
BWR and PWR coolants have been reviewed42. Provided hydride precipita-
tion and thereby stress-corrosion susceptibility is avoided, especially at the
normal operating temperatures of water reactors, environmental effects on
fatigue crack growth are small. A possible exception arises when zirconium
alloys are subjected simultaneously to irradiation, high temperature aqueous
corrosion by oxygen-containing BWR coolants and cyclic stresses. Under
these circumstances, rather high environmental contributions (X 10) to cor-
rosion fatigue crack growth have been observed. There is clearly a need for
further work in this area to sort out the relative importance of dissolved
oxygen and irradiation effects both in terms of neutron damage to the
material and their effects on oxidising potential.

Copper Alloys

Remarkably little has been published on corrosion fatigue crack propagation
in copper and its alloys. In general little or no influence of marine environ-
ments has been observed in crack propagation experiments on manganese
and nickel-aluminium bronzes although the frequencies employed were
quite high (> 2.5Hz)31'43.

Corrosion Fatigue Endurance

It has to be stated from the outset in this section that there is rarely a one-to-
one correspondence between the effects of environment observed in endur-
ance tests on plain specimens and crack propagation tests on pre-cracked
specimens (assuming the same materials, environments and fatigue test
variables). In certain circumstances such as welded connections or other
components with built-in pre-existing defects, such a correlation is possible.
On the other hand, more than 90% of the cyclic life of smooth cylindrical
specimens can be spent in propagating a stage I crack across one or two
grains in inert environments and little or no relationship exists with standard
crack growth test results. The lack of a general correlation shows us that the
effects of corrosion on the early stages of crack nucleation and growth are
usually different to those observed on macroscopic crack growth. This is
despite a general recognition that most of the fatigue life of any artefact,
including plain specimens, is taken up in developing a crack, however small,
nucleated early in life. Thus in many circumstances, it must be the case that
the effects of corrosion on stage I crack nucleation and growth are quite
different to those on stage II growth. In addition, it has been noted already
that environments themselves can be modified by chemical and diffusion
processes set up in long cracks. In view of the above, it is therefore neces-
sary to summarise separately the contents of several detailed reviews of the
observations of corrosion fatigue endurance properties of many metal-
alloy-environment combinations2'3' 13>15 '19 '22 '25 '31-39> 44~46.



Gaseous Environments

Early work on the fatigue strength of various metallic alloys including steels,
aluminium alloys, copper alloys and nickel-base superalloys in vacuum
and in air clearly demonstrated that fatigue performance improved in
vacuum2'3'15'44'45. At room temperature, these effects are not generally large
but in high-strength steels, aluminium, titanium and magnesium alloys,
significantly improved fatigue strength or cyclic lives have been observed in
dry air compared with moist air15'31'44. Other environments such as inert
gases and liquid sodium with low partial pressures of oxygen also enhance
the fatigue lives of steels compared with air environments as do those which
increase bulk material strength such as carburising liquid sodium or neutron
irradiation damage15.

At elevated temperatures, the adverse influence of air oxidation on
stainless steels and nickel-base superalloys increases15'44. An example is
shown in Fig. 8.68 for a nickel-base super alloy where a marked temperature
effect on fatigue life was observed in air but which disappeared in vacuum6.
Such obviously large effects of air oxidation on fatigue life at high tempera-
tures has led to some difficulties in determining the relative importance of
oxidation and creep damage in environment-creep-fatigue interactions
where the environmental contribution has not been separately investigated.
Detailed studies of the frequency dependence of corrosion fatigue lives
of superalloys and stainless steels in air at high temperatures has revealed
the existence of critical frequencies, typically about 1.0 Hz, above which
no effect of air oxidation is found. At lower frequencies, the Coffin-Manson
equation can be modified by a frequency-dependent term which successfully
correlates all the corrosion fatigue data (Fig. 8.68). This equation in turn
can be simply derived by integrating a crack growth power law expressed
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Fig. 8.68 Plastic strain versus fatigue life for A286 in air and vacuum at 5930C. Numbers adja-
cent to test points indicate frequency, v, in c.p.m. K and /3 are material and environment con-
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as a function of the plastic strain range with the same frequency-dependent
term6.

Duquette has discussed various hypotheses and supporting observations
of mechanisms by which adsorption or oxidation by oxygen and water
vapour can influence early slip behaviour, slip band formation and the
growth of stage I cracks44. At elevated temperature, there is good evidence
that intergranular oxidation during preheating of stainless steels and super-
alloys to the test temperature creates an effective notch for premature crack
initiation. At normal ambient temperatures there is much more controversy
about how adsorbed species or oxides promote or inhibit slip or rewelding
during the compressive part of the cycle and how environments can alter the
tensile properties of oxide films. Nevertheless, there is little doubt that water
vapour can be a potent cause of hydrogen-embrittlement effects at least in
high-strength ferrous, aluminium, magnesium and titanium alloys.

Aqueous Environments

Prior to the modern day preoccupation with the application of fracture
mechanics to fatigue and corrosion fatigue crack growth, a very large tech-
nical literature of S-N corrosion fatigue results on metal alloys in aqueous
environments was published. Gilbert3 summarised a great number of S-TV
test results on various alloys in environments such as distilled water, tap-
water and seawater. The main effect of corrosion was to decrease by very
considerable margins the effective fatigue strengths at any given cyclic life.
Sometimes, however, strength was improved at short cyclic lives by very
aggressive environments which presumably blunted out incipient fatigue
cracks. Examples of typical corrosion fatigue S-N results for carbon steels
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CYCLES TO FAILURE

Fig. 8.69 Effect of air and aerated or deaerated distilled water and 3% NaCl solution on
fatigue behaviour of steel at 250C (after Duquette and Uhlig)
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are given in Fig. 8.69. It is noteworthy that these large effects of corrosion
were observed despite the frequent use of high test frequencies (> 10 Hz)
when environmental effects on stage II crack growth rates would be negligi-
ble. In some cases no fatigue limit was observed at long cyclic lives. There
must be some doubt about the often inferred wide applicability of this
observation, however, since specimens were often quite small and general or
localised corrosion could reduce the cross-sectional area very significantly
in many cases. Endurance limits or fatigue strengths at specific cyclic lives
were found to be insensitive to metallurgical condition showing no correla-
tion with tensile strength (in contrast to that observed in air). Corrosion
resistance, often specifically pitting resistance, was much more important in
determining the endurance limit. Various compilations of fatigue endurance
limits as a function of alloy strength have been published but the most recent
and most comprehensive due to Speidel13 are reproduced here in Fig. 8.70
and 8.71. From these figures, it can be concluded that the increased strength
of an alloy can only be exploited in corrosion fatigue if first it is resistant
to corrosion by the environment. However, it must not be of such a high
strength as to be susceptible to hydrogen embrittlement. Speidel has shown
how this philosophy has been used to practical advantage in steam turbine
blade specifications39. Ferritic 12% Cr steels are widely and effectively used
in good quality steam but where aggressive condensate is encountered a
Ti-6Al-4V alloy is necessary since 12% Cr steels suffer severe losses of
fatigue strength under such conditions.

