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CORROSIOI FATIGUE OF liETALS AND ALLOYS

D. J. Duguette
Iiaterials Division
Rensselaer Polytechnic Institute
Troy, MNew York 121.1
Abstract

The combined iniiuence of cyclic stresses anl aggressive

environments is kpowr to adversely affect the useiul mechanical

properties of metals and alloys, Fatigue crack propagation is

accelerated by gasecus environments at low temperatures but at high

tenperatures either initiation or growth may be accelerat.d or

decelerated by exposure to aggressive gas phases, Coxrosive agueous
environments, on the other hand, almost invariably degrade the

mechanical properties of metals and alloys.
\ . . . -
This review presents a detailed summary of the current under-

standing of the phenomencr. of corrosion fatigue in gaseous and in

agueous envircnments, The effects ol guseous enviromments at low

and at elevated temperatures and the mechanisms which govern fatigue

crack initiaticn and propagation in the presence and in the absernce

of reaction: films are discussed. The effects of aggressive aguecus

solutions o fatigue crack jnitiation and propagaticn in ferrous
and nc~ ferrous alloys; and the effectiveness of pxotective measures
are treated in detail and a critical rxeview of previously propcsed

and currently accepied models is presented,
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1. Introduction

Corrosion fatigue may b~ defia-d as the combinecd action of on
uggressive eaviroameat and & cyclic stress leadiag to premature
failure of metals by crackiang., In this lefiaition, the word
"combincd” must be emphasized, since it his been shown by many
investigators that acither cyclic stresses aor eavironmental attack
applied separately produces the same damaging results as conjoint
action, That is, a pre-corroded spvecimen does not necessarily show
appreciable reduction in fatigue life, aor does pre--fatiguing in air
incrcase the ecrrosion rate of metals. The majority of observed
fatique failures are, in fact, corrcsion fatigue failures since only
fatigus occurring in an a2bsclutce vacuum could b~ termed as pure
“fatigue"., For example, it has becn show:. that for many mctals, zair
contributes gquite stronglv to increases in fatigue crack propagation,

A number of reviews have been written since the first reported

1
observations of corrosion fatigue by Haigh in 117 scme of which
have dealt with only specific aspects of the problem such as the
2
effect of gaseous eanvironments nn fatigue crack propagation ., For
instance, particular attention may be focused on the extensive review
3 4
of Gough in 1932 and of Gilbert in 1¢56 ., Accordingly, the aim of
this review will pe to underline certain key issues in the early woxk
cn corrosion fatigue and to emphasize recent data and theories of the

mechanisms of corrosion fatigue. Thus, it should not be regarded as

an exhaustive study of the subject but one underlining the critical




processes which govern corrosion fatigue mechanisms and attempts to

point out areas where wore work is neceded berore this complicated

phencomencn can be completely understouod, In particular, the effects
of gasecus and aquecus environments on ultimate corrosion Zatigue

failvre, and the success of prctective measures will be reviewed;

an attempt will be nmade to correlate both initiation and propegation

processes,

Gaseous Environmwents

A. Loy Temperatures

In general, oxygen is known to accelerate fatigue crack propa-

gation and, accorilingly, to reduce fatigue life. For example, Gough

and Sopwith, in an extensive series of experimencs conducted on 2
variety of engineering alloys, noted that a partial vacuun of only
10 °mm Hg resulted in appreciable increases in faticue lives and
endurance limites for carbon steels, brasses, copper, while 30%

copper-nickel alloys and nickel chrcmium steels showed little
5

improvement (Table 1). Later experiments on copper and 70~30 brass

in laboratory ai., partial vacuum, humidified and dry air, and

hunidified and dry nitrsgea ied these investigators to suggest that

2 joint effect of oiygen and water vapor is primarily responsible

for the reduction of fatigve life, although oxycen alcne also leads

6

-

to scme reduction especially in the case of brass (Fig, 1, 2)

ki 7
Experiments on lead (Fig. 3) and Armco iron (Fig. 4) also showed

marked changes in fatigue behavior with vacuum tested materials

exhibiting extended fatigue lives,
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The effect of atmospheric oxygen on fatigue crack initiation and
growth in copper, aluminum, and gcld has also been investigated by
=10
Wadswerth and co-workers3 ' . who noted that oxvgen and water vapor
reduce i3%tigue life in copper and aluminum but has no effect on golg,
that =l%arnate static exposure to air and dynamic exposure to vacuum

does not affect fatigue life, and that the S-II curves diverge as

aprlied stresses are reduced (Fig. 5). Based on these experiments,

these investigators concluded that: 1) fatigue cracks form e¢arly; the
majority of life being concerned with crack prepagation, {(environment
having little or no effect on nucleation and initial growth): 2)
oxygen and water vapor are the primary damaging constituents in air
(water vapor alone being effective in aluminum); and 3) oxygen mast
be a gas i.e., pre-oxidation or intermittent exposure is not ef-
fective. Similar resulcs were alsc obtained for an iron 0,5% carbon
alloy tested in air and in vacuum, with the significant result that
air also lowers the observed fatigue lirit as well as fatigue life
eabove the fatigue limitg. This result was linked with the appearance
of non-propagating microcracls below the fatigue limit; air apparently
reducing the stress required to affect propagation. Vacuum has also
11

been showr to delay crack propigation in Ni , in nickel base supexr-
12,13 14

alloys in Cu-Al alloys at ronm temperature and at 77°K and
15-21
in polycrystalline Pb .

For nost materials, eavironment appears to be most effective

early in the crack growth process, with little or no effect at high
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crack growth rates, Additionally, the majority of S~N curves diverge
at decreasing stresses, the increase in fatigue life due to vacuum
hecoming greater at lower stresses, In contrast to this behavior,
however, aluminuwm and aluminum alloys have been shown to e:xhibit
conflicting results. For exarple, a 2017-T4 alloy tested in air and
at 2 x lo"lctorr22 and a 2024-~T3 alloy tested in air and at 1

23
torr in rotating bending exhibit convergence of S-N curves at lo

stresses, the effect of environment apparently becoming less important
24
at decreasing stresses (Fig, 6), Pur2 aluminum and an 1100 aluminum
25
alloy compared in air and at 19°% and 10" torr respectively, on the

other hand, show the more commonly observed divergence and iieyn has
shown that crack propagation is more sensitive to envircnment at low
strain amplitudes in a 2024 alloy26. This conflict may be related to
the presence of water vapor at the “softer" vacuum levels, since it
has been shown that the fatigue of aluminum is highly sensitive to the
presence of this gaseous species. For example, Broom and Nicholson
have shown that water vapor is the only atmospheric constituent
necessary to induce enhanced propagation rates in aluminum and
aluminum alloy527; a hypothesis which was supported by the work of

23

Bradshaw and Wheeler .,

The .iechanisn of GaseousS Environmental Fatigue

Previously pronosed mechanisms for the effect of gaseous environ-
ments on fatigue behavior can be divided ainto four principal

categories:
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1) interference with a reverse slip process, 2) prevention of slip
band crack r¢welding, 3) surface energy reduction due to gas phase
adsorption, and 4) accelerated corrosion at a growing fatigue crack tip.

Thompson et al, suggested that gas phase interaction with fatigue

deformation processes was connected with the transition from slip

1c

bands to S..3e I cracking ., According to this model, slip bands

become regions of high dissolved oxygen concentration: increased
thrrmal efifects and vacancy generation essociated with slip reversal
effectively ‘pulling” oxygen into the developing slip band (Fig. 7).
M. s0lvew oxygen then oxpeditns crack growth by preventing reclosing
or .uvciis J of the crick surfaces,

Latir results by the same investigators, particularly on gold
wrare no effect of gassous environments is noted, led to the conclusion
that tr*s mechanism was probably not correct and to the suggestion
that the ovbsarved increased crack propagation rates were due to .the
joint action of accelerated atmospheric attack at tie base of a grew-
ing crack; the gas phase chemisorption either preventing reweldiag of

9 8
or interferingy with siip reversibility.

newly generated crack surfaces
Lajird and Smith, condrcting exgperiments on aluminum, copper and
rickel noted that the atmospheric effect decreases with crack length

and cecncluded that a rewelding wmechanism could not be valid, since the

higher loccal stresses and increased cold work asscciated with longer
29
cracks should intensify a rewelding process , Additionally, a

mechanism based on chemisorbed filws preventing crack reclosing or
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rewelding was not supported, since the physisorbed film present on

gold should be as effective ™ increasing crack propagation rates as

chemisorbed films, Based on their observations, these authors

concludec that the effect of oxygen in increasing crack growth rates

must be due solely toc chemical attac): of the metal at the crack tip.
A similar conclusion was also reached by Jacisin who noted that dry

nitrogen was as effective as ultra-high vacuum in preventing acceler-

22
ated crack growth in a 2017-T4 aluainum alloy . The implication was

that neither interfarence with bulk reviclding or gas phase adsorption
could be responsible for accelerated crackh growth, but that a chemical
reaction of mctal with an aggressive environment must take place,

Bulk oxide interference with slip processes has also been
suggested to explain the effect of gaseous environmental fatigue.
Fujita, for e:ample, suggested that a thin adherent oxide, rapidly

formed on newly emerging slip steps and at the crack tip, reduces the
30
degrer of reversibility thus accelerating crack growth ., Pelloux has

also ncted that aluminuin alloys testea in vacuun 4o not show the

striations associated with Stage II crack growth normally cbserved

when specimens are cyclically stressed in air (F g. 8) and proposed
31
that completely rcversible slip must occur in vacuem , In air, on the

other hand, the fracture suriface oxidizes, striations are developed due
to irreversible slip and crack growth ic accelerated (Fig. 9). iieyn
has also observed the absence of striations and slip markings in high’

25
strength aluminum alloys tested in vacuum
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Grosskreutz has shown that the slip churacter of aluminum is
markedly altered in vacuum and has associated this observation with
changes in properties of the oxide £film formed on aluminum. At
lo"gtorr,formation of slip bands was markedly suppressed when compared

32,33
to slip band formation in air (Fig., 10) . HNumerous dislocation
dipoles were observed in the near surface region and the effect of
atmosphere was associated with oxidation of emerging surface slip
cteps leading to a local "work-hardening" of surface dislocation
sources thus reducing or prevencing slip band reversibility and
accordingly leading to delayed crack initiation in vacuum. An

ve

extension of this model was also used to explain accelerated crack

growth., Later experiments to further understand this effect, how-
ever, showed that the mechanical propertis of the oxide f£film are
markedly increased in vacuun, the Young's modulus of the thin oxide
34

film being increased by a factor of 4, Thus the stronger pre-
existing film cbserved in vacuum is responsible for the reduction of
surface slip and, conversely, the weaker film in air is easily
ruptured by emerging slip steps and crack initiation and propagation
are accordingly accelerated. The change in modulus and strength of
the oxide film was associated with absorbed water vapor from the
ambient envircnment, aluminum o:zide being highly hydroscopic.

