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SUMMARY

In this Report factors affecting the accuracy of Miner's Rule are dis-
cussed. An 1nvestigation 1s also described of the cumulative damage behaviour
of DID 5014 aluminiur alloy lug specimens using random loading. Tt 1s con-—
cluded that the deviations from Miner's Rule observed in the investigation can
be ascribed mainly to the action of residual stresses associated with yielding
at the point of fatigue 1nitiation. An attempt is made to quantify this

effect.

* Replaces RAE Technical Report 69237 - ARC 32168
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SYMBOLS

suffix - refers to constant amplitude loading
fatigue damage

modulus of elasticity

&Umber of crossings of stress o by variable amplitude waveform]
@umber of crossings of mean stress by variable amplitude waveforv]

parameter which governs the overall stress amplitude of an

exponential loading spectrum

stress concentration factor under conditions of yielding at the

stress concentration

stress concentration factor under elastic strain conditions

stress concentration facter (d o /d o ) under elastic con-
max net

ditions, after yield at the stress concentration

crack length

parameter which governs the overall stress amplitude of an

exponential loading spectrum2

a parameter which governs partly the sensitivity of materials to
residual stresses
number of stress cycles

number of stress cycles at stress levels o, Uq

number of crossings of the mean stress by variable amplitude

waveform

number of peaks 1n variable amplitude waveform
number of cycles under block programmed loading conditions

number of cycles to failure

number of c¢ycles to failure at stress levels Oal s an

number of cycles to crack length &

proportion of total number of cycles at stress levels 1, 2 1n a

block programme
probability of occurrence of stress maxima of amplitude

oo

Note that ( Pm(c) do = 1

4
suffix - refers to spectrum loading

pre—stress ratio

an exponent which varies with alternating stress level ¢
ai
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SYMBOLS (Contd.)
stress
alternating stress agmplitude
fatigue strength adjusted for residual stress change
c, at 108 cycles to failure
Niel Li€dn SLress
Tscal mean stress
local mean stress ¢ _r sndoa Tede.ng

residual stress
maximum (peak) load applied during variable ampl.l-.de oo oy
sequence

rms alternating stressas
vield stress

L.1.E

sL™zln

yield scraszn

residual sctrain

stress corresponding to a 5 ft/sec gust on the Royal Aeronautical

Society spectrum
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1 INTRODUCTION

At the design stage of engineering structures it is necessary teo obtain
a first estimate of fatigue endurance for any fatigue sensitive components. In
many cases, such as loading in motor vehicle suspensions over uneven road
surfaces and loading in aircraft structures due to atmospheric turbulence,
service loadings are variable amplitude in nature, and so it is necessary to

1-21 Despite the multi-

employ one of the published cumulative damage rules
plicity of rules available, the original Palmgren Miner Cumulative Damage
Hypothesis, (Miner's Rulélo’zl) is still generally in use in industry for this
purposezz. There are several reasons for this. Firstly, it is simple to use
and is often regarded as giving a conservative (safe) prediction, although this
is not necessarily correct. Secondly, standard S-N curves are commonly avail-
able and most of the practical alternative methods of life prediction require
additional data which in many cases would be expensive to obtain, and finally

none of the subsequent rules has yet been proved sufficiently reliable to

outweigh the probable increased complication of their use,

It 1s primarily the aim of this Report to investigate the limitations of
Miner's Rule in order that designers may have a better appreciation of the
circumstances in which the rule is unsafe, or safe, and to suggest and investi-

gate possible modifications to the rule in order to improve accuracy.

Many cases in which the rule does not give a good prediction of the
fatipgue life of aluminium alloys can be explained by the influence of residual
stresses acting at the point of fatigue initiation. Such stresses can be
generated by local yielding at stress conceuntrations under the highest loads
applied or may be already present due to manufacturing processes. In section 3
of this Report the influence of residual stresses on cumulative damage
behaviour 1s discussed. In Appendices A — F other reasons for inaccurate pre-
diction are also discussed, including variation of relative damage rate with
stress, cycles below the fatigue limit, effect on life of the particular load

at which a component fails, and the effects of fretting.

On the basis of the foregoing discussion a general approach to cumulative
damage is suggested in section 4, based on a simplified method of accounting for

the effects of residual stresses.

Finally, section 5 describes an investigation of the cumulative damage
behaviour of aluminium alloy lug specimens in order to explore the validity of

the concepts developed above. The investigation covered the determination of



fatigue life under constant amplitude and two types of variable amplitude load-
ing each at three mean stress levels. Measurements were made of residual static
strength at different stages in the fatigue life under the various types of
loading action. By this means the relative rates of accumulation of fatigue

damage under constant and variable amplitude loading were determined.

The results of the investigation broadly confirmed the concepts developed

in section 4.

2 MINER'S RULE AND METHODS OF ASSESSING ITS VALIDITY

2.1 Statement of the Rule

The Rule states that if any component is subjected to a variable amplitude
loading sequence containing stress amplitudes an (g =1, 2, 3 ...p)then the
fraction of the total life used up by any single stress cycle at stress amplitude
Gaq 15 given by 1/Nq s Where Nq is the number of cycles to failure of the

compenent under stress amplitude oaq alone.