The importance of the prevailing corrosion conditions in determining
corrosion fatigue strength is further emphasised by the response of the
SWV curve to electrochemical potential and in some instances corrosion

ULTIMATE TENSILE STRENGTH, UTS1 [ksi]

ULTIMATE TENSILE STRENGTH, UTS [MN/m2]

Fig. 8.70 The fatigue strength of carbon steels of varying tensile strengths in air aerated water
and seawater (after Speidel13)
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Fig. 8.71 Corrosion fatigue endurance limits for various alloys in aerated salt solutions or
seawater (after Speidel13)

inhibitors. Cathodic protection is very effective at restoring the in-air fatigue
endurance limit in carbon steels exposed to distilled water, sodium chloride
solution or seawater as is deaeration (Fig. 8.69). In conditions where the
metals passivate readily in their environments there can also be a beneficial
effect of anodic polarisation. An example is shown in Fig. 8.72 for an
austenitic stainless steel in sulphuric acid solution subjected to various
imposed potentials35. Modest increases in potential in the anodic direction
are seen to produce large benefits in corrosion fatigue strength, presumably
due to an increase in the kinetics and effectiveness of passivation of emergent
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NUMBER OF CYCLES TO FAILURE

Fig. 8.72 Effect of applied potential on corrosion fatigue behaviour of a ferritic stainless steel
in 3% NaCl (after Amzallag et a/.35)

slip steps. If, however, transpassive potentials are applied, then a massive
loss in fatigue strength is observed.

On many occasions, microscopic examination of corrosion fatigue failures
from initially plain specimens reveals transgranular, slightly branched,
cracks apparently emanating from pits. It has not always been clear whether
pitting has occurred before or after cracking, but that pitting is certainly
detrimental in reducing fatigue strength there is no doubt. An example for
an austenitic steel where initially plain specimens were pre-pitted is shown
in Fig. 8.7347. Similar results have been obtained for low-alloy steels and
aluminium alloys. Small hemispherical pits would generate a stress concen-
tration of 2.2 which would only increase to about 3.5 with increasing depth
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ENDURANCE, CYCLES

Fig. 8.73 Effect of pitting on the fatigue strength of austenitic steel (after Rust and
Swaminathan47)

and an accompanying change to a hyperbolic shape. Thus, extended pitting
exposures do not result in much more severe reductions in corrosion fatigue
strength compared with short exposures. The effectiveness of pitting in pro-
ducing stress-concentrating notches from which cracks initiate has also been
demonstrated by comparing the fatigue and corrosion fatigue strengths of
notched specimens. The relative effect of corrosion on suitably notched
specimens is minor relative to plain specimens34. An extreme example of
notches in as-fabricated artefacts is that of welding defects introduced into
even the best-made welds. These defects such as slag inclusions, undercut
etc., are typically 0.5 to 1.0mm deep. Even low frequency tests on full-
penetration fillet welds of structural steel at 0.1 Hz in seawater result in only
a modest factor of 2 to 4 reduction in fatigue life relative to air data. This
is comparable to the increase in stage II fatigue crack growth rates caused
by seawater as observed in crack propagation experiments under linear
elastic conditions. Thus the notching effect of pitting is not additive to that
introduced by other causes such as in welded fabrications. Further, it is clear
that the presence of welding defects or corrosion pitting can reduce fatigue
life in the limit to that attributable to crack growth as represented by the
Paris equation (Fig. 8.59). Some calculations of fatigue life on this basis are
compared with experimental data in Fig. 8.7348. Threshold conditions for
crack initiation at pits have also been successfully estimated from linear
elastic fracture mechanics calculations using the crack growth threshold
stress-intensity range and the pit depth treated as though it were a crack
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depth49. Such calculations are limited to pit depths above about 50 to
100 /xm depending on alloy strength by linear elastic validity considerations.

Despite the widespread importance and relevance of pitting as the primary
reason for severe losses of fatigue strength due to corrosion, it is not the
exclusive cause. Some metal-environment combinations have been tested
where pitting does not occur or pits are not associated with cracks but where
severe environmental effects on fatigue strength have been observed44'45.
Examples include carbon steels in acid solutions where preferential anodic
attack at emergent slip steps without classical pitting is thought to occur,
and polycrystalline copper under anodic polarisation where cracks initiate
preferentially at dissolved grain boundaries. Hydrogen-embrittlement pro-
cesses are probably important in high-strength alloys such as 2 000 and 7 000
series aluminium alloys. Nevertheless, dissolution processes of one sort or
another whether at persistent slip bands, inclusions or grain boundaries do
appear to dominate environmentally-caused losses of fatigue strength.

Observations of the importance of pitting and other localised corrosion
processes have led to various criteria being proposed for critical minimum
corrosion rates or anodic current densities for an environmental effect on
fatigue to be observed46. For a cyclic frequency of 30 Hz, the critical mini-
mum anodic current density has been found to be 2-3 /*A/cm2 in steels,
1.2juA/cm2 in nickel and lOO/^A/cm2 in copper. A consequence is that in
steels in solutions at pH > 12, (e.g. alkali-treated 3.5% sodium chloride
solution), the corrosion rate falls below the critical minimum and the in-air
fatigue strength is restored. Copper and many copper alloys exhibit very low
corrosion rates in saltwater environments well below the critical minimum
given above and in consequence fatigue strengths are relatively unaffected in
such environments.

