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Anodic oxidation and stress corrosion 
cracking (SCC)of titanium alloys 
Part 1 Factors affecting SCC and their influence on the 
anodic behaviour of alloy Ti-6AI-6V-2.5Sn 
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Uniform and reproducible oxide films were formed on alloy Ti-6AI-6V-2.5Sn by anodic 
oxidation in aqueous 0.5~ H3BO3, at 10 mA cm -2 and voltages up to 110V; dielectric break 
down occurred above 120V. A parallelism was found between the effect of environmental 
factors on stress corrosion cracking (SCC), as reported in the literature and the anodic 
behaviour, as observed by ourselves: factors that increased susceptibility to SCC 
(increase in temperature or viscosity, alloying, introductions of CI or methanol, lowering 
of pH) reduced passivity under anodic polarization, while factors that inhibited SCC 
(thicker oxide films, high pH, phosphate ions) increased passivity. The passivity was 
associated both with the presence of the anodic oxide and with a transitory effect of the 
electric field across the oxide and the oxide-electrolyte interface. 

1. Introduct ion 
The adoption of titanium alloys in aircraft 
and other structures demanding a combination 
of low weight and high strength has been hin- 
dered by stress corrosion cracking (SCC) at 
stress levels well below design limits. The SCC 
of such alloys has been, since the fifties, a sub- 
ject of extensive research, in order to establish 
adequate prediction and prevention techniques 
and to clarify the cracking mechanism. A 
detailed review on the subject has been pub- 
lished recently [1 ]. 

Attempts to control the SCC of metals, and 
of titanium alloys in particular, have been based 
on various approaches; these include control 
of the environment (e.g., of the pH [2], addi- 
tion of inhibitors [3], reducing the water 
content [4], control of alloy composition [5] 
or structure [6], control of surface potential [7], 
formation on the surface of protective layers 
such as paints [2], sprayed oxide coatings [81, 
surface alloy layers [9], etc). 

In the case of titanium alloys, little work has 
been done on the possible effect of anodic 
oxide films on the behaviour of such alloys 
under conditions that induce SCC. Recent 
results [10, 11] have confirmed the important 
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role of hydrogen in the SCC of titanium alloys; 
the influence of oxide films, which slow-down 
the penetration of hydrogen [12] merits serious 
consideration. 

Although Crossley [13] has reported that 
anodic oxide films failed to protect titanium 
alloys (Ti-6~ A1-4~ V or Ti-13~ V-11~ 
Cr-3 ~ A1) against SCC, recent investigations 
indicate that anodic oxidation may have a 
favourable influence. Thus, Green and Sed- 
ricks [14] reported that anodic films protected 
titanium alloys under conditions in which 
samples covered with very thin oxide films 
failed as a result of SCC. Souffrant [15, 16] 
showed that specimens (of titanium and other 
light alloys) covered with anodic oxide films 
exhibited high resistance to corrosion under 
conditions inducing stress corrosion cracking, 
while cadmium coatings failed under the same 
conditions; however, he states that his tests 
were not very conclusive since stress levels 
were too low (0.8E0.2) to initiate cracking. 
Inhibition of SCC by anodic oxidation has also 
been reported for other light alloys, notably 
magnesium [17] and aluminium [18]; still, 
the available data are insufficient for a definitive 
answer to the problem of the relationship be- 
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tween SCC and the presence of oxide films. 
Every attempt to analyse the contribution 

by any single factor to the SCC of a given alloy 
must explain the effect of that factor on at 
least three features of the SCC mechanism 
[19]: on the energy requirements for fracture, 
on the fracture kinetics, and on the specific 
influences of metallurgical and chemical factors. 
However, in analysing the effect of anodic 
oxide films the task is simplified, since we may 
assume that the film would affect only the first 
(crack initiation) step of SCC, and its effect 
on crack propagation would be negligible. 
None of the models currently used to describe 
the mechanism of SCC in alloys (the mass-trans- 
port  model [20], the strain-controlled fracture 
model [211, the mechanical-electrochemical 
effect model [22] or the hydrogen absorption 
model [23] deals specifically with the crack 
initiation stage and the possible influence of  
surface state on it; indeed, most of the models 
assume that the environment reacts with the 
bare metal, without explaining how such a 
bare surface would be produced. 