Therefore the total fraction of the fatigue life used up by

9=p
a variable amplitude waveform is | Eg where 2 is the number of cycles of
q=l N
q

stress amplitude Gaq contained in the variable amplitude waveform. Therefore

9sp n
the Rule predicts failure when Z ﬁi =1.
9=l q

Although as originally stated10 Miner's Rule was intended to apply to life
to the "first crack' there is no fundamental reason why it cannot be applied to
life up to any state of damage. However, the accuracy of prediction in so doing

may well depend on the damage state considered.

2.2 Methods of verification

Many investigations have been carried out to determine the applicability
of the Rule under a number of loading conditions. Tests involved in this work
have been of two main types. First is the "step' test, where testing
commences under constant amplitude loading at one alternating stress level and
the level is changed after a fixed number of cycles to a second stress level.
Subsequent level changes may be made, the levels all increasing or all
decreasing consecutively. Testing 1s continued to failure at a predetermined

final level. The second type of test is the mixed spectrum test*, which

*In this Report 'spectrum' refers to a spectrum of amplitudes and not of fre-
quencies as in 'power spectrum'.

&
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approximates more closely to service loading condition. In such a test loads
may be applied in repeated programmes, with each programme consisting of ny
cycles at level Oa1 0+ T at level O,p ©tcu, (block programme loading).

A further refinement of the mixed spectrum test 1s the random test in which
cycles are applied having amplitudes called up at random with a predetermined
probability of occurrence of each amplitude. There are a number of variatlons

on the two types of test.

The performance of Miner's Rule is generally judged by the cumulative

q=p 0
cycle ratio, z ﬁi at failure, usually shortened to Z % . This is equal
9=l g ’

achieved life
predicted life using Miner's Rule

to the ratio for random tests, and for

- n
programmed tests where the number of programmes to failure 1s large. T LS

not equal to this ratio for step tests except when Z %— = 1 . (See Appendix G.

3 THE EFFECT OF GEOMETRIC RESIDUAL STRESSES ON CUMULATIVE DAMAGE BEHAVIOUR

It 1s apparent from a study of the literature that Miner's Rule can give
highly inaccurate estimates of fatigue life under variable amplitude loading.

23 24
For 1instarce, values of ¥ %— varying from 0.01 to 8 have been reported.

L
Geometric res:dual stresses can explfain much of the variation in Z %—, and are
discussed 1mn this section. [}ther factors are discussed in the appendices,
namely  variation of relative damage rate with stress and associated changes in
fatigue mechanism (Appendix A), effect of the load at which a component fails
(Appendix B) effect of low level stress cycles (Appendix C), effect of strain
hardening (Appendix D), effect of fretting (Appendix E) and crack propagation
considerations (Appendix F)J

* . o
3.1 Geometriec residual stresses generated in notched specimens at a positive
mean stress

Geometric residual stresses are generally held to be responsible for
certain aspects of the behaviour of notched aluminium alloy specimens. For
such specimens under a variety of loading actions Z % has been shown to
1ncrease with increase 1n mean stre3525 and commonly exceeds unity at positive

16,24-30

medn stresses The reasons why this does not necessarily apply to

#In this Report the term 'geometric residual stress’ is used to describe rela-
tively large~scale residual stresses. These may be due to manufacturing pro-—
cesses or local yielding at stress concentrations associrated with the geometry
of the structural element concerned. The term 1s used to differentiate these
stresses from microscoplc stresses corresponding to strain hardening, and from
restdual stresses at the tip of a crack.
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other matertals and, in particular to many components in medium and low strength
steels are explained in section 3.3. The behaviour mentioned above of notched
aluminium alloy specimens can be explained as follows, simplified to apply

strictly only to a uniaxial stress state at the notch root.

Consider a notched specimen having a stress concentration factor Kt s
and made of a material having a stress—strain curve as shown in Fig.l. The
application of a net mean stress o will give rise to a stress oy = Kt o
at the notch root. Assume that an alternating stress o, is applied of such

a value that (cm + Ua) Kt is less than Oy . In this case the material at the
t of tch wi = + = - .

root of the notch will cycle between a, (cm ca) Kt and Tq (om oa) Kt

The local mean stress I will of course be oy - If o, 18 larger so that

(om + oa) Kt > Uy , then the maximum stress at the root of the notch under cyelic
loading will be given by o, = (om + aa) Kp , Where Kp 1s the stress concentra-
tion factor under conditions of yielding at the notch root. This is not a
simple value to calculate since Kp is itself a function of the plastic strain.
However, an approximate value for 0, can be obtained by assuming that €4 is
equal te the elastiec strain, i.e.

(cm + ca)

€, = K — . (2)

The corresponding value of 04 can then be obtained from the stress/strain
curve. The error involved in using the elastic strain value will depend upon
the stress concentration factor, the slope of the post-yield stress/strain
curve and upon the elastic strain E, For fatigue life prediction in
aluminium alloys it should be sufficiently accurate to assume that equation (2)

holds, provided the maximum strain at the notch root does not exceed 2Z.