It is evident from the discussion above that once the corrosion rate is
greater than a critical minimum at any given cyclic frequency it is a difficult
and complex problem to try and predict its effect on the complete S-N curve
without lengthy and laborious experimentation. Waterhouse2 has reviewed
much of the early measurements of corrosion fatigue endurance which aimed
to solve this difficult problem and cited particularly the work of McAdam50

and Endo and Komai51'52. A diagram for representing corrosion fatigue data
developed by McAdam is shown in Fig. 8.74 where S1 ^ S2 ^ S3 etc. are
stress range contours and H1 ^ n2^ n3 etc. are cyclic frequencies typically
between a few cycles per week and 100 Hz. McAdam discovered that a wide
variety of materials with very different corrosion properties, ranging from
mild steel to Monel metal, in different corrosive environments, could be
fitted on to the same type of diagram by adjusting the time scales, e.g. mild
steels over the time considered were characteristic of the left half of the
diagram and Monel of the right. At high frequencies the stress contours
cut the constant-frequency lines at right angles, indicating that frequency has
little effect on the rate of damage. At low frequencies, i.e. in the bottom
right-hand corner of the diagram, the stress contours are crowded closely
together and cut the constant-frequency lines at an acute angle. This indi-
cates that the rate of damage is appreciable over a wide range of stress, even
at low stresses. The fact that corrosion-resistant materials such as Monel,
as well as corrosion-susceptible materials such as mild steel, in mildly corro-
sive surroundings such as condenser water could suffer considerable damage



TIME TO PRODUCE A GIVEN PERCENTAGE
REDUCTION INTHE FATIGUE L lMIT(DAYS)

Fig. 8.74 Stress and corrosion time required to produce given percentage reduction (e.g. 15%)
of fatigue limit due to corrosion alone (after McAdam50)

under conditions of a small cyclic load of low frequency, was an important
discovery.

The data on which Fig. 8.74 is based are for tests carried out in carbonate
well-water. McAdam made the further interesting discovery that if mild
steel were tested in condenser water and a similar graph constructed, the
set of contours corresponded more closely to the right-hand side of Fig. 8.74,
i.e. the behaviour of mild steel in condenser water was similar to that of
Monel in carbonate water. The apparent universality of this diagram is an
interesting observation, but it has not provoked a basic theory of corrosion
fatigue.

Some of the investigations involving electrochemical measurements have
been concerned with relating easily determined quanities such as corrosion
potential and corrosion current with the behaviour of a material in corro-
sion fatigue, so that this behaviour can be rapidly assessed without the neces-
sity of the laborious collection of data which was the feature of McAdam's
approach. Endo and Komai have derived an expression relating the increase
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in the corrosion current with the number of cycles of corrosion fatigue51.
This expression is found to be analogous with an expression relating crack
growth with the number of cycles, and hence the increase in corrosion current
is found to be a measure of the total crack length. The expression also takes
account of the magnitude of the alternating stress, the frequency and the
temperature. Since the corrosion current is related to the corrosion potential,
the course of corrosion fatigue damage can be followed by potential mea-
surements. In an extension of this work52, the product of the initial corrosion
current density /Cti on the fatigue strained surface and the total life rT was
shown to be related to the notch sensitivity, r/, and the ratio of the fatigue
strength in air and in the corrosion medium, £, by the expression

(k~ *' =K^i~^ (8.15)
t\

where A' is a constant. The notch sensitivity is assessed from the stress con-
centration attributable to pitting. This relation is found to hold for a variety
of materials in a particular electrolyte, as illustrated in Figure 8.75.

1% NaCl , 2200r.p.m.
MILD STEEL
MEDIUM-CARBON STEEL
HEAT-TREATED STEEL
HIGH- CARBON STEEL
AL ALLOY

V'corr .TJ \V(A/cm2)s )

Fig. 8.75 Relation between (k - l)/r/ and /corr rT in 1 % NaCl, where k is the ratio of fatigue
strength in air to that in a corrosive environment, TJ the notch sensitivity factor on fatigue
strength, /corr the corrosion current density at start of fatigue cycling, and TT the total life in

seconds (after Endo et fl/.52)



Design, Inspection and Prevention

Design against fatigue failure is for the most part still firmly rooted in the
cyclic endurance or S-N method; e.g. ASME Section III (1980) for pres-
surised nuclear components and British Standard 5400 (1980) for other
welded fabrications. This is true even though many studies have shown that
it is the growth of minor fabrication defects present in all well-made welds
which controls cyclic life. In some high technology industries, such as
aerospace and nuclear, there is considerable emphasis on defect growth
evaluation as part of the design procedure and, in future, designs in some
aerospace applications may even be formally based on fatigue crack growth
concepts. However, most current interest in fatigue crack growth derives
from a need to evaluate remaining life where in-service inspection may find
cracks. Thus, when a chemically reactive environment is present, one must
consider suitable corrosion protection measures and, where these are not
possible or break down, how the influence of corrosion may be introduced
into the design or defect evaluation method.

Prevention or minimisation of corrosion fatigue damage has been
reviewed by Waterhouse2. Firstly good design is important to combat cor-
rosion. In particular, it is necessary to avoid crevices, for example in joints,
where stagnation may arise owing to inccessibility to air and the develop-
ment of an anodic area, or, in the case of a closed circuit, where inhibitors
are being used due to the difficulty of replenishing with inhibitor.

The substitution of a more corrosion-resistant material, e.g. Monel metal
or stainless steel, is often advocated but this is not necessarily a solution; a
15% chromium steel, for instance, is prone to failure in corrosion fatigue
because of the disruption of the normally protective surface film although
as noted earlier some other materials are effective, e.g. Ti-6Al-4V alloys13'39.

The protection of steel against corrosion fatigue has been one of the major
preoccupations of corrosion scientists and is often effective if the integrity
of the protection system is maintained. The beneficial effect of inducing a
compressive stress in the surface of the steel applies to corrosion fatigue
as well as normal fatigue provided the surface layer is not penetrated by
corrosion. The surface stress can be produced by chemical means such
as nitriding or carburising, or by quenching from below the transforma-
tion temperature. A third method is by surface rolling or shot peening,
both of which leave the surface in a work-hardened condition which prob-
ably has the effect of ironing out differences in potential due to local stress
concentrations.

Electroplating provides a further possibility for protecting mild steel.
Nickel plating is normally very efficient in preventing corrosion in static con-
ditions, but it is known to reduce the fatigue strength of steel because of
the tensile stresses in the nickel coating. In corrosion fatigue, nickel plating
has little or no effect. Zinc plating, on the other hand, produces a coating
in compression, which is in itself effective in causing an increase in the nor-
mal fatigue limit. In corrosion fatigue, the performance of zinc-plated mate-
rial is notably better, because of the added protection given by the sacrificial
action of the zinc. The following figures quoted by Waterhouse2 are for a
0.63% C steel wire in seawater with zero mean stress. The thickness of the
plating was 12/mi.