A similar wmechanism based on a sirong oxide film to explain
accelerated crack initiation and growth in an aluminwa alloy has been

24
postulated by Shen et al . WNoting that the number of cycles to
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failure in an 1100 alwr’'~- allecy was independent of perticzl pressure
of oxygen above 3 x 10°7:. - and below 10“2torr, these investigators
suggested that surface regions are strengthened by oxide films,
Specifically, surface films prevent dislccation escape through the
alloy free surface and accordingly lead to large accumulations of
dislocation debris in near surface regions, The formation of
cavities and voids (as suggested by VWood et al, to explain fatigue
crack growthjs) is thus enhanced and crack propagation rates increase,
At low pressures, oxidation of newly created surfaces is slower,
dislocation escape from the surface is more common, and cavity
formation and void linkage delayed (Fig. 11).

The incidence of a small range of critical partial pressure
of oxygen appears to be characteristic of gaseous environmental
fatigue; "s" shaped curves of cycles to faiiure being reported by a

2,20,24,36
number of investigators (Fig. 12) . Generally these curves
are explained by equating the arrival of a gaseous species at a
growing crack tip and the reaction rate of the gas with the metal,
A nurnber of models have been proposed based on kinetic gas theory
28 25

with varying results, For example, Bradshaw and Wheeler , Hordon
and Snowden37all equated the rate of a surface coverage at the crack
tip with the rate of new surface generation to arrive &t a critical

pressure for the effect of adsorbed gases,

Ilordon's equation, expressed as a critical pressare, reduces to:
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where P, = critical pressure

‘% = ratio of crack length to width
A

—
-

cross sectional area of impinging molecules
o=

molecular weight of adsorbate
T =

absolute temperature,

Results using this type of formulation have not been entirely
3 ke s k] o » . K]
successful, with discrepancies as large as 107torr in critical

pressure being observed and being attributed either to capillary

25,37
attenuation factors

or to a requirement for multilayer adsorbed
gas coverage.

Achter and co~workers, on the other haud, has been able to
resolve some of the noted discrepancies without recourse to either cf
these factors by taking into account the observed crack propagation
race, the fact that fatigue cracks are usually only exposed to the
envireonment for part of each cycle, and the argument that the crack
propagates in discrete increments of the order of a lattice cconstant,

each increment being saturated with adsorbate before the next is
38

produced . The time of exposure for each increment is:
f= ¥ sec. (2)
2 &
Gy
where v is the interatomic spacing
da . . .
Im 1S the obpserved crack propagation rate, and
£

is the frequency of applied stress.
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For metals, ¥ is the order of 32 and the density of sites on the metal
surface is m 1.4 x 10%5cm™2,
The impingement rate from kinetic gas theory is

22
3.5 x 10 »

= -1 (3)
v -
1.4 x lﬂls(MT)% SeC.

i3

where P gas pressure

i1 = molecular weight of adsorbate

L
i

absolute temperature,

Accordingly the time required for saturation is:

1.4 X lO&S(IiT)gi

t= 22
3.5 2 10 p

and; eguating {2) and (4)

Pe

il

da
2,0 x 10° (3;) (£) torr (5)

Using this formulation Achter was able to reduce the discrepancy
for he work of Eradshaw and Wheeler in aluminrum alloys and for his
own work on stainless steels at 50G°C to a factor ranging from 5-10,

The physical process of chemisorption involves an exchange or
sharing of bonding electrons between a substrate znd an adsorbate and
hence, by definition, lowers the surface cecnergy of the substrate,
This behavior has been used to explain envirenmental cracking

phenomena under a variety of conditions, and has recently been used to

explain the effect of oxygen to accelerate fatigue crack propagation
12
rates ., In gaseous enVironments one or more aggressive species in

the atmcsphere is thought to chemisorb at a growing crack tip,
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lowering the bond energy of the metal atoms and thus accelerating

propagation,

Although the majority of metals and allioys considered in
enviconmental studies fail predominantly by Stage II fatigque cracking
(cracking normal to the stress axis) with a large degree of asscciated
plasticity, some authors have suggested that the Stage I mode of

cracking (along slip bands) is more sensitive to environmental
10,29

effects . Since Stage I cracks extend only a few microns or a

grain diameter from the surface in most materials, this conclusicn

has been difficult to support, However, it has recently been shown

that extensive Stage I fractures occur in high-~strength nickel alloy
single crystals because of the kighly planar nature of plastic
deformation in that class of alloys and, significantly, single
crystals of these allcys show marked differences in fatigque life and

fracture surface appearance when crystals tested in air are

12
torr (Fig. 13, 14).

compared

with crystals tested in mouderate vacuo of 10-5

Although fcc materials do not usually fail by cleavage and the

tensile ductility of nickel base superalloys single crystals esxceeds

15% at room tempexature, localiz2d cleavage occurs at the crack tip

in the low stress range tests in air whiie ductile (dimpled) rupture

cccurs in vacuum, One approach to understanding this behavior 1is

that of the Kelly, Cottrell, Tyson criterion for whether cracking in
39

crystalline materials will cccur in a ductile or a bxittle manner

‘tThese authors have proposed that cleavage will occur if the ratio, R,
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of the normal stress to the applied shear stress at the crack tip,
~/1, is greater than the ratio of the theoretical fracture stress to
the theoretical shear stress, o¢p/repn, LOr a perfect crystal of the
material, In geneval, R > ﬁth/Tth for bcc metals, alkali halides,
diarmond and R < Pth/Tth for fcc metals, which is in agreement with the
relative tendency for these materials to cleave. Westwood et al have
shown that cleavage of aluminum in the presence of liquid gallium can
4

be explained by a lowering of ~., by adsorption 0. The build-up of
edge dislocation dipoles observed in the case of the superalloy sirgle
crystals can be viewed as increasing ~ and the lowering of the surface
er.ergy by oxnygen adsorption as reducing T eht both effects tending to
make R > ¢ip/rey @nd thus promoting local cleavage. In vacuum tests
at low stress ranges, e¢h iSs not affected by adsorption, and Stage 1
fracture occurs with more local plastic deformation as evidenced by
the dimples on the fracture surface and the slower rate of crack
growth,

In dealing with cleavage under conditions of limited plastic

deformation, the Griffith-Orowan equation:

&g = C fE(‘IS + -vp)
(1~ v2)~L

(6)

has been successfully applied, where oy is the fracture stress under
plane strain conditions, C is a constant dependent on the crientation
of the crack with respect to the tensile axis and the lccation of the

crack at the surface or in the interior. E is Young's modalus, vg is
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the energy expended in plastic deformation during the formation of
new crack surface, v is Poisson's ratio and L is the crack length,
Using this criterion, cracking will start if
'.> /——-——————
®£ > € VE(vg + vp) (7)
(1~ »2)m,

and will be catastrophic because Yp is reduced and L is increased as
the crack grows,

Since Stage I fracture in nickel-base superalloys and in other
alloy systems inveolves a localized cyclic cleavage, it is possible to
extend the Griffith-Orowan criterion tc this situaticn., In addition
to the applied stress, ¢,, there is a local stress op hear the crack
tip resulting from an appropriate distribution of dislocations or
other defects in the plastic zone, The magnitude of “p will decrease
with distance from the crack tip in accordance with a reduced dislo-
cation density in going from the crack tip to the edge of the plastic
zone, In order to cnnsidcr the effect of this stress in a modified

Griffith-Orowan criterion, we define an eguivalent stress, ¢o, applied

at infinity that gives the same strain energy release during crack

growth as that provided by ¢, near the crack tip, The relevant

equation may then be euprecsed as follows:

(a4 = 5 = C J R ~
f ca cfc 4 E(‘VS - a\,ads - a/p) (U)

{1- +9) -1,

where - v5qg is the lowering of surface encrgy due to gas adsorption,




the energy expended in plastic deformation during the formation of

new crack surface, y is Poisson's ratio and L is the crack length,
Using this critericn, cracking will start if
> - /-e—v——-—-\n
(1- v2}nL

and wvill be catastrophic because Yp is reduced and L is increased as
che ~rack grows.

Since Stage I fracture in nickel-base superalloys and in other
alloy systems involves a localized cyclic cleavage, it is possible to
extend the Griffith-Orcowan criterion to this situation. In addition
to the applied stress, ¢,, there is a local stress cp near the crack
tip resulting from an appropriate distribution of dislocations or
other defects in the plastic zone, The magnitude of “p viill decrease
with distance from the crack tip in accordance with a reduced dislo-~
cation density in going from the crack tip to the edge of the plastic
zone. In order to consider the effect of this stxess in a mcdified

Griffith-Orowan criterion, we define an equivalent stress, o, appliecd

at infinity that gives the same strain energy releasc duxring crack

growth as that provided by ©p near the crack tip. The relevant

equation may then ba expressed as follows:

C'f =Cq tT O = C ",E(“’s = vags * "’p) (3)

where -~ y,qg5 is the lowering of surface energy due to gas adsorption,
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Cr-ck propagation will occur so loag as
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p-a+¢‘,>C\/E(ys - Ya.ds * ‘yp) (9)
(1 - nz)"’L

For the majority of high cycle fatigue experiments, ¢y may be
coasidered fixed by the maximum stress in the cycle and Cp is a local
cahancement of stress at the crack tip. For nickel base alloys this
stress enhancement has becn attributed to an array of dislccation

12

dipoles in the crack plane . As a first approximation ¢, + ¢, may

be consicdered constant in cach cycle prior to crack extension. Once

a crack begins to propagate, it runs into n rcgion of lower )

i (and ¢y) as a result of the gradient in defect structure with
1 distance from the crack tip aud thus comes to a stop in each cycle,

When ¢, is low, vp * O and ~_3¢ can be a significant fraction of
vg + vpe Thus, the difference in magnitude between the left and
right-hand sides of Fg. 8 will be greater in air than in vacuum and
as a result, a crack in air will grow further in each cycle,

This model may be used to consider both Stage I and Stage II
fracture in other materials where localized cleavage occurs at the
crack tip, Slip plane fractures that are highly recflective and
exhibit fracture steps and river lines have alsoc been observed in a

