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ABSTRACT 

Studies of the mechanical behavior of unalloyed t i tanium i n  
wthanol-halogen solut ions have led t o  the  suggestion tha t  stress- 
corrosion cracking (SCC) i n  these environments occurs by localized 
anodic dissoLution a t  the crack t i p ,  The v a l i d i t y  and general i ty  of 
t h i s  model f o r  SCC has been examined by means of comparative s tudies  
of the  corrosion charac te r i s t ics  and suscep t ib i l i t y  t o  SCC of pure 
t i tanium and Ti-A1 binary a l loys  i n  methanol-iodine solutions a 

Evidence is  presented which indicates  tha t  two d i s t i n c t  SCC 
mechanisms m y  be operative, namely ( i )  stress accelerated in t e r -  
granular corrosion involving dissolut ion of metal at  a crack t i p ,  and 
(ii) a t r ansg ranubr  cracking process which bas t h e  charac te r i s t ics  
of mechanical failure. The charac te r i s t ics  of SCC failures of pure 
t i tanium and the Ti-2.1 w/o A 1  a l l o y  appear t o  be consistent with the 
dissolut ion model. 
l u t i o n  appears t o  be responsible only f o r  the crack i n i t i a t i o n  stage, 
p rcpga t ion  involving transgranular cracking. Stress-corrosion f a i l u r e  
in the higher a l loys  may therefore be prevented by inhibi t ing the i n i t i a -  
t i o n  process v i a  cathodic polar izat ion or  the introduction of passivators 
(Le.  water) i n t o  the t e s t i n g  environment. 

I n  the higher a l loys  (> 5 w/o A l ) ,  however, disso- 

To be presented a t  the In te rna t iona l  Conference on Titanium, London, 
May 21-24, 1968. 
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I. ~ ~ N T R O D U C T I O N  

The failure of unalloyed t i tanium by stress-corrosion cracking (SCC) 
has been observed i n  methanol solutions containing bromine (l), chlorine (2 ,3 )  
or iodine (4), i r respect ive of whether the halogen was added as the  sodium 
salt ( 3 ) ,  acid (Z), or the  element i n  molecular form (1,4). These solutions 
a l s o  cause corrosion of unstressed t i tanium ( 5 ) .  Accordingly, E h a s  been 
suggested t h a t  the SCC of unalloyed t i tanium occurs by localize; anodic d i s -  

t h i s  view is  correct  then control  of t he  
should r e s u l t  i n  cont ro l  of SCC. The purpose of 

solution a t  the  crack (1). 
anodic dissolut ion pr 
t he  present paper i s  t o  examine the  v a l i d i t y  and genera l i ty  of t h i s  d i s -  
solut ion model f o r  SCC by means of comparative s tudies  of the  corrosion 
charac te r i s t ics  and suscep t ib i l i t y  t o  SCC of pure t i tanium and Ti-A1 binary 
a l loys  i n  methanol-iodine solutions 
tha t  pure t i t an ium and a Ti-2.09 w/o A 1  exhib i t  SCC behavior consistent with 
t h e  d isso lu t ion  hypothesis. Failures of a l loys  containing > 5 w/o A l ,  how- 
ever, exhib i t  charac te r i s t ics  which cannot be explained so le ly  i n  terms of 
a dissolut ion process, but which can be rat ional ized by postulating t h e  
occurrence of two separate mechanisms 

Evidence is presented which suggests 

studies were confined t o  vacuum annealed pure t i tanium and 
a l loys  of composition and mechanical properties l i s t e d  i n  Table I. 

t e s t s  were car r ied  out using smooth (un-notched) t e n s i l e  J 
sec t ion  0.5 x 0.047 x 0 . 0 9  in.) s t ressed under constant 

load, The methanol-iodine solut ions were prepared using the  highest pu r i ty  
chemicals avai lable  commercially and d i s t i l l e d  wate 
methanol vas kept constant at  0.5$ iodine by w e i d  (The water content of 
the  methanol-iodine-water solutions i s  expressed as $ by volume. ) 