Some early results for zinc-coated steel show that electroplated coatings
of zinc are more efficient in protecting steel against corrosion fatigue than
either hot-dipped or sherardised coatings, no doubt on account of the com-
pressive stress present in the electroplated coatings. Zinc has also been used
with some success as a pigment in priming paint but this is not so efficient
as a plated or galvanised zinc coating because the contact between the zinc
particles in the pigment and the steel is not nearly as good as in the metallic
coatings. Zinc can also be applied by metal spraying. Another group of
materials frequently given corrosion protection by a metal coating is the
high-strength aluminium alloys. The protective coating is usually pure
aluminium and is applied by spraying in the case of extrusions, or by clad-
ding in the case of sheet.

Examples have been given of the protection that can be afforded by
organic coatings, e.g. paints and stoved resin coatings for mild steel, and
lanolin impregnation of an anodised coating in the case of aluminium alloys.
The beneficial effect on the subsequent fatigue strength in air of coating
welds in steel structures with epoxy resins has been demonstrated. With this
type of barrier coating, scratches and other blemishes must be avoided.

There are only a few cases where the adverse effects of corrosion on fatigue
design S-N curves or fatigue crack propagation evaluation codes have been
explicitly included. Two examples are the nuclear and offshore oil produc-
tion industries where in each case stringent corrosion control measures are
implemented. The incorporation of corrosion fatigue considerations into
design and inspection codes for these industries has been discussed by Scott,
Foreman and Tomkins53 and by Scott48. An important issue is that it is
frequently too conservative and uneconomic to neglect in design that part
of fatigue life occupied in crack initiation since fabrication and corrosion
control measures are taken to avoid serious penalties in that regard.
Similarly, crack growth approaches are rarely practicable if based on the
maximum feasible rate of crack advance, for example the maximum crack-
tip opening displacement per cycle.

In the case of the ASME codes for nuclear pressurised components, the
questions of fatigue design and of flaw evaluation are dealt with separately
in ASME Section III and Section XI Appendix A, respectively. The design
S-N curve for machined butt welds typical of thick section pressurised com-
ponents is set at a factor of two on stress range or twenty on cyclic life,
whichever is more conservative, below the mean of S-N data developed
on smooth cylindrical specimens in air. (A somewhat similar design curve
obtained by a different method from experimental S-N data for machined
butt welds is given in British Standard 5500.) These safety factors are
intended to encompass any adverse influence of minor weld defects, size
effects, data scatter and environment. As far as environmental effects are

Unplated
Nickel plated
Zinc plated

Fatigue limit
dry fatigue
(MN/m2)

620
470
700

Endurance limit
corrosion fatigue, MN/m 2

(106) cycles

140
160
530



concerned it is known that the safety factors are appropriate provided the
water has adequately low conductivity and the oxygen content of the water
coolant (at 29O0C typically) is kept well below air saturation levels. This
control of water chemistry is of course mandatory in the operation of such
plant. However, in some conventional steam raising plant, particularly com-
ponents operating at somewhat lower temperatures than 29O0C, such as
deaerators or feedheaters there is increasing evidence that problems with
corrosion fatigue have been, and still are being, encountered particularly
where the control of water chemistry has been poor.

The ASME Section XI Appendix A (1980) nuclear pressure vessel code,
in contrast to Section III, is concerned with evaluating the consequences for
plant safety of any cracks or defects discovered by in-service inspection.
In this instance, specific corrosion fatigue crack propagation curves with
substantial environmental factors are given for the case where pressure vessel
defects are exposed to the primary coolant. Again, water quality is known
to affect corrosion fatigue crack propagation in pressure vessel steels but of
particular importance is the sulphur inclusion content of the steel. Conse-
quently, much testing is underway internationally to try and improve the
data base for this code with the eventual aim of incorporating information
such as the importance of steel cleanliness in future editions.

The current design curves for offshore structures contained in the UK
Department of Energy Guidance Notes54 are based on lower bounds, two
standard deviations below the mean, of S-N curves for fillet welded joints.
Of the many factors influencing fatigue life, the presence of seawater and the
effectiveness of corrosion control measures such as cathodic protection are
explicitly incorporated in determining the endurance limit and cyclic life
at higher stress ranges. However, because of the redundancy common in
offshore space frame structures, the safety factors for the design curves are
less stringent than for pressure vessels and piping. Nevertheless, there is little
doubt that these early attempts at codification of corrosion fatigue data
indicate the shape of things to come as materials are exploited to their limits,
often in hostile environments.

P.M. SCOTT
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8.7 Fretting Corrosion

Definition and Terminology

Fretting or fretting corrosionl may be defined as that form of damage
which occurs at the interface of two closely fitting surfaces when they are
subject to slight relative oscillatory slip. The surfaces are often badly pitted
and finely divided oxide detritus is formed.

Although the term 'fretting corrosion' implies chemical reaction, it has
often been used even when the latter is absent. Campbell2 has suggested
that to avoid confusion the word 'fretting' be used to describe the wear pro-
cess, and that the expression 'fretting corrosion' be applied in those cases
where one or both of the surfaces, or the wear particles from them, react with
their environment.

Fretting has been known to engineers by a variety of other names; such
terms as 'false brinelling', 'chafing fatigue' and 'cocoa' are in use even today.
In Germany, Fink3 has referred to the phenomenon as 'friction oxidation'
(Reiboxydatiori), while the word 'blood' has often been used by engineers
of that country. The expression 'false brinelling' was coined primarily to
describe the fretting wear process as it occurs in rolling contact bearings,
since the damage closely resembles the brinelling of a race which has been
subjected to excessive static loading. 'Chafing fatigue' on the other hand, is
an expression used in reference to a combined fretting-fatigue failure. Such
words as 'cocoa' and 'blood' refer to the reddish brown oxide debris which
is often to be seen exuding from fretting ferrous contacts.

Incidence

As almost all materials are susceptible to fretting, its incidence in vibrat-
ing machinery is high. Shrink fits, press fits and bolted assemblies, splined
couplings, keyed gears, both seatings and tracks of ball and roller races,
and even electrical contacts, are all particularly vulnerable. Fretting may
not only cause serious dimensional loss of accuracy of closely fitted com-
ponents, but may also seriously reduce the fatigue strength of a machine
component.



Characteristics of Fretting and Factors which Influence
the Amount of Damage

Although our knowledge of fretting as a wear problem has been derived
mainly from the behaviour of ferrous materials, many of the characteris-
tics observed are common to other metals. The influence of fretting on
fatigue, however, must be considered separately, since the magnitude of
wear damage, as recorded by volume loss of material, is not a good indicator
of possible fatigue damage. The development of fine surface cracks is the
important criterion in this situation and this type of damage occurs in its
most severe form during the early stages of fretting. Because of this differ-
ence fretting fatigue is considered subsequently as a separate issue.