41,42

aumber cof Al alloys that exhibit planax slip . In addition

cyclic cleavage fractures that cccour in the Stage II mode have been
43-45
described in some bcc alloys

. In support of this model, it is
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interesting to note that nickel base superalloy single c:rystals

cycled at ultrasonic fregiencies also show increased fatigue lines
46
and dimplasd fracture surfaces

it

. At these test frequencies where

failure occurs in a matter of minutes, oxygen presumably adsorbs at
a lower rate than the crack growth rate and the fatigue crack
accordingly propagates in a virtual vacuum,

Although this model appears to be sound for cases where limited
ductility is observed such as is presumably the case for Stage I
microcracks in the majority of materials and for both Stage I and
Stage II cracks in high strength precipitation hardened &alloys, it
seems unlikely that it would be valid for Stage IXI cracks in more
ductile materials. The criticism of a surface energy reduction
mechanism in these cases generally hinges on the fact that the strain
energy associated with large plastic zones in the vicinity of growing
cracks should be orders of magnitude greater than the ammount of
energy reduction attributed to surface adsorption. This criticism
would appear to be well founded and, based on the conflicting obser-
vations of a number of investigators, it must be corncluded that no
general mechanism to explain the effect of environment on Stage II
crack propagation in ductile metals and alloys can yet be accepted
unequ’ vocally. Perhaps, the most promising models are those which
suggest an interference with slip reversibility due to a thin
corrosion product interaction with emerging slip bands such as those

38-10
proposea by Wadsworth and co-workers and apparently supported by
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31
the work of Pelloux , Perhaps extensive fractographic studies of

noble metals (such as gold tested in air and in vacuum and of more
reactive alloys in air and in carefully controlled inert atmospheres
would be helpful in resolving some of the current controversics.

B. Elevated Temperatures

An understanding of the effects of environment at =:levated
temperatures is dependant on an understanding of the various modes
of crack initiation and propagation that can occur, While
researcliers have noted a transition frem transgranular to inter-
granular fracture as the temperature is increased or the frequency
reduced at elevated temperatures, little has been done to separate
the effects of elevated temperature testing variables on the modes
of crack initiation and crack propagation. In recent work on both
polycrystalline and single crystal nickel-base superalloys, the creep
comporent associated with elevated temperature deformation is also
thought to be a factor, In a. constant stress test this can be
determined by measuring the specimen elongation in each cycle.) For
a given alloy the creep component in each cycle increases with
increased temperature, mean stress, hold times and with reduced
frequency. Where there is no creep component or it is small, the
normal low temperature behavior is ckserved, Crack initiation and
propagation are transgrarular, with the propagation mode showing the
normal Stage I to Stage II transition. Exceptions to this may arise

if grain koundaries contain brittle phases that are a source cf
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intergranular initiation. The first obscrved effect of an increased

creep component is usually a transition from transgranular to inter-

granular initiation. The propagation stage may be left unchanged.

with a further increase in the creep component, intergranular defor-

mation undergoes a change from the planar to the wavy mode., Where

deformation at the crack tip is wavy, then only Stage II cracking will
47

occur , Finally, when sufficient crcep occurs in euch cycle, both

the initiation and propagation stages become intergranular, As an

example, the effect of temperature on the mede of cracking at the

43

surface of polycrystalline Udimet 700 is shown in Fig. 15 . Slip
band cracking is evident at 70°F and grain boundary cracking at

1700°F, These changes in the modes of crack initiation and propa~

gation are significant because (1) the rate of intergranular crack

initiatien and propagation is faster than when cracking is trans-
49’ 50

granular and (2) the environment can also affect these transitions

and therefore the fatigue life,

In a single crystali, surface oxidation occurs at a reasonably

uniform rate over the entire surface, except where phases or non-

metallic inclusions that are less oxidation resistant than the matrix

intersect the surface. The rote of psnetration of tha oxide in these

phases can be many times greater than that in the surrounding matrix,
In polycrystals of most structural alloys, grain boundaries are

surfaces along which these precipitates or non-wmetallic inclusions are

proferentially concentrated. As a result, oxide penctration along a
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grain boundary intersecting the surface is deeper than in the matrix,

Since in most cases the oxide is brittle and often poorly bonded to
the surrounding metal, a fatigue crack can easily form in the oxide
or at the oxicCe~-metal interface (Fig. 15).

50
Sullivan

Paskiat, Boone and
have shown that pre-oxidation of a specimen at 1800°F

followed by fatigue testing at 1400°F produces many surface inte.-

granular cracks; whereas, testing of specimens without prior oxidation

produces a single intergranular crack. Thus, pre-cvidized or

preferentially-o. .dized phases or grain boundaries serve as incipient

cracks., Another exauple of the effect of oxidation on fatigue crack

initiation was demonstrated by Hodgson. This investigator showed

that, for stainless steels at high temperatures and high strain rates,

air formed oxide induces notches which result in nucleation of new

54
surface grains and result in grain roundary initiation (Fig. 16).

Just as grain boundary oxidation affects the rate of inter-~

granular crack initiation, it may also control the rate of grain

boundary crack propagation. The microstructure of the grain boundary
51~54
ahead cf a crack is changed by oxidation . Not only is oxide

formed ncar the crack tip, but for a distance ahead of the crack, the

region is depleted of oxide-forming elements. Fig, 17 shows the

58
oxide just ahead of a crack in a nickel-base superalloy (dark phases),

At further distances from the crack, the region is denufed of the

strengthening ¥' pracipitate (light etching area) because aluminum and

titaniun diffuse out of the region to form oxide. As a result of

-

I e L T S, a8 St A

(o s aa ——
ot A LSS LM Lt a b 0000 1 e B e e R

| i
R e . PRI s [y TN
o il 1o
E%, pov— s




sl TG O Nl L T LA B L T .9 ik

SALALLL

e e mimem im s e simeep ro o I St e = PR,
L T A IR AT SRR LA T T e L i T e A AT o

oxidation, the crack in the next period will propagate into a regicn
having changed chemical and mechanical properties. Thus, there are a
number of possible influences of oxygen on the rate of intergranular
crack growth, If the rate of crack growth in the absence of oxygen
(i.e., in a vacuum test) is greater than the size of the zone affected
by oxidation, then the crack propagaticn rate will be relatively
unchanged by oxidaticn. This case would ke found at relatively high
strain ranges and frequencies or at lcw temperatures. On the other
hand, at low strain ranges, low frequencies and high temperatures, the
increment of crack growth in each cycle may be controlled by the size
of the oxygen-affected zone at the crack tip. This may be viewed as a

53
stress corrosion phenomenon ,

Comparisons of the fatigue lives in air and vacuum at elevated
temperatures have been conducted for nickel-bases and cobalt-base alloys
as we2ll as stainless steel, 1In all cf these materials, over most of
the life range, the fatigue life in vacuum is greater than that in air
(Fig. 18)56. The lives in air and vacuum converge at low stress ranges
and it appears that, in some materials at very long lives, there is a
cross over point beyond which the lives in air are greater than that in

36,56 36 57
vacuum . Danek, Srith and Achter and Achter have explained
these results on the basis of two competing effects, At high stresses
and short lives, oxygen adsorption at the cracl: tip accelerates the
rate of crack growth in air. At luw stresses and long times, a thicker

oxide forms which is thought to strengthen the metal,

An alternate explanation for these results that is consistent with
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the previous discussion is possible, At high stresses and short lives,

crack initiatdi cn and, in some cases, crack propagation are inter-
granular because of the high creep component in the cycle. For tests
run in air, oxidation of grain boundary phases accelerates the rates of
intergranular crack initiatic:i and propagation and reduces the fatigne
life, As the stress is lowered, the creep component in the cycle is
reduced, vhich favors a transgranular mode of cracking. Since the

fatigue life is longer, oxide can form on the surfaces of Stage II

cracks and retard the rate of Stage II czack grcwth,

The degree of oxidation and the creep component in the cycle
depend on the alloy system, environment, temperature, frequency and the
length of held times in the cycle. There has been little work to

explore the interaction between these testing variables and the

58
environmental effect, One such study by Coifin shows that the low-~

cycle fatigue life of an iron-base superalloy, A236, is greater in
vacuum than in air at 1100°F. The fatigue life f this material shows

a streng frequency dependence in air, but little frequency dependence

in vacuum. This suggests that over the frequeacy range studied, 0.2

to 10 cycles per min., the frequency cffect in air tests is associated

with oxidation. In this study, the tests were run under strain control

so the effects of frequency on creep are minimized. In stress-~

controlled tests over a wider range of frequencies in air on nickel-
5¢
base superalloys: U-700 polycrystals at 1400°F {Fig., 1%) and MAaR-1i200
60
single crystals at 1400° to 1790°F , the initial increase in fatigue

E
%
3
E
%
3
3
%
3
%
3
E
%

X
E]
=
S
=3
3
3
F
7
=z
3
=
E
El
2
=
=
;
:
E

i

=
=
3
=
=




» it Ll e oA AR P g

i RN LT R G

TR T 1T i [

life with increased frequency is shown to result from a reduced cieep

component and a reduced time for oxidation., With a further increase

in frequency, all cracks are initiated below the specimen surface and

the resultant changes in fatique life are associated with the degree of

planar slip dispersal rather than oxidation,

The creep component in the cycle may, itself, be altered by the
61-54

environment, Shahinian and Achter have shown in a series of

nickel-and iron~base alloys that the creep life in vacuum is greater

than that in air where oxidation is limited; high stresses and low

temperatures. But, the life in air becomes greater than in vacuum

where more extensive oxidation occurs; low stresses and high temper-

atures, Differences in creep lives in air and vacuum may be

associated with the stress level, oxidation of graia boundary phases,

the blockage of dislocations by a thin adherent oxile and the cracking
65,66

of thicker oxides . In thin sections, differences in creep rates

may be asscciated with tensile stresses in the matrix generated by
67

oxide f£ilm formation

Fatigue properties as a function of the temperature have also
bheen condvcted on superalloy single crystalsﬁg. Fig. 20 shows the
endurance limit (stress range required to produce failure in 106
cycles) for low caxbon HAR-i1200 single crystals as a function cf
temperature in air and vacuum, At all stress ranges at room tempexr-

ature the fatigue life in vacuum is greatcr than that in air, at 1400°F

the lives are about the same, and at 1700°F the
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life in vezuum is less than that in air.