In the case of titanium alloys (which are 
normally covered by a "natural" oxide film), 
existing models that take into consideration the 
:surface state provide better agreement with 
experimental data on SCC (even if the crack 
initiation step has not been considered in partic- 
ular). Thus, Krafft's equation [21] for the stress 
intensity required for cracking (Kmcc) is based 
only on bulk properties: 

KIscc = ~y 2~ d T / ( 1  - 2v) (1) 

where ~ry is the yield stress, dT is a structural term, 
and v is Poisson's ratio; Equation 1 does not 
fit well the behaviour of titanium alloys [19]. 
Better agreement is obtained with Parkin's 
equation [24] for the SCC susceptibility para- 
meter e r r  : 

~ F r  = ~ o  + k d - l ' 2  (2) 

where % is a functional constant, d is the grain 
size and k is defined as: 

k = [ ( 6 7 r a y ) ~ ( 1  - v)] 1'~ (3) 

where G is the modulus of rigidity, and 7 is 
the surface energy, i.e., a surface parameter is 
used. 

Direct comparative tests of the SCC of 
titanium alloys with or without anodic oxide 
films are not usually possible, since such tests 
require fatigue-precracked samples, and the 
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inside surfaces of cracks cannot be anodically 
oxidized; moreover, tests on such samples would 
not provide information on crack initiation, 
which is the main stage affected by the presence 
of an anodic film. For that reason, we based our 
approach on a combination of an indirect 
evaluation method (which is the subject of this 
communication) and of SCC tests on notched 
but not precracked samples, at stress levels that 
are sufficient to initiate SCC (those would be 
described in a subsequent paper). 

2. Experimental 
The anodic oxidation of titanium alloys has not 
been studied in detail, and little is known about 
the properties of the anodic films; for this 
reason, we had to select first the most adequate 
electrolyte and anodizing conditions for alloy 
Ti-6A1-6V-2.5Sn (TAVE) (supplied by Ugine) 
which was used in our study. A Hewlett- 
Packard 6209B d.c. power supply was used for 
the anodic oxidation, with continuous plotting 
of current-time curves on a SEFRAM BGD 
recorder. Commercial titanium was used as the 
cathode, at an immersed anode: cathode 
surface ratio of 2:1, the ratio of immersed 
anode surface to total electrolyte volume was 
10 cm~:100 cm 3. The oxidation was carried out 
in open vessels, with the solutions exposed to 
free contact with air. Deionized water and 
analytical-grade reagents were used to prepare 
the various solutions. 

A literature search provided a list of factors 
that influence the SCC of titanium alloys (see 
Table I); in order to establish a possibte relation- 
ship between the effect of such factors on the 
SCC and the anodic behaviour of titanium alloys 
covered with an oxide film, we kept all other 
variables constant and only tested the influence 
of the introduction of a given single factor 
(among those in the list) during the anodic 
oxidation. A change in anodic behaviour could 
be indicated by a variety of parameters (e.g., 
breakdown voltage of the anodic film, time to 
reach a given potential drop at constant current, 
steady-state "residual" current after the film 
buildup, etc.); the "residual" current was the 
most sensitive and best reproducible of those, 
and was thus used by us as an indicator of the 
influence of the various factors. 

The following remarks should be made with 
respect to some of the investigated factors. 
Chloride ions: the accleration of SCC by such 
ions is well established, and several authors 
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[25, 26] believe that such ions are directly re- 
sponsible for SCC in both aqueous and methanol 
solutions. The use of methanol as a solvent: 
many alloys that are not susceptible to SCC 
in aqueous solutions are subject to such cracking 
in methanol solutions, even if unnotched speci- 
mens are used [1]. Acidity of the solution: 
this is somewhat ambiguous, since the pH at 
the tip of a propagating crack is not necessarily 
the same as that in the bulk of the solution. 
The effect of iodide ions on SCC is contro- 
versial [1, 26]. 

3. R e s u l t s  

3.1. Anodic oxidation 
Some difficulties were encountered in obtaining 
reproducible and uniform films on the alloy 
surface. Electrolytes that are commonly used 
in the anodic oxidation of unalloyed titanium 
(sulphuric acid solutions [30, 31], alkali-metal 
hydroxides [32], mixed nitrates [33], organic 
acids [34]) either failed to produce an oxide 
film on the alloy or yielded uneven, patchy 
films with high residual currents and with poor  
reproducibility. Satisfactory anodic films were 
obtained with good reproducibility under the 
following conditions: 

e lec t ro ly te -0 .5% HaBOa (in water), at am- 
bient temperature (about 22~ 

surface preparation - degreasing with acetone, 
etching in sulphochromic mixture 

oxidation - at constant current (10 mA cm -2) 
to the desire voltage, then at constant 
voltage untilthe residual current approached 
a constant value. 

