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PREFACE

Environmental effects on the fatigue of aircraft materials have been neglected in the
past. Damage behaviour of aircraft structures was analysed hy fatigue and fracture mechanics
without paying much attention to the environment.

A few years ago, some laboratories of NATO countries started to investigate corrosion
fatigue. A proposal was made to the Structures and Materials Panel for new activities in
corrosion fatigue with the intention of presenting the state of the art in this field of inter-
disciplinary R & D of corrosion and fatigue engineers.

The SMP approved the presentation of four pilot papers on the corrosion fatigue of high
strength aluminium, titanium and steel alloys at the 44th Panel Meeting in April 1977. The
four papers are of interest to materials and structural engineers and give detailed information
on experimental results from four laboratories together with recommendations of areas for
future research.

The discussion of the pilot papers by members of an ad hoc Group led to the constitution
of a Sub-Committee on Corrosion Fatigue. In addition, a cooperative testing programme on
the corrosion fatigue of coated joints was initiated and will be discussed at a future Specialists’
Meeting of the Panel.

Wolfgang BUNK
Chairman, Materials Group
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CORROSION FATICUE OF ALUMINI1JM AND TITANIUM ALLOYS AND ST52~ S

A W Bowen
Materials De partment

Roya l Airc raft Establishment
~hrnborough

Rants, 0U 14 6TD, UK

SUtOIARY

Literature on the effects of various gaseous and aqueous environment s on the fatigue l i fe  and fatigue
crack growth behaviour of alumi nium and titanium alloys and steels is reviewed. The degree of reduction
in life , arid enbascement in crack growth rate , is presented , and the efficienoy of the protective schemes:
surface treatments , applied pote ntials and control of solution chemistry, are detailed. It is ohown tha t
whereas all three protection schemes can be effective to varying degrees in fatigue life situaticas , the
use of applied potentials and solution chemistry cont rol must be approached with caution in crack growth
situations. The importauce of surfac e reactions is brought out in the review , and some areas for future
work are suggested. It is comeludod that the degree of control over corrosion fatigue is at present
limited, and awaits future mult idisciplinmry approaches to elucidate mechanisms in more detail .

flITROWCTION

Corrosion fatigu ’ is said to occur when the conjoint action of corrosion acting during fa tigue
produces considerably more damage than either acting a.lone . The material s most likely to be at risk are
the hi~ i strength aerospace alloys — aluminium and titanium alloys and steels — and in this review we
shall consider BOISe of the significant results for these important structural materials, illustrated
wherever possible by work carried out in the TiE. Within the spac e available this canno t be an exhaustive
review , rather it attemp ts to outline the ways in which fatigue properties are degraded by aggressive
environments , and some of the methods of alleviating the problem.

Points of clarification are made first , coirerning the aggressiveness of various environments, all oy
characterization and the fatigue process itself , and this is followed by a presentation of results on
corrosion fatigue life (and crack initiation) and corrosion fatigue crack growth for the three alloy
systems. Constant amplitude testing only is considered here ; the paper by Wanhill in this report covers
variable amplitude testing, at least for aluminium and titanium al loys.

AOGR~~ZIV~~~~S OF E VIRO1~~ NTS

The aggressiveness of asy environment must always be relative, and much diacussion has taken place
on the type of environment which shoul d be used as a datum( 1). It is generally agreed tha t vacuum
(1 .3 m—1. 3 aPa ) or a dry inert gas such as argon or nitrogen are the most suitable, but there is disagree.-
merit on which is the better:

— the use of vacuum has been criticized siace rewelding may occur and therefore cause crack
retardation(2). This is particularly important in crack growth, and evidesce has recently been
presented to ehow that rewelding can occur(3) (and retard growth) albeit after part cycling in
compression (zero mean loading ; 11 — — 1 — ~~~~

— the use of dry argon or nitrogen has been criticized siixie it is difficul t to be certain that the
gas is dry(4) — the water vapour level should be below 10 ppm( 1) . The presemee of other impurity
gases my also be important(4).

Bearing these points in mind, arid remembering that a refereuce environment must neither enhamee nor retard
fatigue behaviour, ultra hi~ i purity dry argon or nitrogen (1120 ‘ 10 ppm) would thus seem to be the
preferred referemee. (Consideration could perhaps also be given to an inert oil , which while excluding
the environment, does not retard crack growth by aroj wedging act ion(5).)

If we now consider the relative aggressiveness of environments, there is little disagreement on
masking — these are usually in the order: vacuum or dry gas; laboratory air; wet air; distilled water;
sodium chloride solution. These will be the environments considered here, althou~~ special cases, such as
hydrogen gas, will be mentioned briefly.

ALLOY CHARACTF2tUATION

Al loys can be characterised by the parameters: composition and microetructure, and the effects of
these variables on corrosion fatigue behaviour are detailed in subsequent sections. For complete alloy
characterisatton, however, a third structural parameter, mamely texture, should also be considered. While
it could be argued that texture is not of primary significasce in cubic materials because of the extensive
ratur. of their slip modes (althou~~ in the author’s view snoh an attitude is fallible), the importame of
texture in ~ based hrp titanium alloys cannot be stressed too strongiy(6). (There is very little data
available on the fatigue of metastable —bcc titanium alloys, and these are not considered here. ). As an
example , Pig 1 how. the type of property variations due to crystallogra phic anisotrop y in Ti—6A1—4V , for
the same micro .iructure . The crystal plane most sensitive to the environme nt is (0002), and while only a
few investig ations have been reported in recent years on the effects of texture on corrosion fatigue , it



has been known for some time tha t in stress corrosion tests a very significant decrease in Kiscc can occur

when fracturing on the basal plane (Fig P). Note that K
Ic 

j r  a l m o s t  t h ~ same for all thr ’ ,rjoym 4ri~ j r ~~~s and
K ~-K~ for fracture norma l to ( 0002).Ic ~~~

T!G~ FATIGUE PR0C~~Z

The effect  of corrosion on the fatigue prorerr~ ca n be studied in a number of ways — either by
~~t suring fatigue l i fe  (as in much of the earlier work),  or by considering the various stages in the
fmtigue process(8):

— crack initiation
— stage I growth
— st age II growth.

Results bused on t o t i l  l i fe  are difficul t to interpret in terms of these individual stage s, and in recent
years , the refore , the re has been a move to confine studios to one particular aspect of fat igue .

Until ve ry recently the only information available on environmental effect s  on stage I growth was the
work of I). uet t. and Ge ll(9)  cn a nickel alloy single crystal (MAR M200), where o~~gen adsorption at the
crack t ip  at  low stresses promoted cleavage and reduced l i fe  compared to that in vacuum. However , data is
now availabl e on alu~ iniua alloy singl e crysta ls(V)—1 2), whe re moisture wa~ observed to produce similar
crack acceler at ion  to tha t observed in the nickel alloy.

Stage II growth in different ~nvironmento, on the other hand, has been widely studied. This has been
assisted by two facto rs:

I the use of fractography, which has shown that fatigue crack growth is by striation formation, thus
j~roviding a one for one record of load applications (each striation is produced by a single load cycle,
but the cocv~rse is not always true). The effect of aggreseive environments is to cha nge the normally
duc tile striations to brittle ones(8), thus producing enhanced growth (Pig 3). The forrntion of these
br ittl e striations has been discussed t oome length, and it is possible tha t a cleavage component contri—
buter to such striation formation in i~ (on 001) and titanium alloyS (on 0002) because dislocation
mobili ty can be exceeded by the crack v icity (13). But in the case of aluminium alloys , frac ture
(probably on 001) must , it would seem, I assisted by some lowering of the surface ener~~r(13).

In addition, if there is a change in fracture mode (eg hydrogen induced embrittlement) additional
evidence, of intergranular(14) or quasi—cleavage(14,15) failure, can be found in steels; and in some of
these cases it may be difficult due to the absence of striations, to differentiate between corrosion
fatigue and stress corrosion(143;

and

ii the appl icat io n of fracture mechanics, and in particular the analysis of crack growth behaviour in
terms of the Farie(16) equation: da/dN — C (A K) m

, where da/dN is the growth rate , ~ K the stress intensityfactor range = Km — ~~~~ and C and m are constants. This has enabled quantification of crack growth
behaviour, thus making data comparison much easier.

A co mplication which arises dur ing stage II crack growth in corrosive environme nt s is tha t the growth
rate at a part icular stress intensity must always be viewed relative to the threshold stress intensity for
stress corrosion cracking (K1

). This contribution of stress corrosion to corrosion fatigue cart ariBe
either as the cyclic frequency is decreased, or as the mean stress is increased, particularly if the alter.-
nating stress amplitude is amall. In fact, it is convenient to consider fatigue crack growth in three
broad categories( 17) :

a. pure fatigue in an inert environment where growth shoul d be insensitive to frequency (excep t for
intrinsic effects) and waveform , and a distinct threshold should Le observed (Fig 4).

b. t~ ue corrosion fatigue, where b~rowth is moderately dependent on frequency and wavefo rm, but
ICmx Kiscc (Type A , Fig 4).

c. stress corrosion aesisted corrosion fati~~ie , which is very dependent on frequency and waveform, and
K , ~~~~~ In some cases this enhancement can occur abruptly at K15~~ , as in type B, Fig 4, or in
othe r cases a f t e r  some enhanced growth below K 150~~ a~ in type C , Pig 4. In this region it has been
suggested that growth can be approxirimted by a aup’’rp~eit ion of pure fatigue and stress corrosion
cracki n g ( l t ) ,  j e