After o, 1is reached (on the first quarter cycle of the net alternating

4
stress amplitude Ua) the material at the root of the notch will cycle purely
elastically between %, and o where

= - ]
05 04 2Kt o)

a

where Ké is the new elastic stress concentration factor for the notch
after the geometric distortion which accompanied the initial plastic strain.
For maximum strain values at the notch root of 2%, the error in assuming

Kt = Kt' is negligible. Therefore

[
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05 = 04 - 2Kt a
so that the new local mean stress Glm 1s
Gg = T, " Kt Oy . (3)

If the alternating stress 15 made larger the maximum local stress will
increase to say Ty s but the local mean stress Tg will be larger than
9y - Kt o, due to local compressive yielding between A and B* . Cycling
at this level will therefore involve plastic yielding on every cycle unless the

hysteresis loop ABC 1s ultimately closed by a cyclic strain hardening process.

Fi1g.2 shows the calculated variation in local mean stress with al*ernating
stress level under constant amplitude loading for the lug specimens used in the
investigation reported in section 5 of this Report. It has been assumed that
the stress concentration acts as a pure strain concentration, 1.e. equation (2)
holds, and no allowance has been made for the effects of compressive yielding.'
Fig.3 shows the variation 1n Tem (Ref.32) measured on a large notched specimen
of L65 with a stress concentration factor of 2,27 and demonstrates how local
compressive yielding can affect the results, The stress history at the notch

root was determined by a method used 1n Ref,33.

If 2 well-mixed random loading sequence which 1s symmetrical about the
mean 15 applied to such a specimen, it can be seen that the local mean stress
will be governed by the value of the highest alternating stress applied Op

so that

[»] = 04 - g K (4)

where 9, is now the maximum local stress corresponding to the peak stress Gp.

Equation (4) will be modified if local compressive yielding occurs giving a

larger value «of Oyp 25 11 Fig.3 for values of o, greater than 8.8 ksi rms.

Under random loading, therefore, due to the presence of a compressive residual

*After initial plastic tensile yielding, local compressive yielding will occur
at stresses much more 'tensile' than the initial compressive yield point. Simi-
larly, the yield point in tension is lowered by any prior plastic straining in
compression. This phenomenon 1s known as the Bauschinger Effect (Ref.31).
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stress, Uﬁmr will be lower than (or equal to) the local mean stresses which
existed under the constant amplitude loading actions used to obtain the part of
any S-N curve which were needed in turn to predict the life under random load-
ing. This results in less damage per cycle in the random loading case than is
predicted from the constant amplitude data. Hence Miner's Rule tends to be
conservative for notched specimens under symmetrical loading at positive mean
stress levels. At zero mean stress O will be zero under both random and

fm
sinusoidal loading s0 no corresponding effect on X %- is to be expected.

Methods of life prediction based on accounting for such effects of resid-

ual stresses have been published16’17’18.

It was explained above how residual stresses increase | % for notched
aluminium alloy specimens at a positive mean stress; 1t was assumed that the
load spectrum was symmetrical and well-mixed, so that the effects of tensile
and compressive yielding cancelled out and Oom remained effectively constant
throughout the 1ife. In practice this does not happen since a finite number
of cycles must usually elapse before the highest load in the spectrum is applied
and the residual stress state is fully developed. Also in practice the loading
may not be symmetrical, so that the largest tensile and compressive loads may
not occur close together and may be of different magnitudes (e.g. largest
tensile loads due to aircraft maneouvre and largest negative loads due to air-
ground-air cycles). 1In this case when yielding occurs under the compressive
loads, any subsequent low amplitude fatigue cycles have their associated damage
amplified by the raised local mean stress, and vice-versa for those following
large tensile loads. Provided the variation 1n o© is known the effect on

Am
fatigue life can, in principle be assessed as in section 4.6.

3.2 Residual stresses already present in components

The state of stress of specimens before testing commences is of con—
siderable importance. Geometric residual stresses can be introduced by many
manufacturing processes (e.g. turning, grinding, mlling, rolling) or intro-
duced deliberately with the object of improving fatigue performance, by coining,
shot peening, or by subjecting a notched component to a single unidirectional

Load 23134738

ted as follows:

The effect of such stresses on Miner's Rule can be 1llustra-

Assume a number of notched specimens are preloaded before testing to the
highest value of load (static + dynamic) expected to be encountered under an

intended symmetrical variable amplitude loading pattern, thus introducing
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geometric residual stresses. These specimens are then taken as 'new' specimens
to be tested under variable and constant amplitude loading at a positive mean
stress to determine the applicability of Miner's Rule. In the absence of local
compressive yielding, tensile local yielding will not occur under either type
of loading and so the value of Oﬂm will be the same for both constant ampli-
tude and variable amplitude loading actions. Hence | %- will be less than for
specimens which have not been preloaded because, i1n the case of the preloaded

specimens, the beneficial effect of the residual stresses applies under constant

amplitude as well as under variable amplitude loading. An as illustration,
n
39 N .
grammed loading compared with values for specimens which were not prelcaded.

reduced values of Z have been shown for preloaded lug specimens under pro-

Similarly, if tests on specimens which have been subjected to a tensile
preload are carried out at zero mean stress, compressive yielding may occur
under the highest cyclic loads. This will increase the value of O with
increase 1n alternating stress (i.e. opposite effect to that shown in Fig.2)
and so produce a reduction in X % . A series of such tests have been carried
out on 7075-T6 aluminium alloy notched specimens in rotating bending 3. The

specimens were first axially preloaded to values given by the pre-stress

ratio:

nominal elastic maximum stress at notch root
g
P u

After the pre-stressing, constant amplitude and random loading spectrum tests
were performed at different overall stress levels, the applied random spectrum
having an exponential distribution of load amplitudes. In Fig.4, the data
obtained has been replotted to show the variation in ) %- with alternating
stress at different pre-stress ratios and it can be seen that positive pre-
stress ratios giving compressive residual stresses result in low values of

n
Z N and vice versa.