Under those conditions the films had a uniform 
appearance and the residual currents were below 
0.01 mA cm-2; breakdown occurred at ~-420 V, 
so that the maximum anodization voltage was 
110 V. Breakdown was indicated by current and 
voltage instabilities, but there was no sparking. 
An anodic current curve traced under the above 
conditions is shown in Fig. 1. When the current 
was switched off after reaching the "residual" 
low value, the film appearance did not change 
(i.e., its thickness was substantially unchanged) 
but on subsequent switching on (after a few 
seconds) the current assumed a high value, 
almost equal to that at the end of oxide buildup 
and its subsequent decrease with time was similar 
to that observed in the first anodizing. This 
reversible sequence of decrease-increase-de- 
crease in current could be repeated many times, 
as shown in Fig. 3. Such behaviour indicated 
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Figure 1 Decrease in current as a function of time at 
constant voltage. 
(1) Alloy TAVE, oxidation in 0.5% H~BOz (aqueous 
solution). 
(2) Titanium (tech. grade), oxidation in 0.5% HsBOa 
(aqueous). 
(3) Alloy TAVE, oxidation in 0.5% H3BO3 with pH 
adjusted to 10 by addition of NH4OH. 
(4) Alloy TAVE covered by anodic film (formed in 
advance by oxidation at 80 V in the 0.5% H3BO3 solu- 
tion) 0.5 % HsBO3 (aqueous). 
(5) Alloy TAVE, oxidation in 0.5 % H3BO3 solution in 
90% HzO-10% CH3OH mixture. 
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A 12 114 -I-IME, rain 

Figure 2 Effect of HC1 addition (at point A on time 
scale) on the anodic current in aqueous 5% H3BO3 
(alloy TAVE, oxidation at 20 V). 

789 



A. A L A D J E M ,  M. A U C O U T U R I E R ,  P. L A C O M B E  

2- 

I I I I 

A B C D TIME 

Figure 3 Effect of interruption of the current during the 
anodic oxidation of alloy TAVE in aqueous 0.5~ 
H~BO3. Time scale is intentionally arbitrary; oxidation 
was carried out at constant voltage (20 V) to a practi- 
cally constant current, the current was then switched off 
for 5 sec (point A), switched on again (point B) and the 
sequence was repeated at points C and D. The spacing 
between A and B (and C and D) is exaggerated for the 
sake of clarity. 

that the decrease in current (i.e., the passivity 
induced by anodic oxidation) should not be 
attributed solely to the presence of the oxide 
film, but to the combined effect of  the film and 
some reversible field-induced change across the 
film or at the film-solution interface. Because of 
the relative rapidity of that change it seems 
more probable that the change occurs at or near 
the interface. Commercial unalloyed titanium 
exhibited similar variations in current upon 
switching off and on, but there the contribution 
of the oxide film to passivity was greater. 

3.2. Influence of the factors that affect SCC 
The influence of the various factors on the resi- 

dual current is shown in Figs. l and 2; for 
clarity, the results are summarized qualitatively 
in Table I. We should note that the increase in 
viscosity was achieved by the use of  a 1:1 
water: glycerol mixture as a solvent for the boric 
acid; the introduction of glycerol - an alcohol - 
could affect the residual current beyond its 
indirect effect through the increase in viscosity 
(alcohols are known to affect the SCC of titanium 
alloys [1 ]). However, glycerol was also used to 
increase the viscosity in the SCC tests used as a 
comparison [27], so that the comparison would 
still be valid. 

4. Discussion of the results 
The experimental data show that the passivity 
(decrease in current at a constant anodsc voltage) 
of  the Ti-A1-V-Sn alloy in 0.5 ~ boric acid is 
only partially caused by the presence of an 
oxide film, and that reversible changes that are 
responsible for such passivity occur (probably 
at or near the oxide-electrolyte interface) when 
the electric field is applied. A detailed discus- 
sion of such behaviour cannot be made on the 
basis of the available experimental data, and 
would probably require the use of fast-response 
electrochemical and recording equipment. In 
particular, a plot of the voltage rise during the 
film growth should be of interest to under- 
stand the growth mechanism. Experiments have 
been initiated on this subject and will be re- 
ported later. We could, however, assume that 
the passage of electric current causes migration 
of certain species within the oxide film or at the 
film-solution interface; the accumulation or 
depletion of such species may be responsible 
for the formation of an "insulating" level in 
or near the film, which is destroyed (by dissi- 
pation of those species or their diffusion back 
into that level) as soon as the current is switched 