The main factors which influence fretting wear can be classified as in the
following paragraphs, but as more data become available, it is apparent
that a greater measure of interdependence exists than might be indicated by
such a simple procedure, and it is becoming less easy to make generalisa-
tions. Nevertheless, even with this reservation in mind, it is useful as a first
step to list some of the more important factors.

The Atmosphere

In the presence of an inert atmosphere fretting of surfaces still occurs and
is generally accompanied by the formation of finely divided debris. In a high
vacuum, seizure of metal surfaces may take place.

If fretting of oxidisable metals occurs in air the damage is rather more
severe than in an inert gas, but the increase is not usually greater than an
order of magnitude. The debris consists mainly of oxide, and in the case of
steel it is predominantly Qj-Fe2O3 in a very finely divided form, 0.1-0.01 /mi
in diameter. The proportion of oxidised to non-oxidised material depends
largely upon the hardness of the metal. The most stable form of oxide usually
appears as the final product of fretting corrosion, but other forms may occur
as intermediate products and non-stoichiometric oxides are often produced.
Colour is not a reliable guide to composition and steel may produce debris
ranging in colour from red to brown and to black, and in every case the com-
position of the oxide may be that of «-Fe2O3.

The relative humidity of the atmosphere has a large effect on the magni-
tude of wear4, but in a direction opposite to that which is encountered in
normal corrosion problems. The increasing wear towards lower humidities
is accompanied by severe pitting of the surfaces and, under extremely dry
conditions, the oxide debris produced from steel surfaces is jet black.

Temperature

This is an important factor because it controls the rate of reaction of the
rubbing surfaces with the oxygen in the environment. However, although the
presence of oxygen normally accelerates the rate of fretting of oxidisable
metals at room temperature, an increase in the reaction rate with oxygen
brought about by raising the temperature, has the opposite effect, and



reduces the wear. Experiments made with steel and copper surfaces show
that once a threshold temperature has been exceeded, the normal type of
fretting damage (that is the formation of copious amounts of loose oxide
debris) is replaced by the formation of a thick adherent oxide glaze that
exhibits low friction and little tendency to generate loose debris5'6. In the
case of steels, the threshold temperature is around 130-20O0C, whereas for
copper it is just above room temperature. These glazes remain effective at
least up to 30O0C and 20O0C, respectively, the limits of temperature investi-
gated. Their development is encouraged by improving the surface finish of
the rubbing elements, since this probably reduces the risk of breaking up the
thin surface oxides initially present on the materials. The glazes are not resis-
tant to an impacting load component.

For a wide range of mild and carbon steels, it is found that the rate of
development of this thick oxide glaze formed at elevated temperatures is
largely independent of the hardness of the substrate. The level of surface
damage represented by the amount of virgin metal converted to oxide is an
order of magnitude smaller than the level of wear normally encountered at
room temperature and is even less than the damage generated in a nitrogen
atmosphere at 2O0C.

Load, Amplitude of Slip and the Number of Fretting Cycles

The amount of fretting damage increases in an approximately linear manner
with these variables, once the initial stages of fretting are completed4. A
number of deviations from linearity have been reported, especially with
respect to load, where it is often found that there is a tendency for the rela-
tionship to become parabolic in form. The superposition of a normal vibra-
tory component of load can cause a very considerable increase in the wear
rate7.

Frequency of Oscillation

Little information exists on the effect of frequency except in the case of
steels8. With such materials there is a reduction in fretting damage as the
frequency is increased to 10 Hz. The form of this relationship is the same
at both 2O0C and 1650C, these temperatures corresponding to the unglazed
and glazed mode of fretting of steel in air, respectively9. No frequency
effect is observed in nitrogen. The position at higher frequencies is not so well
established, but there is some evidence that the wear rate begins to rise again
and that this is true for both air and nitrogen environments. The increase in
wear rate at lower frequencies is often ascribed to the increased time
available for oxidation reactions, but it is also observed that the degree of
metal to metal contact is more marked at these frequencies.

Hardness

The effect of hardness is complicated, but like most wear processes an
increase in hardness generally leads to a reduction in fretting wear at room



temperature. The hardness also controls the form of the debris, softer metals
tending to produce a higher proportion of large particles of unoxidised
debris. Prior work-hardening of materials, such as iron and mild steel, has
no effect on the fretting wear rate.

Lubricants

Oils may act in two ways: they provide a measure of boundary lubrication
and they may exclude oxygen from the rubbing zone. However, their effec-
tiveness is not as great as with unidirectional sliding, since there is usually
sufficient oxygen present in most cases to allow oxide debris to be generated,
and this tends to displace any lubricant film that was initially present between
the surfaces.

Mechanism of Fretting Corrosion

Fretting wear, along with most other wear phenomena, is not a process that
can be defined in terms of any single mechanism. It consists of a series of
events, many of which are common to other wear processes and which may
assume greater or lesser significance depending upon the precise nature of the
operating conditions, materials and environment.

The overriding difference between fretting and other sliding wear pro-
cesses lies in the small reciprocating nature of the motion. The damage tends
to be of a localised form and any debris which is generated has some difficulty
in escaping from the rubbing zone. The oscillatory character of the move-
ment introduces a strong fatigue element into the wear pattern and the
reversed shearing of localised material inevitably gives rise to fine surface
cracks which may initiate a low stress fatigue failure.

The early stages of fretting with metal specimens bear a strong resem-
blance to those present in other sliding systems in which adhesion forces play
a dominant role. In all such cases the initial placing of the two surfaces into
contact is accompanied by the formation of localised junctions where
physical intimacy of the two surfaces occurs. The material at these junctions
yields both plastically and elastically until the area of contact established is
sufficient to support the applied load. Oxide or other contaminating films
greatly reduce the adhesion across the junctions, but the application of a
tangential stress facilitates their dispersal. However, the combined effect of
normal and tangential tractions across a junction causes it to grow in size
and if it was not for the controlling influence of even physically incomplete
intervening low-shear-strength films, this growth might continue unchecked
until seizure occurred.