In this section it has been shown that geometric residual stresses can be
of extreme importance in cumulative damage of aluminium alloy specimens, since
they can cause large variations in ) % . All the examples quoted have involved
notched aluminium alloy specimens since residual stresses can easily be induced
by local yielding at the notch root. However, it is eclear that since machining
operations can induce residual stresses into the surface of plain specimens,

such variations in Z % can apply to all classes of specimen.
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3.3 Conditions for effectiveness of residual stresses

For residual stresses to be effective in altering the fatigue life two con-
ditions must be fulfilled. First, the stresses must be reasonably stable unde-r
cyclic loading below the yield point. If such stresses are relaxed by low uswg i-
tude cycling, then local mean stresses in notched specimens will tend to red:ce
progressively under fatigue loading, regardless of the loading action. In this
case, any changes 1n the magnitude of Oom which do occur, as described in the
last section, due to local yielding may well be insignificant if the rate of
decay of Ty 18 large enough. Secondly, the yield point of the material must
be considerably above K o  at the lowest value of °_ which produces signi-

ficant fatigue damage If K o > pr then the local mean stress in

Tafy afg

a notched specimen will always be relatively close to zero under symmetrical
loading greater than the fatigue limit stress Oafg ,» regardless of the wvalue
of the net mean stress. In this case residual stresses cannot be sustained
under cyclic loading of any significant amplitude because the first cyele after
the introduction of such stresses will relax them by local yielding. The para-

meter governing whether or not this occurs 1s therefore the ratio

—L = M » L.e. residual stresses will not be effective unless M > 1 ,

This has been shown to be the case in Ref.38. Tests were carried out om
notched specimens of 615 aluminium alloy in both the precipitation hardened

and the soft condition. It was found that preloading with a single uni-
directional load changed the life of the heat treated specimens but not those
in the soft condition. Measurements using X-ray diffraction showed that in the
latter case the residual stresses were close to zero after the first few cycles,
but this did not apply in the former case. For the latter case M was close

to unity.

F1g.5 shows the results of an 1nvestigat10n40 in which residual stresses
were introduced i1nto square-sectioned bars of mild steel and aluminium alloy by
overstraining in bending. Stress cycles of the amplitude shown were then
applied to the specimens. The residual stresses at various numbers of cycles
were determined by cutting the bar and measuring the residual strains by means
of strain gauges. The results show a sharp initial fall in residual stress
over 105 cycles for the mild steel specimens, and a subsequent gradual drop in
value even at 4 tonlln2 (9 ksi) which was far below the fatigue limit. The
aluminium alloy specimens showed no appreciable fall in residual stress up to

107 cycles at any stress amplitude below the fatigue limit, Fig.h shows the
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effect of the residual stresses on the fatigue life of the bars, demonstrating
a much greater effect for aluminium alloy than for mild steel as would be

expected from the stress measurements.

When M 1s close to one, calculations of residual stresses are complica-
ted by the action of the Bauschinger Effect since the yield stress 1s likely to
be exceeded frequently in both directions and 1ts actual values therefore
(tensile or compressive) depend at any moment on the previous strain history.
In order to demonstrate this it was decided, at R.A.E., to subject a plain steel
specimen to a strain history similar to that experienced by the material on the
initially compressed surfaces of the flat bars of Ref,40., For that material M
was equal to about 1.05. Fig.7 shows the measured behaviour of the specimen
under the strain history resulting from initial overstraining in compression
ABC, followed by elasto-plastic unloading CD to a residual stress state of
16.5 ks1 at D , 1.e. an 1initial residual stress value somewhat less than half
the yield stress, as in the 1nvestigation of Ref.40. The application of ane
stress cycle DEGHG of approximately 7.5 ksi (*250 p &) reduced the residual
stress value to O T 10,7 ks1 by yielding along DE . The figure also shows
the behaviour of the material during subsequent strain cycles of *500, 750,
1000 and 1250 o ¢ giving further large changes in residual stress state.

Fig.7 is not strictly comparable with the strain history used in Ref.40 since
due to the Bauschinger Effect the drop in Up on the first cycle is highly
dependent on the magnitude of the initial plastic strain BC , and this value
18 not clear from that work. The mechanism by which large drops in dp can
occur is however demonstrated, together with the reversed plastic cycling which
occurs at only moderate loads. The subsequent (see Fig.5) progressive drop in
residuagl stress after the first stress cycle was probably due to the corre-
sponding lowering of the yield point (cyclic strain softening) which occurs for

41,42

mi1ld steel under fatigue cycling (see Appendix D), For the aluminium

alloy specimens described in Ref.40, M was equal to about 2.4,

Many low and medium strength steel components are therefore not greatly
affected by residual stresses due to the low yield point of such steels com~
pared with the fatigue limit stress and the tendency for residual stresses to
be relaxed under low-level cyclic loading., This lack of sensitivity to
residual stresses has been further demonstrated43—45 in tests on medium
strength steel notched specimens, which have been shown to be affected rela-
tively little by mean stress or the application of single unidirectional high

loads. However as was stated in section 3.1 the arguments in section 3
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strictly only apply to a uniaxial stress state at the point of fatigue
initiation. 1In cases where complex stress systems exist (e.g. in welded
structures) a more widely applicable criterion for yield should be used such as
maximum octahedral shear stress. In such circumstances residual stresses may

be important in steel structures.