(
~~~ (

~~ 
(
~~~

~~~~ ‘to tal ‘~~ ‘ pure 
+

and evidence both for (19—22) and against(23—25) this equation can be found in the literature. A process
competition model(25) has been proposed recently as an alternative to the superposition model( 18), but
available data is, at present, too meagre to assess its overall applicability.

At bent such modelling can only approximate corrosion fatigue behaviour, in view of synergistic effects
in ning out of complex stress, waveform and frequency interactions. Information demonstrating this complex
corrosion fit igue—strees corrosion interaction has been provided very recently by Parkins and Qreenwell(26) .
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They concluded that aay superposition will be most nearly valid when the process is dominated by physical
factors such as hydrogen ingress or rap id film formation. These were likely to be the extremes of eluctro—
chemica l activity, and for regions between these two extremes , where marked elec t rochemical activity is
still possible , th e value of Ki50~ 

may be lowered under cyclic conditions. Thus for the 0.160 steel
considered in their work K1800 

was measured to be — 22 MPaim , the stress intensity for stress corrosion
cracking at a fatigue frequency of 19 Hz was alao about 22 MPa Is; however at a frequency of 0.1 Hz this
val ue for stress corrosion cracking had dropped to ~ 12 MPa ’m. Similar changes under fatigue cycling
have also been noted in titanium alloys(22), but in the opposite sense to tha t found by Pai*ina and
Greenwell(26). The variance of IC

~ 
has also been noted by Atkinson and Lindley(27).

FATIGUE LIFE

Alumi nium Alloys

In gaseous environments such as air , water vapour has been shown to be the species damaging to the
fatigue l i fe  of aluminium and its alloys(28 ,29). The data in Tabl e 1, taken from the work of Broom and
Nicholson (29), shows the magni tude of the life reduction, whioh these authors ascribed to a hydrogen
embrittlement mechanism.

The effect of the more ag~resaive environment of NaCl solution was demonstrated by Stubbingt on(30)
and Stubb ington and Forsyth(3 1). The sustainable fatigue life of Al—Zn—Mg al loys at io7 cycles could be
approxi mately halved compared to tha t in laboratory air (Pig 5). A comparison of a high purity
Al—7.5Zn—2.5Mg alloy and a commercial version (l)TD 683) revealed l i t t le  difference between the fatigue
properties in 3% NaCl solution, althow th the IYI’D 683 alloy showed superior properties in air and, a some-
what higher tensile strength(3 1) . Heat treatment to alter the microstructure did l i t t le to change the
corrosion fatigue strength of either alloy(30 ,3 1). Stage I fracture was found to be very sensitive to the
chloride environment , particularly at low stresses. In addition , for stage II growth, brittle striations
were observed on (001) planes on transcrystalline facets(30 ,32). These observations were explained in
terms of elect rochemical dissolution, the Kramer effect or film removal for enhanced stage I cracking , and
ion adsorption lowering the surface ener~ ’ during accelerated stage II cracking. An Al—4Zn—5Mg alloy was
also studied in later work , and similar susceptibility to NaC1 solution was recorded(33). However , in
this case failure was intercrystalline ; an effect attributed to large amount s of anodic grain boundary
precipitation.

The above tests were all carried out at a zero mean load (R — —i), but from work by Corsetti and
Duquette(34) it woul d not appear tha t increasing the mean stress fundamentally alters fatigue behaviour,
ie the re la t ive  time s spent in crack initiation shoul d remain the same both for air and sodium chloride
environments.

Titanium Alloys

Contrary to the situation for aluminium alloys, lit t le  in the way of systematic studies of fatigue
l i fe  of t i tanium alloys have been carried out in corrosive environments, although there are reports for
tests carried out in laboratory air(3~ ). The importance of texture has already been stressed(6), and if
the results of Larson and Zarkades(36) for ~~ and ~~ oriented specimens of Ti—4A1—4V tested in
laboratory air are taken as an indication (Pig 6), then testing in, for example , 3.5% NaCl solution would
produce a considerable divergence of these already significantly different results. The 1c~ curve
(stressing normal to (0002)) woul d be expected to be depressed much more than the ~a ’ curve (stressing
parallel to (0002)). The only corrosion fatigue data generated to date on titanium alloys has been that
of Smith and Hughes on Pi_6Ai—4V(37), who confirmed earlier work of Wells and Sulhivan(38) on the same
alloy. In both cases the alloy was found to be immune to NaC1 solution, in spite of considerable eleotro—
chemical activity(38). This non-susceptibility was attributed to the plane stress mature of surface
deformation and the shear nature of stage I cracking, since in plane strain conditions some suet eptibility
was indicated(38). Other work , however , has suggested some degradation of the fatigue strength of Pi—6A1—4V
in chloride solutions(39,40), and such discrepancies could well be due to differences in texture.
Wate rhouse and oo—workers(40 ,41) have also shown that , irrespective of the tensile or fatigue strength of
a number of titanium alloys measured in air, the fretting fatigue strength in argon, air and sodium
chloride solution is always in the range 77—150 MPa. This relative insensitivity to enviromaent under
fretting conditions was tentatively ascribed to the high reactivity of titanium when the protective oxide
fi lm is damaged.

Steels

The response of a 0.180 steel to gaseous and aqueous environment s has been reported by Duquette and
Jhlig (Pigs 7 and 8). The alloy was susceptibl e to moisture in air and argon, but not in oxygen. Note,
however , that the fatigue limit is affected only in aqueous environments (Pig 8). In the case of moist
oxygen , preferential adsorption of water vapour improved somewha t the fatigue performanee oompared with
tha t in dry oxygen; this is in cont rast to the effect of argon which is only weekly adsorbed (Pig 7).
Similar effects have been recorded for a 4140 steel(43), and by increasing the strength of this alloy,
increasing sensitivity to moisture was demonstrated (Table 2). The importance of dissolved oxygen in
aqueous solutions (Pig 8) will be considered later.

Detailed crack ini t iation studies on a number of steels have been carried out by Rollins and
co—worlcers( ~4, 45), and they were able to show that initiation in aqueous environment s is enhanced by
environmentally strain controlled activated dissolution at the tips of corrosion pits and persistent slip
bands (PSB). Transient current bursts were found to be associated with the tension and compression cycles
(Pig 9) ,  which were believed to emanate from surface slip steps. (It my be noted tha t •iaj lar cyclic
variations , in potential , have also been recorded for Ti—6A 1—4V(38), and an aluminium alloy and steel(46) .)
One criticism which might be levelled at this work is the very high strains involved (~ ).O5, Pig 9) ,  but
more recent wo,ic(47) has extended the technique to smaller strains, and hence longer ltves, and also to a
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number of other alloy systems. Similar effects were recorded , and the authors now feel confident tha t
this technique can be used as a method for predicting whether a material is susceptible to a partioul tr
environment . The basis of the teohnique is to measure the rate of change in transiunt current magnitude
(Al — — Inn ) in relation to the change in cycles, N. Thus if the value of d,6I/dJi is negative the
alloy is not susceptible , whe reas when the value is poeitive , the oppo site is t rue . Results of this
survey are given in Table 3.

This observation of current transients is also interesting in view of a minimum corrosion rate which
scene to be associated with corrosion fatigue behaviour. Por example , Duquette and IJhlig(48) found that
an anodic current of 2 nd/cm2 had to be applied to their steel before there was any eignificant reduction
in fatigue l ife.  This seemed to be independent of p11(48). Similar behaviour has cince been found for a
number of materials(43,49), and Smith and Hughes(37) suggest tha t the irmmini ty shown by Ti—6A 1—4V may be
due to the corrocion current in this alloy being below the minimum required to affect life. It my also
indicate tha t corrosion resistance is more important than strength in these situations.

Protective Measures

Surface Treatments. A number of investigations have reported on the efficacy of coatings on aluminium
alloys. Broom and Nicholson(29) found that a vinyl rubber coating gave good protection , recording a l i fe
equival ent to that found in vacuum. Similar results were reported by Jenkins(50). The application of
paint s to D’rl) 683 alloy(51), tested subsequently in NaC1 solution , also improved l i fe  to that observed in
air , but anodic coatings were either ineffective or harmful. Cladding on aluminium alloy L73 degraded the
fat igue propertieS of holed test pieces both in air and sodium chloride solution (52), but the effec t was
much smaller in the chloride solution. A vinyl coating on an ux~ lad alloy (L7 1) gave properties almost
equal to those in air. Metal sprayed coatings have also been examined, the effectiveness being found to
decrease as N was increased(53,54). This applied to both notched and unnotched situations.

Surface treatment such as peening can also be used on a number of material s, but these run into the
problem of relaxation with time ; hence they my be ineffective in the long term. Ni t r id ing  (of steels)
nay be a useful alternative in these cases. Anodising of Ti—6A1—4V has been evaluated , and found to have
little effect on life compared with a ground finish(55). Plating is also a widely used surface treatment ,
and for steels it hae been suggested that , based on an elect rochemical argument , the protection afforde d
can vary from poor for magnesium to good for cadmium , with zi nc being intermediate (43).

Appi ied Potential s. The application of a cathodic current during fatigue testing of Al—4Zn— 5Mg has been
shown to prolong l i fe  indefinitely, and conversely an anodic current of equal magnitude decreased life
considerably (Pig 10). Interestingly, such an effect on the Al—Zn —Mg alloy IY~D 5054 was found to be
marked onl y over a relatively narrow current range, and furthermore , decreased with increasing R. (Pig 11).
This lat ter point was attr ibuted to the abil i ty of the applied cathodic currents to suppress cracking in
stage I to a much greater extent than in stage II. Protection applied in terms of cathodic potentials has
also been shown for 5052 aluzninium(58), and for an Al—Zn-Mg alloy(59). In the latter case , howeve r ,
poten t ia l s  more negative tha n —1.4V (SCZ — standard calomel electrode) produced lower fatigue properties ,
the degradation being explained in terms of hydrogen embrittlement.

As fa r as titanium al l oys are concerned, the immunity to NaCl solution shown by Ti—6A1—4V(37) has
also been found at potential s +1.4V (SCE) to the free corrosion potential . Commercial purity ti tanium
showed cimilar immunity (55). However , changes in properties , both increases and decreases , were recorded
at pote ntials more extreme than these (up to ±4V SCE)(60).

The beneficial effect of cathodic protection of steels was first demonstratad many years ago(61), and
similar effec ts have been repeated on a number of occasions subsequently(42,43,48). Where the yield
st rength can be varied, it can be shown that whereas hydrogen evolution does not seem to affect fatigue
strength at low strength levels(43), the highest st rengt h condition in 4140 steel is susceptible to
hydrogen embrittlement — showing a reduction in fatigue l i fe  at the more negative potentials; note that
some protection is afforded at less negative potentiale(43). In lower strength steel cathodic protection
~s e pially effective in p112 chloride solutiona(48). It should be remembered that any beneficial effect
in steel nay well be due to the high frequency of cycling and the R — — 1 loading employed in these
fatigue l i fe  teat~(62), since as will be shown later, cathodic polarization is clearly dstrimental dur ing
crack growth in steels, irrespective of the strength level.

Sol u t ion  Chemistry Control. The effect of oxyge n level in both distil led water and sodium chloride
solution has already been presented (Pig 8). Removal of oxygen restored the fatigue properties of steel
to values higher than those found in air , and the mechanism of thio improvement lies in the removal of
the oxygen reduction process at cathodic areas , thus l imi t ing  the amount of dissolution in anodic areas.
Similar experiments do not appear to have been carried out for either aluminium or titanium alloys.

Controlling the pH of aqueous solutions can be a very effective means of changing fatigue life. The
more acidic the solution the lower are the fatigue properties, and conversely the more alkaline the
solution, the higher is the fatigue strength(48,60,63). For marked improvements, however, pH values
greater than 12 are required, and Pig 12 shows such an improvement for a high C steel , indicating that
properties equal to those in air occur at pH 12(63). This protection in alkaline solutions is believed
to arise due to the presence of a passive surface layer. Similar but smaller improvements have been
shown for commercial purity titanium and stainless steel on increasing the pH from 2 to 6(60).

General Conment s

The impo rtant point to mote from the work reviewed in this section is that although drastic reductions
in fatigue l i fe  are encountered in aggressive environme nt s, a high degree of control can be exercised over
the crack ini t ia t ion process , and hence produc e fatigue lives equal to , or better than , those found in air.
More importantly, one can go from a fail to a safe l i fe  situation, ie restore the fatigue limit.  These
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improvements are achieved often purely by the exclusion of the environment (eg many coatings), but in
some cases chemical rea ction s are modified eg oxygen removal , reduced corrosion rate , oxide f i lm altera-
tion or modification to the nature and amount of adsorbed species. The effect is to prevent or moderate
the environmental attack at PSBs or particle/matrix interfaces, where greater slip steps intensify slip
and reduce lives.

While the simplest and most economical protective against this attack will probably Continue to be a
coating, there is still room for further work to study surface reactions, since all of the studies
described here demonstrate clearly that these are the key to environmental effects during crack initiation.
Thus in future it might be possible to stipulate a specific surface structure (which coul d be achieved by,
for example, surface alloyi ng( 64 )) as a requirement for environmental immunit y. Before such a stage is
reached, however , it is required to know , for insta nce:

1 Whether environment affects only the formation of PSBs , or also the development of cracks from these
PSBs. Recent work has shown that there is a difference in near surface dislocation configuration(65)
caused by the environment , which was clai med to be sufficiently large to influence PSB formation. Further
work is required to see if such differences are maintained at later stages in fatigue. A factor which
must also be taken into account is PSB spacing, si nce a direct relationship has been shown to exist
between this spacing and dissolution rat e(66) .

2 The physical significance of the mini mum corrosion rate. If this is used to calculate an overall
dissolution rate , the values are much too small to indicate general corrosion(67); hence dissolution
must be occurring on a heterogeneous scale in order to produce failure in the short times observed. Thus
the overall density and extent of the dissolution sites must be ascertained in order to arrive at a
dissolution rate which can be interpreted in terms of the volume of metal removed.

3 The kinetics of these local reactions. Here the straining and scratching electrode tests would seem
to be useful tools(68,69).

4 The rate of ini t iation in terms of the frequency and depth of cracking. Sectioning specimens and
carrying out statistical analyses will be necessary in this area. These tests nay also indicate the
extent to which corrosion infl uences the relative fractions of life spent in initiation and growth of
cracks. Short cracks are likely to be infl uenced by metallurgical structure to a greater degree than
larger cracks , and moreove r , the stage I growth mode may be much more prevalent for these short cracks.
Restr ict ing growth to this mode , say by controlling shear stress, would therefore be of benefit since
greater electrochemical control might also be possible.

FATIGUE CRACK G~)WPH

Considerable effort has been expended in recent years on studying the effects of stressing variables
on fatigue crack growt h in corrosive environments. And since these have an important bearing on the
interpretation of the data for each alloy system , the main conclusions from these investigations are first
muzrmarized here , before considering effects such as composition , different environments etc.

Stressing Variables

The effect of f requency changes on fatigue behaviour has been established for a considerabl e time ,
but only in recent years has the significance of load profile bean revealed. The advent of modern servo—
hydraulic testing machinea has al l owed the incorporation of fux~ tion generators, thus extending the
normally available sine wave to other waveforms. The result is that additional waveforms such as:
triangular , square , positive and negative sawtooth have been studied , and a number of investigations have
now shown that the rise time during the loading cycle is a very critical factor(2 ,21,22 ,25, 27,70—72),
ie the slower the rise time the greater is the environmental enhancement. This is analogous to a lowering
of the frequency, indicating that waveform and frequency are very interdependent and cannot be considered
in isolation.

For aluminium alloys both Selines and Pelloux(2) and Proctor and Moss(2 1) have shown the extent to
which waveform infl uences growth, and their resulte are in broad agreement. Fig 13 shows the data of
Proctor and Moss , where frequency effects are also included. These results fell int o two groups:
For AK ‘ AKi5cc the significant observation was the marked effect of frequency only for the triangular
waveform , which could be explai ned completely on the basis of enhai~ ed anodic &isBoluticn. (The square
waveform had no effect because the rise times were the same for both frequencies.) For AK AK isoc the
lower fre quency produced the faster growth rate for both waveforms. The increment in growth for the square
wavefo rm could be explained completely on an additive effect of stress corrosion and fatigue , as proposed
by Wei and Landes(18), but for the triangular waveform anodic dissolution also had to be included.

In the case of titanium alloys waveform and frequency changes have also been performed in the same
series of tests (Pig 14). Here , however , an inversion in frequency depend ent—growt h occurred at dK - AK sc~~
growth CA K sc showing a direc t relationship with frequency. (Note again the little effect of frequency
for the square waveform below AK ecc .) This changs in frequency dependent growth was explained on the
baste of repassivation being sufficiently rapid to prevent tranagramular cleavage for AX ( AK , leading
ir. these cases either to minimised dissolution or slip disper sal .

The behaviour of steels below K~~oc is ,ummm.ri zed by the work of ~~rsoIn(71 ,73), where again ,
positive rise times only led to enhanceme nt (Pig 15). Normal inver se frequency effects were also
observed (Pig 16). Si~~laz results have been reported for other steels , both for stressi ng below(27,74)
and above(19, 20 , 25,72) ~~~~~~
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A third parameter which also needs to be considered in this area is tha t of R ratio, since
increasing the mean streec usually increases growth rate , at a constant AK, because is increased
(AK — K nax( 1 — R)) .  Suoh a means of increasing growth rate must be of importance in corrocive environ—
ments since it could move the crack growt h regime from below to above IC. • When this occurs muchiscc
flatter curves (and often a p la tea u) are obser ved(2 5,72 ,74 ,75). Ac example of this the data in Fig 17
shows the shape of crack growth curves for an R ratio of 0.8 for 4340 nte(1 • i3ome idea of the plateaus
for aluminium and t i t an ium alloys can be gauged from Figs 13 and 14.

Al uminium Alloys

The damaging opecies in gaseous environment s, when measur ing fatigue crack growth in these alloys ,
has also been isolated as water vapour. For instance, crack growth rates in vacuum for N’!) 683 were
found to be a factor of ten slower than those in laboratory air(76,77) (Pig 18). These authors concluded,
in agreement with Broom and Nicholson(29), that hydrogen embrittlement was the most likely explanation of
their results. Testing outside the UK has found substantial agreement with these findingn(eg 78—80);
moreover, Mci has shown tha t crack growth is thermally activated with the activation ener~~’ being verysensitive to AK(78).

The effect of alloy composition on corrosion fatigue crack growth is shown by the data reviewed by
Hahn and Simon(81), and oonveniently illustrated b~- the results of Fr-eney et al(82) for ~K < K1
(l~ble 4). The much smal ler  change in environment and ~K for 2024~T3 is very clearly apparent. In
co ntrast thcr~ is l i t t l e  difference between the results for the two 7000 series alloys , wi th 7178—T6
being sli~~ t ly worse. The high sensitivity of the 7000 series alloys is also shown by the work of
Pelloux(83) and Stoltz and Pelloux (84), and over-, or under—ageing 7075 does l i t tle to reduce the growth
rate. Of significance with overageing is the change from planar to wavy sl ip,  which probably modifies
defo rmati o at  the crack tip and reduces the growth rate(83,84).

Titanium Alloys

A study of growth rates in the threshold region (low AK values) in Ti-’6Al—4V has been made by Irvin~-
and Beevers(4). Much higher threshold values were observed in vacuum (Fig 19) for all three micro—
structures studied, the growth rates in vacuum always being at least 2—3 times slower than in air. At
AK < 12 I~’afm structure sensitive growth occurred, but for higher AK values the growth rates were
approximately the same in vacuum and air for all three microstructures. This latter point is disputed by
the data of Paton et al(85) obtained in laboratory air. Irving and Beevers claimed that the changeover
from structure sensitive to non—sensitive growth occurs when the plastic zone size exceeds the dimensions
of a microstructura l parameter.

The effects of other gaseous environments on crack growth show similar ranking to those for aluminium
alloys, and this has been shown by James(86), Bacci and Paris(70) and Wei and Ritter (87). It should be
noted , however , that in gaseous hydrogen very rapid growth occurs in titanium alloys, in marked contrast
to the absence of any effect for aluminium alloyo (88). In these cases fracture is on ( ioTh) and not
(0002) planes(89).

I f we now consider aqueous environments, a number of workers have shown how distilled water and sodium
chl oride solution increasingly degrade crack growth re sista nce(22, 90—93). The importance of texture can
be esti mated from the data of Speidel et al(9 1) and Wanhill(93), but it must be stressed tha t a systematic
study of textural effects on corrosion fatigue is still awaited. Evaluation of titanium alloys produced
to specified textures would seem to be an urgent necessity (this would apply equally to crack initiation
and crack growth), particularly since some of these can now be produced commercially(94 ,95) ; and improved
fatigue properties are claimed(95) . To demonstrate the high degree of corrosive attack on (0002) planes,
the work of Stubbington and Pearson(96) on strongly textured Ti—6A1—4V, possessing a single crystal type
of texture, is presented here. These workers applied a hold time at maximum load , thus approximating the
stressing m ode to one of a trapezoid waveform of low frequency. Stressing to cause failure normal to
(0002) showed no effect of this dwell cycling in laboratory air (Pig 20), but stressing to cause fracture
on (0002) showed an increase in growth rate (Pig 21). This effect could not be removed by testing in
vacuum. The very significant effect of adding sodium chloride solution t o  test pieces of this  orientation
is shown in Pig 22. Here there was a marked increase in growth rate merely by decreasing the frequency
from 25 to 0.3 Hz , and failure then occurred in only 11 cycles of dwell. Strain assisted hydrogen
embrittlement at or just ahead of the crack tip was thought to be the mechanism of premature failure.

Steels

We t and co—workers have considered a number of high strength steele and shown how their fatigue crack
growth behaviour varies in gaseous env ironments(15,97—99). For a 0.450 stoel(97) marked sensitivity to
the presence of water vapour was found, but a i8 Ni(2 50) na ragi ng steel proved non—s encitive( 15) . If the
strength of this steel was increased to the 18(300) grade, however, the alloy was susceptible(98). Testing
in hydrogen ,‘7t8 showed very rapid crack growth , but in this  case, if water vapour was added, preferential
adsorption of water at the crack t ip  reduced growth ratea( 15). Though the effect of hydrogen gas is
drastic , it has been shown that hydrogen suiphide is , ia fact , more aggressive(23, 25,7 2), and from work on
these and other aggre ssive environments Austen and Walkor(72) concluded that for below Ki c  behaviour
the degree of aggressiveness could be represented by changes in the values of m and C in the Paris
equation (Table 5). Thus, for example, m varied from 2.33 for growth in vacuum to 3.11 for growth in
R 2S gas , at similar C values. A detailed discussion of mechanisms is also presented in this paper.

As in the case of aluminium and titanium alloys , fatig ue behav iour of steels is also marked by the
transitio n to stress corrosion fatig ue at high K value s, and some idea of these differences in above
and below behaviour for 4340 steel can be gained by comparing Pigs 17 and 23. Below K 1 0

—
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increased yield strength has a twofold effect :  i t  produces greater environmental enhancement , and alse
results in a lowering of the transition to above Ki c  behaviour (Pig 23). Unfortunately similar work

to that on aluminium and titanium alloys, where the transition could be observed in the name test , does
not appear to have been carried out. This would be poosible in steel (og 4340) by choosing an appropriate
tempe ring temperature and starting stress in tens i ty level . A t the moment , however , the magnitude of the
t ransi t ion must be judged by comparing separat e tests , either on the same heat treated alloy (by eg varying
R(25,72)), or on different alloys (eg liT 80 and 4340(19)).

Purity of steel also seems to be important since Evans et al( 10 1) have shown that a high purity
versio n of an En 24 steel proved lees sensitive to a laboratory air environment (compared with vacuum )
and exhibited much less grain boundary cracking. It is not known whether such effects would be carried
over to more aggressive environments.

Protective Meo cures

Applied Pote ntials. The first  demonstration of cathodic protection applied to aluminium alloys would
seem to have been that of Forsyth and Sampson(56). In their experiments a crack was allowed to initiate
in Al—4Zn—5Mg, and alternating periods of cathodic and anodic currents of equal magnitude were applied
subsequently. No growth was detected under cathodic conditions (Pig 24), whereas applied anodic currents
produced considerable crack enhancement. On examination of the fracture surfaces some crack growth could
in fact be detected under cathodic protection, but much more widely spaced striations were found for
anodic attack (Pig 25). Altho ugh this mode of failure was intergranular, similar effects of anodic and
cathodic potentials , if somewhat moderated , have bee n observed in transgranular cracking in 7075—T6(83,84, 102)
and 7O79—T651(91). This difference in magnitude may be due to the stress corrosion cracking nature of
crack advance in Al—4Z n—5Mg, since Speidel et al(91) have shown that for 7079 much greater supprescion of
crack advance could be achieved for stress corrosion crack ing compared with corrosion fatigue. An
interesting observation related to this work is that a t  potentials more positive and negative than —1.4V(SCE)
in an Al—Zn—Mg alloy striations were much wider (and brittle) than the closely spaced ductile ones
~rodu~ed at _ 1.4V( 5 95.

Protection at negative potentials has also been shown for Al—7Mg (Pig 26) where in this case growth
rates close to those in argon were achieved. In this work hydrogen embrit t lement was categorically
eliminated as the cause of environmental enhancement , which is in direct conflict with the conclusions of
Endo et al(59).

Contrary to the situation on fatigue life of titanium alloys, a number of investigations have shown
that applied potentials can affect the growth rates of these alloys in halide solutions (22,90,91).
31eidel et al(91) tested a Ti—6A1—4V alloy with (0002) planes parallel to the crack plane in 5W KI solution
and found tha t —1.5V(SCE) gave rates identical to those measured in distilled water, both above and below
K 1 (Fi g 27). Care must be taken in the use of this data since for corrosion fatigue in 0.6M KC1
sol ution complex behaviour was recorded — at low AK values ( < K iscc ) a changeover in the effectiveness
of app lied potentials was observed, ie the more poa~tive potentials resulted in the lower growth rates(9 1) .
These la t ter  results are in agreement with other data which showed that for true corrosion fatigue anodic
:o tentials (22,90) reduced growth rates and cathodic potentials(9 1) had the reverse effect. For a
Ti—6A1—2Nb—1’I’a—0.8Mo alloy , however, no effect of cathodic polarization was observed(1O3). In view of
these conflicting results it would seem prudent to exercise caution in the use of applied potentials on
titanium alloys , at least until further work clarifies the position. The importance of microstructural
cond ition on the corrosion fatigue of Ti—6A1—2 Sn—4Z r—6Mo under applied po tentials has been shown by
W ill iams et a1( 104).

U nl ike the situation for aluminium or titanium alloys, cathodic polarization increases growth rates
in steels -t r4 a comparison of all three alloy systems has recently been completed by Crooker et al(~ c3),
from which Fi~ 28 is taken. The trends shown in this figure are in agreement with other work on various
st rength steels (14,19,74). Negative potentials degrade the resistance of steels (and presumably of
al uminium and titanium alloys ) by producing hydrogen which , by ingress at the crack tip, results in
e mi r i t t l e m e nt even at  low strength levels(74,105). It is important to note tha t fatigue life would not be
expe cted to be affected at these strength levels(42 ,48).

A point worthy of note regarding these types of experiments on applied potentials concerns the
position of the Luggan probe of the reference electrode. This should be placed as close as possible to
the crack , thus el iminati ng any (iR) drop which has been shown to produce an elongation of the potential
axis( 102) .

Solution Chemistry. Co ntrol of solution pH, as in fatigue l ife , can be very effective in modifying
fatigue crack growth rates. The pH at the t ip of a fatig ue crack is —3( 9 0 ) (for a nominally neutral bulk
solution ),  thus making the overall sclution more acidic would not be expected to increase growth rates
arkedly. This has been borne out by work on Ti—6Al—6V—2 5n in pH 1 sodium chloride solution (Pig 29);

a l though above AK~~c a greater effect of pH was observed. By nmking the chloride solution alkaline
Bersom demonstrated for a l2Ni—5Gr—3Mo steel that  growth coul d be reduced to ratee lower than those observed
in air (Pig 30). Buffering of the sodium chloride solution to pH 8.3 doubled the Kiscc value for 4340
steel but did not alter growth rate s(19).

The addition of inhibitors is another means of controlli ng solution chemistry, and for 7075 aluminium
alloy Stol tz  and Pelloux(84 , 106) showed tha t by adding a solution of sodium nitrate to sodium chloride
solut ion it was possibl e to reduc e growth rates to levels observed for dry air and argon (Pig 3 1). The
mechanism of’ improvement was though t to be the replacement of chloride ions by n i t ra te  ions at the crack
tip, thus reducing markedly the anodic dissolution rate. The important fractographic observation was the
transitton from brittle to ductile striations in the presence of’ an inhibitor. Care would sees to be
necessary in the application of inhibitors to titanium alloys since Na2SO4 

additions to distilled water



were fc’utd to Ic effective, at i c - ac t  f r  AK < 30 P.~’a is, whereas nitrate ions decreased rates bel ow
\K but rci ~ ed Ak and accelerated growth above the t r an s i t jon (22) ;  this behaviour is similar to
the ef fect  r e c w - l d  by changes in mnndic polarization(91). Inhibitors may also be ineffective in acidic
solu ti uc.

‘ c°ral Comments

I n o .cç  ways cons ideration of cra ck growth is much simpler than crack initiation since damage is
r-~s tr~ ted to a c~v~ll known region which is r e l at i v e l y  easy to observe. The solution chemistry, however ,
is nore compli cated because the solution in the crack in usually more acidic than in the bulk (9O);
al though the pump ing act ion of the  cyclic l oat i ng , particularly at hi~~ frequency, nny ac t -in a means of
rmis it ,~’ the pH , ev ’- n for AK ‘ K iscc (9O )~ In pi’sctical terms the best tha t can probably be achieved,

si nce a cw car si t ct ; growth complet ely ,  is t . -  aim to reduce growth rates to those observed in dry argon

~r vacuum.

Waveform expe riments hai c shown that  the important phenomenon during crack growth is the dynamic
ir ,t c r i ’ t  i n  between dislocations and the environment. Moreover , simila r indications are apparent from
the reverse p o i cr i t y  t ectr , i nh ib i to r  addi t ions  and pH control. These would all suggest tha t enhancement
of  growth r ate s  is a short range effect, and if such embrit t lement is local (wi th in  ~ of the crack tip?)
then Auger el ’ctron spectroacopy aught he ‘c useful tool in determining whether any ions preferentially
collect  in the crack t ip  region. It would also be desirable to ascertain whether degradation occurs as
a result of a cr i t i c a l  ct r c in ing  r at e  at the crack tip, such as that which has been recorded in st ress
corrosion cracki g( f ) .  I t i n  also important to es tablish whether, alternatively, these effects arise
due to differences in ‘rack closure. Other methods of crack tip analysis would also be useful, parti—
euJarly if t i n t i n g  is carried out under controlled conditions of potential and solution chemistry. It
would also be useful t~ carry out simple programmed loading, provided that constant amplitude type
testing is s uf f i c i e n tly  understood. Al l i ed  to all of this work should be extensive fractography.

(I0~CLUDI?~ REI~ARKZ

It ia c i -  r from this review that  under certain conditions the detrimental effect of aggressive
‘ t r .ir r.r~erc t S can be r~~I,-r - , t ed  or even removed for all three of the alloy systems considered here . This
is moe’ l ikely to occur in  si tua t ions  where protectives prove effective and no cracks develop in the life
“f the component , and/or in -~1 osed c i rcui t  condi t ions  where the solution chemistry can be controlled or
ca ’hodic prc ’ -e ti~~. ap ;l:’ J. Clou ’d circuit  conditions exist in eg boiler tubes, and here the si tuation
coul d dma b- assuc ’ - I l y ‘ h.’ solution being deaeratod. The more pressing needs arise in open circui t
conditi nc wI re C t . ’ r f 1otio~ chemistry is not practicable. One is then forced to resort to
pro tec ive schem’ , ;occciiJy c-trig coatings of sophisticated Compositions which might include inhibitors
~-d,ic h are r fere~ t i a l l y  leached out; h :ever , the degree of control in these instances cannot be very
hich. Problems ~~~ x lso -uric’ in in-service inspection. With cathodic protection sacrificial anodes
my be attached bu $ thi n is lisput ’- in all three systems as to the t ruly beneficial effects to be
realized; and mc reover, for crack growth in steels there is no evidence of any benefit. One is forced to
concludr- th at ex ’r -’o caution must be exercised in the uee of such electrochemical protection.

Changes in all stages of design could also assist in alleviating the problem: eg quenched in
stresses could b- cinimised by careful heat treatment; triaxial stressing (possibly inducing hydrogen
-igrct ion to the crook t i p  thus causing failure) could be avoided by designing wherever practicable in
t h i nner aoterialr. (It my be noted here that little has been done on the effect of thickness in corrosion
fa t i gu e  crack grow th , except for aluminium alloys(1).) There would also be advantages in using torsional
l oading whenever p o i u i I ~le , since this would introduce shear (mode I I I ) ,  as opposed to the usual tensile
(nod e i) sirens. Thia would also result in non—opening cracks, from which the environment might be
excluded.

As f~r as composition and microstructure of the alloys themselves are concerned, there is again little
evidence of urk e ci changes in fatigue behaviour. Far example , although there are improvements in Kiecc
in the newer (purer) alumini um alloys (eg 7050), there do not seem to be any significant changes in
corrosion fa igue behaviour(1O7). The best t hat can be achieved at the present t ime would seem to be
e it  ho r:

a .  oho ’~~e the composition wi th in  an alloy series eg 2024 instead of 7075; maraging instead of low
alloy steel s;

b. choose a heat i re c r-cent schedul e for a particular alloy eg P73 instead of P6 for 7000 series
aiui’ jaium allays; a high -i- tempering temperature in 4340 type steels, but avoiding ‘eicper embrittlement ;

c. change from one all y system to another (more resistant)  one , eg t i t an ium ~~loys for fatigue life
situations;

d. choose an alloy most americble to a particular protective scheme, eg one showing immunity, or near
immunity, for a par t icular  inhibi ted coating.

More sophist icated choices than  these are not usually possible because the specific meohanisms of
environmental attack art- not suff iciently well understood. Probably the most widely accepted mechanism
is tha t of hydrogen embrittlemeut i i  stoels(i08), but there is considerable dispute, for instance,
regarding i ts  relevance to aluminium alloys (eg 59, 68). A discussion of this and the other mechanisms ‘f
corrosion fatigue can be found in the review of Duquette(67 ) and the Storrs Corrosion ~~tigue Conference( 17).

Hopeful ly  future work wil l  lead to some improvements in this situation; for instance, by specifying
mechanisms in mere detail , u l t ima te ly  possibly providing a general prediction of environmental effects
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that can transcend the treatment of each material and environment as a separate study. A big stumbl ing
bl OCk to this advancement is the multidisciplinary nature of the phenomenon of corrosion fatigue , and
improved coimeunication between workers in the metallurgical, stressing and electroohemical areas would
therefore seem essential for any rapid progress.

Table 1

EFFECT OF GAS~X)US ENVIRONMENTS ON ~~~~~ FATIGUE LIFE OF ALUMINIUM ALLOYS(2°’

High Purity Al—4Cu (Al~~u..Mg) (Al—Zn— )
Test Environment 

-

(C ycle to Pailuru x10 5)

Vacuum (cold trap) 8.9 — —
Nit rogen (cold trap) 6.3 5.4 7.3

Oxyge n (cold trap) 8.4 3.5 2.6

Hydrogen (cold trap) 3.2 2.7 1.4

Air 0.98 0.66 1.2

Water Vapour 0.59 — —
Stressing (±.) (MPa ) 185 3 17 301

Table 2

FATIGUE STRENGTH OF 4140 STEFI IN AIR AND 3% NaC1 SOLUTION,
AS A FUW~PION OF YIELD STRENOTH(43)

Ha dnsse Yield io 6 Cycle fatigue strength Deoreae~ in
St ress fa t igue strength

~RC, (MPa) Air 
j 

NaCl solution

~ tFa)
20 662 400 310 22

37 1 131 634 983 24

44 1407 758 462 39

52 1669 1069 620 42

4
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Tabl e 4

COMPAR ISON OF FATIGUE CRACK GROWl’!! RATES OF ALUMINIUM ALLOYS IN
VARIOUS ENv IR0NMEtIrS(82)

________ 4~JdR (
~~ 

in/cycle)

( M P aIm)  Dry Air Wet Air Distilled Water

2024—T3

3.8 0.1 0.1 0.3 2.2

5.5 1.8 1.8 2.8 5.2

9.9 19 19 20 21

7O75—T6

3.8 0.42 1.3 2 3.2

5.5 3.8 7.4 13 18

9.9 27 50 80 ‘100

7178—T6

3.8 0.8 2 4.4 2.9

5.5 3.6 12 19 14

9.9 4.4 ‘100 ‘100 ‘100

Table 5
INFWE!EE OF AGGRESSIVE ENVIRONMENI’S ON

THE PARAJ(!TESS m AND C, F’R(MI TI~~ PARIS
EqIATION (16), F~)R A 835M3O STEEL(72)

C (x 108)Environment a (me4/cyvle)

Vacuum 2.33 3.07

Argon 2.42 7.34

A ir 2.28 11.2

3.5% NaC1 solution 3.06 1.44

Oils 3.14 0.987

3.37 0.912

H23 3.11 3.17

I
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St ress Axis
Mechanical

Prope rty <1 1~ O> [o~ :1
SL Or ienta t ion  TL Orientation

0.2% Proof Stress (MPa) 859 1052

E (CPa ) 110 131

R o f A (%) 23 33

in — C(AK)m 2.4 3.1

~~ 
(MPa im) 80 46

c~
(J) 47.5 19

V~ri it i~.r in nechaniooi properties in strongly textured Ti—6Al— 4V
(different crystallographic orientation; same microstructure)(6).

1-2
lon gitudinal K 1 z42 .9MN/m 3/2

t e ~~~~K~~ s44~~~~~~
3/2

~ O6 dir ecti on transv erse K z40 6MNIm /2
Ic

04 - 
~~ preferred orient ation of

(0001) planes in a stringers
02 TR RW

notch orient ation s RW longitud inal
0 TR shoçt transverse WR transverse
0-1 1 10 100

TIM E TO FAI LURE , mm

Pig 2 Stress corrosion susceptibility as a fumetion of specimen
orientation in Ti—8A l— lMo—1 V aimisaled plate(7) .
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1O~am Fig 4 Types of fatigue crack growth behaviour( 17).

Fig 3 F~ t iguc ~t r~. t  i~~tw produced in (A )  a~r
(ductile) and ( - )  NaC1 solution (brittle).
(Test Pieces are Al—7.5Zn..2.5Mg)

- : :~:~, 

—k 1-~ff~ ~ L ~ irt

Fig 5 Stress—cycles curves for air and corrosion fatigue of
A1—7.5Zn—2.5Mg solution t reated 450°C, cold water
quemehed and aged 0.1 days at 150°C (rotating bending
test s) (30)

I I I I I~ I 1111111 1 T I n1 I ~~~ TIIflj F 1 1 1 1 1 1