The formation and fracture of these junctions leads to the transfer of
small fragments of material from one surface to another and finally, after
many such events, the release of a \year particle often in a highly oxidised
state. Such a wear process is common to most sliding systems and can
undoubtedly occur during fretting movements, especially if the slip ampli-
tude is large. However, many fretting situations occur where the amplitude
of slip is very small and perhaps even comparable to the dimensions of a



single junction region. In such cases it is not so easy to imagine the transfer
mechanism just described, but rather to view fretting action as one in which
material within the junction zones is continuously subjected to reversed
shear. Such conditions will certainly give rise to junction growth and very
strong bonds will rapidly become established. The adhesion usually reaches
its maximum value after a few thousand cycles of oscillation10 and during
this period the surface material undergoes considerable plastic deforma-
tion. It is thought that the pitted nature of fretted surfaces owes its origin
to this early gross deformation period and that subsequent events tend to
smooth out the contours. Friction measurements reflect this early growth
of bonded surface regions and it is only when these junctions begin to work
harden and break up under the combined action of the reversed shear and
the corrosive action of an air environment that the friction begins to decrease
in magnitude. Metallurgical sections through a fretting zone will usually
show the disordered state of the junction material and the presence of oxide
structures.

The degree of plastic deformation is much greater for softer materials than
those which are hard, and the debris frequently contains a much higher per-
centage of unoxidised metal. In the case of tool-steel surfaces, fretting debris
is entirely oxide and very finely subdivided. The gradual accumulation of
oxidised detritus between the rubbing surfaces soon begins to isolate one
metal surface from the other and this can be followed by measuring the elec-
trical resistance of the system11. Extremely high values of electrical resis-
tance can be recorded when the air is dry, and quite clearly a thick oxide
compact has built up between the surfaces and some proportion of the slip
is likely to be lost within this layer. The hygroscopic nature of the finely
divided oxide compact can be demonstrated by admitting air at 45% r.h.
when there is an immediate drop in the resistance. The presence of a water
film greatly aids the dispersal of the debris and the fretting damage is more
uniform over the surface as well as being of smaller volume. This suggests
that soft hydrated oxides may be formed and may act as a lubricant. The
large increase in wear rate observed whenever a normal vibratory load is
applied to a fretting system is possibly due to the fact that it prevents a
thick oxide compact from establishing itself between the surfaces. The early
adhesion mode of wear probably persists for a much longer time and may
never completely disappear. In practice such conditions must be avoided at
all costs.

The manner in which oxide debris is formed when metals fret in air is a
subject of considerable controversy and it is clear that no single mechanism
can explain all the data. The early theory of Tomlinson1 was based upon
the idea that the surfaces were worn by a process of molecular attrition
and that this leads to oxide generation in an oxidising environment. Others
considered that fretting was essentially an accelerated oxidation mechanism
in which the mechanical removal of oxide prevented the attainment of a
stable protective oxide film. Later, Uhlig8 modified this model to allow
some metallic debris to be formed as a result of an adhesion mechanism, but
still retaining the corrosion aspect to help explain away the frequency
effect8. This model encountered difficulties in explaining the decrease in
wear with increasing temperature, and Uhlig suggested that perhaps the cor-
rosion aspect could be better represented by a model that involved physical



adsorption of oxygen on the steel surface and that the actual formation
of the oxide resulted from mechanical activation. More modern theories12

place greater emphasis on the changing nature of the fretting mechanism,
particularly drawing attention to the strong influence of adhesion in the early
stages and the significance of corrosion fatigue as a contributory factor in
the disintegration of the material making up the junction zones. The later
stages of fretting damage are also explained in terms of a microfatigue pro-
cess rather than one of abrasion by cutting.

The reduction in fretting damage of steel and copper surfaces as a result
of increasing the temperature, at least over the temperature range of 20-
30O0C, has focused attention on the protective role that oxidation can play
in fretting. It would seem that this arises from a suppression of intermetallic
contact during the early adhesion stage of fretting and the improvement pro-
vided by a good surface finish substantiates this explanation. Again the
presence of a vibratory normal load destroys the opportunity of establishing
a protective glaze. It is interesting to note that the frequency effect is of the
same form both at room temperature and at slightly elevated temperatures
where glazing occurs. It might have been argued that the increased reaction
time at the lower frequencies would have enhanced the protective role offered
by oxidation. These and many other problems still need to be cleared up
before an accurate picture of fretting corrosion can emerge.

Preventive Measures

Most of the cases of fretting met with in practice appear to fall into two
distinct classes according to whether or not the surfaces involved in the
component are intended to undergo some relative motion. If the surfaces
are not intended to move, then the first objective should be to prevent slip,
either by eliminating the source of vibration, or by increasing the friction
between the surfaces. It is believed that the success of certain soft metal
electrodeposits in reducing fretting may be due to the improved fit, and hence
possibly increased friction, which is obtained from their use. If the displace-
ments cannot be controlled in this way, it may be possible to interpose a thin
sheet of an elastic material which can accept the relative movement without
slip.

With applications which are intended to undergo relative motion at some
stage, once again an attempt should first be made to lower the amplitude of
vibration. Should this prove difficult, an improvement in the lubrication con-
ditions will be necessary in order to reduce the amount of intermetallic con-
tact. For example, in the case of rolling bearings the inter facial slip between
the rolling elements and the races is accompanied by a relatively large rolling
component of motion. If a suitable oil or grease is used, this displacement
can be utilised to maintain a film of lubricant on the race.

With plain bearing surfaces of steel, a great improvement can be obtained
by phosphating and impregnating the layer with oil. The inherent porosity
of the phosphate films provides minute reservoirs for the oil. Should it be
necessary to operate a bearing dry, then either a bonded film of MoS2 or
p.t.f.e. (polytetrafluoroethylene) can be used to advantage. Both materials
have excellent frictional and wear characteristics.



Fretting Fatigue

Conditions which favour the occurrence of fretting may also be regarded as
favourable to metal fatigue and fatigue cracks are often observed to start at
points on a surface where fretting has taken place. There is no evidence,
however, that the severity of fretting damage, as measured by volume loss
of material, is directly related to the magnitude of the reduction in fatigue
strength. The significance of fretting is that it allows the formation and
rupture of strong adhesive bonds under oscillatory forces and this action
generates fine surface cracks which may, or may not, propagate into a major
fracture of the component. An understanding of this subsequent crack
development is therefore vital if adequate steps are to be taken to avoid an
early failure. In order to do this it is useful to examine the normal fatigue
behaviour of plain and notched materials subject to reversed loading.