3.4 Percentage of life affected by geometric residual stresses

Once a crack begins to propagate through a geometric residual stress
field it 1s not a simple matter to predict behaviour. In particular the size
of the specimen 1s likely to be an important factor. This can be seen by con-
sidering the case of a fatigue crack propagating from an edge notch in an
infinite sheet (Fig.8a) subjected to fatigue loading at a positive mean stress,
the loading being high enough to cause local yielding, giving rise to a residual
stress op . If the motch is extremely large the fatigue crack will, throughout
the fatigue life, be effectively the same as an edge crack {¥Fig.8b) in an
infinite sheet in which the general alternmating stress is Kt 9, (provided
o, is not high enough to give rise to alternating plasticity) and the mean
stress is given by (Kt a, " OR). Since mean stress has an effect on crack
propagation rate of aluminium alloys46 the value of = will affect the rate
of fatigue damage during crack propagation. It should be borme in mind that
frequently op may be large enough to give compressive stresses at the notch
root over parts of the loading waveform and this may be expected to further

reduce the crack propagation ratea?.

It can be concluded then that geometric residual stresses may affect the
fatigue damage growth rate to some extent throughout the fatigue life, where
initiation 1s from a very large notch, i.e. where in the uncracked specimen
the elastic stress value does not change significantly over the depth d 1in
Fig.8. For smaller notches of the same Kt value, cracks will propagate
through regions of significantly diminishing residual stress and hence such
stresses are likely to be most effective in the early stages of fatigue life.
For very small sized specimens where the stress field at the crack tip quickly
becomes comparable in size with the geometric residual stress field the effect
of residual stresses is likely to be small since the residual stress field will

be dispersed early in the life.

It follows therefore that where z % is increased by a geometric

residual stress field, in general, in the absence of any other effects Z %
should be greatest for damage states reached early in the life. This assumes

of course that } %- for crack propagation is unity in the absence of residual
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stresses. The results quoted in Appendix F suggest, in fact, that for crack
propagation tests in the absence of geometric residual stresses Z % may be
expected to be close to unity for Gaussian random loading in aluminium alloy
specimens but greater than unity for gust loading spectra where the ratio of

peak stress to rms stress is greater.

4 AN APPROACH TO CUMULATIVE DAMAGE

In this section a general approach to cumulative damage 1s described which
1t 1s hoped contains the elements of a practical method of life prediction. A

first attempt at devising such a method 18 also described.

The method assumes that for notched and plain specimens the value of
) % 1s known in the absence of yielding at the point of fatigue initiation
during the fatigue 1ife. The method then in principle accounts, where necessary
for the effects of geometric residual stresses introduced by local yielding
under the loading action. Specific cases are covered, namely that of notched
aluminium alloy specimens at a positive mean stress under a symmetrical loading
action, that of a residual stress initially present in the specimen due to manu-
facture, and finally the case of air-ground-air cycles., It should, however, be
emphasised that prediction for any kind of loading action can be dealt with in
a similar manner. The principle of the method is that Miner's Rule must be
applied to the actual stress history at the point of fatigue initiation. This
history may not be a simple function of the net stress history as discussed 1n

section 3.

Before the actual methed 1s described, however, the question of consistency
of Miner's Rule in the absence of geometric residual stresses is discussed
(section 4.1). This is, of course, fundamental to the accurate working of the
method. Data is reviewed, for which, if the specimens used were free of manu-
facturing stresses, geometric residual stresses would not be formed subsequently.
It 1s suggested, however, that the wide variation in values of Z %' under
similar loading actions could be substantially due to stresses induced in manu-

facture, since in no case were any stress measurements made prior to testing.

4,1 Consistency in test results

One of the great difficulties confronting any investigator when examining
cumulative damage behaviour is the apparent lack of consistency of many of the
results in the literature. However it is often difficult to find two sets of
data which are directly comparable and it is practically impossible to isolate

many factors giving different values of E ﬁ- from the work of different
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investigators. In Table 1 a collection of data is shown all obtained under
Gaussian random loading. All the tests are either on plain specimens, or on
notched specimens at zero mean stress. This choice 1s to isolate any geometric
residudl stress effects, assuming all of the specimens were initially stress-
free. No clad specimens have been included since such specimens have been showmn
to exhibit cumulative damage behaviour different from those in the bare materiezl
(Appendix A). Finally to eliminate load sequence effects no programmed tests
have been included. The lack of consistency of the aluminium alloy 1:esultsi+8_54
is quite remarkable for example at 106 cycles E = values range from 1.7 to

N
0.04. Possible reasons for the differences include:-

(a) Bending or direct stress conditions

The two lowest values of ) %- for aluminium alloy were for direct stress
cond1t10n550’53 although not for the steel specimens. If this trend for alu-
minium alloy specimens 1s significant, size would also be a factor since very
large specimens in bending approach stress conditions over the area of action

of fatigue tdentical to that of specimens under direct stress.