~~~ I i t  I I I h u h  i i i iiiul i i i iiiu.t i i iii .

10’ io~ ~o
C YCL IS 70 rAtiusi

Fig 6 3tress-c~v1ee curves for ~~ and •a~ oriented test pieces
in strongly textured Pi—4A1—4V, tested in air , (R — 0.1;
fraquer,iy (r) — 30 Hz(36).
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104_.. A,_

c, .. ,. t a t. .. Cv.I0S N ha lF,

Pig 7 Stress—cycles curves for fatigue tests on Fig 8 Stress—cycles curves for fatigue tests
1015 steel in air , oxygen &‘id argon on 1015 steel in air , dist illed water
(reverse bending teats; f — 30 Hz)(42). and 3% NaC1 solution ( reverse bending

tests; f — 30 Nz)(42).

iLL~JJuJ~
Fig 9 Dissolution transients in 18—8 stainless

steel strain cycled in 3.7!! H 2S04 at

1.042 V (N ~—norr~ l hydrogen electrode)(45) .
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Fig 10 Stream—cycles curves for A1—4Zn—5*g tested in air and
3% NaC1 solution (reverse plans bending tests)( 56).
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a

.// Fig 12 St roc~~~yclo curveG :howi ng effect of
I’. of chloride solution on corrosion fatigue

test
~~~

63). 
i% C steel ( rotat ing bending

10 20 0 70 10 60 hO 00 too 10 60 hO 200 220
A f l O d C.Ihodu

A FI~ •d ,. ,.nI ~A Ione t )

Fig 11 Mean fatigue life for 1Y~D 5054 aluminium
alloy under anodic and cathodic applied A

currents at different It ratios. (B = —1
for +154 MPa; It 0.05 for 136 ± 124 MPa
and. ~ — 0.5 for 255 + 85 MPa stressing;
f — 50 Hz)(57).
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Pig 14 Crack growth rates da/dIl versus stress
0 - intensity range AK for Pi—6A1—6V—25n
I 1 27 II 10 ~ in aqueous 0.611 f~~ solution — effect

of waveform and fre quenoy.(R — 0.1)(22) .
Pig 13 Crack growth rates da/dN versus stress

intensity range AK for Al—Ou,-Mg alloy
(t~ 15) — effect of waveform and frequeo~~y.
( R — 0.o4)(2 1).
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Fig 15 Crack growth rates da/dN versus Fig 16 Crack growth rates da/dI) versus
stress intensit y range b K  for stress intensity range bK for
l2Ni—5Cr—3Mo steel in 3% NaCl l 2Ni—5Cr—314o steel in 3% NaCl
solution — effect of waveform, solution — effect of frequency.
(It = ~.25 ; f ~.1 Hz) (7 1) .  (H = 0.25)(73).
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Fig 18 Crack growth rates da/dN versus
Pig 17 Crack growth rates da/dN versus n~ ximum stress intensity range AK for

stress intensity ~~~~ 
for 4340 steel — IYI’D 683 aluminium alloy — effects

vapour content . 
~~~~~~~~~~~ ;

e
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Piz~ 20 ~r ,ck ,-rs - -. I t r,tec da/d1 versus
stress intensity range AK f-ar
strongly text ured annealed
Ti-.6Al.-4V — air environment ;
SL orientation ( fr ~octu .ri r ~
noros]. to (o o ’2 )  - l ~ ot ~’~~ ) (  ~I ) .
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to ~~ ~Fig 21 Crack ,~r-~ o~t }  rates da/di) versus Fi i~ ~ 2 Crack ~ r , o o i h  rates da/d.N versus

stroll s intensity range AK for stress intensi ty range AK for
st rongly textured duplex annealed strongly textured duple x annealed
Ti—6A 1—4V — air environment , Ti— 6A1—4V — 3.5% NaC1 solution,
TL orientation ( fracturing on TL orientation (fractur ing on
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Environmental effects on the fatigue strength arid crack propagation resistance of aluminium and
t i t a n i u m  alloys are reviewed. Part icular attention is paid to the influence of air an.! aqueou s enviror i t i ente
or. aerospace structura l mater ials. Re econmendat ions are made for future research act iv i ty ,  notably w i t h
regard to material selection ~nd serv ice perfor mance.