The progress of a normal fatigue failure can be divided into two stages
(Stage 1), the formation of slip band cracks at the surface, and secondly
(Stage 11), their propagation into the main body of the component and even-
tual failure (Section 8.6). The first stage of the process is usually marked by
the growth of crevices or intrusions along planes aligned in the direction of
maximum shear stress and this stage may occupy the major proportion of
the final recorded life. However, crack development during this stage even-
tually ceases, perhaps by the crack meeting an obstacle, such as a grain boun-
dary, and the subsequent propagation of this embryo crack proceeds in
accordance with a criterion based upon maximum principal stress, or upon
maximum comparative stress in a combined stress situation. This second
stage is marked by the appearance of the familiar striations on the crack
faces. The stress required for the successful completion of Stage I cor-
responds to the plain fatigue limit of the material, and is much higher than
that which is needed for the subsequent propagation of the surface crack.

The situation is greatly changed, however, if a notch or other stress raiser
is present in the surface. If a notch exists, then the stress required to initiate
a crack at the root is given by the plain fatigue limit stress divided by the
stress concentration factor for the notch, Kt. With some notches the magni-
tude of Kt may be so large that the nucleation stress is now much lower
than the propagation stress and propagation will not occur unless the alter-
nating stress within the main body of the component is of sufficient magni-
tude. Dormant cracks may thus exist in some engineering components.

In the case of a notched component the propagation stress is both inde-
pendent of K1 and the notch root radius, and is primarily a function of the
combined length ld of the notch and embryo crack; the criterion for pro-
pagation being a3ld > C, where C is a material constant and a the applied
cyclic (tensile) stress. Since most non-propagating cracks are short compared
with the notch depth we may usually substitute the notch depth for ld in this
expression. Thus assuming that notch root cracks have been formed, a
limiting stress exists for propagation, namely a = (C/ld)T. If this stress is
not reached then dormant cracks will be formed unless an active corrosive
environment is present13.

In many ways the fretting fatigue situation is analogous to the notched
fatigue behaviour, not because the fretting damage resembles a mechanical
notch, although this view has been held by some workers, but because the



fretting action promotes the formation of suitable surface cracks simply by
the presence of strong frictional shear stresses. Many of these cracks are
observed to be of the order of 100 ̂ m in length and are thus of sufficient
length to be propagated by stresses well below the normal plain fatigue limit.
Fretting therefore seems to be a remarkably efficient way of achieving the
completion of Stage I of the fatigue process.

Once fretting cracks of a suitable length have been formed the life of
the component depends upon the rate at which they can be propagated by
the Stage 11 mechanism, and this part of the process is subject to the same
environmental factors as a normal fatigue failure. The length of the fret-
ting cracks determines the lowest level of stress at which they can be pro-
pagated, and hence the new fatigue limit. Once again an active corrosive
environment prevents the existence of a fixed fatigue limit and even small
'non-propagating cracks' will not remain dormant for long. Fretting tests
carried out in such environments show the same characteristics as corrosion
fatigue tests made in the absence of fretting14.

One important feature about fretting fatigue is the very small amount of
physical damage to the surface that is necessary to cause a considerable
decrease in fatigue strength of some materials. The damage is often barely
discernible to the naked eye. Small slip amplitudes seem to be particularly
damaging and this has been attributed to the possibility that larger slip
amplitudes and the associated higher wear rate may erase any potentially
damaging surface cracks or promote the development of large numbers of
very small interacting cracks rather than one or two of greater severity. Only
one crack of propagating length is required to cause a component failure.
Recent work suggests that the coefficient of adhesion between fretting sur-
faces in air reaches a maximum value for amplitudes of slip between 30 and
75 /mi, and that this level of adhesion is established within a very small
number of slip cycles. A few thousand cycles is usually sufficient. Laboratory
experiments made with fretting pads clamped to specimens subjected to
fatigue stresses indicate that the nominal slip amplitudes which prove the
most damaging are those in the range 7.5-14/mi13. This range is slightly
smaller than the range observed with adhesion experiments, but the sensi-
tivity to slip amplitudes is complex and somewhat higher slip amplitudes
prove equally damaging in the presence of a high-tensile mean stress. All the
data tends to support the hypothesis that the establishment of strong
adhesive bonds between the contacting surface asperities is a major factor
in the fretting fatigue process. The strength of such bonds varies in a system-
atic way with the hardness of the rubbing elements and there is evidence
that annealing and over-ageing of age-hardened alloys occurs at the fretting
contact. It is claimed that the fretting fatigue strength is related to the adhe-
sion strength of the asperity bridge and that when a critical value of the latter
is reached a propagating crack is quickly formed15.

It is perhaps unfortunate that the sensitivity to fretting is generally greatest
in the low slip amplitude regime since this is just the level of slip which is so
often experienced with many engineering components. A typical example is
the case of a wheel fitted to a shaft. When this combination is subjected to
a reversed bending moment localised slip will occur at the edge of the con-
tact area and fretting fatigue cracks may eventually develop there. The estab-
lishment of a partially slipped interface is of common occurrence in fitted



components and is due to the form of the normal and tangential tractions
which have to be transmitted across the interface when the unit is stressed.
Slip occurs at all points where the ratio of the tangential to normal traction
exceeds the coefficient of friction. Ultimately with sufficient magnitudes of
applied stress the whole surface will slip, but this is not usually an acceptable
condition. It will be seen therefore that small slip amplitudes are invariably
linked with a partially slipped interface and the stress concentrations that
exist between the boundary of the slipped and unslipped regions have been
suggested as a reason why fretting cracks appear at the boundary. As an
extension to this argument it is suggested that the inducement of a high gross
slip condition will relieve the stress concentration and hence inhibit the for-
mation of propagating fretting cracks even though this action is likely to lead
to greater overall wear.

Mention must be made of the important practical case where a component
is subjected to a cyclic stress superimposed upon a high-tensile mean stress.
In the case of a simple plain fatigue test, the fatigue strength only falls slowly
with rising values of the mean stress (Gerber relationship). Small values of
the mean stress have little effect upon the measured fatigue strength because
the strength of a plain component is governed by the crack initiation or
reversed shear stress stage of the process. However, if cracks have already
been developed in the surface as a result of fretting, then the fatigue limit
will depend upon the propagating conditions and these will be a function
of both the alternating and mean tensile stress13. The fatigue strength as a
result of applying a mean tensile stress to a cyclically stressed component
subjected to fretting shows a steep fall at mean stresses of ca 100 MPa. An
alloy steel with UTS 1030 MPa, plain fatigue strength 540 MPa and fretting
fatigue strength of 125 MPa with zero mean stress, is reduced to a fretting
fatigue strength of 5OMPa with a mean stress of 100 MPa (Fig. 8.76).