(b) Different waveform irregularities

The effect of waveform irregularity on fatigue life has been investigated

51,53,55
by a number of workers . No general pattern seems to have emerged,

even on whether life as measured by numbers of zero crossings increases or

decreases with irregularity factor. Tentatively 1t can be stated that between

n
values of Eg- of 1.0 and 0.8, life is unlikely to vary by more tltan a factor

P
of 1,5, An examination of Table 1 shows therefore that waveform irregularity

1s unlikely to be a major factor in accounting for the variation observed.

(c) Different truncation values

. . 58
The effect of truncation level EE on Z % has been 1nvestigated for
T
mild steel specimens. Little variation was shown in ) % for truncation

levels varying between 3.5 and 5.5. Although truncation level was not measured
in every investigation quoted in Table 1, in every case where it was
measured50’52’56’57 it equalled or exceeded 3.5 times the rms level, Hence
difference in truncation level between different investigators is unlikely to
be the main cause of the variation in values of %—, assuming no difference

in behaviour in this respect between steels and aluminium alloys.

i*

o
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Other possible reasons for inconsistency include surface finish, size of
specimen and state of heat treatment of the material. If, however, any of these

. . . , n

factors are of importance, it is not at present clear by which mechanism Z T

is being affected.

One other phenomenon which shows promise of being largely respomnsible for
test result inconsistency is the effect of residual stresses due to manufacture.
In section 3.2 it was shown how such stresses can be the cause of large varia-

. . n . .. . . . .
tions in z g in aluminium alloy specimens (see Fip.9) and can give rise to

values of z % greater than unity. It was also shown that mild and medium
strength steel specimens are generally unaffected in this way. Although only

56-58

three investigations on such steels are quoted in Table 1, and there are

differences in bandwidth and stress concentration factor, z %— values are
remarkably consistent. Therefore, while it is impossible to say with certainty
whether or not manufacturing stresses are responsible for the variation in
results of different investigations on aluminium alloy specimens, the evidence
quoted here is consistent with this hypothesis. If this is so, the results of
such investigations on aluminium alloys are of little use without any initial
measurement of the state of stress of specimens before testing. A number of

methods are available to do this, and a bibliography of papers on this subject

is given in Ref.59.

4,2 Method of approach

On the basis of the factors discussed 1n the previous sections of this

Report, the following approach to cumulative damage is suggested.

In particular sectors of engineering, certain conditions are likely to
be common to large numbers of components, i.e. type of material, general loading
action, the occurrence or otherwise of fretting and the maximum load as a
percentage of ultimate. Other conditions exist which will vary more from
component to component, i.e. rms alternating stress, initial state of stress,
mean stress, and stress concentrationm factor. At present common practice is
to design components from previous experience, using Miner's Rule where

necessary.

As always in fatigue it is difficult to generalise, but test results

show that for non-welded components in medium and low strength steels z L is

43,56-58 N

rarely greater than unity or less than 0.3 This is despite the

possible beneficial effects of coaxing (Appendix C) and strain hardening
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(Appendix D). The circumstances under which beneficial effects have been found
to predominate are stated in Appendix C. For such steel components too, mean
stresses do not greatly affect either absolute life or %- for the reasons
already statedA4. Also stress concentrations do not greatly affect Z %- for
these materials. Hence it can be concluded that for non welded components in
low and medium strength steels present design practice is adequate in principle,
but it should be emphasised that it is advisable when using the Rule to assume
a value of } %- of about 0.5. This is put forward as an average obtained in
practice and not as a 'safe' value - the life so estimated will generally be
divided by a safety factor to cover scatter, corrosion, and other effects. In
cases where a large proportion of stress cycles are below the fatigue limit a

lower value of ) % should be assumed.

For components made of aluminium alloy it is necessary to account for the
effects of geometric residual stresses in addition to making some general assump-
tion about the values of Z %- to be obtained for initially stress-free speci-
mens in the absence of subsequent local yielding. It has not yet been proved
that } %- is relatively consistent for different aluminium alloys under such
conditions. However, it has been shown in section 4,1 that this is at least a
possibility. Once such values of Z % have been established for particular
load spectra under the above conditions, residual stress effects can be accounted
for by the method described in the next section or a development thereof.
Geometric residual stresses are affected by conditions which were stated earlier
in this section to vary considerably from component to component, e.g. initial
stress state, mean stress and stress concentration factor, which means that life
prediction needs to be considerably more involved for aluminium alloy components

than for those in medium and lower strength steels,

4,3 Method of life prediction

Methods of life prediction which account for the effects of geometric
residual stresses have been publishedls_ls. All such methods are gimilar in
principle, The method described here is based on the work in Refs.38 and 60, in
which the behaviour of notched aluminium alloy specimens under constant ampli-
tude loading after a unidirectional preload or change in net mean stress, was

explained by the change in local mean stress and the use of the Goodman diagram.