I NTROIXJCTI ON

A survey is made of envi ronmental ef fects  on the fatigue of alum inium arid t i tanium alloys, especially
the influence of air and aqueous solutions on aerospace str’ictural alloys. The paper consists of the
following sect ions:

- A LUKI N1UI4 ALLOY FAT] (PIE STRENGTH
Vacuum and gas pressure effects
Atmo 8pher ic hu m i d i t y  effects
Prior exposure , fati gue in air
Prior exposure, fa t igu e  in aqueous environments; alternating periods of exposure and fa t igu e
Aqueou s environment effects

- ALUMI NI UM ALLOY FAT 1(ItIE CRACK PROPAGATION
Vacuum and gaseous effects
Atmo spher ic humi dity effects
Aqueous environment effects

- TI TANI UM ALLOY FAT] ClUE STRENGTH
- TI TANI UM ALLOY FATI GUE CRACK PROPA GATI ON

Vacuum and gaseou s effects
Atmospheric humidity effects
Aqueous enviro nm ent effects

- DISCUSSION
- HECCIOIENDATIONS FOR FUTURE RESEARCH
— REFERENCES

A LUMI NI UM ALLOY FATI (PIE STRENGTH

Vacuum and ~as pressure ~f(ecta

Many investigations have demonstrated that the unnotched fatigue li f e  of aluipinium alloys can be
shorter on air  than in vacuo. Scans resul t s show l ife differences f or up to 107—10° cycles 11—4 1 , e. g.
figu res la , lb. Otber data indicate l i t t l e  or no effect at long lives 11 , 5—7 I • figures ic , ld.

Cracks ini t iate  at the same t im e 13,4,81 or earlier (7 , 9 1 in air than in vacuo. Even in the latter
instance , however , it appears that the major environmental effect is on crack propagation. For examp le ,
figure 10 gives life ratios for —15 tml crack initiat ion (Ni ) and failure (N p ) of 1100 Al in air and vacuo;
lives in vacuc were about twice those in air, figure ic. For vacuum fatigue N1/~J~ is generally much less,
and this is most likely due to slower crack propagation 17 1

Reduction in air pressure increases fatigue life either according to a sigaoidal curve 1 2—4 , 101
or scanewbat more gradually 18 ,111 . Examples are given in figures if and 1g. Scan etimes the si~~~oi dal
trend is slight (4 , 101 , e.g. figure lh. Possible reasons for this are the dependence on frequency (2 ,3 1
and st ress or strain amplitude ( 3 1  . The most aignificant characteristic of pressure effects is that large
increases in fatigue l i fe  usually do not occur until the pressure is lowered beyond 10 Pa.

The influenc, of different gaseous environments follows a consistent trend. Fatigue lives in dry
oxygen and nitrogen are essentially equivalent to those in high vacuum 14 ,9 , 121 . The sam e gases containing
traces of water vapour are much more detr imentsl 19 I • and water vapour by itself is more detrimental than
air or air plus water vapour 14 , 8 1 . The b.haviour of an aluminium alloy in various gases at different
pressures is depicted schematically in figure i i .  The detrimental influence of water vapour (alone and in
laboratory air) is evident .

Atmospheric humidity effectB

The significance of water vapour is reflected in results of fatigue tests in air of varying humidity
(8,13—18 1 and sums tests ccanpartng clean and organical ly coated specimens (9,13,14,161 . Significant

differ ences in fati gue streng t h up to long lives have been report ed for peak aged alloys , figures 2a—2e ,
but for superpu.re Al 181 and 2024—’173 Alolad 116 ( there is little effect at 10° cycles, e.g. figure 2f.

Fatigue lives have usually been related to relative humidity, but absolute humidity may be the more
relevant parameter, of. ident ical data in figures 2g &nd 2h; and figure 2i. Note in figure 2i that coating
with vaselins resulted in negligible variation in fatigue life with atmospheric humidity , but that the
endurance values corresponded to an intermediate level of humidity. Also , the apparent lack of effect of
humidity shown in figu re 2j  is interesting t it was found that higher humidity increased crack propagation
rates but decreased crack initia t ion density and hence the likelihood of coalescence to form a macrocrack

- -~~~~~~~~~~~~~~ 
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in eu- -h a way that there was no significant dependence of fatigue life on relative h u m i d i t y  I 18 I
Pri or  expou ure , fa 4 igue in air

Tes ts in alternately moart and dry air 114 , 15 1  indicated no effect  of humidity un’ oi ) o ~o rly la te in
the life. This reault is co nsoo te nt with a dominat in g influence on crack propagation. Hwc ,..r , in o r e
ag,-’roor ool v e enviror,nents the situation may change , as is most clearly borne out by exposure t.0 re  f a t i gu e
tr ’ ’~ ing , f:,e ur ,  3. 2urface pitting accelerating crack i n i t oi t ion appears to l e  responsib]’o fur tb’
fatigu” life r- r-Iuc ti ’ns 1 19 — 71 1 . Cladding is highly beneficial 122 I , but anodizing , at least in lh. l ong
‘err., is i 1 y  sli g h t l y  so , f igure  3h.

Pri Cr exposure re o u l t s in very large reductio n s in fatolu .. lif e of smooth specimens -r h oi ~~, rotr .r ,, th
a l l e y s , f igures  3a—3c, the differen ce Increasing wi th longer lives , figure 3”. Lesser , but oo~ ill large
re-)uo’ti one occur for notched elements , f igures  3d—3f , and l ower strengt h material s , figure 3k’. The great—
eot effect uioiially is achieved early in the expo sure per iod . There may be exceptions, e.g. the behaviour
ef bolt—filled c ountersunk holes in figure 3f.

The data r. figure or’ are c) particular interest because i r e a l i s t i c  stress con ce rot  ra ’ i on  o r )  ioad
hi st ory were employed f r  several aircraft structural materi alu . The fatotire performance f all the

i~~loys  was markedly degrad ed )-y prior alternate immersion in salt water. The controlling paraceter to
prot -ably overal l  - ‘crr ’sion resistance (only fair in all cases) arid hence surface pittin g , as menu ne
previously, since for /024 and 7075 ageing to T)~5l and T’3 c onditions , wh ich have greatl y o r- -rease d
re on ta nce  t~ exfoliat ion and stress corrosion , did not improve performance with respect to control h I ’ .

Prior exp aure. fatigue in  aqueous environments;  a l te rna t ing  periods of exDosure and fat igu e

Eff’o t  a of C X ;  wore followed by fatigue in aqueous environments and of alternate periods of exposure
and ta igue arc otown or figure 4. With respect to air  an aqueous environment nearly always shortened the
t o t a l  life of prr —exp000e.! specimens. A (slight) exception is 2024—T851 in figure 4a. There is also a
tender.cy for 1-oth crack initiation and propagation lives to be shortened. The severity -if fatigue or, or.
.~ue~ ur ervoronrent is emphasized by the lata for “A l o d on e ” coatel specimens, wh ich with presur.ably
‘open-ic r surf~

j -e c rod i t o or~oc a f t e r  exposure fa i l ed  ear l ier  than un coated specimens tested in a i r .
A few - L t t s  .Oo o,’ toot alternate periods of exposure and cycling are less severe than exposure hofore

fit~~,u” , f i g u r e  4c. Di fferences would probal ly t~ smaller for longer exposures. Figure 4.! compares clad
and oa” 2O24—T3 snot 7075—TI fat igu ed indoors or expose l to seacoast air  and cycled daily. The atmosp he r i c
effec ts reduced the average lives of bare specimens by a factor of 3, by about 1.5 for clad 70 5— Tt i , and
)i~~d r ie( l ig ible  in f luer ,ce  on clad 2024—T3. The overall performance of 2O24—T3 was slightly superior to that
‘o f 7OI~~To°~.

ous environment e f fec t s

Ry far the ma~ ority of enviro”tnental fatigue i c o o t r o  on aluminium alloys have involved more or less
-or~tinuoto ’ access to an aqueous environment during the cycling of smooth specimens , usually under rotating
or reveroc o lending. For bolt water or spray, the most commonly used environments , the high cycle fatigue
- : t i c r,g’t h is typically 0.4—0.6 of that or . air , there being a slight tendency to lower values in higher
strength materials , figure 5a. Reductions in fatigue life appear to be independent of material strength
above ?5O MPa, figure 5b , and tend to be very large. The wide gap between the trend lines fu r  106 and

x 10° cycles is probably a consequence of much increased exposure t i n e allowing more severe corrosion
and hence f a c i l i t a t i ng  cr oc k  nucleation. Nevertheless, simultaneous exposure and cycling seem t o  be
synercistically detrimental. Figure 5c compares the life reductions with those for prior exposure of two
fogh etr engt h ( > 2 3 0  MPa ) alloys. Despite long prior exposure the alloys tested in air were less affected
t han high strength materials subjected to simultaneous exposure and fatigue for periods — 1—7 hours only.

Lim ted data for saline environments ind icate that fatigue strength and life reductions are not much
affected ly  m ean stress variation, figure 5d , or by changing from rotating bending to axial loading 133 1
For exam p le , th e direct  stre ss , H — 0, hi gh cycle unnotched fa t igu e strength of variou s product form s of
‘11)50 alloy in salt fog is 0.45 0.5 of that in air 137 1 . Of more importance are geometrical e f f ec t s ,
namely specimen shape and stress concentrations. Fat igue life reductions are much larger in sheet than in
round specimens , fi gure 5e , presumably because of the greater amount of material exposed to the  environ—
~en t.  Notched fatigue tests , 

~~ 
— 1.) and 3, on round specimens in salt water or spray gave high cycle

f - a + igu e stre ngthB about 0.7 of those in air 125,34 1 , e.g. f igu re 5f . However , for notched sheet , f igure
5g, this ratio is only 0.5.

The concentrat ion of salt in the environment does not appear to  be cri t ical , since the  data on
figures 5a 5g were obtained for a very wide range of salinity. However, the importance of there being som e
alt preser .t in made cleoor by tests in water, giving high cycle unnotched fatigue strengths 0.6—0.8 of
those in air (28 ,32 ,39 I

Anodizing and c ladding  lessen the reductions in fatigue strength and life in aqueous solutions 131 ,
32,39—43 ( , e.g. figures 5h and 5i , but both treatmenta often lower the fat igue properties in air  132 ,
42—46 • Painting i s  free of this disadvantage I 32 ,47 1 e.g. fi gure 5h , and so are porous anodic layers
impre ~~oated wi th  pola r organic compound s (48

Last , f igures 5j- 5~ present environmental fat igue data for real is t ic  stress concentrations and load
hist ories. In air the spectrum loaded ma~eroals exhibited mean crack initiation and propagation lives
equivalent t o  between 5 x 105 and 4 x 100 cycles. Salt water reduced the lives by 10—65 %. Although
important, these reductions are somewhat less than those for notched constant amplitude tests , f igures 5f ,
~e, and considerably less than those for smooth specimens , figu re ‘lb. Figure 5~ gives results of load
histo ry  simulation for specimens representing landing gear c~rli ndere. Exposure to salt fog caused the
peak aged alloy y linders to fail early by str ess corrosion (50 ( . 7075—’I’73 and X7080—’1’7 cylinders failed
by fatig ue originat ing from the unexpo sed bores: l i fe  reductions compared •o continuous cycling in a i r
we re app arently due to the hold periods, as evidenced by a 7075— ’P73 cylinder test In air with hold times.
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AUII1TIiIUM ALLOY FATIGUE CRACK PROPAGATION

Vacu um m d  gaseolie effect s

At low stress intensiti es fatigue crack propagation rates in vacua may be up to 10 times slower than
in norm al air , fi gures 6e.-6d. For N ~ 0 the differe nces become negligible at AK values above 15—20 MPa~/ ,
but reversed stre ssing a llows a large difference to be maintained to h igher AK , figure 6d.

Crack rates in dry gases are similar to those in vacuo , figuree 6o—6f. Humidity hae a dom inat ing
0 inf luence , amply damonst rated by test s in dry and wet gases 51,58 ,59 and in water vapour alone , figures

6e ,6f. Exerted in normal air this  influence is greater on 7000 series alloys than on 2000 merie8 alloys,
figure 6g.

In vacuo and very dry gases crack rates are usua l ly ind ependent of cycle frequency (51 ,55,60J, e.g.
DID 507OA and 7075—T651 in figures 6a and 6c , but an intrinsic frequency effect was report ed for FPD 683,
figur e 6a. Test tamperatu re has a sign ificant influence on crack rates at lower AK , figure 6h. The
apparent activation eroer~~’ depends strongly on AK , ranging from 2 k.c/mole for tiE — 15.5 MPa~/~ to about
8 k.J/mole for AK — 10 NPa~/~ 154 I .
Atmospheri c humidity effects

Tests in air indicate that for 7000 series alloys there are usually higher crack rates end greater
sensitivity to humidity than in 2000 series alloys (49 ,5 1 ,60—6 7 I , e.g. figures 7a—7f. For high frequen-.
cies the crack rates in nominally dry air at low AK may be an order of magnitude slower than in wet air ,
figures 7a , Tb , the differences becoming small at AK values of 20—30 MPa~/~, dependi ng on N. However, the
beh aviour is freque ncy dependent. Figures 7g and 7h show that reducing the frequency increased crack rates
mo re in dry air than in wet air at low tiE , but did the opposite at high AK . A similar result was found
for other R values I 61 I . Equally important at low AK is the amount of water vapour in the environment

I ],5l,58,59,6l I , e.g. figure 7i , which illustrates that the greatest effect of increasing humidity is
achieved at lower water vapour cont ents.

The e f fec t s  of frequency and humidi ty  are interrelat ed. The influence of water vapour cont ent on
crack rates at low AK and two frequencies is depicted in figures 7j and 7k. The crack rat e dat a often
exhibit a ei~ iioidal trend 11 ,51 ,57,60 1 , with a critical pressure above which the rates are increased only
sl ight ly. The critical pressure increasee with increasing frequency and crack rat es 151 ,60 ( a nd decreases
for higher R f 57 • It varies also for different alloys: in figure 7J the critical pressure for 7075—’r6
is about 10 Pa, and that for 2024—’13 is 500 Pa. The overall behaviour is such that there should be
relatively little variation in crack growth rates at low frequencies and/or in natural air ( ~ 5 ~ R.H.).That this is so is evident from constant amplitude tests at 0.0167, 1 and 100 Hz in air with water vapour
part ial  pressures of 0.67 — 1.5 kPa , figure 6aj from random and prograssned load tests at 0.33 Hz indoors
(10—60 ~ N.H.) and outdoors (70—90 % N.H.) (63 I ; and from flight simulation test s at 0.1 , 1 and 10 Hz in
air of 40-60 % N.H. 168 I

Constant amplitude tests in normal and neeiinally dry air dsmons’trate that crack rates frequently
tend to be higher in thicker sections (37,38,69—73 1 . A similar trend is observed for flight simulation,
f i g ur e 71. For constant amplitud e loading the thickness effect is basically related to that of the
envi ro nment (64 , 74 (. In a reactive envi ronment crack rates are higher for flat fracture than for slant
fra ctu r e , and increasi ng thickness postpones the flat—to— slant t ransition to higher t.V (64 ,74 . This
transition is alao postponed by more aggressive environments (73 ,75  I increasingly reactive envi ron-
ments  m a i n t a in  crack rate differences with respect to a mild enviro nment to higher t1K , e.g. figure 7i.

For f l i gh t  simulat ion addi t ional  factors are involved in the thickness effect .  Crack growth delays
due to peak loads are reduced by increasi ng thickness because plastic zone sizes and hence residual
compressive stresses and crack closure are less ( 76 78 I . Also , lower fracture toughness in th ick
sections may result in static crack extension at peak loads , e.g. the large crack rate alternations for
10 am 7075—’I’6 in figures 7f , 7(.

Aqueous environment effects

Most tests with aqueous environments have used salt water. In th is  environment average crack rates
are 2—4 times h igr ,e r  t han in air for AX values between 4 and 30 MPa~/i, figure Ba: at very low and very
high AX there is no difference (7 9 I •  Different N values result in air and salt water crack rate curves
being shift ed by similar am ounts , figure Sb.

7000 series alloys are more sensitive than 2000 series alloys to the change from air to aqueous
environment s 49, 64,75,78 ,82—84 I and , as in cir , generally have higher crack rates , e.g. compare
figures Bc and 8d; and figures Re—8 g. Figure 8e also illustrates that despite various processing
histories  the age ing t reatments tend to determine crack propagat ion resistance in an aqueous environment .
For 7000 serIes alloy. overa.geing usually increa ses crack propagation resistance (5 6 , 85—87 J S the data
in figu re 84 for AK ‘ 9 MP~~~ are an exception. For 2000 series alloys the crack propagation resist-
ances of natural ly  aged mater ials  ( 2024—’P3 in figure 8c , UHP 2000—’I’36 and ‘l’4 in figure Se) are greater
than those of artificially aged one.. In addition to oves-age ing, higher copper contents are beneficial
for 7000 series alloys I ~~~~ I

Frequency effects are usually amall in aqueous environments I 55,56,65,79,89 , especially if an
alloy is ismune to stress corrosion , e.g. 22l9-IYST in figure 8h. Howev.r, the same figure shows that an
alloy highly susceptible to stres. corrosion (7079-1’65l) and loaded in the short transverse direction
exhibit s an entrees frequency dependence at frequencie, low enough to allow stress corrosion,

Te.ts on 7075—T65l in distilled water damonstrated that crack rates are very dependent on teapersture
at low AK , much less so at AK 9—10 MPa~/~ 1 54 I Th~ apparent activation ener~ ’ i. considerably
lower than for dry gaseous environments at equivalent AX , and rang es f rom 3.8 kJ /iiol. for AX — 10 MPa~,,€
t o 15.5 ks/sole for AK — 6.6 KPa~€ (54 I . A strong t eap.rature d.p.nd.nce h&. sleo been found for
f075-4’6 t..ted in salt water I 73 (

The effect of specimen thick nes. on crack growt h rates in aqueous environments appears to be slight
37,38,74,90 J or negligible 37 ,38,78 for constant amplitude loading. Os the other hand , there are

sign if icant  thickness eff.cts for fl ight •imulation , figure 8i. Basically this is because in thick er
section. peak l assie cause shorter delay s in crack gr owth and sometimes static crack extension, as
sent ioned prs viou.lj.