At room temperature and 400°F, crack initiation occurs (Fig. 21)
at the specimen surface. At 800°F and sbove, crack initiation in
vacuum tests is at the surface, but crack ipnitiation in the air tests
is in the specimen interior (Fig. 22). Crack propagation is on {111}
planeg at temperatures between 70° and 1400°F. At 1550° and 1700°F
crack propagation is inritially in the Stage II mode Lut there is a
transition to Stage I with increasing crack length. It is important
tc note that in the air tests at 800°F and above there were no
secondary surface-connected cracks, except at 1700°F,

Since crack initiation in the air tests over the intermediate
temperature region is in the specimen inter.o., the initiation and
initial stages of propagation are in a vacuum, Thus, it may be
concluded that the similar fatigue lives observed in air and vacuum
result from the fact that in each case most of the specimen life is
spent in vacuum,

One of the most dramatic observiariuns uf the beneficial effect of
oxygen on the elevated temperature fatigue cf nickel-base superalloys

69,70
is the chanje from surface to subsurface crack initia%ion as the
temperature cf testing is increased. Crack initiation at room temper-
ature in most materials cccurs at the surface because of the greater
slip activity associaced with a free surface and because of the
detrimental effect of the environment on both iritiation and propa-

gation processes, 3ut in the temperature recime of 500° to 1550°F, a




PR I B iy

R

S

e

23—

thin adherent oxide forms on the specimen and this suppresses crack
initiation. Pre-oxidation of a specimen followed by testing under
conditions at which crack initiation rurmally occurs at the surface
had no effect; crack initiation was still at the surface. This indi-
cates that a static oxide it not sufficient to produce the beneficial
effect, On the other hand, whesn specimens were tested at high strain
ranges in air and vacuuvm at 1400°F, surface slip war more uniformly
distributed and less intense in air than in vacuum {Fig. 23). It is
thought that oxygen atcms impinging on freshly fermed surface slip
offsets form a thin oxide on the step and reduce the degree of slip
reversibility in air compared to that in vacuum. The oxide work
hardens the slip band and slip is generated in adjacent regions

(Fig. 24), Hore specific models involving dislocation-oxygen inter-
action have been presented by Fujita71. It is expected that the
planar slip generated at micropores in the interior of the specimen
is more heterogenecusly distributed, similar to that gensrated at the
surface of vacuum specimens, and this leads to interior crxack
initiation,

The observations are in agrecawnt with those reported by Smith
and Shahinian for Type 316 stainless steel72. They £find at temper-~
atures between 77°F and 1472°F that the surface hardness increases
with cycling when tests are conduc*ted in an environment containing

more than a critical partial pressure of oxygen. Furthermore, the

effect is reversible; if the pressure of onygen is reduced then the
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surface hardness falls, These results indicate the importance of the
continual presence of oxygen tc saturate newly formed slir steps.
Actual observations of surface slip distribution were made by Smith

73
and Shahinian in the case of Inconel X at 932°F , Slip was finer

Py TN TECAO N T2

and more homogeneously distributed in tests conducted in 1 torr of

oxygen compared to these conducted in 6 x 10-7torr.

0 Rt

Specimens tested in air at 170G°F are unlike those tested at

RS T R

somewhat lower temperatures in that, although the main fracture is

initiated in the specimen interior, there are numerous secondary
4,7,70
surface~generated cracks (Fig. 25a and D) . At this higher

2 A A R g v et

temperaturae, a thicker oxidz is formed that is easily cracked. The
crack runs along the surface in the oxide layer then proceeds into
the interior, A%t 1700°F, deformation is homogenecus and non-planar
at moderate strain rates and as a result the initial stageof
4

propagation is in the Stage II noncrystallographic mcde’7. The

7
plastic blunting model proposed by Laird.é is a satisfactory
description of the fracture process. Accoxding to ihis modei, the
crack is »lunted during the tensile half cycle and is resharpenad
during the unloading cycle., Oxidation of alloys produces a volume
axpansion. Thus, when oxide forms on crack surfaces, the crack

cannot ke resharpened to the same degree as in vacuum and the rate

of crack growth is slowed {Fig., 206).




Aqueous Environments

A, Ferrous Alloys
75

In an early revicw paper, McAdam described a aumber cf experi-

ments on corrosion including his own resuits on carbon-nickecl, hign-

“
+
x

chromium, and chromiuvm~nickel steels in various agueous environments.

He suggested that corrosion fatigue depends oa both the corrosion

W

intensity and the stress range, and that the "corrosion fatigue limit*” :
depends on the strength of the material as well as oa corrosion
resistance,

From thiesz results, McAdam developed a scries of cxperiments to

Vg M

test such variables as water composition, alloying, heat treatmeant,

i

and corrcsion resistance., The effect of prior c¢orrosion oa subsegquent
fatigue behavior in air was also studied. In tests conducted on
stecls, specimeas were corroded first in fresh water for various
lengths of time and then dried, oiled and tested in air, The
resulting S-N curves were similar to those cf tcsts conducted in air
only, but fatigue life and the fatiguc limit were lowered increasingly
with increased time of corrosion (Fig. 27). The data also indicated
that the relative detrimentzal effect of static corrosion increased
with increase in tensile strength of the steel. Similar results were
obtziaed on specimans mechanically notched, and licAdam concluded that
the damage was due to pits formed in the corresive media,

R. R, Moore also studied the effect of priexr cerrosion con the

76,77
fatigue life of steel « Subkjecting steel to a 40 day spray of




20 percent sodium chloride solution reduced the fatique limit by
22 percent, It is interesting to note, however, that life obtained
when both a cerrosive environment and stress were applied simul~-
taneously was considerably shorter than for any of the tests
pexrformed with prior corrosion78.

NcAdam also demonstrated that the effects of corrosion fatigue
could be represented by means of a three-~dimensioral. plct of stress

79
range, cycles to failure, and test time (frequency) (Fig, 28). From

these plots, a relationship between the corrosion fatigue behavior oI

steels in calcium carbonate solutions and in distilled water was
estaklished, This relationship confirmed his previous conclusions
that the influznce of stress range and freguency on pitting behavior
is practically the same, Additionally, a summary of 2z number of
experiments indicated that there was an empirical relationship
Letween stress and time:
R = csh (10)
where R is equal to the rate of damage, S is the alternating stress
80
and C and n are constants
The effects of solution concentration and temperature on the
81,32 79,83
fatigue behavior of steels werze studied by Gould and by Mcadam .

Gould performed experiments on mild steel specimens in distilled

water and in various concentrations of KCl. Bis results indicated

that sclutions ranging from 2 melal to 1/40 mclal have similar effects

on corrosion fatigue, but tnat at concentrxaticns peiow 1/40 molal the
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effect approcached that of distilled water (Fig. 29),
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These e:meriments established that over a wide range of cor-
rosivity, fatigue behavior of steels is reduced to a consktant level. :
In mildly corrosive environments, on the other hand, fatigue behavior
is markedly affected by solution cencentration; fatigue life
improving with decreasing solution strength. Similarly Duquette and
Uhlig84 have also shown that over an order of magnitude of applied
anodic current (30-3003a/cm2), fatigue life is essentially constant
in deaerated 3% NaCl solutions and that at lower applied currents
fatigue life is improved (Fig. 30).

79,83
MaoaAdam also studied the effect of different waters including:

(a) a hard well water with an alkalinity of 1COppm {as CaCO3), 100~
200 ppr chloride, and 50 ppm sulfate, {(b) a soft water of zero
hardness containing 30 ppm sulfate and 5 ppm chloride, (c¢) a river
water of one-sixth to one-third the salinity of sea water, and (d) a
fresh water containing up tc 20 ppm alkalinity and 5 ppm chloride,
The hard and soft waters were about egually damaging, but the salt
water was considerably more daiaging that the "fresh" water,

Gould's tests on miid steel in artificial sea waterazin a
constant-temperature room at 13°C, 25°C, 35°C and 45°C showed an
appreciable effect of temperature, with fatigue life being approxi-
mately halved for 107 cycles when the temperature was raised from
i5° to 45°C (Fig. 3i). This is in contrsst to the normal air fatigue

behavior of steel which shows no appreciable effect of temperature
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in this range., At temperatures approaching the boiling point of water
(82°C) Cornet and Golanssfound that drill rod tested in 2.5 percent
NaCcl solutions showed definite improvement in fatigue behavior when
compared to room temperature tests, The authors attributed this bene-
ficial effect to the difference in pitting attack at high temperature,
the pits being more uniformly distributel and shailower, and suggested
that the ratio of cathodic to anodic areas is higher at lower
temperatures,

The effect of stress frequency on corrosion fatigue has been
studied by a number of investigators but is still not completely
understocd. For example, Goughs, in his review of corrosion fatigue,
noted that it is difficult tc compare the corrosion fatigue properties
of met:ls exposed to like environments in view of the fact that data
reported are usuvally taken at different frequencies, In general, a
given time was found to produce more damage at a higher freguency,
but a given number of cycles was found to produce greater damage at
low frequencies, Water and Hennasfound that with low alloy steels in
fresh water, a frequency of 1450 cycles/min. produced failure in 106
cycles requiring 11% hours, but that at a freguency of 5 cycles/min.

6

failure occurred in 0.11 x 10° cycles or 400 hours, This conclusion

87
was also supported by the work of Endc and Miyas , their curves,
however, converging at low stresses (long endurances) indicated that

failure tended to be predominantly dependent on time (Fig. 32j.

The method of applying stress to corrosion fatigue specimens and
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its effect on subsequent behavior have bezn studied by a number of
85-38 38,89
investigators . For example, Gough and Sopwith found ratios
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of fatigue life at 50 x 10% cycles in direct tension versus bending

[o]
tests of 0.36 to 1,26 for various steels in a salt spray. GouldJG, on
the other hanéd, found that the endurance of steel suvbjected to fatigue
tests in sea water was several times as great in direction tension as
in bending, He attributed this to a stre:ching of 211 the anodic
areas in bending, whereas only some of these areas were stretched in
direct tension, thus resulting in more pronounced attack in bending
tests, The reverse effect has been noted in air fatigue tests with
bending tests producing greater fatigue strengths than direct tensicn
testsgl,

To date the effect of pH of aqueous solutions on corrosion fatigue
behavior has not received extensive study. Simnad and Evansgzstudied
the effect of 0,1 N BC1l on the fatique life of steels and found
greater damage in this medium than in neutral XCl solutions. Radd,
Crewdexr and Wolf993conducted tests in alkaline media, concluding that
at a pH abecve 12.1 a fatigue limit is regained,; this limit improving
at still higher pH's (Fig. 33). From these results, Radd, et.al.,
concluded that corrosion fatigue is a result of differential aeration
cells producing pits in the metal surface and that a high pH providss
an oxygen diffusion barrier of ferrxous hyaroxide on the susface,

Higher fatigue limits at high pH are explained in terms of a "better

and more perfect film barrier", These results generally agree with
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those of Duquette and Uhlig who showed that fatigue life is reduced in

solutions of pH less than 4, remains constant a pH's between 4 and 10,

and increases markedly at pH > 10,a true fatigue limit being observed
L

at pH's greater than 128}.