T A B L E  I Influence of various factors on the stress corrosion cracking and anodic behaviour of titanium alloys 

Factor Influence on SCC Ref. Observed effect on anodic residual 
(according to the literature) current-Ti-Al-V-Sn 

Addition of C1- Marked acceleration 1 Sharp increase 
Addition of methanol Acceleration 1 Increase 
Increase in viscosity Acceleration 27 Increase 
Increase in acidity Accleration 1 Increase 
Heating Acceleration 28 Increase 
Thick oxide film on the metal Slowed-down 14 Decrease 
Alloying of titanium Acceleration 1 Increase 
Addition of iodide Irregular 1, 26 Irregular 
Addition of phosphate Inhibition 29 Decrease 
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off. Dyer  [35] suggested tha t  the migra t ing  
species may  be T i O O H ;  the presence o f  T i O O H  
in the anodic  oxide on t i t an ium alloys was 
recently observed by ourselves [unpubl ished 
results, with C. Rocques-Carmes  and M. 
Slodzian]  by mass-spec t rometr ic  analysis  secon- 
da ry  emission upon  b o m b a r d m e n t  with argon 
ions, and  this confirms Dyer ' s  views. However ,  
o ther  factors of  complete ly  different na ture  
(for example,  e lectrostr ic t ion which according  
to Sato ' s  calculat ions [36] may  even induce 
s t ructural  changes in anodic  oxide films) may  
also be responsible  for  the observed phenomena ,  
and  capaci tance  effects should not  be ruled out. 

A str iking ana logy  between the effect o f  many  
factors  on the SCC behaviour  on one hand  and 
the anodic  behav iour  of  t i t an ium al loy Ti-6A1- 
6V-2.5Sn stands out  f rom the exper imental  
results;  the factors  tha t  are known to increase 
the susceptibi l i ty to SCC reduce passivi ty upon  
anodic  polar iza t ion ,  and  vice versa. The con- 
clusion may  be drawn tha t  the inhibi t ing or  
p r o m o t i n g  effect of  a given factor  on the SCC 
is associated,  at  least  part ia l ly ,  with a h inder ing  
or faci l i ta t ion respectively of  the passage of  
anodic  current  f rom the metal  to the electro- 
lyte. Our  observat ions  indicate  tha t  the effect 
of  anodic  ox ida t ion  is more  compl ica ted  than  
the simple fo rma t ion  of  a bar r ie r  to ionic  or  
e lectron t ransfer  bu t  the above-ment ioned  
ana logy  shows tha t  SCC of  t i t an ium alloys could  
be affected and poss ibly  cont ro l led  under  certain 
condi t ions  by  the fo rma t ion  o f  anodic  oxide 
films. Moreover ,  it would  p robab ly  be possible  
to use simple res;dual  current  measurements  
(under  anodic  polar iza t ion)  in order  to provide  
a compara t ive ,  qual i ta t ive  evalua t ion  o f  the 
SCC tendency in a given medium.  

5. Summary 
1. Electrolytes commonly  used for  the anod ic  
ox ida t ion  of  t i t an ium failed to p roduce  satis- 
fac tory  oxide films on a Ti-A1-V-Sn al loy;  
un i form oxide films were p roduced  on that  a l loy 
by anodic  oxida t ion  in 0.5 % H3BO 3 at  voltages 
up to 110 V (b reakdown occurred at  120 V). 
2. The decrease in current  in the above  solut ion 
was to  some extent  reversible, ie, despi te  the 
presence of  the anodic  film the anodic  current  
curve p lo t ted  upon  second or  subsequent  
anod ic  po la r iza t ion  was pract ica l ly  ident ical  
to tha t  p lo t ted  dur ing  fo rma t ion  o f  the film, 
indica t ing  the occurrence o f  reversible changes 
as a result  of  the passage of  current.  