—
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An unusual effect of aqueous environments is elimination of crack rate differences between
l ongitudina l specimens taken from various thick sect ion mill products. Figures 8j and 8k show that in dry
air the crack propagation behaviou r of forgings and extrusions of 7050 alloy was very different from that

~f plate , but in salt water or fog the differences virtually disappeared. The slower rates for forgings
and extrusions in dry air are due to crack reorientation leading to growth in the longitudinal direction
(37 . Presumably this change was suppressed by the saline environments. Although these environments had
an equnlising effect on crack rates in longitudina l specimens , specimens of different orientations
main ta ined  d i f fe rences  in crack propagation behaviour , e.g. f i gure 81 .

TITA1~IU?4 ALLOY FATIGUE ~TRENGTH

The fatigue strength of titanium alloys is only slightly altered , if at all , by variations in

~imosp heri c humility I 911 , outdoor exposure ( 92 , an t changing from air to aqueous environments I 34,49 ,
~3, ~4 j , figure 1~ This environmental insensitivity is attribu table to fairly -thick I 95 I , highly
çr-otect ive and fast healing I oxide fi lms. Figure 9d dmnonstrate a the importance of oxide film s by
i n c l ud i n g  test data for a moth anol— H C 1 environment , in which a passive f i l m  is absent 97

TI TA NI UM ALLOY FATI GUE CRA~ K PROPAGATI ON

Vacuum and gaseous e f f e c t s

Crack propagati ~ri behaviour of t i tan ium alloys in vacuo and in gaseous environments is very
1~ -.ersified owing to the marked influences of heat treatment , texture, and a transition from faceted ,
o t ruct ure sensitive frii~ ture at low growth rates to structure insensitive crack growth with the material
acti n g more l ike  a continuum 98—107 - Combinations of these influences with that of the environment are
r erp - ,naib le  for three types of crack propagation behavi our:

( I )  Threshold AK values. Figures lOa and lOb present data for weakly textured (a+O ) heat treated
Ti—6A l—4V . There are well—defined threshold AX values for fatigue in vacuo but not in air. The same
material  D annealed ( randomi zed texture ) gave an indicat ion of a threshold AK of 5.5 MPa~/~ in air
at R — 0.35 I 99 I

The origin of threshold AK values is a transition from highly irregular and unsustained faceted
fra~ tur’~ to structure insensitive crack growth 98 - This transition seams to correBpond with the
cy c l i c  pl ast i c  zone s ize exceeding the grain size ( 98 . Thus a larger grain size and hig her yield
c t r .~n~ ’h should increai~e the threshold AK , but ideally there should be no effect of N. Figure 10a
shows t ti t material in the highest strengt h condition (annealed , quenched and aged) had the lowest
thre s~~ I! AX: apparently , microstructural refinasient by heat treatment prevailed over the streng th
inc rease I ~B I • In figure lOb the threshold AK is seen to be slightly dependent on N.

(2 )  At ru~ t incre ases in crack growt h rates. For annealed Ti—6A1—4V and Ti—8A l— lMo—1V plate a strong
- fl002 - orientation in the macroscopic crack plane resulted in sustained faceted fracture (cleavage
n or near 00021 , ( 106 ) in vacua even at very low growt h rates, figure lOc. However, there was

an abrupt increase in growth rates at the transition from cleavage to structure insensitive propagat-
ion.

Thidden crack rate increases at the transition to structure insensitive propagation have also
been foun i for Ti—6 A l— 4V and Ti— 5A1 —2. 5 Sn L— T sheet specimens in argon , f igures lOd , lOe. The
Ti — 6Al — 4 V had a stro ng t ransverse texture (100021 in the T—L crack plane) and the  faceted fracture
was not cleavage 1 105 1 but possibly cracking along slip planes. The Ti—5A1—2.5 Sn texture was
moderate with 00021 tending to be in the plane of the sheet : nevertheless , fa ceted fracture was
predominantly cleavage I 107

Pr~ t a l - l y in the same category is the sudden increase in crack growth rates for Ti—5Al—2.5 Sn in
nitrogen , figure lOf . Here only a macroscopic change in fracture surf ace roughness was reported
(1 11) A similar but less pronounced t r ans i t ion  was observed for commercial purity t itanium in
ni trogen , figure lOg.

(3) No abrupt alterations in crack rates. This is the most common type of behaviour accompanying transit-
ion from faceted fracture to structure insensitive cracking, and is favoured in more reactive
environments, e.g. annealed , quenched and aged Ti—6A1—4V in air, figure lOs; Ti—6Al—4V and
Ti—~3Al—lMo—lV in air , figure b c ;  Ti—6A1—4V and Ti—5Al—2.5 Sn L—T specimens in air , figures lOd , lOs ;
T i — 5 A l— 2 . 5  Sn in a i r  and oxygen , f igure  lOf; and commercial pur i ty  Ti in a i r , water  vapour and
oxygen, figure lOg . Note that crack propagation c irve inflexions are not entirely absent for anneal-
ed T t — 6A 1—4 V in air , figure lOa , and Ti—5A1—2.5 Sn in water vapour, figure lOf.

Also , there is no crack propagation curve inflexion for Ti—GAl— 4 V T—L specimens in argon ,
figure lOd : here cleavage gave way gradually to structure insensitive crack growth. Poesibly the
residual moisture content of the argon facilitated a gradual transition , which contrasts with that of
similarly textured and oriented specimens of Ti—6A l—4V and Ti—8Al—lMo—1V in vacuo, figure lOc.

For relatively inert environments a weak texture may preclude a sudden increase in crack rates
at the transition to structure insensitive cracking. This possibility is suggested by the behaviour
of near ly isotropic (i.e. weakly textured ) Pi—6A 1 4V in very carefully dried argon , figure boh .

Another kind of behaviour has been som ewhat a~bitrar ily defined: namely, a threshold AX below the
t ransi t ion from faceted to structure insensitive fracture and at which crack growth rates become
insignificant 1 100 I . On this basis threshold AK values are exhibited by T i— 6A l— 4V and Ti—BA1 — lM o— 1V in
air , figure lOc , although the results in vacua ind icate that true thresholds do not exiat .



2-5

As is to be expected from the foregoing considerations different alloys tested under identical
conditions show significant differences in environmental sensitivity and in crack growth rates in a
particular environment, figure lOe and cf figures lOt, lOg. Comparison of data for air and argon in
figure lOs indicates that differences between alloys are less in air.

Crack propagation rates are always slower in vacua, figure. lOf—lOh. Titanium alloys are very
sensitive to the residual moisture content of nominally dry guses 1112 1 and even to the degree of vacuum
at very low pressures , figure lOh. Thus, although figures lOf and lOg depict different crack rates in
oxygen and nitrogen at low AX, these differences may be mainly due to variations in residual moisture
content.

Fr om tests in argon and air it appears that crack rates in mild or nominally inert gaseous environ-
ments are virtually independent of cycle frequency (100, 112 1l4 I , e.g. figure lOi. Also, test
temperature has been found to have negligible influence on Ti—6A 1—4V crack rates in argon, figure lOj,
and in vacuo at 212 and room tem perature (112 1 . However , crack rates in hydrogen are markedly
frequency 115,116 1 and temperature I 117,118 I dependent, figures 10k, lOt .

The frequency dependence in hydrogen is related to micros tr ucture , heat t reatment and the  suscept-
i b i l i t y  to static crack growth. Figure 10k shows that at 0.5 Hz hydrogen exhanced crack growth, as
compared to fatigue in vacuo, occurred only for the fine acicular microetructure. At 0.005 Hz hydrogen
enhanced crack growt h occurred for the coarse acicular micromtructure. In both cases accelerated crack
propagation appears to depend greatly on allowing sufficient time for static fracture. Also , for mill
annealed Ti—6A1—4V crack rates were similar in hydrogen, oxygen and argon at 5 Hz , figure lOh ; but at a
fairly equivalent temperature (297 °K) and frequency (8.33 Hz) crack rates were much higher in hydrogen
than in helium for (a+13) solution treated and aged Ti 6Al—4V , figure lOt .

The temperature dependence in hydrogen also varies with microstructure. At 297 K maximum enhance-
ment of crack growth in Ti—6A l—4V by hydrogen was g~eater for weld metal than for (a+13) solution treated
and aged material , but the opposite at 200 and 255 K (118 I
Atmospheric humidity effectu

The importance of humidity is evident from the results for normal air and water vapour in figures
lOf  and lOg and from tests in air of different moisture contents, figures h a , llb. However, for
Ti—6Ab—4V crack growth delays due to peak loads have been found to be little affected by changing the
environment from dry argon to air of 30 — 60 % relative humidity (122 1

Ti—6A1—4V in dry I 72, 104 I and normal I 98,99, 123—126 I air and Ti—6A1—6V—2Sn in norma l airIl27,128 I
consistently exhibit the lowest crack growth rates in the 13 processed 1127 I or 13 heat treated I 72 ,98 ,99,
104,123—126,128 I conditions. In comparison to the mill annealed condition recrystallization annealing is
generally beneficial for Ti—6A1—4V I 104 ,124,126 I , but only slightly 1 129 j or not at all I 126,130 I
beneficial for Ti—6A1—6V—25n. Figure llc compares Ti—6Al -4V plate materials in the same three heat treat—
sent conditions in dry and normal air. In each environment there were large differences in crack rates.
Further, the relative significance of atmospheric humidity is to some extent indicated by the fact that
owing to differing N values and possible material and specimen differences (e.g. texture and orientation)
the crack rates for each heat treatment condition were higher in dry air.

Tests in normal air at different temperatures might be expected to alter the influence of water
vapour. However , temperature effects on crack propagation are either slight un t il higher AX 131—133 or
negligible 131 I , e.g. figure lld. The lack of temperature dependence at lower AK is possibly caused by
compensatory changes in the effects of deformation and water vapour 1 112 1 . At higher AX the generally
slower crack growth with increased temperature probably results from greater plasticity, wh ich is alBo
most likely responsible for the increase with temperature of crack growth delays due to peak loads ( 134 I
Aqueous environment effects

Mar.y constant amplitude data 1 72,82,103,l05,l08,11O,1l3,114,l27,l35—146 I show that in the absence of
cyclic stress corrosion the crack rates in salt water are 1—4 times faster than in air over the frequency
range 0.1—50 Hz, e.g. figure 12a, which also illustrates the marked influence of stress corrosion on alloy
ranking. B heat treated Ti—6A1—4V is one of the most resistant materials, with aqueous environment crack
rates only 1—2 times higher than in dry air (72,147, 148 I , figure l2b: note that the effect of N is not
simply to shift crack rate curves for each environment by similar amounts.

Frequency effects in the absence of stress corrosion were found to be small 114,138 1 or
insignificant (140,149 for Ti—6A 1-4V I 149 I , Ti 6A1—6V 2Sn ( 114 I and Ti 8A1 -lJ o—1V (138,140,149 I tested
in distilled and salt water. However, a strong frequency dependence in thase environments has been
observed for XMl 230 (Ti—2.5 Cu), figure l2c. The effect of temperature has not been thoro~ghly investigat—ed~ for Ti—6Al—4V crack rates were essentially the same in distilled water at 293 and 358 K 1 112 I

Flight simulation l oading results in greater differences between crack rates in air and aqueous
environments (49,121,147 I . Figure 12d demonstrates that crack rates for Ti—6A l—4V were up to 30 times
faster in salt water than in air, and the overall difference was such that the influences of specimen
orientation and texture ware relatively emall. This large environmental effect was most likely caused by
the basically faster crack propagation in salt water reducing crack growth delays due to severe flights
an-I also reducing the number of severe flights encountered.

Cyclic stress corrosion in constant amplitude tests I lO5,llO,ll4,135—l38,140,l4l,l43,144,149 I leads
t i  crack rates typicall y 5—20 times faster than in air. Muoh higher accelerations can occur from the
combination of a high R and low frequency ( 138 I . Frequency variation strongly affects crack rates (114 ,
140 , 149 1 , e.g. figures l2e , l2f , and also the cyclic str ess corrosion threshold stress intensity factor
range , A1

~I C
, which increases with decreasing frequency owing to the competition at the crack tip between

repa .sivat ion and cyclic deformation exposing fresh metal surface to the environment (114 I .
In a and a—B titanium alloys aqueou s stress corrosion is characterised by cleavage at 13—17 from

~O002) I 150—153 I . For Ti—6Al—4V undergo ing cyclic stress corrosion in s&lt water this snisotropic
fracture mode resulted in a pronounced effect of texture on crack propagation , figure 12g. In tr ansverse
specimers fracture was aliost entirely cleavag, and crack rates ware up to 50 times higher than in air ;
but for longitudinal speclisans , whose fracture surfaces consisted of ductile fatigue .triations linking
occasional cleavag, facets , crack rates wars no more than 8 times tester than in air.

Finally, stre ss corrosion has been iaplicated in the frequency dependen ce of crack growth delays in
T t— 6A1— 4V I 122,134 I . Figure 12h .unma ris.s the results. The top left diagram show. that for cycling at
5 Hz delays ware short.r in salt w.tsr than in air , but that reducing the high load freq uency in sal t



a In ~-~~~-C suto:e luent ‘- l iv: . At top rij~t I, are ch-,i~ delays following monua l ly appl i e 3 hi ~‘t l oath:,
wt - - :‘- I h i l d  ire - :: f i.’,—3Os it  max imum load (122 I : the behaviour in salt water was ir rraL :us
in t I : .  f r  :r:-r.’as: ia- <‘s i x  t e -  - t e- laya decreased i n i t i a l l y  and t le - n increased to  a c o i c t a r t  value- ,

i -  ‘-~~ 
- I ii i - t.:n :nelly lecreasin~- . The l ower diagram depict s the influence of hold time s subsequent

:.- . .~ in :-~~~~‘ water , air-I - l emonstrates a much larger influence at the higher stress intensity levelu. All
•- .‘ f — - I s  r- t il-I y hiv e- t h e i r  o r ig in  in  s t re ss  corrosion , which  w i s  ‘ br:erved luring tie ~h I o i l  cycles
‘ - I . war -u ~~e-sted that increased delay for I onge-r h o l d  t im e s  wu:: cuuce-l by tress co cr -Si r

cx ’ .r. : - r,- ‘1 . .-  - - ra i l- t r ough a fatigue—damaged zone into material more resistant to :ut:oeluent fit i,u-
fre- -’ ur. I 1 ~- l . I t  is also possible that increased delays results-I from stress corr ,cI it cr-wok I-rwr ’:t.ir~~,
r u n ’ f~~’ig’i’ - ra . r g r i ~’t in Ti—6A1—4V is slower if seconda ry cracks are present 104, 125

f l1~~CL’: I

:e- ,:p-.oe prograzruseu; ~-r through three main sta~- ’ ; 154 I : desrt~n , prototype - r::truct i - r- -m l  tect
• :.~t t r , i i i  I servz- -e- i re. In each stare the sigruituc:ince of fatmi ’ue- -and environmental e-ffe- - t - : vin e-c.

roadly surveys programme ap e :~ a involving fatri’ue and li kely or certain to includ e cry r ime-it-
e f f e - - t s .

TABLE 1

URITFY OF A I R cRJ~. ?’r FATIGUE ASPECTI; LI i<il Y Oh CERTAIN TO INCLUDE l’VI ItoNMEN’rAL INFLlJl• Nc :~

• mater io l : ;  ce - l e c t i - in

• structural concepts

O I L  N dTAGE • co r ros ion  protection systems

• ,icturr ition of futiiue lives and crack propagat or:
liv es

• exploratory fatigue tests for design studio s anl
corroboration of life esticates

e component or lul l—scale test

PROT(Y~YPE CONSTRUCTION • materials change
A’il) PERT FLIGHTS - -

• structural rnolifications

e inspection procedures for service

• corrections to predicted fatigue properties

• rela t ion of service cracking to predicts damage

AIRCRAFT IN SERVICE • materials change and/or replacement

• structural modifications

• corrosion protection systems irodifications

• revised inspection and maintenance procedures

(1) I)esig3i stage. Fbivironmantal influences on fatigue strength are not usually considered in the
design stage since corrosion protection systems are appl ied to actual structures. However ,
these protection systems may rupture , especially during crack growth in ttO underlyrn~ metal .
Thus in fatigue crack propagat ion analysis and testing attention should tO paid to environ-
mental effects.

There are several guidelines for 2000 and 7000 serIes a luminium m d  a— LI t i t a n i u m  alloy
selection for environmental fatigue crack propagation resistance. For aluminium alloys:

— 2000 series alloys are generally more resistant than 7000 series alLryo
— for the 2000 series naturally aged materials -ire m ore resistant t han artificially
aged materials

— for the 7000 series overageing usually increases resistance
— higher Cu contents are beneficial to 7000 series alloy resistance

3-’o r -  a— LI t i t an ium alloys I 155
— 13 processed and/or 13 heat treated materials tend to be the moat resistant
— texture control to result in 10002 1 parallel to the principal stress axis should

be beneficial for (of 13) processed and heat t reated alloys
— recrystal l ization annealing can be beneficial with respect to mill annealing
— lower oxygen and hydrogen content s can improve resistance

Material selection may also be influenced by the structural concep t .  For exam ple , compared
to equivalent monolithic structures honeycomb sandwich and laminated construct ions provi de
increa sed crack propa gation resistance by load shedding to un cracked face sheets and lam iriat—
ions and by decrease in gauge (156—161 I ThiB structurally increased resistance may permit use
of mater ial . intrinsical ly somewhat inferior in fatig ue crack propagation resista nce but
advantageous in other respects. Another example is given by composite—reinforced structures.
In the presence of aqueous media aluminium corrodes severely when exposed (as could occur
during fatigue cracking) to carbon—epoxy composite 1 162,163 . This problem would be m Hugit —
ed if it were feasible to use titanium instead of aluminium 162,163 or to use other
composites , e.g. boron—epoxy ( 164 I and Kevlar—apoxy (165 I
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(2) Prototype construction and test flights stage. In this stage environmental simulation during
some phase of full—scale testing migh t be considered. Correlations between fatigue defect
liv es for full—scale tests and service 1166—171 I have revealed that tests , which are generally
I-in s in laboratory air , gave average lives 3—5 times longer I 172 . Also , many service defects
ha t no test equivalents ( 11) I . The main reason for these disparities appears to be that test
load s li d not represent service exper ience , but di f f e rence s between test and service environ—
ne rds accounte - I fu r a significant minority of cases 169 J . However , environmental simulation
during fatigue life testing is imprac t i ca l  because t e s t i ng  t ime  is much shorter thar the
irt-icipate ul service life and it is a sine qua non for corrosion protection systems that they

m a i n t a i n  t h e i r  e f f ec t iveness for at least a m aj o r  part of the service life , i.e. the teat
s t r u c t ur e -  would experience very l i t t l e  or no corrosion.