Thum and Holzhauer's work94, performed on boiler steels at 275°C,
showed that additions of 0.7 g/l NaQH to distilled water improved the
fatigue limit by approximately 20 percent, but that increasing the
NaOH concentraticn to 200 g/l lowered the fatigue limit by apprcxi-
mately 10 percent. At the higher alkaline concentrations, inter-
granular, as well as transgranular, cracking w23 observed indicating
that caustic cracking (stress corrosion cracking) was also occurring
during normal fatigue cracking.

Although, in a few cases, annealing has been shown to be bene-

95,96
ficial . alloying and heat treatment of steels usually have little
effect on the corrosion fatigue characteristics unless the alloying is
undertaken specifically to improve ¢orrosicn resistance., Thus, the
use of low alloy steels and high carbon steels is not beneficial in
most corrosive media, whereas in air their fatigue limits increase
directly with their ultimate tensile st -engths. The work of Inglis
o
and Lark;7 on mild steel and on low alloy steels in river water and
o
that of Burnhamgoon marine piston rods in sea water confirmed these
results,
2
Gough's raview paper suggested that there was considerable

evidence for the -importance of dissolved oxygen to the mechanism of
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9¢
corrosion fatigue, For example, Lehmann noted an improvement in the

fatigue life of steel specimens when the specimens were completely
immersed at 96°C. He concluded that this improvement was due to the
limited solubility of oxygen at this temperature, Binnieloonoted that
sodium chloride solution dripped through air was extremely damaging to
fatigue specimens. On the other hand, when the specimens ware
surrounded with a commercial hydrogen atmosphere, he observed higher
fatigue 1li.fe, with still further improvement as the purity of hydrxogen
was increased. Similar effects were observed by FullerlOlin aerated
and deaerated steam,
102

tehdizadeh, et.al have reported the results of fatigue tests
conducted in sodium chloride solutions containing air, hvdroger sulfide
and carbon dioxide on the fatigue behavior of both normalized and
qusnched and tempered 1035 steel, These authors noted that, whilie
hydrcgen sulfide was not particularly damaging in the absence of air,
carbon dioxide, was equally damagiag in the presence or absence of air,
Perhaps more importantly, their results showed that complete
deaeraticn of sodium chloride solutions caused a reappearance of the
fatigue limit observed in dry air tests, thus indicating that
dissolved cxygen is essential to the corrosion fatigue mechanism in
neutral pH solutions (Fig. 34). This raesult was also confirmed by

o

other investigators for 3% WaCl solutions and for distilled waterl 3.

The presence of the chleride ion alone in deaerated solutions, however,

is sufficient to lower fatigue life although it does not affect the
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fatigue limit (Fig. 35).

B. Non-Ferrous Alloys

Copper-Base Alloys

As in the case of ferrous alloys, much of the early corrosion
fatigue work on non-ferrous alloys was conducted by iicAdam and his
co—warkerle4, and their results are reported in tabular form for Cu,
Ni-Cu, HMonel, Al, Al,-iin and duraluminum in a number of journal
articles., Results for phosphcr, aluminum and beryllium bronzes were
also reported by Gough anrnd Sopwith who showed that the corrosion
fatigue resistance of bronze compares favorably with that of stainless
steel; beryllium bronze showing exceptional resistance to damagelos.
MMcAdam and Geillosshowed that in two-phase aluminum bronzes, corrosion
fatigre assocciated pits are confined to e-phase regions and grow at a
pronounced angle to the speciien suxface, probably because of the
Stage I fatigue cracking usually associated with these alloys.

Single phase aluminum bronzes alsc exhibit considerable corrosion
fatigue resistance in salt water, fatigue lives being eguivalent to or

137
somewhat better than stainless steels -

Pure copper is exceptionally resistant to ccrrosion fatigue damage
in neutral waters, fatigue life being identical in air and in aqueous
envirouments. Only ander the imposition of large anodic amounts
(- 10G pA/cmz) does copper show a siagnificant reduction in fatigue

198
life due to corrosion .




= e e

BNl s Ce AR ST

Aluminum~-Base Alloys

Although pure aluminum is known to pit in chloride containing
aqueous media, its fatigue life is relatively unaffected by these
environments. Aluminum alloys, particularly those which have been
alloyed to exhibit high yield and tensile strengths, on the other hand
are highly susceptible to corrcsion fatigue,

Pre-corrosion of duraiuminum sheet for a period of 5-10 days by
20% NaCl water sprays, while showing no reduction in tensile strength,
showed a marked (25%) decrease in ductility and a 35% reduction in
endurance limit76. This reduction was attributed to a notch effect
created by intergranular corrosion. Similar results were also

77,109
reported after an 18 hour immersion in artificial sea water .
puring conicint exposure of Al-lig alloys to cyclic stresses and 3%
NaCl solutions, cracking was shown to be asscciated with transgranular

1

precipitates rather than grain boundariesl~owith maxinmum resistance
corresponding to an air cooled 8% lig alloy. Fatigue tests conducted
on Al 0.6Mg 1Si alloys in tap water and in 3% NaCl solutions showed
dramatic reductions in fatique strength; the endurance linit b2iny
reduced 50% in tap H,50 and 75% in the NaCl solutionlll. The influence
cf anionic, cationic and non-ionogenic wetting agents on the corrosicn
fatigue resistance of Al-7% .lg alloys has also been studied in
distilled H20 and, 3% NaCl, HBC1l and NaOH sclutions, While anionic

agents increase the corrosion fatigue resistance, cationic and non-

ioncgenic agents have little or nu effect. These authors asc.sibe the
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action of wetting agents to a reduction of surface energy combined
with changes in the surface films formed in the metalllz.

In an extensive study of fatigue crack initiation and propagation

113-121

in high strength aluminum alloys, Forsyth and Stubbington have
shown that the fatigue behavior of Al-Zn-iiy alloys fof the 7075 type)
is markedly affected by the presence of NaCl solution, These authors
obs~rved that under corrosive ccnditions crack initiation was
generally transgranular,although in the peak aged condition at low
frequencies cracking was occasionally observed to occur at grain
bcundaries and then propagate transgranularly (stress corrosion cracks
in these alloys are generally intercrystalline - associated with grain
boundary precipitates). A similar observation has been made for
aluminum 8% magnesium alloyslzz. Then continuous grain boundary pre-
cipitates were present corrosion fatigue cracking was entirely inter-
crystalline while with discontinuous precipitation cracking initiated
at the grain boundary but reverted to a transcrystalline mode a short
distance below the specimen surface. Forsyth and Stubbingten also
noted that at low applied stresses the crystalline mode of cracking

(Stage I) is not only extended but the fracture path shifts from a
3

Wt

a
Z
(111) plane to an apparent (100) plane. Pelloux has also noted this
shift of crack plane for precracked 2024 Al alloys under the influence
of applied anodic currents (Fig, 36). Forsyth and Stubbington attri-

buted the reduction of fatigue strength of these high strength

alaminum alloys to preferential slip band corrosion due to
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electrochemical heterogeneity arising from plastic deformation; the
dislocation pile~ups in the slip bands being anodic to the metal
matrix,
The combined interaction of corrosive environments and ultra-
sonic frequencgzzn aluminum alloys has been studied by Hockenhull,

Monks and Sala who coencluded that the same types of effects occur

even at very high frequency (20 kHz) i.e., that in the prescnce of
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aggressive solutions fatigue lives are shortened and endurance limits

eliminated, but that at least part of the damaging effects were due to

R R oM

mechanical wedging of a growing crack by the liquid.

1 408 o

A relatively recent innovation in the evaluation of corrosion

e y RN

fatigue crack propagation has becn provided by the introduction of
fracture mechanics concepts to cyclic deformation-envircnmental
interactions,. While these technigques, which consist of monitoring the
growth of fatigua cracks under the influence of ccntrolled stress
concentrations, present some difficulties for theoretical interpre-
tation, they provide useful cngineexing criteria for failure
predictions. This approach has been particularly useful in dealing
with aluminum alloys used for aerospacc applications, While a
comprehensive treatment of this field is beyond the scope of this
review, it should be pointed out that scveral review articl~s on this
subject are currently available, Specifically, these are the

125-127
prcceedings of three recent symposia and two recent articles by

128 129
Johnson and Paris and by Wei concerning the growth of fatigue
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cracks under environmental conditions.

Miscellaneocus Alloys

While the corrosion fatigue behavior of few alloys other than
ferrous and aluminum alloys has been studied,the behavior of lead and
lead alloys has been investigated in air and in 38% H9S04, the HpSQ4

solution resulting in a much lower fatigue life, The author attributed

130
this reduction to a notch effect created by grain boundary corrosicn

L J

Magnesium-aluminum alloys are also highly susceptible to corrosion

fatigue, accelerated crack initiatiocn being attributed to galvanic

1lo
effectc between intracrystalline precipitates and the matrix allocy

C. Protective Measures

Several investigators have reported some protection against
corrosion fatigue either by inducing ccmpressive stresses at the metal
surface, by adding inhibitors to the agqueous environment, or by applying
external currents, For 2xample, protecticn against corrcsion fatigue

131 132,133
has been obtained by shot peening , surface relling ., and by
97 134 o6

nitriding . Portevin and Mailander reported beneficial effects and
135

Dolan and Benniger also found a 50 percent increase in fatigue life

1
at 108 cycles in fresh water due to nitriding. Junger 36found that the
protective action of surface compression, although effective in sheort-
time tests, decreased considerably in long-time tests in sea water. On
the other hand, nitrided steels showed no xusting and a 500-800 percent

increase in fatigue trength without showing a true fetigue limit,

Nitriding and surface compression have also been shown to be beneficial

L
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for improving fatigue behavior in air. Karpenko and Ischenko have also
noted that surface rolling is beneficial in the presence of surface

2
active agentsl‘7.