In section 3.1 it was shown that the local mean stress at the root of a
stress concentration in an aluminium alloy component under loading at a constaunt

amplitude o, and a positive mean stress 9 is given by equations (2) and (3),
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in the absence of local compressive yielding. Where local compressive yielding
occurs, J, is greater than the values given by equations (2) and (3) (see
Fig.l). Under random loading, therefore, the local mean stress O e is given
by the highest stress in the applied load spectrum op (i.e. equations (2} and
{4)). Consider an alternating stress amplitude 9, within the random loading
spectrum. Under loading at this amplitude, the local mean stress O, 18 grven
by P in equations (2) and (3). Hence if the life under random loading is to
be predicted from data obtained at stresses °, then such data should be
adjusted for a change 1n local mean stress O to o, . . Data can be adjusted
by means of the Goodman relationsh1p6l. Let o; be the adjusted fatigue

strength corresponding to G, ¢ therefore
g -0
' = g ~u Lmr . (4)
a a g - C
u im

The adjustment to any set of values of c, 1s clearly different for each
value of maximum stress op , S0 that for every value of maximum stress there 1s
a different fictitious S-N curve to which Miner's Rule should be applied 1in
order to obtain an estimate of the random fatigue life, Fig,9 shows such a set
of curves obtained from the investigation described later in this Report. Each
of the fictitious S~N curves cuts the experimentally obtained curve at the maxi-
mum stress in the spectrum for which that curve 1s valid, i,e. curve A can be
used to predict fatigue life under any load spectrum in which the maximum stress
1s 6 v2 ksi (the factor of /E-appears since all stresses are rms on this
diagram). Finally it may be necessary to introduce a further modification to
the predicted life to account for the factors which tend to make Miner's Rule
overestimate the life of plain specimens. For simplicity this was not done

when applying the rule in section 6.5.

4.4  Allowane¢e for the presence of stresses due to manufacture

In order to account for stresses already present in a specimen it is
strictly necessary to know the value of the residual stress Op and of the
accompanying residual strain ep at the point of fatigue initiation. Fig.lO
shows the stress/strain curve for a material under consideration. Point A
represents the state of stess at the point of fatigue initiation before test-
ing commences. On 1nitial loading, therefore, the stress/strain relationship
w1ll follow the line AB . As to what will happen in the region of B , this

1s not clear and will be governed by the state of strain hardening of the

matertal, For simplicity 1t will be assumed here that loading will feollow the
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line ABC . The calculation of predicted life proceeds exactly as in the pre-
vious section except that curve ABC is used instead of curve DBC . If the
post yield o/e curve 1s fairly flat, as in the figure, there is little error
involved in assuming eg to be zero, since the strain is only of importance
insofar as 1t enables the stress at the maximum load in the spectrum and the
corresponding o, to be calculated. In Fig.10 the error in Com in making
this assumption would be the difference between 9y and Ty

In cases where, due to a particular combination of residual stress and
mean stress, compressive yielding occurs at a lower amplitude than tensile
vielding, the procedure is the same as previocusly, except that the compressive
stress/strain curve must be used, and o will 1increase with alternating

£m
stress amplitude from a negative value (cf. Fig.3).

4.5 Accuracy of the method

Accuracy in using the method will depend on 2 number of factors:-

(a) The effectiveness of residual stresses probably depends on size as

discussed 1n section 3,

{b) The shape of the mean stress/alternating stress diagram is an
important factor in the method. In section 4.3 it was proposed to use the
Goodman line, which gives a straight line of constant fatigue strength for the
relaticonship between mean and alternating stress. Other relationships may give
a better resultel. In particular, there is evidence that fretting can affect

the relat10nsh1p62.

{c) The reliability of any prediction depends to a large extent on the
accuracy with which %m is calculated. As was shown in section 3 and Fig.l,
for high peak loads the action of the Bauschinger Effect is to change the value

31

of Tom from that given by equations (2) and (3). As a general rule the
Effect becomes of significance approximately when the local stress changes sign
after yielding in one direction, e.g. after tensile yielding some compressive
yielding will occur as soon as the stress becomes negative. Figs.42 - 44 show
predicted and achieved fatigue lives under random loading conditions in the
programme described later in this Report. In this case the Bauschinger Effect
may be expected to be significant at stresses above approximately 2.5 ksi rms.
Its effect will be to reduce the values of predicted lives above thid stress

level.
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{(d) The prediction strictly only applies to the parts of the fatigue
life fully affected by residual stresses and so should tend to overestimate

their effect. Work 1s needed to determine the percentage of fatigue life so

affected.

4.6 Developments of the method

In the foregoing sections 1t was assumed that the basic fatigue informa-
tion used to calculate variable amplitude fatigue lives was in every case data
obtairned under constant amplitude conditions, i.e. the S-N curve. Methods of
life prediction have been devised for components subjected to symmetrical load

spectra 8,63,64 in which data obtained under a standard form of variable

amplitude loading were used in the place of the 5-N curve.

These methods, similar to each other in principle, can be summar:ced as

follows,

It is possible 1n many cases to obtain the same load amplitude distribu-
tion as that found 1n service by applying statiomary random loading with a
Gaussian distribution of amplitude in sequential -'blocks' of different root mean
square values, for different lengths of time., Thus the load spectrum can be
synthesised by a number of stationary random components. In Ref.8 a method of
so synthesising service load spectra was described, and an aircraft gust loading
spectrum was synthesised by only three random rms levels, say °1 for Py of
the time, S for Py of the time ete. Thus the fatigue damage caused by
each of these three components can be assessed and the life predicted accordingly.
Life prediction for service loading proceeds as if Miner's Rule was being applied
to a block programme containing three constant amplitude levels, except that N1

1s now the fatigue life under stationary random loading at stress level 91 and

so on, so that life under service spectrum loading

N = L . (5)

Clearly it is possible to develop the method of section 4 to use variable
amplitude data. In principle, representative values of Cimr 2T calculated
for a range of values of random rms stress from consideration of the peak
stress at these levels, so enabling a diagram similar to Fig.2 to be drawn,
except that the alternating rms stresses refer to stationary random loading.