Itecause corrosi ’s protection systems are likely or certain to rupture during crack growth
I n  h r  underlyint- m e t ; i l , environmental  simulat ion could well be employed during full—scale
fit igue crock p ropagation t e s t ing  in order to obtain more realistic assesements of inspection
pr-ucedures t n t  i n t e r v a l s  and poss ibly  to disclose the need for material changes and/or
structural modifications.

(3) A i r c r a f t  in service. Service exper ience  amp ly demonstrates that despite all precaut ions
n orr is ion will occur and that in—8ervice control of corrosion is necessary . Corrosion has beer

is continuing to be a severe problem for sonic older types of aircraft , especially since
the re  is a tendency to extend service lives because of financial constraints I i73 I

Cor r o s ion  in  clearly det r imental  to the fatigue properties of high strength aluminium
alloys , and the consequences of in—service corrosion are that life estimations must be
reassemsed and alterations made to inspection and maintenance procedures. Material changes
and/or u-tructural modifications may also be necessa ry.

There are few available data for enabling life reassesmnents owing to corrosion represent-
ative of service use. Such data are probably obtained mainly on an ad hoc basis, but it would
he w o r t h w h i l e  to conduct investigations of more general applicab il i ty.

: eve ra l  parameters are involved in environmental  e f fec t s, namely the environment per se; a m h i e r t
and temperatures; asi loading type s and frequencies , tab le 2.

TABLE 2

PARAJ4E1~ER S I NVOLVED IN ENI~I RONMERTAL I~’FECT S

• air of different humidities
ENVIRON?4ERT • per iodic  or continuous w e t t i n g  wi th  aqueous

sol uti  ons

• jet fuel , hydraulic f lu id

• ambient
PRII~ 1JPF~ • periodic reductions representative of flight

condi t ions

TI~ PERATURE • ambient

• cycling representative of flight conditions

• constant amplitude

L0&OIW; TYP C programme

• random

• fl ight simulation

• “real tim e”
LOADING FRI~ tJENCY

• accelerated

Variation of atmospheric humidity within natural limits and at the fairly low frequencies ( z  20 Hz)
typical of most types of aircraft loads (174 I appears to be relatively un important  for aluminium alloy
fatigue crack propagat i on . Titanium alloys migh t be more sensitive in this respect . Choice of aqueous
envi rorinen is moot : salt water is probably too aggressive , especially if continuously applied; on the
then hand an alternative such as rainwater is variable in pH and e.g. chloride content . For bilge areas

aump tank water has been rec omirre r led (1751 .
A i r  pressu re reductions do not appear to be necessary. Even at air a l t i t ude  of 30 kin the  atmospheric

pressure is -
~ 1 kPa 1 176 I. whereas for aluminium alloys the pressure has to be ~ 500 Pa before

significant decreaser: in fatigue crack propagation rates occur.
Air temperature rapidly decreases to 218 °K at an altitude of 10 kin ( hf  I , such that fli1thts above

about 3 km experience t ’-low f reez ing  c o n d i t io n s  f 172 • The temperature remains at 218 °K until 20 I~n
heigh t , followed by a gradual increase to 227 K at 30 lan ( l f 6  . At ground level the ambient temperature
varies from below freezing to — 323 K 1 172 1 • For aluminium and t i t an i um  alloy s tempera ture  cycling w i t h —
ii the  foregoing regime wi l l  a f f ec t  ma in ly  the environmental contribution to fa t igu e  crack growth. Higher
temperatures increase react Ion rates, and testing continuously at laboratory temperatures is , on the whole ,
l i kel y to be conservative excep t if aerodynamic heating is significant (e.g. CONCORDE).

For- composite—reire f r n - C - I  structures actua l or simulated temperature cycling may be necessary at sonic
stage in testing 1 ,r’lc’- - t o  assess the i n f l u e n c e  of stresses due to thermal expansion incompatibilities.
A problem with simulated temperature cycling (applying additional external forces) is that the stresses
is metal and composite are of the same sign. However , if crack propagation in the metal is of prime
concern th is prob lem may be unimportant .

t



4 •v~- I - i - ri ri# - i i :  g r i s t l y  i n f i  ion S envi r uiuu:er t:t I fatigue t i - : resu l t  I: .  For exam p le , t i . ,
‘ - I  - ‘- ‘ - t  B f ~ e ’ thic ki ’ s on :il uc r u r r u  in; a l l  - .v c ro ck  ~‘r - - ’w ’ h i- c es in aqueous e n v i r o n m e n t s  wan e l i  1 1.t or
n’- ,- i i ~-i t ‘ J ut’ u o u n c : k  m l  - i s c J - l 1 ? u l  u .  l o u l ; r . u  137 , t , !4, ‘9~ bu t Jorge  f u r -  fl i ght -  n i r nu l a t i - ,n  178 . Also

-r - Ti _u n A l _ L V  t b -  t f , , r e - r nea I - I  we’ 1: ui ic~k gr- - wth cit en in air and aquis uuir - etivi r-nirer. t r: a’- u - c - , - , ’-  i~ ‘o -
- I r~~t i:i n r u l a t  ion 1 5  1 r C i r u r l ; t r ; t  - u u u p l i t u i l c i  I s a - l i  Ia’.

ii r-i—r.f ’ loo t ru — r-e ;u’ur;u ’;’- :- vary wid.- ly . On-tsr of rn- -trm it ui -le values r r ’~ I i i  el in table

TABLE 3

CYCLE J J C :. L I i h iLCl  dit A1 R CRA ~’T FAI’IGLTh. L 11AD: I I - ~ I

___________ 
l ’ i J i ~QJJ~I J u O i-: : :  ( I I : )

li - u n - I — A  c— C r - u n - I  t1 .OO (JO ~ — h.0O1

Cabin ‘ - ; o u u i  I iat~ o~ J .00 — 0.0005

it ii -c : iv:- ’ O. R)~ — 0.2

0. 1 — 10

T i  i i ’  0.5 — 20

i’ u l t i - t  ;r~’ 10 — 100

Ac o u st i c  100 — 1000

I n  - : ,  — c u  ~ :‘r und ant cabin pressuni -it ion cycles ar-s fan too long to h r  used in t est s , 1:: are r a T e
m l  - ‘c m o s  iT: I gnrt I - s  cycle:- . i i  var , in the :c t - ; C r u e  of stress u’onr -) IT I on the rates of fat ir- •u’- crack

prcpa~~u i  i it. f u r  c l u m z : : r i u m  Ii: I t i t a n i u m  a l l  yr  in air ant aqueous environment s are u s u a l l y  l i t t l e  a f f e c t e d
I y ’ :’ : - o - r . o y var i i i ins - i t  J r - s l i e n - r i o ;  below -il out 20 Hz. Also , acceleration of  low f requency  cycles f r

‘in a l l oy ‘n v ;  r uo. ’ - i t a l  fati no. strength t o u t s  - ‘nor : :: feasible in v iew of t he  r J npazrnt Ly : -yr sr r ~i st i c
effec t :f siirrl ~ m n r - o u r n  “xposur s  and cycling.

~ ;i ~it~ ~;l u . \ T l  I i — FOR tl Tl t J I°  RESEARCH

F r-or. i h  u- Crc -v ;ous , c - v i ’ - w  t n t  li susi tsion it is suggests-i t h a t  envi r - o n r r e n t i i  i r f i  ic-i . :-, ;; -in f a t i, — u .- hi -

— .~r cc f at i g u e crack propagat ion t e s t ing  and ana ly s i s
— o i L — r -a l - -  fa~~i , n i ’ ,  crack propaga t i o n  t e s t i ng
— c’r.sr-:c i ly app licabl e Iota for fa t igu e l i f e  reduct ions  - tue  to corrosion in service

r. i n ’- :‘ - , , -i: st a ge r’ r’:-urch  t up ics for environmental fatigue crac k propagu i ’ r oi; i cr -lu t e the  eva lu at—

— r a n d .  - i ’ - n o t e ri a l s , e.g. t it a n i ur :  as compared to  a l u m i n i u m  a l loys , 2000 u—e ri e- s as compared to
j 000 usc:.- :-  a l u m i r i u n  a l loys

— u - ti. ~~~~~~~ r u i - t u o r - e n , u: .u -~. rn u r ; o l it h i c  vs r s un  laminated or u;anJwich panels , n echanical fastening
versus i ;r. ’r sr v cn  b u n - r i n g ,  a l l-meta l  versus meta l/ compos i te

— p uu :-ible irfi u cru u -iu . . of inh ibi tors ii primers and of a l u m i n i u m  a l loy  c l a d d in g

l r : c - s ’ ci ’ 1 ui -f Val igi ’  life u - c r  l u - - h u t no; owing to  cor ros ion  is especial ly relevant for  h i g h  st r ’ur . g l t
ciulra r,ium il l yr - i n  I r - t o u l d  i n c u r-Is -

— oxnpani .:-uc uf i f f e r - e n t  u- - u n  r o s i on  J r - - ‘‘ct ion and/or fastener system s I 211
— - ; rrn J uuii r u t  - i f  different g e -us -u t i-i cc , s.c. f l a t  —tn t round specimens 3! , I JI I and specimens with open

or bolt—fill ’ : boles (20
— comparison f - - ‘ r C i n - e r . r - - urrod’ :  i i  ‘t o I a b o rt  wy wi’l . those exposed u ,ut I ror s  ( 20 

c r - ct-i ’ - . prime Cur -s- cr- ar- C
— t i e  envi ri- rn ‘i ’
— us I i  1K type
— load ; nv fr- ei~u ienu -v

( 1) TI~ sn-i - cm i t .  As ne st i ri- : t o - f  - r e , the u - t m - r i c e  f errs ; ronmei-it is - lc i : - ct ah l e .  At present , i n a d d i t i o n
‘i’; ‘.- us - c l  i-- c t- m y tin i t  appear-s a Iv i sib le t-, use re - c - l i l y reproducible neutral aqueous solutions

cu x- - ept  for- -j c -x y  r :peu: i ftc ,rr-v c us simulations.

(2) L - lir, ~ •ypcu. N u l l .  r u - r c a ’ i a m i p l i t u n l e  rim I f l i g h t s i mu l a t i - u n  load i ng should b~ emp loyed. Although
u - u 1 1 5 t ~~- ‘ ‘~‘1~ 

i i ujjjp J u m i i i i g  is h i ctl y a r t i f i c i a l  — c c l  irrelevant for many aircraft components , the da ta
50 , 1’~ c :  i basic is - Is - re n - s. t n - I  are- a pre r e qu i : :i t ’u  J r  making mu d improv in g cumulative damage
c rr;uu • a t  i I: - .

Flight  ; u m u l a t i  1: is -i rec e ssi t y for toll—scale testing 1 154 I , but also in other stages, sicice
‘-esu ’’ s are u t t ~~iiie I w t r ; u t ,  are not even qua li tnc tively predicted by constant amp litu de tests. For

- - e l a r - i t  ive ‘ c u r l  i r ~~ of lower w i n g  skin materials and structures there are two well—defined reference
. : J : ’- c l n c  availabi ’- . The-i;s -cr- a the gus t  rpsu  t nisn TWIFT (Transport W ln g  ‘Tan : tar t )  developed by the
Labor-:cbor i um fUr ‘-trie h shcu : i u - ’ k ’u i t  an !  th e -  NL}! (1??  I ; and the manoeuvre spectrum FALSTAFF (Fighter
A ’ rcr if’ L a-li r:g l IA r:  an- ! F--n Pat igu c— evaluation) I 178 , 173 I

(3) Lo :cli r.g freujuency. Iii the i t  n - o n u s  f stress corrosion the acceleration of’ low frequency load cycles
to r o t  iiiise testing time ms-err : reasonable , ct th ough more data are needed to corroborate this.

A t 11 :5  NIh the current u t r p r - ’ u u h f - u n  gust and manoeuvre spectrum loading is to test al l-metal
spec1r~er ::u at 10 — 15 Hz in try -i n normal air and 5 Hz in more aggressive environments. Metal/composite-
specimens are tested at 5 Hz irrespective f environment in order to avoid possible heating effects
r i  the Composite.
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SUMMARY

Titanium alloys ar e susceptible to stress corrosion cracking and corrosion fatigue
in aqueous halide solutions especially in a precracked state . The fatigue limit of
smooth specime n can be up to 15 S lower than in air. But also no effect and sometime s a
nigher fatigue strength was observed

For all titanium alloys an effect of aqueous environments on crack propagation
rate can be expected. At high AK crack propagation rate da/dN increases with decreasing
frequency , at medium AK the da/dN-AK-curves of different frequencies intersect , at low
AK crack propagation rate is indep endent of frequency . The supe rposition model cannot
explain the onset of cyclic stress corrosion cracking at < (l—R)K isc~•

Fractographic and electrochemical investigations can give valuable infor mations on
the corrosion fatigue process.

Crack propagation under varying amplitudes in a corrosive environment is very com-
plex and needs further investigations on delay effects and the transition effects after
cnange of frequency or wave form.

1. INTRODUCTION

Titanium is a very reactive material , but is protected by an oxide layer from the
environment . In addition , after a destruction of the surface layer in air and in aqueous
environments there is a rapid repassivation . Therefore titanium and its alloys are known
as corrosion resistant materials . Also under constant or alternating stresses the effect
of most environments is small , if smoot h spe c imens are tested . Since the fundamental
observation of Brown (13 in 1966 , however, it has been known that there can be a dangerous
effec t of the environment if stress raisers are existent. Thereafter many investigations
have shown the stress corrosion susceptibility of precracked titanium alloys. From these
resul ts it ii evident that the environment can also affect the fatigue behavior , especially
the fatigue crack propagation . There is a wide range of applications where the behavior of
titanium alloys in corrosive environments is of interest , for instance for aircraft and
vessel components or for surgical implants.

This report su arizas some results on the effect of environment , especially of salt
solution s, on the fatigue behavior of titanium alloys.

2.  THE ELECTROCHEMICAL BEHAVIOR 0? A FRESHLY EXPOSED TITANIUM SURFACE IN A SALT SOLUTION

The mechanisms of stress corrosion cracking and corrosion fatigue in titanium
alloys are not full y understood . Some information •xi.t on the electrochemical
reactions of a freshly generated aui-fac• with the environment. The most important obser-
vation is the rapid passivation of a freshly generated surface . This can be shown by
measuring th. ti d.pend.nc. of the corrosion current of a specimen broken in aqueous
halide solutions (2 — 8) or by .llipsc ..try (93. Buhi and Ra.tz.r—Scheibe (5 — 81 ob-
served after the formation of fresh surface a constant current and afterwards _ Cpu •XPO:2n.ntial decresse. The time during th. constant c arrent was in th. order of 10 to 10
eec, depemdent on the anion concentration . Ambrose and Kruger (9)  measured for Ti-SAl-
lMo—1V in 5,8 I MaCi-solution 38 m eec for the formation of an oxids monolayer. The
current density ~n the constant current phi,. is not exactly known. The r.sult. vary
between 10 mi/cm (71 and more than 10 A/cm (4).

Th. main reaction in the constant current rang. is th. dissolution of titanium:

Ti • Ti 3’~ + 3e~ (1)



The repassivation reaction can be

Ti + 21520 * Ti02 + 4H + 4e (2 )

forming an oxide layer , or

Ti 3’ + 3d Tid13 , (3)

forming a salt layer . Beck [4 favours the formation of a salt layer at the tip of a
growing crack .

A lso l~ydro gen is for med :

2H~ + 2e + H (4 )
2

At the crack tip these reactions can occ-ir . Under constant load conditions the pH
of the solution at the crack tip decreases because of reac tion (2) 1101 . In an alter-
nating load test there is an exchange of the solution during each cycle and therefore
such an increase is not expected.

According to the reactions (1) and (4) two different mechanisms for stress corrosion
cracking and corrosion fatigue are proposed :

a ) Anodic dissolution according to Eq. (1) along crystallographic p lanes.
A prerequisite for such a mechanism 1. a high current density. Beck [ 4 J  and BuhI [ 8 )
favour this mechanism.

b) Hydrogen assis t ed crack growth .
Hydrogen can diffuse into the material and embrittle the material by the formation of
titanium hydride or accelerate crack growth by the formation of hydrogen voids. The
hydrogen mechanism is favoured by Nelson [111 and Va ssel 112 1 .

3. CORROSION FATIGUE AND STRESS CORROSION CRACKING

There are connections between stress corrosion cracking and corrosion fatigue . The
fundamental processes for both loading conditions - constant load and alternating load -
are identical. In both cases first the oxide layer has to be destroyed by plastic defor-
mation and after the destruction the same reactions are occuring in principle in both
cases. Because of the rapid repassivation process , restoring a protective layer, in both
cases a strong effect of the environment occurs especially if there is a concentration
of plasti c deformat ion , i.e. at the tip of a crack . For a smooth part the corrosion
proces s af ter plasti c deformation can only occur for a very small time.