Inhibitors have been showa to be beneficial, althcugh a higher
concentration of inhibitor was required than is normally needed to
prevent uniform ‘orrosion in the same solution, Speller, McCorkle and

135,139
Mumma studied the effect of chromates and dichromates in concen-
trations of 25-30,000 ppm sodium chloride, Their results indicated
that more inhibitor was required at higher chloride concentrations,
and that dichromate of 200-800 ppm is superior to chromate of
efuivalent concentration (Fig. 37). Crevice corrosion was cbserved at
a solution-rubber washer interfoce in these solutions. Dacves, Kamp

140 81 141
and Hotthaus . Gould, and Gould and Evans also reported improved
fatigue behavior by the addition of 0,001 M to 2 M chromates in 0.001 M
to 1 li KC1 solutions, Greater than 1 g_chromites were shown to be

4
especially beneficial, Fink, Turner and Paul 2observed that satu~
ration with zinc yellcw »igment was more effective than egquivalent
additions of potassium chromate in preventing corrosion fatigue in
chloride solutions but noted that as the inhibitor was acdded, results
became scattered and no true fatigue limit could ke obtained for long-
time tests. This arcmalous behavior was attributed to local breakdown
4

of passive films and subseguent attack, Speller @t.al.l}Bnoked that a

high concentration of chromate was required to initiate a passive f£ilm,

but that lower concentrations sufficed to maintain it. Sodium
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carbonate was shown to ke effective in preventing corrosion fatigue
144 o4

in distilled water, and Hcltzhauer and Thum and Holtzhauer noted

that trisodium phosphate was alsc beneficial,

Various cathodic, anodic and inert coatings have also been in-
vestigated to prevent corrosion fatiqgue. Cathodic coatings are
gencrally only effective if the coating remains unbroken, and
accordingly several investigators have shown that breaks in the coating
accelerate corrosion latigue behavior, rrobably by accelerating

145
corrcsion at the breaks ({Fig, 30a). Thus, Kenyon found copper
146
coztirgs to accelerate domage. On the other hand, Cazaud found
electrcdsnosited nichel and chromium to be slightly beneficial in fresh
o7 147

wvatcr, and Inglis and Larke and Wilscn feourd nickel to be Fonedicial
in river water and in salt spray, raspectively.

Chromium plating was also found to be heneficial foxr corrocsion
fatigue resistance of high strength stczls, especially if the plating
waz «»nlied o shet weened or ball rolled surfaces., Case hardening

and chremium coatings w-re still more resistant ¢o corrcsion fatigue

anéd zinc coatings were also shown tc be beneficial alihough not so
143

LA

much as “he chrouwiwn coatings . The state cf stress of chromium
coatings has also bgen shown to ke important with residual tensile
14£¢,152
stresses being dawaging to the steel under corrosion fatigue conditions,
but that improvement in behavior could be realized if the nores in the

coating were sealel with linseed 2il. Coating steels with corrosion

resistant steels by metallizing has also heen avtempt2d with sone
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improvement of fatigue life even in air, but only if the surface was
151
car2fully polished to avoid crack initiators . This process, as

»ith many metallizing processes, is not effective at high applied
stresses because of the inherent brittleness of the coatings,

Chromizing (reaction of steel surfaces with Cr to produce an adherent

ceal

't

ng) has also been shown to be erffective in improving fatigue life
152
unier corrosive conditiocns

Mnodic metal ccatings, on the other hand, have generally been

shawn to be beneficial even when the film was lorally ruptured

153,154
(Fle. 257), Iaigh's speriments v Jh galvanized stecl wires
vecn bhn flv3 w7 arricon that zince could be used to markediy increase
155
tha Tatioeme Life of clezlc, Turthnar experiients by Krystof '
158 157

Eavvor  ard Behrens  confirmad Haigh's results and indicated that
ele~troplated :zinc was superior to galvanizing in preventing corxrrcsion
6,141,158,15¢

fcrigue, Other investigators have studied <he Lehivior

o zirc and cadmium elsctroplates con steel specimens in various
armeous calvtion and all have arrived at the same conclusion,
Huddle and Evans also showed that zinc-rich paints could be bene-
ficial for steels in salt solutioms,

The effect of anodizing to protect aluminum alloys from corrosion

fatigue has also been studied with somewhat mixed@ results, some

161
authors shewing ano effect and others a wmixed effect with improvement
162
of £itigue life in corrcsive solutions but a reduction in air .
163,164

Sprayed metallic coatings have also been shown to be effective
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if stresses are not =n large as to rupture the coatings.

Organic and incrganic coatings have been investigated by Gough and

165 166 136,167

Sopwith , Speller and McCorkle . and others . Each of these
investigators concluded that th2 oaly purpose these costings served was
as a physical barrier to surrounding solutions and that they were not
effective unless absolutely continucus,

2pplying cathodic current as a means of reducing corrosion fatigue
of steel wire specimens in neutral KCl solutions was first investigated
by Evans and Simnadlss. Although it was possible to completely prevent
failure in these solutions, a lower fatigue limit was observed, this
limit being a function of applied current (Fig. 39). In acid solutions
(0.1 N HC1), on the other hand, these authorsgznoted some improvement
of fatigue life with applied cathodic current, although it was not
possible to completely irhibit failure, 2nalyses of dissolved iron at
high currents (~ 2 ma} indicated no corrosive attack, but these
investigators concluded that any iron dissolved at the tip of a crack
was redeposited at the mouth of the crack. It was also noted that a

higher current was required at higher stresses in order to prevent

accumulation of dissolved ircn in solution,

Glikman and Suprunlegstudied high mediuvm (0.37 percent) steels in
3 percent aCl and noted that the protection a€forded by applied
cathodic currents was directly proportional to current density

{1 amp/cmz, max.), with anodic currents decreasing life to the same

extent, Spdnn also noted, however, that he was unable to completely
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protect against failure in acid solutions and suggested that it
renained to be shown whether r not cathodic protection against
corrosicn fatigue in acids was possible, Cathodic polarizatioa of
17¢ 171
mild steels was also investigated by Minami and Takada and Spahn .,
In each case, a fatigue limit identical to that observed in air was
observed at sufficiently active potentials in neutral colutions.
Minami and Takada noted that even at potentials where a significant
amount of hydrogen was absorbed, strength was not significantly

affected,

Duguette and Uhlig were able to show complete protection of mit3d
84,1u3

steels by cathodic polarization in both neutral and acid solutions
{Figs. 40 and 41). Significantly the critical potential for complete
protection from corrosion fatigue is identical to the calculated open
circuit potential of iron in equilibrium with ferrous ion in solutions
below the fatigue limit (Fig. 43). In low pH solutions (pH 2),
copious amounts of hvdrogen are liberated with no apparent affect on
the fatigue limit. At stresses abcve the fatigue limit in these
solutions, however, cathodic polarization results in a2 marked increase
in fatigue life - an as yet unexplained result., Pelloux has also

snown that cathodic currents are eifective in reducing crack propa-

gation rates in aluminum alloys even when cracks are of significant

123
length .
The possibility of ancdic protection against corrovsion fatigue
171,172
was also investigated by Spahn , who studied ihe fatigue
_ o . I T tﬁ_;" T ol “"‘:’ e P = ==




942~

behavior of a 0.48 percent C steel in an acetate buffered solution of

pH 4.6 under potentiostatic conditions. Although fatique life of the

steel remained constant throughout most of the passive region of the

polarization curve (+200 to +90C mv versus S.C.E.), failure always

occurred, It should be noted that the current observed throughout the

passive region was relatively high, (3-4 ma/cm?), Spiahn concluded that

this high passive current was the result of a non-protective passive

film Jdue to the high proportion of pearlite in his specimens, The

fatigue life observed at this current agreed qualitatively with that
cbserved in the active xecgion of the polarization curve e.g. failure
cccurred in the passive region in 5 x 10° cycles at a stress level

equal to 90 percent of the fatigue limit and in 4 x 10° cycles at an

active anodic current of 3 ma/cm2 at the same stress level,

The reappearance of a2 fatigue limit in solutions of pH 12 and
greater can probably alsc be attributed teo the presence of a protective

passive layer which reduces corrosion to a rate below a certain
84,103
critical value

D, The Kechanism of 2Agueous Corrosion Fatigue

Theories of corrosion fatigue have generally relied on nne or more

of the following mechanisms: (1) stress concentration at the hase of

hemispherical pits created by the corrosive medium, (2) electrochémical

attack at plastically deformed areas of metal with non-deformed m2tal

acting as cathoGe, (3) electrochemical attack at ruptures in an other-

wise protectiwve surface film, and (4) lowering of surface energy of the
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metal due to environmental adsorption and increased propagation ol

s

micrecracks.,

173,174 ;
Early investigators of corrosion fatigue favored the stress- :

concentration pit theorv. Their conclusions wers based on the physical

examination of failsd specimens, Such examinations revealed a number

of very large cracks originating at large hemispherical pits at the

175

metal surface., Recently, Romanov  favored this mechanism as the first

stage of failure,

Pit formation in metals and alloys in 2,gressivs environments

undoubtedly does lead to a reduction in fatigue life. However, it is

important to note that the corrosion fatigue phenomenon also occurs in

environments where pitting does not occur, For example, low carbon

stecls are highly susceptible to corrosion fatigue in acid solutions,

184,168
where pits are not observed . Additionally, reduced fatigue

lives can be induced in steel specimens by the _plication of small

anodic currents in deaerated solutions where pits do not form.

TR o A

Conversely, fatigue tests performed in 3 percent NaCl + NaOH solution

of pH 12 where only a few randemly distributed pits are cbserved show
34

fatigue limits identical with those observed in air , Results of this

kind are perhaps not unexpected since corrosion induced pits tend to be
p P P

hemispherical in nature and the stress intensity factor asscciated with
176

surface ccnnected hemispherical defects is not large

-




Further evidence that corrosion induced pitting cannot be
responsible for early crack initiation in corrosion fatigue was shown
by Duquette and Uh119103 In a s2ries of experiments aimed specifi-
cally at the initiation process, low carbon steels fatiqued in neutral
3 percent NaCl solutions for small percentages of total fatigue life
were secticned and examined metallographically. Although some hemi-
spherical pits were cbserved in the specimen surface, no cracking
could be attributed to their presence., Rather, accelerated corrosion
of ipitiated Stage I cracks was noted, with a deep "pit-like" con-
figuration being oriented at approximately 45° to the specimen surface
(Fig, 42) . No fatigue cracks were observed emanating from these pits,
and an examination of specimens cycled for longer periods showed that
the extent of growth of initiated fatigue cracks was always equivalent
to “"pit" depth, with no "normal" fatigue cracks asscciated with pits.
It may be concluded then that in many cases, the pits observed at
failure by previous observers are nct the cause of corrosion fatigue
cracking but rather the result.