The r a t i o  of iodine t o  

Q G e  types of electrochemical s tud ies  were conducted: (a) measure- 
ment of electrode poten t ia l  of unstressed specimens, (b) galvanostatic 
polar izat ion of s t ressed  specimens during stress corrosion t e s t s ,  and (c) 
poten t ios ta t ic  o la r iza t ion  of unstressed mterials t o  determine current/  
voltage var iat ?r I n  cases (a) and (b), a high impedance Beckmn pH meter 
was used t o  measure electrode potent ia l ,  I n  the poten t ios ta t ic  polar izat ion 
studies t h e  c e l l  and electrode arrangements adopted were similar t o  those 
described by Greene ( 6 ) ,  although the  use of sheet specimen electrodes mde 

Polar izat ion was car r ied  out at  a poten t ia l  stepping rate of 50 mV per 2 min., 
using a Wenking poten t ios ta t  i n  conjunction with a saturated calomel 

ecessary t o  modify the electrode holders and t o  use msking m t e r i a l s .  

electrode (SCE) , For the poten t ios ta t ic  polar izat ion t e s t s  t h e  metal 
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-re p r e p r e d  by abrading the vacuum annealed mterial with f i n e  emery 
p p e r ,  washing with water, and drying w i t h  ethanol. I n  a l l  other studies,  
including weight loss  determinations and stress-corrosion t e s t s ,  t he  sur- 
faces were 'as vacuum annealed 

Table I 
3 

Composition and Echan ica l  Properties of the Titanium and Titanium Alloys. 

Al 
Fe 
N 

Compos it ion 0 

( w / 4  C 

H 

Brdne  s s 
(Hv 20 Kg) 

U.T.S. (psi.) 

0.2% P.S. (ps i )  
Tensile Elong. 

on 2 in.  ($) 

Pure 
t i t an ium 

0.028 

0.0055 
0.0386 

0.018 
0.0014 

I26 
46,000 

2 8,500 

37 

Ti-2.09 AL 
a l l o y  

2.09 
0.026 

0 0053 
0.0422 

0.032 

o 0015 

188 
52,000 

40,000 

24 

111, msms 
P-l \ 

~ i - 5 . 1  ~i 
alloy 

5.10 

o 0051 

0.0379 
0.030 

0.034 

0.0010 

2 9  

69, ooo 
78,500 

14 

Ti-7.76 A1 
a l l o y  

7.76 
0.014 

0.056 

0.0378 

0.030 
0.0006 

319 
98,500 
go, 000 

23.5 

A. ['Corrosion Behavior of 1 Unstressed, Specimens 
1 I 

1) Pure Titanium -\ 2 

E p o s u r e  of unstressed specimens to the  methanol-iodine so lu t ion  con- 
ta in ing  no added water resu l ted  i n  corrosive a t t ack  of su f f i c i en t  severity t o  
be detectable  by weight loss measuremnts 

within the 
t h a t  the attack 

weight loss  as measured after a 96 hr. exposure, decreasing t o  z e r  

Mtal lographic  examination revealed 
largely intergranular;  there  was l i t t l e  evidence of a t t ack  
It can be seen i n  Fig. 1 that Re addi t ion  of water t o  the  

- 15% 
progressively decreased the  corrosive a t t ack  t h e  

water. p i s  decrease of weight loss was accompanied displacement of t he  
Fig, 1. I n  order t o  one-hour electrode poten t ia l  i n  the more noble 
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determine whether t h i s  displacement*of poten t ia l  was due t o  the effect  of 
water on the anodic or the  cathodic reactions, potential-current c w e s  
were determined f o r  Ethanol-iodine solutions containing 5$ and 30% water. 
These c w e s  showed tha t5ncreas ing  t h e  water content s ign i f icant ly  reduced 
the  anodic current densi ty  a t  any comprable potential ,  while t he  cathodic 
current was l i t t l e  affected,  and below a poten t ia l  of - -100 mV (SCE) the 
cathodic current dens i t ies  ac tua l ly  coincided f o r  the  two solutions. 
observations indicate t h a t  water limits the anodic reaction, T i  = Tin+ + ne, 
by act ing as a passivator i n  the methanol-iodine-water solutions 

These 

9 

\ i n  the case of the pure metal, corrosive a t t ack  i n  the  methanol- 
Increasing the  aluminum content 

It should 

iodine solut ion was l a rge ly  intergranular.  
of the a l l o y  caused a progressive increase i n  weight l o s s  and a displacement 
of the  one-hour electrode poten t ia l  i n  the less noble direct ion 
be noted, however, that these changes a re  not -large, Fig. 2. A m ,  the  addi- 
t i o n  of 7.76 w/o aluminum resul ted only i n  an  increase i n  weight loss of 
w l3$, and a change of the  one-hour electrode poten t ia l  of - 50 mV (SCE). 