There is one fundamental difference between constant and alternating load. In an
al ternating load test there is a continuous production of metallic surface by cyclic
p lastic deformation. Therefore a continuous reaction can occur between the material and
the -~nvironnent. In a constant load test plastic deformation and production of metallic
surt..ce occurs especially during the loading . After the constant load is reached there
is much less plasticity and therefore the corrosion process ceases. Only at sufficient-
ly high loads in the presence of stress raisers there is a continuous production of
metallic surface in a corrosive environment. For this reason a reaction between the
material and the environment can occur in fatigue at much lower loads than in stress
corros ion cracking.

4. S-N—CURVE S

4.  1 Smooth specimens

Only a limited number of investigations on the effect of environment on the fatigue
life and fatigue strength of smooth specimens are published . In Table I the ratio of
fatigue strength in a corrosive environment to the fatigue strength in air is shown.
Nearly all environmental tests were performed ~n NaCl-solution .

In pure t i tanium, Waterhouse and Dutta [131 and Smith [141 found a reduction of the
fa tigue strength in Had —solution of 15 5. For the same naterial Hl)ghes at al . [i~1 ob-
served also a lower (11 I) f atigue strength in NaCl—solution at 10 cycles. At 10
cycles , however , fat igue ~~~~~~~~~~~ in NaCl

7was hiqer than in air due to the further de-crease of the S-N—c ur ’.~ in air between 10 and 10 cycles .
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In the binary alloys Ti-2 .5Cu and Ti—8A1 the same fatigue strengths were found in
NaCl-solution and in air [13 , 17).

• For Ti-6A1—4V , Waterhouse and Dutta [13] observed in 1 I NaCl a 13 I lower fatigue
strength than in air. Smith and Hughes [18) found no diff1rence and Hughes •t al. [15]
measured a higher fatigue strength in NaC1—solutiOn at 10 cycles .

The reason for the higher fatigue strength in salt solution, observed in some
inve stigations , is possibly due to the cooling effect of the liquid environment.

The only investigation available for other environments than salt solution is the
work of Wanhill [17) in methanol-HC1. For Ti—8A.l a considerable reduction in the fatigue
strength compared with air or Had —solution was found.

4.2 Notched specimens

Hughes et al. [15) determined the fatigue strength of notched specimens of some
titanium alloys . Cylindrical specimens with a radial notch with K . — 4 were tested. The
results are shown in Table 2. In salt water a fatigue strength reauction up to 24 S was
observed.

5. CRACK INITIATION

There are no quantitative comparative investigations in air and salt solution con-
cerning crack initiation . An indirect conclusion can be drawn from the results on the
fatigue strength . In titanium and titanium alloys no cracks occur below the fatigue
limit. If a crack ii foriied by repeated cycling, then this crack propagates until
failure. From the lower fatigue strength found in some investigations in NaCl—solution
it can there f re be concluded that fatigue cracks can be initiated at a lower amplitude
than in air.

Wells and Sullivan [20] found the same mode of crack initiation in Had -solution
and air for Ti—6 Al —4V . Also Wanhi ll [ 17]  observed for Ti—8Al a s imilar crack initiation
process by reversed slip in Had -solution and in air. In methanol- Nd environment, where
th. fatigue strengt h is considerabl e lower , a mixt ure of intergz-anular and tran sgranular
fracture was obs. rv~d.

6 . STkESS CORROSION CRACKING OF PRECRACKED SPECIMENS

Because of the connection between stress corrosion crack propagation and fatigue
crack propaga tion the ~mdamental observations of stress corrosion cracking of pre-
cracked specimens ar, s ummarized. Tests with precrac ked titanium alloy specimens usually
are perfor med in cantilever beam loading. In this test the stress intensity factor in-
creases with crack extens ion . Using a number of specimens which are loaded to different
load levels a critical K is determined , below which no fracture of the specimens
occurs. The value K 

~ 
W Qhe ratio K /K characterizes the stress corrosion sus-

ceptibility of a gi~~~ combination mat&~c~l/~Rvironment.

The results of tests in salt solutions and of comparative tests in air or vacuum
can be su .arized as follow.:

1. Stable crack growth below K1 can occur not only in salt solutions but also in air or
in vacuum [2 1 - 2 71 . 

C

2. The threshold in air K can be below or above the threshold K in salt solution
(25 , 27), see Fig. 1 ~~~~~~ 

15CC

3. Crack growth rat. in salt solution is much higher than in air. In air there is a
continuous increas. of da/dt with K1, whereas in salt solution a plateau regionexists [ 27  — 29) .

4. There exists a region K K K1 , in which stress corrosion cracks are
initiat ed. After some cil~~ .xtMision ,8f

~Swever , the crack stops (27 , 30 — 33) .
For an alloy with high stress corrosion •j~sc .ptib il ity such as Ti—SAl-lMo-1V stress
corrosion cracks are initiated if K E’ — K , where K is the maximum
stress intensity factor during pj.cMckinô~~~or tAt’Iiio~ Ti-6~’!~~V, stress corrosion
cracks are initiated for ~ ~Ith 

[
~°I
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7. FATIGUE CRACK P1~~PAGAT ION

7.1 stage I and Stage 2

It is often useful to subdivide fatigue crack propagation into two stages:

stage is crack propagation along slip bands favourably oriented to the stress axis.
Stage 1 occurs if cracks are initiated in slip bends . After crack propagation
in one or several grains the crack path changes to stage 2.

stage 2: crack propagat ion macroscopically perpendicular to the stress axis . The micros-
copic crack path can follow crystallographic planes.

Crack propagation in stage 1 is difficult to investigate because of the small crack
length and the low crack propagation rate. Investigation of stage 2 usually is done with
precracked specimens by measuring crack propagation rate da/dN as a function of AK 1.

7.2 General form of the da/dN-AK 1-curve

In Fig. 3 the general form of a log da/dN-log AK-curve in an inert environment and
in an aqueous environment for a titanium alloy is shown . In both environments the curve
has a lower limit A K and an upper limit AK ImaX •A t least at high frequencies AK
is independen t of th~ ~nvironment,  whereas AK can be lower in a corrosive envif~-
mont than in an inert environment. In the cor~~~ ive environment at a critical AK—value ,
called AK c’ a more or less sudden increase of the crack prop~’gation rate can occur .
Some auth~~~ distinguish between cyclic stress corrosion cracking for AK 1 

> AK ISCC andtrue stress corrosion fatigue for K 1 AK ISCC [28, 34).

7.3 The superposition model

For the region of cyclic stre~.s corrosion cracking Wei and Landes [35] developed a
simple model for the calculation of the crack propagation rate. In this modal it is
assumed that the crack growth during one cycle (dafdN ) is the sum of two coeponents .
One is the crack growth in the inert environment (da/d~ c 4 and the other the crack
growth due to stress corrosion cracking (da/dN )

~ c,..
. The e8ffi~~nent of stress corrosion

cracking is calculated under the assumption that there exists an unique relation bet-
ween stress intensity factor and crack growth rate . Then the crack growth during one
cycle can be calculated by integration of the da/dt-K-curve . The integration is done
along the K-t-curve for K1 

> Kiscc. From this model three conclusions can be drawn :

a) A deviation of the corrosion fatigue curve from the curve in an inert environment
occurs if the maximum stress intensity factor of the fatigue cycle exceeds K ISCC~i.e. for AK 1 

> ( l *R ) K xscc~
b ) For AK 1 (1—R )K the component of cyclic stress corrosion cracking is proportional

to 1/f, where f f~ €he frequency .
C) Comparing different wave forms crack growth rate should increase with increasing

portion of load above K • For instance a square wave form should have a higher
crack growth rate than A ~~nusoidal wave form.

7.4 Susceptible alloys

Crack propagation was especially investigated in NaC1-solution or in seawater . In
some inve stigations the affect of other salt solutions was investigated. Nearly all
investigations revealed highe r crack growth rate in salt solutions than in air , at least
at high AK 1 Value$ . An effect of salt solutions was found for the following alloys :

Ti in 3,5 I NaC1 [36)
Ti—2 ,5 Cu in 3,5 4 NaCl (36 — 38)
Ti—6A1—4V in 3,5 5 Had (33, 39 — 44 ] ,  0,6M KC1 [28), SM KJ ( 28]
Ti—6A1 — 6V—28n in 3 ,5 I Had 40 — 42], 1 S NaC1 [ 1 9)  , 0,6M XBr [42 )
TL—8Al—1I ’~ — 1V in 3 ,5 S NaCl 30 , 33 , 34, 40, 45]
Ti—5A1—2,58n in 3,5 I Had 36
Ti—7A1—2, SMo in 3 ,5 I NaC1 39
Ti—4A l—4 Mo— 2Sn—0 ,SSL in 3 ,5 I NaCI (46)
T i—6A1—2 Sn—4Z r—6 Mo in 3,5 I Mad (471
Tj—7Al—2Nb—1T e in 3,5 S MaCI (39 , 48, 491

From this list , including s and s/B—alloys , it can be concluded that for all tita-
nium alloys an effect of salt solution on crack propagation rat. can be expected.
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7.5 Effect of composition and microstructure

Because of the limited investigat ions on crack propagation in salt solutions in
ti tanium alloys it is not easy to find general rules for the effect of alloy composition
and metallurgical structure on the corrosion fatigue susceptibility. It can be supposed
tha t all materials with high stress corrosion susceptibility are also highly susceptible
to corrosion fatigue . Wanhill [So] recently summarized the metallurgical variables in-
fluenc ing stress corrosion susceptibility with the following trends:

- stress cc rrosion susceptibility is increased by increasing content of aluminum,
oxygen and hydrogen

- the s—phase is the susceptible phase; precipitation of Ti Al increases the
susceptibility; a ’ and a ” martens ites are almost immune , 5ut tempered a ’ and a ”
are susceptible

- decreasing grain size and volume fraction of s-phase decreases the susceptibility
- texture is an important parameter.

In Fig. 4 and 5 two examples are shown of the e f f ec t  of micro structure on corrosion
fa tigue susceptibility. In Fig. 4 results of Wanhill (42] are plotted as lgda/dN— 1gAK 1-curves for two materials. One is called T i—6A l-4V , the other IMI. 318, which is also a
GA 1-4V-alloy . For IMl 318 crack propagation rate was measured in the two orientations
T - L and L - T. From Fig. 4 it can be seen that in air crack propagation rate is ve ry
similar . In NaCl-solution, however, there is a great difference showing that the micro-
structure including the texture has a much stronger influence in Had than in air.

Fig. 5 shows results of Williams et al . (461 for the alloy Ti-6A1—2S n—4Zr—6Mo in two
different heat treatments. In one condition (is mm 1000 °C/vacuum cooled, 24 h 6000)
with a Widmanst~ tten nicrostruc~ure no effect of the environment was found. In the other
condition (step cooled from 650 C) with equiaxed (a + 

~~ 
+ B in Had -solution a higher

crack growth rate was observed .

7.6 Effect of frequency

For all time-dependent processes in environmental fatigue an effect of frequency can
be expected. Fatigue crack propagation in titanium alloys in corrosive environments at
differ ent frequencies was measured by Bucci (30], Meyn [34), Dawson and Pelloux [41 , 42]
and by Döker and Munz (33].

In Fig. 6 — 8 some results are given. From these and other investigations the
da/dN-AK-curve can be subdivided into different regions.

1. At very high crack growth rates there is no effect of the environment. The curve for
air and corrosive environment merge above a critical AK—value. This critical value
increases with decreasing frequency .

2. At lower AK—values there is a region of increasing crack growth rate with decreasing
frequency in qualitative agreement with the superposition model of We ! and Landes.

3. AK - the AK —value at the rapid increase of crack growth rate — increases with
de~~~~sing freq~ency [33, 41). Therefore a region exis ts with an intersection of the
da/dN-AK -curves of different frequencies. In contrast to the prediction of the
superpoaf tion model there is AK 1~1,,, 

< (l
~~
R)K ISCC. For the higher frequencies no AK ISCCcan be evaluated from the da/dIl-~X~curvea .