177

Whitwham and Lvans studied the effect of preliminarxy air
fatigue on subsequent corrosion fatigue behavior in order to determine
the effect of prefarential dissolution of distorted metal on fatigue
iife, Results indicated that preliminary dry fatigue had little or
nc effect on corrosion fatigue life or annealed and cold-drawn wires,

Transgranular cracks originating in slip bands at the steel surface
g g g P

were the principal causes of failure, although a small parcentage of
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intergranular cracks was also observed., From these observations, the
authors concluded that failure due to corrosion fatigue is caused by
distorted metal acting as anode with unidistorted metal acting as
cathode; very fine cracks then advance Ly a combination of electro-
chemical-mechanical acticn. They further suggested that this mechanisx
acts only when the metal is being cyclically stressed and wlLen the
atoms at the tip of the crack are very "hot"; the “"het" atomnz “eing
electrochemically active to the surrounding "cooler" atoms., ! zn the
atoms are cool (static), they cease to be susceptible to attack. A
variation of this model (cyclic stress altering structure and causing
sensiti;éty to attack) was proposed by Lihll7uand by Glikman and
Suprun , wherein cyclic stresses cause breakdown in the homogeneity
of the metal structure, Lihl suggested that an undefined precipi-
tation within the grains destroys the "mecsaic" structure, while
Glikman and Supiun suggested that electrochemical heterogeneity arises
during the course of cyciic stressing creating conditiocns for
increased attack.,
Suriace film rupture as the principal cause of the corrosion

130
fatigue phenomenon of steels was proposed as early as 1533 by Laute ,
He proposed that a film of varying thickness forms, which is ruptured
by mechanical stresg causing increased corrosive attack at the rupture.
Low frequencies allowhrepair of the Zilm and very lcng life is noted.,

92,168

Evans and Simnad also suggested that film rupture might be

important in neutral sclutions but that structural changes in the

e | um,mﬂi‘“'wfr‘ i
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metal predominate in acid solutions. Rvabchenkov  noted that the

electrode potential of a steel drops markedly‘in fatigue tests with a
higher rate of change being noted at higher stresses. This potential
drop continues throughout a particular alternating stress experiment,
but reaches a steady~state in static tests. This investigatocr attri-
buted the continuous lowering of electrode potential to opening of
microcracks and destruction of a protective film., Additionally, it was
noted that in a grooved steel specimen under alternating stress, the
bottom of the groove was anodic to the sides of the notch and to the

surface of the specimen.

Investigating the corrosion fatigue benavic® ox ¢+ <. under
cathodic polarization in neutral and alkaline solti wyavski and
182,183
Vedenkin concluded that the action of protectiv. ..rrents is due

to a local change of electrolyte pH at the specimen sufficient to
generate a passive film, thus providing protection. On separating the
specimen (cathode) from a platinum anode with a connecting agar-agar

bridge, ic was noted that the pH of the anolyte decreased and the pH of

the catholyte increased to 11, this increase being sufficient to protect
the specimen against further corrosion, From these results, it was
concluded that the protective action of cathodic currents was due not
to the suppression of a siressed-unstressed metal galvanic couple, but
that the observed change in the potential of the stressed areas is a
consequence rather than a cause of cracks. Tnese authors felt that

their results disproved the usual electrochemical theory of corrosion
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fatigue (i.e., the el ctrochemical theory in this instance refers to
the stressid;unétressed metal galvanic couple theory).

Sp&hn ’ attributed the shift of the potential in the active
direction to the appearance of slip bands on the surface in the early
stages of deformation, with localized corrosion occurring as the subse-
quent step, a resultant notch causing stress concentration and final
failure., This apparent change in the electrochemical behavior was also
noted by Simnad and Evanslssand was attributed to (1) a diminution of
polarization of both cathodic and anodic areas of the metal, the anodic
shift being more dominant, (2) a reduction in resistance of the
electrolyte path joining anode and cathode, or (3) a possible bodily
shift of the anode potential in the active direction (Fig. 43).

The cffect of adsorbed species from a surrcunding liquid environ-
ment on the mechanical properties of solids and its relevance to
fatigue behavior was discussed by Benedickslesin 1¢48, Arguing that
the mechanical properties of steels (tensile strength fatigue strength,
etc.) could be reduced by wetting the surface with water or alcohol and
in:reased when wetted with other organic agents, this investigator
cdncluded that corrosion fatigue and other environment sensitive
mechanical characteristics (e.g., caustic embrittlement, season
cracking or soldering brittleness) can be explained by 2 wetting
effaoct, The liquid wetting the surface caused a dilatation of the

solid body due to a reduction of surface energy, and subsequent

dnformation was thereby made easier, the effect increasing with
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increasing surface tension of the liquid.,

This theory,based on reduction of surface energy affecting subse-
quent fatigue behavior,has received much attention from Russian

186-190
experimenters, notably G. Karpenko and P, Rebinder and co-
191
workers . Karpenko first suggested that the corrosion fatigue
mechanism consisted of the sum of two separate step3186. The first
step is the appearance of fa:igue cracks due to envirenmental adsorption,
and the second step consists of a corrosion reaction within the
nucleated cracks. This mechanism was based on experiments performed
on mild steel specimens in distilled water with and without 1 percent
addition of saponine, a surface active agent, Cracks appeared in
specimens in .he saponine solutions but were markedly absent in
untreated distilled water. 1In another set of tests, Karpenkols7noted
irn comparing two steel specimens, one in air and the other in distilled
watexr at a stress level slightly below the fatigue limit that cracks
were noted only in the specimen tested in water, All growing cracks
were normal to the specimen surface and were filled with corrosion
product. These results were intexpreted in support of the Rebinder
effect whereby adsorption accounted for the multiplication of pre-
existing ultramicrocracks on deformation with subseqguent growth
cccurring by electrochemical dissolution, Exp.rimental evidence for
123,18¢

this mechanism is also cited in later publications by this investigator

which explain the beneficial effect of surface compressive stresses

as a suppression of the adsarption factor,
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199
In a

later report on the mechanism of corrosion ifatigue, Karpeniko

attempted to correlate the effect of cathodic and anodic currents on

fatigue bhehavior. The reduction in fatigue strencgth of a 0.3 percent

C steel in an electrolytic bath was attributed to hydrogen adsorption
at cathodic areas, and it was concluded that failure under cyclic
stress in corrosive media could take place by one of three mechanisms:
(1) at high amplitudes, hydrogen embrittlement of cathodic areas
dominates, (2} at mode.sate ampiitudes the combined adsorption-
electrochemical theorv, due to corrosion at anodic areas, controls,
and (3) at low amplitudes, crack appearance and growth is due mainly

to an electrochemical corrosion mechanism (Fig. 44). Karvenko claimed

that in case (3) the corrosion is favored by cyclic stresses which
lower the electrode potential in highly stressed areas and destroy

oxide films which would otherwise be protective, Thus, this mechanisnm

includes the theories of distorted metal activity and film rupture, 2as
well as the adsorption-electrochemical theory, the stress range
determining the controlling mechanism,

It is likely that no one mechanism completely governs the entire
corrosion fatigue process; however, the corrosion fatigue cracXk
initiation step appears to be much more specific,

For example, neither the pitting models, the preferential
dissclution models or the £ilm rupture models of crack initiation can
apply fcr all mctal-environment combinations. Thus their specificity

would implyv that; although they may be relevant in some limited
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circumstances, a more general mechanism rust operate, Of the

mechanismg cited, the Rebinder or reduction ¢f surface energy mecha-

nism by adsorption would appear to be the most attractive to explain

the premature crack initiation process. However, even this model has

E
3
3
3

some severe limitations, For example, it has been si:own that steels

3 in neutral aqueous soluticns 4o not suffer coccosion fatigue in

3 Ceaerated solutions, even when strongly adsorbing ions such as Cl~

3 are present, It has also been shown that definite, althkough small,

103

y corrosion rates must be maintaired to induce crack initiation

q

These results would appear to be inccnsistent with a surface adsorbate

_ theory unless one concludes that the role of the adsorbcte ic to

e
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assist in removing the outermcst layer of surfa—e atoms. This

mechanism has been suggested for metals being deformed in strengly

adsorbing soap solutions with metal-scap complexes being detected in
1¢e2

solutions

b

The extrenely s.a2ll anodic current reguired teo initiate fatigue

cracking below the fatiqgue limit of s

-t

reels (a 2pA/cm2) is equivalent

to an cverall corrosion rate of 1 u 107¢ layers oi atoms per stiess
: cytle, obviously indicating that oveiall corrosion cannot be res::on-
E cé

sible rYor corrosion Zfatigue ciack initiation ., It is likely, however,

, that sel:ctive corrosion of snecific sites on the specimen surface

serves to renove small anounts of anodic material. It is accordingly

nroposed that accelerated zacigue cracl initiation in corrosive en-

: vironments is a result of this telective corrosion drocess osccurring at
3
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newly created metal surface at the metal-environment interface (by the
glip step emergence or by an intrusion-extrusion mechanism)., While it
is clear that the selective corrosion occurring at the freshly expocsed
metal is not a thermodynamic preocess, it is likely that metal atoms
contained in slip bands would have a lower activation energy for
reaction with the environmsnt; thus activation depolarization of anodic
sites would accelerate localized corrosion at emerging metal.

In the case of steels, where the normal fatigue process causes
wrack propagation only above a specific stress, it has been postulated
that dislocations are locked and further slip accordingly inhibited by
a Cottrell locking process below the fatigue limit, Accordingly, the
corrosive attack weculd effectively "unlock" otlerw! ,e blocked slip thus
leadiag to crack initiation and ultimate failure., For example, it hes
been shown that the joint application of yclic stresses and corresive
environment leads to extrusion-intrusion brovadening in steels (Fig. 45).
For other metals, which ¢n not exhibit a definite fatigue limit, it has
been shown that the disloccaticrn structure at the metal surface can be

193-196
quite different rcrom that inside the metal . If this region is
viewed as an effectively work harden=d region, due to dislocation intex-
action, localized coirrosion of emerging slip steps or extrusion would
effectively soften specific surface regions leading to accelerated
crack initiation, Thus, rather than a surxface energy reduction leading
to increased slip and subsequent crack nucleaticn, the propesed

mechanism consists of metal removal from specific highly deformed
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regicns in the mutsl surtfaca (Fig, 46).,

Ic is s.gniiicant to nocte that a number of investigators have
st that over wide ranges of corrosion rates fatigue life (and

34,103
presumably crack nucleation time} is independent of corrosion rate

For example, fatique lives below the fatigue limit of s'eels have been
observed to be constant over a range of applied anodic currents eqQuiva-

lent to overall corrosion rates of 0.05 to 0.5 atom layer per second

ard similarly constant in either air csaturated or oxygen saturated

salt solutions where corrosion rates increase by a factor of 5
recpectively. Accordirg to the proposed mechanism for crack initiation,
thes= corrosion rates would be sufficiently high so that they are
greater than the lccal rate reqguired to dissolve dislocation blocking

sites as they cccur,

Conclucions

On reviewing existing data on the phenomenon of both gaseous and

agueous corrosion fatigue, it becomes apparent that little is actually

known of the quantitative mechaniswms which govern either process. In

the gaseous case, surface energy reductions by Aadsorbing gaseous

snecies resulting in accelerated crack growth are at best speculatrive
althcough svch a moGel appears to be a reasonable qualitative explan-—
aticn for observed results, iiore basic information in the form of

specific gas-metal atomic reacticns must be 2vailable before a truly

guantitative understanding can be achieved.