Be jZiZZs-Corroqion Behavior 1 
1) Pure Titanium 

The effect  of applied s t r e s s  on time t o  f a i l u r e  (t,) of pure t i tanium 
i n  t h e  methanol-iodine so lu t ion  i s  shown i n  Fig. 3, where it is seen that  
increasing the applied s t r e s s  reduced tf. F o m p a r i s o n  of t he  behavior of 
specimens subjected t o  simultaneous s t ress ing and exposure t o  the  environ- 
ment with that of specimens exposed i n  the unstressed state and then s t ressed 
i n  the  absence of the  environment revealed that stress enhances the  corrosive 
at tack.  
yield s t r e s s  of unexposed rnaterial fa i led i n  - 10,000 sec, while specimens 
given t h i s  time of exposure i n  the  unstressed :jtate and then t e s t ed  i n  a i r  
could sus ta in  indef in i te ly  stresses of - 95% of' the  yield s t r e s s  of unexposed 
material. 

For example, specimens s t ressed i n  the  environment at  - 70% of the  

Increasing the  load t o  f r a c t q e  showed that the 10,000 sec exposure 
resul ted only i n  - 5% reduction i n  U.T S A 
7 
\The effect  of t he  appl icat ion of srnall anodic and cwren t s  on 

the  tf of specimens t ted i n  methanol-iodine so lu t ion  is  
It can be seen t h a t e i n  t h i s  so lu t ion  is reduced by the  
anodic currents (e.g, 0.14 mA/sq.cm & + 640 mV (SCE) ) ,  while failure is i n h i b i t e d  

* 
Possible cathodic reactions are: (a) the reduction of iodine t o  iodide, 

(b) the reduction of mter, (c) the reduction of dissolved oxygen, and 
(d) reduction of methanol with the  l i be ra t ion  of hydrogen, 
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(up  t o  times of > 10 5 '  sec by the  appl icat ion of small cathodic currents 
(e.g. 0.14 mA/sq.cm E -290 mV ( S C X ) ) .  A similar var ia t ion  of tf with 

cathodic currents was observed i n  the  methanol-iodine- 

Although the  addi t ion of small amounts of water (< 15) caused an 
i n i t i a l  decrease i n  tf, Fig. 1, larger  addi t ions resul ted i n  a progressive 
increase i n  tf, u n t i l  at  water contents of - 15% no cracks were formed. It 
is  important t o  note t h a t  the  water contents a t  which cracking is  inhibi ted 
a l s o  correspond with those a t  which no weight l o s s  due t o  corrosion can be 
detected i n  t e s t s  on unstressed specimens, and a t  which the electrode poten- 
t i a l  a t t a i n s  a uniform value, Fig. 1. 

Metallographic and fractographic examination of f a i l e d  specimens 
indicated that cracking w a s  e n t i r e l y  intergranular.  

2 ) T i  -Al Alloys 

p c r e a s i n g  the  aluminum content of the  a l loys  was found t o  produce a 
marked reduction of tf f o r  specimens t e s t ed  i n  the methanol-iodine s o l u t d  
Fig. 3. F s i m i l a r  reduction i n  tf with aluminum content was a l s o  observed i n  
the  methanol-iodine-$, water s o l u t d  A s  i n  the case of the pure metal, tf 
was reduced by the  a l i c a t i o n  of anodic currents and inhibi ted by cathodic 
currents, Fig. 4. g r e a s i n g  the water content of the  solut ion resul ted i n  
increasing tf, and a t  high water contents (> 15%) no f a i l u r e s  were o b s e d  
The var ia t ion  of tf w i t h  water content of the methanol-iodine so lu t ion  f o r  
t h e  Ti-7.76 w/o A1 a l l o y  i s  shown i n  Fig. 1. 
content va r i a t ion  evident f o r  pure t i tanium was not detected i n  the al loy,  
Fig. 1. 

