure  7 c ) .  The 
s i z e  and o r i e n t a t i o n s  of t h e s e  cracks corresponded t o  t h e  size 
and o r i e n t a t i o n  of t he  f i n e  second phase i n  t h e  duplex-annealed 
a l l o y ,  i n d i c a t i n g  t h a t  t h i s  phase ( o r  t h e  phase boundary) may 
be involved  i n  t h e  c racking  p rocesses .  Although t h e s e  obser -  
v a t i o n s  have been made on only  one sample and t h e i r  reproduci -  
b i l i t y  and s i g n i f i c a n c e  have n o t  been confirmed, t hey  show 
tha t  f rac tography and s t r u c t u r a l  observa t ions  should be u s e f u l  
t o o l s  i n  de te rmining  t h e  n a t u r e  of t h e  s u s c e p t i b l e  p a t h  f o r  
s t r e s s  c o r r o s i o n  c racking .  Add i t iona l  s t u d i e s  a r e  planned 
a long  t h e s e  l i n e s .  

a) Duct i le fracture in region remote from cracked 
area. Note dimpled surface, 3,600X 

b) Duct i le fracture in region below stress 
corrosion crack t ip 3,600X 

c) Stress corrosion fracture face. 
Arrows indicate secondary cracks. 3,600X 

d) Area that fai led at crack t ip  by stress corrosion 
cracking and mechanical rupture 3,600X 

FIGURE 7. FRACTURE DETAIL OF STRESS CORROSION CRACKS 
AND MECHANICAL RUPTURE IN U-BEND SAMPLE 
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Thin f o i l s  of t i t a n i u m  a l l o y  f o r  e l e c t r o n  t r a n s m i s s i o n .  
s t u d i e s  of t h e  f i n e  s t r u c t u r e  were p repa red  i n  a "0,-HF- 
l a c t i c  a c i d  b a t h  wh i l e  t h e  sample was under  a n  impressed 
ca thod ic  c u r r e n t .  Study of t h e  e f f e c t  of  f i n e  s t r u c t u r e  
on s u s c e p t i b i l i t y  t o  stress c o r r o s i o n  c rack ing  i s  proceeding .  
F igure  8 shows s e v e r a l  t r ansmiss ion  photographs of t h e  a l l o y  
i n  t h e  mi l l -annea led  cond i t ion .  E l e c t r o n  d i f f r a c t i o n  p a t t e r n s  
were made from t h e  f o i l s ,  b u t  i ndex ing  of the p a t t e r n s  has  
no t  been completed.  Therefore ,  p o s i t i v e  i n t e r p r e t a t i o n s  of  
s t r u c t u r a l  d e t a i l s  r e v e a l e d  by t h e s e  t r ansmiss ion  e l e c t r o n -  
micrographs cannot  be g iven  a t  t h i s  t i m e .  However, t h e  
micrographs r e v e a l  a n  appa ren t  g r a i n  boundary (F igu re  8a),  
dark s p o t s  (F igu re  8b and 8 c )  t h a t  are probably  b e t a  phase 
p a r t i c l e s ,  and some s t r u c t u r a l  d e t a i l  of t h e  a l p h a  matrix 
(F igu re  8 d ) .  
formation o f  a s u p e r  l a t t i c e ,  which i s  known t o  occur  i n  t h e  
a lpha  phase i n  T i - A 1  a l l o y s ( ' ) ,  t o  twinning of t h e  hexagonal 
s t r u c t u r e ,  o r  t o  i n c i p i e n t  p r e c i p i t a t i o n  a long  s t a c k i n g  
f a u l t s .  These photographs p rov ide  f u r t h e r  evidence that  the  
b e t a  phase i s  ca thod ic  t o  t h e  mat r ix ,  because du r ing  t h i n n i n g  
of t h e  f o i l s ,  p r e f e r e n t i a l  a t t a c k  occurred  around t h e  edges 
o f  t h e  dark s p o t s  ( b e t a  p a r t i c l e s )  (F igu re  8 c ) .  

These s t r u c t u r a l  f e a t u r e s  may be due t o  

a) Apparent grain boundary runs diagonally b) Section shows second phose, probably 
between arrows 21,ooox beta, sin the matrix 15,800X 

C) Preferential attack at probable alpha-beta d) Structural detail of alpha matrix 33,ooOX 
interface 21,800X 

FIGURE 8. TRANSMISSION MICROGRAPHS OF Ti-8 AI-1 Mo-1V ALLOY 
I N  THE MILL-ANNEALED CONDITION 
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c. U 

DESCRIPTION OF ATTACK ON TITANIUM - SEA SALT “SANDWICHES’ 

Time 
Temp, I n t e r v a l ,  
OF hours  Observations (no microscopy used)  

400 0-8 No v i s i b l e  evidence of r eac t ion .  

650 0- 1 Polished metal su r faces  f i l m e d  w i t h  gold-colored oxide.  

6 50 1-8 No change. No  sal t -metal  r e a c t l o n  v i s i b l e .  

800 0- 1 Polished metal sur faces  f i lmed with d u l l ,  gold-colored 

800 1-8 Vis ib l e  evidence of salt-metal ( o r  sa l t -meta l  ox ide)  

oxide.  

r eac t ion  , w i t h  t h i n  layer  of r e a c t i o n  products  
spreadlng over  pol i shed  metal su r face .  

900 0- 1 Same a s  8 0 0 ~ ~  t e s t ,  except r e a c t i o n  s t a r t e d  wi th in  
1 hour.  

900 1 t o  1-1/2 Reaction continued, w i t h  p roducts  spreading over 
pol i shed  metal su r faces .  

900 2-1/2 t o  8 Very l i t t l e  change. Corrosion products  nea r  salt-  
m e t a l  i n t e r f a c e  were whlte and grey and t h e  surrounding 
metal was f i lmed wi th  a b lue  oxide.  

1000 0-1 Reaction s t a r t e d  and products began spreading  over  
pol i shed  metal  su r f ace .  Blue oxide on s u r f a c e  
surrounded cor ros ion  products.  

1000 1-4 Reaction products  nea r  sa l t -meta l  i n t e r f a c e  were black 
with ” l ava - l ike”  sur face  a s  though products  were 
v iscous  molten forms. 

1000 

1100 

4-a ”Lava-like” prodncts  extended e n t i r e l y  a c r o s s  the  
pol i shed  sec t ion  and began spreading down t h e  o u t e r  
s u r f a c e  o f  one shee t .  Corrosion products  were mixed 
white, black,  and grey  with some areas on t h e  metal 
su r face  f i lmed with a blue oxide.  

0-1 White and grey  cor ros ion  products  spread from the  
sa l t -me ta l  i n t e r f a c e  and extended e n t i r e l y  ac ross  
t h e  pol i shed  su r faces .  Surrounding m e t a l  w a s  filmed 
wi th  a b lue  oxide.  

1100 1 t o  2-1/2 WNte products  converted t o  g rey  c o l o r  wi th  ”lava-  
l i k e ”  su r face  appearance.  

1100 

1100 4-8 ”Lava-like” products  extended a c r o s s  su r faces  on both 

2-1/2 t o  4 A b lack  product  appeared near  t h e  sa l t -me ta l  i n t e r f a c e .  

s h e e t s  and began spreading down o u t e r  s u r f a c e s .  

1200 4-8 Same as llOO°F t es t  except t h a t  products  spread over  
l a r g e r  a r e a  and more products were produced. 
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