For agueous environments, the scientific situation seems to be
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even less well defined than for gaseous envircnments.

Few experimental

proyrams have been developed to study the basic aspects of either

corrosion fatigue crack initiation or propagation. Rather, speculative

rnodels have been developed based on phenomenoclogical observations of

cyclic stress/environment~failure relationships. Until the micro-

mechanical/electrochemical nature of metal surfaces under cyclic
stresses in corrosive environments is better understo d, corrosion
fatigue vill remain somewhat cf an enigma,
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w

Fig. Effect of gaseous env1ronnent on the fatigque life of lead

(after Gough ani Sopwith’).

Fig, 4 Effect of gaseous erv1ronnent on the fatigue life of irxon
(after Gough and SOleth ).

Fig. 5 Effect of gaseous environment on the fatigue life of
aluminum as @ function of pressure (after wadsworth and
Hutchlngs ).

(63

Fig. Effect of vacuum on the fatigue 1ife of

aluminum 2lloy (after Engelmaipr23),

Fic., 7 iodel of oxygen - slip band interaction to explain
evvironment sensitive fatlgue crack nucleation
{(after Thompson et al.l ).

Fig, 8 Fracture surface of 2024-T3aluminum alloy fatigue tested
in air (lower) and in vacuum (upner). Rtch pits indicate
crack growth on a (100) plane in a < 110 » direction
(after Pelloux3?).

w

Fig, liodcl to explain effect of environment on fatigue crack

growth (after delloux>2),

Fig. 10 Electron micrographs of surfaces of cyclically deformed
aluminum crystals (a, b) in air ¢, &) in vacuum. showing
dislocation arrangenents near the surface and resultant
s5lip offsets (after Grossxreutz*é)

Fig. 11 Ilodel of void nucleation under oxide films to accelerxate
crack %?itiation in gaseous en.ironments (after Shen
et al.“*).

F.g, 12 Typarcal "8" shaped curve showing the effect of environ-
mental pressure on fatigue 1if~ and 1ndlcat1ng concept
of "critical pressure" (after Snowden? ).




Fig. 13 Effect of Vacuum on the fatigue life of nickel-base 5
superalloy single crystals (after Duquette anc Gelll ).

Fig, 14 Effect of vacuum on the fracture suxfene appearance

of a single crystal nickel-base sugeralloy sirgle
crystals (after Duquette and Gel1l )
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Fig. 15 ({a) Slip band cracking in a nickel-base superalloy
(U-700) at rocm cemperature; {b) grain bcundary
cracking in a nickel-base superalloy (U-700) at
1700°F (a.ter Wells and Sullivanés).
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Fig. 16 llodel for fatigue crack nucleation in st?inless steel
at elevated temperatures (after Hodgson“?).

Fig, 17 Oxide in intercrystalline crack in a nickel-base

superall? at elevated temperature {after Gell and
Duquette-?),
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Fig. 18 Effect of vacuum on the fatigue life of polycrystalline

nickel at elevated temperatures (after Nachtigall
et al.se),

Fig. 19 Effect of frejquency on the fatigue life of nickel-
base superallcys (after Organ and cel1°9),

e

Fig. 20 FEndurance linit (N¢ = 10% cycles) of nickel-base
superalloy single crystals as a function of
temperature (after Duquette and Gellsa).

Fig, 21 Fatigue life of nickel-hase superalloy single crystals
(a)1400°F and (k) 1709°F (after Duguette and Gell®").

Fig., 22 Fatigue fracture surfaces of nickel-base superalloy
single crystals in air and in vacuum ai. 1<09°F o
showirg initiation sites (after Duquette and GellG°).

Fig. 23 Slip orfsets on the surfaces of cylindrical nickel-
base superalloy single crystals tensile tested in 68
(a) air and in (b) vacuum (after Duquette and Gell®").

Fig. 24 ilcdel to explain the effect of oxide layer on emerging
slip steps in air on the slip behaviox of nickel-basg
superalloy single crystals (after Duguette and Gell™").




Fig, 25

Fig. 26

Fig. 29

Fig, 30

Fig, 31

Fig. 32

Fig, 33

Fig, 24

Fig, 35

Fig, 36

Fig., 37
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Fatigue fracture surfaces of iingle crystal nickel-
base superalloys in (a) air and in {(b) vacuum at &g07°F
showing initiation sites (after Duquette and Gell™").

iiodel showing effect of oxide blunting of Stage II
fatigue crack in nickel-base superalloys at 1700°F
(after Duquette and 691168).

steels -~

Typical corrosion fatigue $-~N curves for
78
Hcadam ") .

air, fresh water and saline water (after

Three dimensional plou shcwinag corrosion fatigue
kehavior of 2,7% Nickel Steel in carbonate water
(after ticAdam’?),

sffect of solution concentratinn on corrosion fatigue
behavior of low carbon steel in KC1l solution (curve 2)
curve 1 recfers to fatigu2 tehavior of steel in
distilled water + NayC0; (after Gould8ly,

Effect of applied anodic current on the faticue
behkavior »f low carbon steel in deaerated 3% NaCl
solution (after Duquette and Uhlig°4).

Effect of solution temperature on the fatigue behavior
of mild steel in artificial s a water (after Gould®<).

Effect of freqQuency (time cof exposure) on the fatigue
behavior of mild steel in air, in tap water and in
amts . ) . 87

saline solution fafter Endo and Miyas® ‘).

Effect of solution phK on the fatigue behavior of 93
mild steel in 3.5% NaCl soluticns (after Radd et al,””).

Effect of dissclved 0, on the fatigue behavior of 10
e

5
steel in 5% NaCl solutions (after Mehdizadeh et al, 2

3
G

)«

Effect of dissolved 05 and chloride ion on the fatigue
behavior of low carbon steel in distilled water and
3% NaCl sclutions (after Duguette and UhliglOJ).

Fracture surface of 2024 aluminum alloy in sea water.
The crientation of the fracture plzne is changing
with ancdic~cathedic current reversals (after Pvllouxlz3).

Effect of NapS04 and NayCr,09 additions on the fatigue
behavior of mild steel in NaCl soluticns (after
Speller et al,138)_
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Fig,

Fig.

Fig,

38

41

43
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Schematic diagram of effact of coating bresaks on
corrcsion behavior of emerging slip bands by cyclic
deformation in corrosive environmants, (a) cathodic
coatings, (r) anodic coatings.

=

ffect of applied cathodic current on fatigue behavio,.1 :
of mild steel in KCl solutions (after Simnad and Evans~™ 8) .
Effect of applied czthodic potentials on the Ifaticgue
behavior of low carbon steels in neutral 3% HacCl
solutions (aftex Duquette and Uhli9103).

Effect of applied cathodic potentials on the fatigue
behavior of low carbon steels in 0.5 N NapS0, +
Hy80, solutions, pH 3 (after duguette . and Uh11g34)

Svx“ace of low carbon steel cyclically deformed in 3%
Ka”! Lo 4% of total life showing crystal‘ogranhlc
pitiing (after Duquette and Uhllgl 3.

licdels for preferential dissclution of deformed reagions

in cyelically defeormed metals, (a) depolarization of

cathodic and ancdic areas, anodic depolarization dominant,
(b) reduction in resistance of electrolyte between local

anodes and cathodses, (¢) shift of open-circuit potential
of local anodic sites at crack tip.

Schematic diagram of Karpenko mode of COoXrosinn o
fatigue as 2 functicn of applied stiress (after Karpenkol“o).
Suriace of low carbon steel cyclically stressed to

o~ &% of total life in (a) air and {b) acirated 2% NaCl
showing developnent of extrusions and intrusions

{(arrow in (a). Dark lines in air apec1meﬂ are Stage I
fatigue cracks (after Duguette and Uhllg ).

Schem tic diagran of model to explain accelerated slin
and subsequent early crack nucleation in corrosion
faticue.
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Fig. 2 Model to explain effect of environment oan fatigue
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Tlectron micrographs of surfaces of cyclically deformed
aluminum crystals (a, b) in arr (¢, d) in vacuum,
showing dislocation arrangements near the surface and
resultanl slip offsectls (after (‘ross’..v-nt234)
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4. 11 Model 5f void nicleation under oxide films to accelerate

crack initiation in gaseous environments (after Shen
et 21,.2%y
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Fig. 23 8lip offsets on the surfaces of cylindrical nickel-~-
base superalloy single crystals tensile tested in 68
(a) air and in (b) vacuum (after Duquette and Gell 7).
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Fig. 24 Model to explain the effect of oxide layer on emerging

slip steps in air on the slip behavior ofnickel-bas

superalleoy single crystals {after Duquette and Gellgs).
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Fig. 25 Fatigue fracture surfaces of single crystal nickel-base

superalloys in (a) air and in (b) vacuum at 1700°F
showing initiation sites (after Duquette and Ge1168).
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Fig. 42

!

surface of low carbon steel cyclically deformed in 3%

NaCl to 4% of total life showing crgstallographic
pitting (after Duquette and Uhliglo ).
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Fig. 43
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Models for pircferential dissolution of deformed regions
in cyclically deformnd metalz, (a) depolarization of
cathodic and anodic areas, anodic depolarization dominant,
(b) reduction in rasistance of electrolyte between local
anodes and cathodes, {cj shift of open-circuit potential
of local ansdic sites at crack tip.
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fatigue cracks (aftz2r Duquette a»d Uhlig103).
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Fig. 46 Schematic diagram of model to ex

and subsequent early crack nucle
fatigue,

plain accelerated slip
ation in corrosion

3
b
z
3