The minimum i n  the  tf/water 

E t a l l o g r a p h i c  s tudies  showed that the path of cracking w a s  a l s o  
influenced by the  aluminum content. 
crack path i n  pure t i tanium was intergranular,  and t h i s  was a l s o  the case i n  
t h e  Ti-2.09 w/o Al alloy. I n  the  T i - 5 0 1  w/o A1 a l l o y  and the  Ti-7.76 w/o AL 
a l l o y  only  the  i n i t i a l  prt of the crack was intergranular;  the  part adjacent 
t o  the  f ina l  duc t i le  f rac ture  was "mixzd" (i.e. both intergranular and t r ans -  
granular) i n  the Ti . -5e l  w/o Al a l l o y  and transgranular i n  the  Ti-7.76 w/o A 1  

As noted previously, the stress-corrosion 

Replicas of the stress-corrosion f rac ture  surface of t h e  Ti-7.76 w/o 
a l l o y  taken from t h e  i n i t i a l  part of the stress-corrosion crack showed i n t e r -  
granular facets, indistinguishable from those produced by intergranular corro- 
s ion i n  the  absence of s t r e s s  Fig. 5(b). Replicas of the  transgranular regions 
of the  stress-corrosion crack exhibited markings similar t o  those found on sur- 
faces  of materials f a i l e d  by cleavage, Fig. 5(c), A. 

Y 

-' 

-- 
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Ekamination of t h i n  f o i l s  of pure t i tanium and the al loys by t r ans -  
mission electron microscopy confirmed the  e a r l i e r  observations by Blackburn 
and Beck (7) that increasing the aluminum content favored the tendency f o r  
dislocations t o  form co-planar arrays on deformation. I n  pure t i tanium and 
the Ti-2,Og w/o Al a l l o y  the  dis locat ion d i s t r ibu t ion  w a s  "tangled" or 
ce l lu l a r  a f t e r  N 5% s t ra in ;  i n  a l loys containing higher aluminum contents 
the  dislocations formed planar arrays, Fig. 5(d). 
arrays i s  indicative of reduced propensity f o r  cross-slip, and has been 
a t t r i bu ted  t o  the presence of short-range order (7). 

The formation of such 

A comparison of t he  metallographic, fractographic and t h i n  f o i l  
transmission data  revealed that the aluminum contents a t  which transgranular 
crack propagation could be detected coincided with those a t  which the d i s -  
locations exhibited a pronounced tendency t o  form co-planar arrays on deform- 
t ion.  

IV. DISCUSSION 

F p r e s e n t  s tudies  using pure t i tanium and methanol-iodine solu- 
t ions  have shown tha t :  
i nh ib i t  fa i lure ,  (ii) introduction of large amounts of water i nh ib i t  both 
corrosion and SCC, and (iii) both corrosive a t tack  i n  unstressed specimens 
and SCC are intergranular. A l l  of these observations support the view that  
the  SCC of pure t i tanium i n  methanol-iodine solutions involves p re fe ren t i a l  
anodic dissolut ion a t  the  grain boundaries. 
f o r  t h e  Ti-2.09 w/o A1 a l l o y  

(i) anodic currents reduce tf while cathodic currents 

This conclusion i s  a l s o  val id  

4 
G r e s s  has been observed t o  increase the r a t e  of intergranular attack. 

However, it is  premture t o  attempt t o  explain t h i s  increase u n t i l  the  
mechanism of the intergranular corrosion process i n  the unstressed specimens 
is  be t t e r  understood. 
(a) a t  the t i p  of the intergranular corrosion crevice there  ex i s t s  a tendency 
f o r  passive films t o  form which my reduce the extent of intergranular corro- 
sion, o r  (b) the crevice t i p  i s  completely f ree  of f i l m s  and the environment 
is  i n  contact w i t h  the bare metal. 
ent ro les  i n  cases (a) and (b), 
would be expected t o  rupture any f i l m s  that my form thereby providing a greater  
access of the environment t o  the metal. 
p l a s t i c  f l a w  may increase the  surface densi ty  of sites favorable f o r  disso- 
lu t ion  ( 8 ) ,  
d i s  s o lu t  ion. 