4. AK AK AK
~~~~h 1341 ~~d DO~~~Cand Munz (331 observed a frequency-independent region at low AK 1.Bucci [30] and Dawson and Pelloux (41 , 42] observed for AK 1 AK iscc a lower crack
growth rat, for the lower frequency.

There are two observations not predicted by the supe rposition model of Wei and
Landes: 1. AK y~ g.~ < 

~~‘~ICrC 
2. The decreasing crack growth rate with decreasing

frequency in tP~M region 3. Th section 6 it was shown that in a stress corrosion test
stress corrosion cracks can occur also below K . Therefore it is not astonishing that
also for AK c (1-R)K 1~ ,..,.. cyclic stress corrosi~~ ~racking can occur . The explanation for
the frequency depend6ff~~ of AK and the intersection of the da/dN-AX-curves in region
3 is more di fficult. Dawson an~ ~~lloux (41], Döker and Munz [33) and Döker [51] tried
to give explanations referring to the repassivation time, the acUve region behind the
crack tip and the amount of hydrogen developed.

7.7 Effect of wave form

Crack growth rate in a corrosive environment can be effected by th. wave form.
Important parameters characterizing the wave form are the rise time until maximum load
and the t ime spent above K • In the range of cyclic stress corrosion cracking the
time above K~5~~ is the mO&~ £mportant parameter. Below AK I$CC the rise time can be
important.



Dawson and Pelloux [41] compared sine and square wave form for Ti-6Al-6V—2Sn in
O ,6M KBr at 1 and 10 Hz. Above and below AK 1 a higher crack growth rate was observed
for the square wave form. Above AK is~~ 

this ~~~erva tion is in qualitative agreement with
the superposition model. Below AK T,,..C the wave form wi th the shorter rise time (square)
has a higher crack growth rate. Tfl!I is in agreement with the frequency effect at low
AK , observed by the sane authors.

7.8 Fractographic results

Frac tographic investigations with the scanning electron microscope can give some
information on the corrosion fatigue process. Döker (51] has examined the fracture sur-
faces of Ti- 6A~~4V and Ti-8A1_ 3Mo -iV in differen t environments at crack growth rates
between 2 x 10 un/cycle to 10 un/cycle. The appearance of the fracture surface depends
on environme nt, crack growth rate and frequency. Characteristic features , observed in
3,5 I NaCl—so lution , were:

a) cleavage face ts at low crack growth rates (Fig. 9a)

b ) striations at medium crack growth rates

c) dimples at high crack growth rates, mostly in combination with striations (Fig. 9c)

d) cleavage facets, as observed in stress corrosion cracking (Fig. 9b); similar to a)
bu t more serrated.

The range of crack growth rate for d) depends on the frequency . The higher the
frequency , the lower the da/dN-range of cyclic stress corrosion cracking . Therefore for
high frequencies (30 Hz), in a test with increasing AK there is a continuous transition
from the cleavage facets at low crack growth rates to the stress corrosion cleavage
face ts. For low frequencies a region with striations can be seen between the two clea-
va ge regions.

From the similarity between cleavage at low crack growth rate , cyclic stress corro-
sion cleavage and stress corrosion cleavage and the effect of frequency some difficulties
are involved in the characterization of service failures.

7.9 Electrochemical measurements

During a cyclic test in a salt solution the electrochemical potential changes in
phase with the load [51]. The amplitude of this fluctuation, the wave form, and the
mean potential depends on frequency and crack growth rate. In Fig. 10 the mean potential
is plotted against crack growth rate for two frequencies for the alloy Ti-6Al—4V measured
agains t a Ag/AgCl-electrode . The electrochemical potential decreases from about 200 my
at low crack growth rates to -400 my for 1 Hz and -600 my for 30 Hz. When the test is
stopped, the potential increases. When the test is started again the potential gradually
decreases to the value before the interruption. It takes some time until the steady state
potential is reached.

The change of the potential during one cycle gives some information on the active
time of the material. As an example Fig . 11 shows the potential change for a square wave
with three amplitudes , all in the range of cyclic stress corrosion cracking. For the
lowest AK (curve a) at first the potential decreases at maximum load , showing that the
crack is ~ropagat inq. Then the potential increases because of a decrease in the crack
propagation rate. At minimum load there is a more rapid increase of the potential due to
a repassivation . At higher AX (curve b) after some time at maximum load, the potential
is constant , suggesting a constan t crack growth rate. At still higher AK after a sudden
decrease of the poten tial , an increase and afterwards a considerable decrease occurs ,
showing that the crack growth rate at the constant maximum load is not constant.

Such measurements are useful for investigations concerning the superposition model,
the affect of frequen cy and of the damage in random load fatigue.

7 .10 Cr ack propagation under varying amp litudes

There is a lack of investigations on the effect of environment on th . crack growth
rate under random load conditions for titanium alloys. In an investigation by Lockheed
Aircraft Corporation [52] it was found that under flight simulation loads Ti-6A1—4V is
higly sensitive to corrosive environment. To obtain a crack extension of S mm in salt
water 120 flights , in moist air 2440 flights and in dry air 4400 flights were required .

Because of the interacting effect (effect of previous load cycles on crack extension
of the following load cycle ) a prediction of crack growth rate under random load condi-
tions is difficult. It is much more difficult if the effect of environment is included.
From the limited results for titanium alloys only some trends can be shown :
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a) The delay in crack growth rate after one or several overload cycles can depend on the
envi :onmsnt . For mildl y aggressive environments such as moist air or destilled water
Shih and Wei [44] found the seine delay as in dehumidified argon. For 3 ,5 S NaC l-
solution, however, a larger delay occured than in air.

b) The frequency of random load testing in an aggressive environment can be very impor-
tant. In titanium alloya at high amplitudes the frequency effect is most important
(see Fig. 6 - 8). Therefore an increase of crack growth rate with decreasing fre—
quency should be expected. Some additional effects , however , complicate the behavior:

Shih and Wei (43] found a delay after 500 high load cycles which increased with
decreas ing frequency of the 500 high load cycles (fig. 12). This effect counter-
acts the increase of fatigue crack growth with decreasing frequency at high AK.

Af ter a chance in frequency there are transition effects in the crack growth
rate [53]. Similar efiects are observed in experiments on the effects of hold time
at maximum load on the fatigue crack propagation (54] . In these tests the wave form
was changed from triangular with a frequency of 0,3 3 Hz to trapezoidal with the
same load increase and decrease as for the triangular load cycle and a hold time
of 5 mm at maximum load . Immediately after the change of the wave form to trape-
zoi.ial the crack growth rate was higher by a factor of more than ten . During fur-
the~ cycl ing the crack growth rate decreased considerably .

There are differen t effects which can contribute to the complex crack growth behav-
ior in random loading or after a change in frequency or wave form: change in electro-
chemical potential , buil d-up of corrosion products , change in crack closure load , crack
tip blunting. To separate these and additional effects further investigations are
necessary.

8. PROPOSALS FOR FURTHER RESEARCH

It is possible to regard corrosion fatigue from two points of view . It is possible
to investigate the fundamental processes of corrosion fatigue, the micromechanism, the
reactions between the environment and the material , especially at the tip of a crack .
The other side is a more practical one . The question is: is it possible to predict the
fatigue life of a component under random loading in a special environment from tests
under simp le loading conditions. Is it at least possible to predict the ranking of
d ifferent materials or of different microstructures of one material under random load-
ing from constant amplitude tests in a corrosive environment. After reviewing the lite-
rature on titanium alloy it can be concluded that both sides of corrosion fatigue - the
fundamental one and the practical one - are not well illuminated. Further investigations
are necessary which should includ e the following:

1. Crack in itiation in notched specimens

2. Transition effects after change of frequency and wave form

3. Effect of hold times

4. Correlation between da/dN-AK -curve s and crack propagation in random load fatigue ,
beginn ing with change in amplitude or mean load and overload effects

5. Further investigation of the correlation between stress corrosion cracking and
da/dN ~AK 1—curv es

6. General rules of the effect of microstructure

7. Electrochemical investigations in crack propagation experime nts.
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Table 1 Ratio of fatigue strength in a corrosive environment °fc to fatigue strengthin air

material environment a fC/a f reference remarks

titanium 1 S Ned 0,85 Waterhouse , Dutta (13]

3,5 5 NaCl 0,85 Smith (14]

3,5 5 N aC1 1,09 Hughes •t al. (IS] io8 cycles
3,5 S NaC 1 0,89 Hughes et al. [15) 10~ cycles

iynth . seawater 1 ,04 Cotton , Downiing [16]

Ti—2 ,5Cu I S NaC1 1 Waterhouse , Dutta [13]

Ti—8Al 3 5 MaCi 1 Wanhill [ 17]
methanol-HC1 0,50 Wanhill [17] solution treated

methanol—MC i 0,22 Wanhill [171 aged

Ti—6A.l—4V 1 5 NaC1 0,87 Waterhouse, Dutta (13)

3,5 5 NaCl 1 Smith , Hughes [18]

3,5 5 NaC l 1,15 Hughes ~t al. (15)

Ti—6A1—6V—2Sn 3,5 S NaCl 1 Levy at al. (19 1

Ti—4Al— 4 Mo—2Sn 3,5 5 NaCl 1,17 Hughes et al. [15]

Ti-4Al-4Mo-4Sn 3 ,5 5 Had 1 Hughes et al. (15]

Ti—8A 1—IM o—IV 3,5 5 MaCi 1 Levy at al. [19]

Ti—22Sn—4Mo—2 ,25A] 3,5 5 NaCI. 0,86 Hughes et al. [15]

Table 2 Ratio of fatigue strength in 3,5 S MaCi—solution o
~ 

to fatigue strength in
air for notched specimens , Kt — 4 15 C

material

titanium 0,76
Ti— 6Al— 4V 0, 95
Ti—4A.l—4Mo-2Sn 0,76
l’i-4A1-4Mo-4Sn 1,0
Ti—228n—4Mo—2 ,2SA1 0,79
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CORROSION FATIGUE OF ALUMINUM ALLOY S

by

C. BATHIAS
Consulting Engineer at SNLAS (Suresnes)

and Professor at UTC (Comp iB gne)

a

INTRODUCTION

The environment p lays an important role in the f a tigue of metals , particularly in the fatigue of high—
streng th aluminum alloys used in the aircraft industry. Inert gases and vacuum are known to increase
fatigue strength, while humid ity and agressive media reduce the endurance limit and increase the crack
propagation rate. Since the knowledge about corrosion fa tigue seems essential to evaluation of the
service behavior of materials , the usefulness of such knowledge is unquestionable.

In this respect , it should be kept in mind that a specific environment might have no effect on a
given al loy in the absenc e of cyclic stresses and that, genera l ly ,  corrosion fa tigue of al uminum alloys
takes p lace at lower stresses than those required for stress corrosion.

Therefore, we are not safe from corrosion fatigue even under conditions precluding stress corrosion .
Fur thermore , it shou ld be remembered tha t cyclic stresses are much more frequen tly encoun tered dur ing
serv ice than monotonic stresses , par ti cu lar ly in aircraf t structures, so that the unders tanding of
corros ion fatigu e behavior seems to provide a better tool for evaluation of service behavior of
mater ials than does reference to stress corrosion.

In practice , a large par t of the a i rc raf t ’s structure is exposed to humid environment owing to vapor
condensa tion , rain or even sea—water splashes in the case of aircraft stationated at airports located
close to the seashore. This also app lies to helicopter blades which are particularly exposed to the
weather.

In the following paragraphs we concentrated on the main results obtained for the most widely used
aluminum alloys. Our ef for ts  were mainly devoted to the study of crack propagation on which environmental
influence is inevitable , while many measures may be adopted to avoid crack initiation by protecting
the surface. In the first part we shall discuss the mechanical behavior of aluminum alloys, whi le  the
second par t is devoted to the study of mechanisms.

2. CORROSION—FATIGUE CRACKING IN ALUMINUM ALLOYS

Several studies (1 ,2,3) have a l ready ehown tha t among aluminum al loys , those belong ing to series 7000
are par ticularly susceptible to the environment , so that most of the works indeed dealt with these
alloys. The var ious alloys investigated for corrosion—fatigue cracking are shown below . Tables I and II
list their chemical composition and mechanical properties.

7 175 T 735 1
7 175 T 65 1
26 18 A T 851
2024 T 35 1

2.1 Ex2erirnental conditions

The reference environment was dry Argon containing less than 5 ppm of water. Taking into account
the strong inf luenc e of vapor on crack propagation , we have carried out tests in air 95 2
saturated with water vapor , while laboratory humidity was only SO 2. Other teats , supp lementing
the first series , were carried out in salt water containing 3 g salt per liter and having a pH—
value of 8. In order to avoid any galvanic coupling effect , the aggressive medium was contained
in a microcell composed of two shells cemented to the specimen , whi l e  the medi um was con t inuously
renewed by forced circ ulation .

Besides the aggressiveness of the medi um, a de ta i l ed  study has been made of the state of stress
and strain , which influences the start of the embrittlement process that seems to be the source
of co r osion fatigue .

Under these conditions we have tested I to 40 use—thick specimens in which cracking is produced
either by pl ane stress or by p l ane st ra in . Since al uminum a l loy  cracking  is very sensi t ive to
the mean aerela , we correlate the tests carried out with different R ratios used .

-4
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Several authors (3,4) indicated that , besides the aggressiveness of the test medium itself and
the triaxial state of stress, the crack—ti p opening rate depends also on the strain rate .

All our tests have been carried out on solid specimens with W — 75 nun and on specimens of a size
of 600 x 200 sen with a central notch arranged in such a way tha t the crack will propagate in the
direc tion of r ol l i ng

2.2 Results and discussion

~~ For the aluminum alloys investigated , the environmental effect depends on the crack—propagation
rate range. Before going in to de ta i l s , it should be no ted tha t in the case of a l loys  7 175 and
26 1 8, not very sensitive to stress corrosion, the environmen tal e f f ec t is general ly marked a t
rates between ~~~ and 5.i0 3 mm/cycle. At higher rates , the environmen tal e f f e c t tends to
disappear . As against this , al loy 2024 , suscep t ible to stress corrosion especia l ly  in the trans-
verse direc Lon , is sensi tive to corr osion fa t igue f or ra tes hig her than i~ —~ sin/cycle (Figures
I to 3).

Fur thermor e, it was found tI-at crack propagation was faster in salt water than in vapor—saturated
a i r  and tha t, in the wor st case , the crack propagation rate is twenty times higher than the
reference rate obtained in dry argon.

When the ra tio R K m m  is cl ose to zero , it was found that , in the strain—rate range between
i~
—4 and 10—2 ~~~~~~~~~~~~~ influence of the specimen ’s thickness between I and 40 nun does not

exceed a factor of four .

It is worth noting that, whatever the alloy, the influence of thickness on the crack propagation
rate is almost nul for a rate of 10—4 mm/cycle in dry argon or humid air. On the other hand , in
the salt water solution , the influence of specimen thickness is observed for all rates investi-
gated .

In other words , the effect of thickness on crack propagation rate in corrosion fatigue is
meaning ful only for very aggressive media. However , on a practical level, it is interesting to
note that corrosion—fatigue cracks may develop also in sheets as thin as I use.

Aluminum alloys are very sensitive to mean load s given by the ratio R. While in the ambient air
this is confirmed by many results , the phenomenon is almost nonexis ting in controlled media (5).

In order to verify the simultaneous effects of the environment and the ratio R, we have carried
out tests on 1.6 and 10 mm—thick specimens, with the results given in Figures 8 to II.

Whatever the thickness, it was found that the influence of environment on the crack propagation
rate diminishes for a ratio of R 0,5 as compared to an R ratio close to zero. This is more
noticeable in the 2618, than in the 7175 alloy. Consequently, these observa tions show tha t the
influenc e of the R ratio is maximal in non—aggressive environments and that the corrosion fatigue
of aluminum alloys becomes more important when the mean load is low.

It should be stressed that for a given t4K, the increase in propagation rate caused by the combined
effec ts of an aggressive environment , a high ratio R and a large thickness is not the result of
a linear accumulation obtained by the addition of the effects of each parameter.

Finally, we should note that the stress frequency plays an important role in the case of aluminum
a l l oys, as recognized by various authors (3,4 and 6). We found that the influence of frequency is
the more pronounced the more sensitive the material to corrosion fatigue and the more aggressive
the medium. A t a frequency of 25 Hz, crack—propagation rates differ by a factor of no more than
three , according to the environment . On the other hand , low stress frequencies incr ease the propa-
gation rate spread in such a- way that at a frequency of about 1 Hz, their influence is maximal.
With even lower frequencies : 0,1 or 0,01 Hz, no noticeable effect seems to be detectable , except
for high rates of over 5.10—3 run/cycle or else stress corrosion phenomena may appear . Taking in to
account previous observations (3,4) , it would appear that the corrosion fatigue effect continues to
increase when frequency decreases below I Hz. But for very low frequencies of less than 0,1 Hz,
the development of corrosion fatigue seems to be stationary, and the range seems to be the one
corresponding to stress corrosion.

2.3 
~
o
~p~rAs2n_

o
~ 

the corrosion—fatigue ~e~ay i2r _ of various ~~~~~~~~~~~~~~~
Al uminum alloys containing copper and magnesium are less sensitive to corrosion—fatigue cracking
than those containing copper and zinc (Figures I to 3).
The fact that sensitivity of aluminum alloys to corrosion fatigue does not particularly depend on
their toughness, is remarkable. All oys such as 2024 and 2618, being of very d i f f e r e n t toughness ,
crack in salt water at the same rate in the range of IO~~’ and 10—2 mm/cycle. As against this, al loy
7 175 t 735 1 , with higher toughness than 2618 T 651 cracks faster , due to corrosion fa tigue, than
does the latter .
in the case of a l l oy  7 I 7 5~ the 1 7351 treatment increases resistance to corrosion fatigue within
the range of IO—~ and 10 1  sin/cycle. Furthermore , there is no noticeable difference between T 651
and T 7351 treatments. Thus, we can see that a treatment improving the stress corrosion resistance
of aluminum alloys has not necessaril y the same effect on corrosion fatigue.

3. MECHAIIISMS OF CORROSION FATIGUE

Corrosion—fatigue crscking involve, i ts own •~ chanisma which are different from those of stress
corrosion. In aluminum alloy., fatigue crack, propagate by forma tion of ,triations , quasi—cleavages
and pi t. and some time,, but less frequentl y,  along grain boundaries. The environment af fec ts  each of
these mechanism, and not only the formatio n of striation , which is typ ical for cyclic stressing.

Several reviews (6,7) show tha t the increa.e in the crack propagation rate is due to an etnbrittlemnent
process dur ing  which  hydrogen p lays the princ ipal role , even in the case of aluminum alloys . This
embrit tlement occurs mainly in the f orm of f r ag ile striations (3,8) in the alloy , of series 7000. Such
brittle str iStion, do not occur in the alloy, of series 2000.
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Other studies would be necessary to establish the operating mechanisms.

A more mechanical approach , comprising a comprehensive stud y of the crack—tip opening displacemen t
allows us today to give additional data .

For alloy 7175 T 651 we have obtained disp lacemen t measurements for cracks in air and salt water which
show how the medium influences the process of crack—ti p opening displacement.

We have measured the opening disp lacement of a V—notch using a double can tilever beam gage p laced on
the tip of the notch. Load vs. crack—displacement diagrams were analyzed using the differential method
proposed by ELBER , following poin t—by—point the elast ic component of the total disp lacement (10).

In general , three stages can be distinguished in these diagrams . With increesing load , the first stage
correspond s to a change in the configuration of the crack tip, the second to the elastic behavior with
cons tan t configuration and the third stage to the p lastic behavior.

According to ELBER , the crack tip coninences to extend at the beg inning of the second stage . This
transition permits determination of K0, the difference between K.~ax and K0 being equal to K effec tive.
In this study, Kleff. is the stress—intensity fac tor corresponding to the end of the second stage.

Firs t, we can observe that , all other parameters being the same , V—opening disp lacemen t is somewhat
larger in sal t water than in the air. However , the difference is small enough to conclude that the
change in propaga tion rate cannot be explained by the difference between the disp lacemen ts (Fig.12) .

Fur thermore, it can be noted that the force which initiates the crack—tip opening displacement , in
other words , K0, is larger in sal t water than it is in the air (Fig .13) . But even then , the difference
is so small that one can conclud e that , in all probabili ty, K0 is almost the same in both media
inves tigated. This observation agrees with that of SCHIJVE .

Moreover , it seems that the elastic behavior with constant configuration corresponding to K 1 — K0 is
exac tly the , sane in both the ir and the salt water.

From these remarks it appears that the environment does not affect the stress—intensity factor
since when ~~~~ is given , K0 remains the same , wha tever the medium (Fig.14) . Thus, the only point
remaining is that disp lacemen t in salt water is slightly higher than in the air.

It is interesting to point out that , in sp ite of these similarities, there are important differences
in the opening mode in regard to the medium.

In sal t wa ter , the disp lacemen t curve is different for the increasing part of the cycle and its
decreasing par t. With a given loading and crack length , the disp lacemen t at the closure is the same at
all poin ts , both in the air and in salt water. As against this , displacemen t at the crack tip is
differen t, in sal t water , in two ranges (Fig. 15 and 16).

At the beginning , the change in the configuration of the crack in salt water seems a little longer than
in the air. At the end , the plas tic behavior is such that everything takes p lace as if consolida tion
were higher in the air than in salt water. In this range , with the same force , rela tive disp la cemen t
is larger in the air than in salt water. These observations still remain to be confirmed .

Since , for all practical purposes , crack propaga tion in salt water does not depend on 10
~ef f  and the

elastic behavior of the crack has no influence , it seems that the environment effect is decisive
in the crack configuration change and the last extension stage. The embritt ling effect of the aggressive
medium , therefore , has no noticeable effect on the elastic extension and on td(eff.

4. CONCLUSIONS

I. The aluminum alloys we have studied are sensitive to corrosion fatigue within the rate range I0~~
and 10—2 ma/cycle , even then the alloy is not sensitive to stress corrosion.

2. It was verified that alloys belong ing to the 7000 series are particularl y vu lnerab le, eve n in the
T—735 l cond ition and in thicknesses as low as 1.6 sin.

3. It was found that certain low—toughness alloy s such as 2618 show good resistance to corrosion
fa tigue , and consequen t ly it doe s not seem tha t either high toughness or good stress—corrosion
resistance , ensure good corrosion—fa tigue resistance.

4. The effect of the environment increases when stress frequency decreases , and when ratio R and
thickness increase. In practice , the influence of each one of these parameters can not be linearly
added .

5. The mechanism of corros ion fatigue is largely connected to embrittlement of the crack tip.
6. Measurements of the crack— tip openin$ disp lacement show that environment has practicall y no e f f e c t

on 
~~eff  and a very sli ght one on COD .

7. The elastic displacement of the crack is not modified by the envirorment . Gu the other hand , the
disp lacement stages preceding and following the elastic displacement do depend on the environment.
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Table 1: Chemical composit ion of aluminum alloys

ALLOYS Si Fe Cu Mn Mg Cr Ni Zn Ti

7175 T 651 0,08 Q20 1~4O 0,04 256 0,18 - 5,60 0,03

7175 T 7351 0,08 0,20 1,61 0,04 2,52 Q20 - 5,90 0,07

2618 A T 651 Q22 1,11 2,62 Q08 1,52 0,01 1,23 0,06 0,10

2024 T 351 Qil 0,25 4,15 068 1/.8 0,06 - 0,05 0,05

Tcible 2: MECHANICAL PROPERTIES OF ALUMINUM ALLOYS

ALLOYS 6u e°/. KIc Klscc
_ _ _ _ _ _ _ _ _ _ _  

(MPa) T.L (MPo)T. L 
_ _ _ _ _ _  

MFbV~OT.L ~4PaV~i)S.t

7175T651 483 555 10 24 7,5

7175 T 7351 428 501 8 26 21

26 18AT65 1 417 460 6 22 17

2024 T 351 321 5 477.5 16,8 32 7,5
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