3. Envi ronmenta l  factors  tha t  inhibi t  SCC of  
t i t an ium alloys reduced the residual  current  
under  anodic  polar iza t ion ,  while factors  tha t  
accelerate SCC increased tha t  current.  Thus,  
the h inder ing  or  faci l i ta t ion o f  the passage o f  
anodic  current  is p r o b a b l y  responsible ,  at  least  
part ia l ly ,  for  the inhibi t ion or  accelera t ion  
respectively of  SCC of  t i t an ium alloys. 

References 
1. M. BLACKBURN, J. FEENEY, and x. BECK, Report 

D1-82-1054, Boeing Scientific Research Labs., 
Seattle (1970). 

2. H.  H E R R I G E L  and J. SARGENT,  24th Conference 
of the Natural Association of Corrosion Engineers 
(1968). 

3. T. BECK, US Patent 3529928 (1970). 
4. J. RITTENHOUSE, Trans. A S M 5 1  (1959) 871. 
5. R. CURTIS, AD Report 685380 (1968). 
6. T. MACKAY and N. TINER,  NASA CR-99054 

(1968). 
7. M. LEVY and D. SEITZ, Corrosion Science 9 (1969) 

341. 
8. n. SKOMORSKI and s. DARNEL, US Patent Appl., 

13 Oct. 1969. 
9. M. PINARD-LE6RY, Thesis, University of Paris 

(1968), L. Da CUNHA-BELO, private communication 
(1971). 

10. A. VASSEL, G. LAPASSET, and M. A U C O U T U R I E R ,  

Comptes Rend. Acad. Sci. 2746 (1972) 494. 
11. S. R I D E O U T ,  R. O N D R E J C I N ,  M. L O N T H A N ,  and 

D. RACUL, NASA CR-89805 (1967). 
12. YU. ZVEZDIN and YU. BELYAKOV, Optim. Met. 

Protsessov 4 (1970) 394. 
13. F. CROSSLEY, ASD-TR-61713 (1962). 
14. J. GREEN and A. SEDRICKS, Met. Trans. 2 (1971) 

1807. 
15. M. SOUFFRANT, Surfaces 10 (1971) 25. 
16. ldem, Corrosion (France) 19 (1971) 353. 
17. u. TIMONOVA, "Intercrystalline Corrosion and Cor- 

rosion Under Stress" (Consultants Bureau, New 
York, 1962). 

18. H. LO6AN, "Stress Corrosion of Metals" (Wiley, 
New York, 1966). 

19. J. FEENEY and M. BLACKBURN, NATO Conference 
on Theory of SCC in Alloys, Ericeira, Portugal (1971). 

20. T. BECk: and E. GRENS, J. Electrochem. Soc. 116 (2) 
(1969) 177. 

21. J. KRAFFT and J. MULHERIN, Trans. A S M  62 
(1964) 4. 

22. M. BLACKBURN and J. WILLIAMS, NACE Con- 
ference on Fundamental Aspects of SCC, Ohio State 
University (1969). 
J. SCULLY and D. POWELL, Corrosion Science 10 
(1970) 719. 
R. PARKINS, NATO Conference on Theory of SCC 
in AUoys, Ericeira, Portugal (1971). 

791 

23. 

24. 



A. A L A D J E M ,  M. A U C O U T U R I E R ,  P. L A C O M B E  

25. N. FEIGE and z. MURPHY, Metals Eng. Quart. 
7 (1967) 53. 

26. F. M A Z Z A  a n d  s .  T R A S S A T I ,  Ann. Univ. Ferrara 
(1970) pp. 277-92. 

27. n. SEORICKS, Corrosion 25 (1969) 207. 

28. J. BOYD, AIME Spring Meeting, Las Vegas (1970). 

29.  K.  MORI ,  A. T A K A M U R A ,  a n d  v .  S H I M O Z E ,  Cor- 
rosion 22 (1966) 29. 

30. R. QUINN, US Patent 3180807 (1965). 

31. T. MATVEEVA,  M. T Y U K I N A ,  V. P A V L O V A ,  and 
N. TOMASHOV, Titan i ego Splavy 6 (1961) 211. 

32. R. PIONTELLI, French Patent 1522637 (1968). 
33. H. HAGIWARA, US Patent 3239436 (1966). 
34. v. SAVOSHCHENKO, Radiotekhnika no. 6 (1966) 84 
35. c .  DYER, Interdisciplinary Meeting on Ionic Trans- 

port in Anodic Oxidation, Nottingham, April 1972. 
36. N. SATO, Electroehim. Acta 16 (1971) 1683. 

Received 30 June and accepted 15 December 1972. 

792 