I n  par t icular ,  it would be important t o  know whether 

Clearly stress would have somewhat d i f f e r -  
Thus, f o r  case (a), localized p l a s t i c  flow 

For case (b) it could be argued that 

I n  both cases the  net effect  would be a n  increase i n  the  r a t e  of 

With regard t o  the higher alloys,  there  is l i t t l e  doubt that the  pro- 
cess by which stress-corrosion cracks i n i t i a t e  a l s o  involves preferen t ia l  
anodic dissolution. Thus, the  par t  of t he  crack i s  intergranular, 
applied anodic currents reduce &),@a the  introduction of large amound 

--+ 
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F w a t e r  inh ib i t  S d ( F i g .  1). =ever, it i s  d i f f i c u l t  t o  reconcile the 
features of t he  transgranular pa r t  of the f a i lu re  with the  anodic dissolu-  
t i o n  hypothesis since the  presence of cleavage mrkings on the  transgranular 
f rac ture  surfaces indicates that such f a i l u r e s  a re  mechanical. 
i s  accepted that the intergranular cracks r e s u l t  from anodic dissolution, 
then the  presence of the  cleavage markings on the transgranular surfaces 

Thus, if it 

indicates  that a change of mechanism occurs J*L 
Similar transgranular f a i l u r e s  have been observed i n  t i tanium a l loys  

I n  these cases, f a i l u r e  requires 
tes ted  i n  aqueous chloride solutions (9,lO) and i n  methanol-2$ water solu- 
t ions  (11) saturated with sodium chloride. 
the  presence of a notch; failure does not occur i n  "smooth" specimens. 
Furthermore, Cavallaro (12) has shown t h a t  t h i s  type of cracking occurs i n  
Ti-A1 binary a l loys  i n  aqueous chloride only when the  aluminum content i s  
greater  than - 5 w/o A l .  Thus i n  the present system, it is  possible t h a t  
the i n i t i a l  stage of intergranular SCC i n  the  higher a l loys  provides a notch 
of su f f i c i en t  depth and acu i ty  t o  cause the  onset of the transgranular f a i lu re .  
If it is assumed that the transgranular process i s  more rapid than the  i n t e r -  
granular one, then t h i s  w i l l  provide an explanation f o r  the low values of tf 
f o r  the  higher a l loys,  which cannot be accounted f o r  by the s l i g h t l y  lowered 
corrosion resis tance due t o  alloying. 

The mechanism by which transgranular cracking occurs r e m i n s  t o  be 
established, although t h i n  f o i l  s tudies  of the  deformt ion  charac te r i s t ics  
suggest tha t  i ts  occurrence is  associated with a reduced propensity f o r  cross 
s l i p .  

Lr 

Y 

Another aspect that  requires c l a r i f i c a t i o n  i s  the  significance of t he  

Similar minim have been reported by 

A possible explana- 

minimum i n  the p lo t  of tf versus water content var ia t ion  at  lower water contents 
f o r  specimens of pure titanium, Fig. 1. 
Haney e t  al.  ( 3 )  f o r  various commercial t i tanium a l loys  t e s t ed  i n  methanol- 
water solutions containing small amounts of NaCl  or HC1. 
t i o n  is  t h a t  the  fac tors  giving r ise  t o  the  minimum a r e  fac tors  which lead 
t o  loca l iza t ion  of the corrosive a t tack .  
t h e  water content not only reduces the  extent of overa l l  corrosive a t t ack  

that i n  methanol-2$ bromine-water solutions the tendency toward intergranular 
corrosion of unalloyed t i tanium i s  maximized a t  5$ water, and t h a t  t h i s  
m a x i m u m  is not re f lec ted  i n  the overa l l  weight l o s s  variation. 

- 
- 

There is evidence that increasing 

but a l s o  loca l izes  the  at tack.  For instance, Tomshov e t  a l .  ( 5 )  have shown u 

V e  CONCLUSIOE 

The observations reported i n  t h i s  paper indicate that  two d i s t i n c t  
SCC mechanisms may be operative i n  Ti-A1 a l loys  i n  methanol-iodine solutions,  
namely (i) s t r e s s  accelerated intergranular corrosion involving dissolut ion 
of metal a t  a crack t i p ,  and (ii) a transgranular cracking process which has 
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the  charac te r i s t ics  of mechanical fa i lure .  The charac te r i s t ics  of SCC 
failures of pure t i tanium and the  Ti-2.09 w/o A 1  a l l o y  appear t o  be con- 
s i s t e n t  with the occurrence of the  dissolution mechanism. I n  the  higher 
a l loys  (> 5 w/o AI.) t he  dissolut ion process my be responsible only fo r  
the  crack i n i t i a t i o n  stage, propagation involving transgranulas cracking. 
Nevertheless, f a i lu re s  i n  the higher a l loys  may be prevented by inhibi t ing 
the  i n i t i a t i o n  process by cathodic polarization o r  t he  introduction of I 

p s s i v a t o r s  ( L e .  water) i n  t h e  solution. 
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