Prevention of Fretting Fatigue

Some design aspects have already been mentioned, notably the avoidance
of inter facial slip between contacting surfaces or joints. This is best done
by avoiding designs in which the interface enters a region of stress concen-
tration. In some cases it may be possible to absorb the movement by the
insertion of a resilient layer. A low coefficient of friction can reduce the
severity of induced frictional stresses. Resin-bonded P.T.F.E., for instance,
is quite effective under conditions of relatively low surface pressure and slip
amplitudes. Alternatively, a sacrificial metal coating may be applied, but
this method may not prevent a surface crack penetrating the bond inter-
face, especially if this is strong. The influence of the hardness of the rub-
bing surfaces has already been mentioned and some advantage of this can
be taken in certain cases16. Surface treatments like case hardening and
nitriding can produce a hard and compressively stressed surface layer which
inhibits crack propagation. Similar results can be achieved with cold working
procedures, such as shot peening.

Reported incidences of fretting have continued to proliferate, in partic-
ular in blade/disc fixings in both steam and gas turbines,17'18 in PWR19 and
AGR20 nuclear power plants, between the conductors in overhead power
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Fig. 8.76 Fretting fatigue strength at various mean stresses

lines21, in steel ropes operating in marine conditions22, in orthopaedic
implants and fracture fixation devices23, and in electrical connections sub-
ject to vibration24.

Much of the early work on fretting was confined to mild steel or carbon
steel. Although many of the same principles apply to the fretting of other
metals such as gold25, titanium and the superalloys26, their reaction to the
environment may be a more significant factor. In addition, non-metallic
materials such as polymers27, composites28 and ceramics29 are becoming
widely applied and the principles of contact here are very different from the
metallic case.

Recent research has shown the importance of the environment in the
fretting process. In high vacuum or non-oxidising gases such as helium or
argon, roughening of the surfaces occurs and material may be transferred
from one surface to the other, but little loose debris is formed30 and the
initiation of propagating fatigue cracks is more difficult.

Fretting in air-saturated aqueous electrolytes, such as seawater31 or body
fluids32, produces enhanced removal of material by stimulation of electro-
chemical reactions, increasing the reaction rates by factors of 10 to 200 com-
pared with air, depending on the frequency. The importance of the chemical
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factor is emphasised by the fact that the damage can be almost eliminated
by cathodic protection33. In fretting in artificial body fluid the wear rate is
significantly reduced by the presence of proteins34.

The effect of temperature has been extensively investigated, particularly in
relation to materials used in gas turbine aeroengines. The conclusion is that
alloys which are capable of forming a spinel-type oxide form the beneficial
glaze oxide, with its low friction and low wear properties and its ability to
repair itself35. Thus the nickel-chromium-iron and nickel-chromium alloys
are in this category with the possibility of forming the following spinels:
FeO • Fe2O3, NiO • Fe2O3, FeO • Cr2O3, NiO • Cr2O3. The glaze oxide is only
stable at the operating temperature. If the temperature falls to room temper-
ature the film is completely disrupted36. Titanium alloys do not behave in
this way, possibly because the oxide film is thin due to the solubility of
oxygen at temperatures above 80O0C37. However, implantation by such
species as Ba and Bi has been shown to reduce the coefficient of friction and
wear rate to very low values38. Whether such films would have the property
of self renewal is uncertain.

Fretting at very low temperatures (4K) has been investigated. The situa-
tion appears to be similar to that in high vacuum. An oxide film does not
grow at this temperature and so coefficients of friction are high due to adhe-
sion but little wear occurs39.

The importance of amplitude of slip is emphasised above. In recent years,
the area of very low amplitudes and very carefully controlled amplitudes
has been investigated. These researches confirm that the specific wear rate
(volume removed, per unit distance of sliding per unit applied load) increases
dramatically in the region 30-70 /^m and then becomes constant, as would
be expected in reciprocating or unidirectional sliding40. Damage is produced
at amplitudes of 1 /mi or less41, but it tends to be characteristic of surface
fatigue rather than wear.

Increasing the normal load in some systems will reduce the amplitude of
slip and the area over which slip is occurring, but this may result in severe
delamination damage42, and is only to be recommended with considerable
caution as a means of reducing fretting damage.

Several investigators have demonstrated the importance of the role of
the debris in its effect on the wear rate at large numbers of cycles. Aldham
etal.43 have shown, by using profilometry and contact resistance mea-
surements, that compacted layers of debris on steel support the load and
reduce further wear, although metal-to-metal contacts still occur after long
periods of time. Escape of loose debris does not affect the process although
Colombie et al.44 claim that removal (blowing out) of the debris results in
an increase in the wear rate. Configurations which encourage the escape of
debris do increase the frequency of metal-to-metal contact and lead to higher
wear rates.45 It must be remembered that oxide debris is usually abrasive
and can cause other problems if it does escape.

The effects of very high frequencies on fretting (up to 20 kHz) have been
investigated to see whether fretting tests could be speeded up without impair-
ing the results46. At low amplitudes (partial slip regime) surface degradation
and fatigue crack initiation were accelerated, but at higher amplitudes (total
slip) the higher frequency had little effect on the wear mechanism.

The major advance in fretting fatigue has been the finite element analysis



of actual fretting problems, e.g. blade/disc dovetail fixings47 and the appli-
cation of fracture mechanisms to the problem48. This has led to the concept
of the fretting damage factor which is a step forward in the anticipation of
fretting problems at the design stage. Its validity has been recently demon-
strated in a carefully controlled experiment49.

The application of fracture mechanisms has shown the acceleration of
the crack under fretting conditions in the first 100 ̂ m of its growth50. Cor-
rosive conditions, e.g. seawater, further accelerate the initial crack growth
rate51.

Although the effect of normal load shows that there is a limiting pressure
of 100 MPa where no further decrease in fatigue strength is observed, it has
recently been shown that very high pressure of 9 000 MPa can impede the
propagation of the crack, and removal of the load while continuing the
fatigue allows the crack to resume propagation52.

While design is the most satisfactory way of minimising fretting damage,
two useful reviews of palliative methods should be noted53'54. Shot peening
has been shown to be one of the most successful treatments and is widely
used on aircraft components. The surface residual compressive stress is the
major factor in retarding the propagation of cracks initiated by the fret-
ting55, but the surface roughening also contributes56. Shot peening and the
attendant surface roughness also lead to a reduction in the coefficient of
friction and wear damage57'58. Two extensive reviews have recently been
published on fretting fatigue59 and fretting wear60.

K. H. R. WRIGHT
R. B. WATERHOUSE
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