Next the o-N curve (random loading §-N curve) is adjusted for the values
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of Y omr which apply under service spectrum loading, so that a set of
fictitrous o-N curves is constructed similar to the set of fictitious S-N
curves in Fi1g.9. Each fictitious o-N curve can be used to predict fatigue
life under any spectrum loading which contains the particular value of o,
the maximum load in the spectrum that applies to that curve. For the pregic—

tion, equation (5) is used with W N, etc. being the lives on the

1° 2
fictitious o-N curve corresponding to 91 and 0.9 - The advantages of
this method are as follows,
(a) The basic data would be conditioned to some extent for the effects

of different relative damage rates, variation with stress of residual static

strength at failure and for cycles below the fatigue limit.

(b) The wvalues of Ulmr for the basic data would be closer to those
existing under the service loading action. Corrections for geometric residual
stress would then be smaller and as a consequence more accurate,

(¢c) Stresses, initially present in the specimens used to obtain the
basic data, would 1n many cases be relaxed under the variable amplitude loading

and would therefore not affect the prediction.

An alternative approach would be to use, in obtaining basic constant
amplitude S-N data, specimens which had been initially loaded to a value
approximating to the highest load expected in the service load spectrum., This
would again ensure that wvalues of Tyq Were more representative for the basic
data. A standard preload value could be used for design data, and adjustment

for the correct value of Oy could be made. Note (b) above would then apply.

The 1inclusion of alr-ground-air cycles in block programmes has been shown
to result 1n a large reduction in life. This reduction which was greater than
predicted by Miner's Rule was attributed to the action of geometric residual
stresses65. Allowance for air-ground-air cycles can be made by extending the
method of section 4, The damage associated with such cycles can be calculated
using Miner's Rule applied to the material at the point of fatigue initiation.
The calculated damage due to cycles immediately after such cycles will then in
general have to be modified, since any local compressive yielding due to the
air-ground-air cycle (yielding will be accentuated by the Bauschinger Effect)
will 1incregse ¢ and hence also the subsequent damage rate. This situation

Lmr

will continue, with O\ mr progressively reduced by local yielding under each

succeeding higher positive load after the air-ground-air cycle, until the

highest positive load 1n the spectrum or the next air—ground-air cycle is
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applied. This is shown diagrammatically in Fig.ll. The upper diagram represents
the net stress history on an aircraft component during an air-ground-air cycle.
The lower diagram shows the corresponding variation of Gimr at a stress con-
centration on the component. The accelerated fatigue damage rate due to the

raised level of Ozmr betwzen A and B can be accounted for as in

section 4.3.

5 CUMULATIVE DAMAGE PROGRAMME

Much work 1s required to investigate fully the validity of the approach
to cumulative damage and develop the method outlined in section 4, The pro-
gramme described i1n this section was 1nitiated 1in order to make a start on such
an assessment by determining the cumulative damage behavicur of aluminium alloy
specimens with fretting, under a wide range of symmetrical stressing conditions.
Tests were carried out at three mean stress levels, 10, 16 and 25 ksi, under
three types of loading, that 1s sinusocidal constant ampl:itude and two shapes
of variable amplitude load spectrum, The variable amplitude loading action
used was in all cases narrow-band Gaussian random loading, giving a load

pattern in the form of a randomly modulated sine wave, Fig.l2a, at a frequency

"of 112 Hz, and having a Rayleigh distribution of peaks (F1g.12b). This loading

action under 'stationary' conditions, 1.e. constant long term rms level, was

the first of the random loading cenditions used. The second random loading
conditlon was obtained using the technique of random programming8 to apply

to the specimen a stress spectrum based on the gust spectrum contained in the
Royal Aeronautical Society data sheets66 {(nearly exponential peak distribution).
Random programming cons:sts of the sequential application to the specimen of
"blacks' of random loading at different rms levels for different lengths of

time (see sections 4.5 and 5.2).

In order to better understand the manner in which fatigue damage accumu-
lated under the variocus types of loading, 'partial damage' tests were conducted
1n addition to those carried out to total failure, 1.e. specimens were fatigued
for a gilven percentage of the expected life to failure, and were broken
statically to determine the state of fatigue damage. In this work fatigue damage

was defined by the fall-off i1n residual static strength.

5.1 Farigue machine and associated equipment

A 20 ton Avery Schenck resonant fatigue machine was used (Figs.13 and
14)., This machine has been modifled8 to perform fatigue tests under either

stationary randon, random programmed or constant amplitude conditions,
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Broadly the modifications consisted of replacing the standard inertial excita-
tion unit with an electro-dynamic shaker which could be used to apply either

random or constant amplitude excitation to the machine.

Monitoring of the dynamic load was achieved by the use of semiconductor
sTrain gauges mounted on the dynamometer ring of the machine. The output of a
full bridge of these gauges was sufficient to drive a random noise voltmeter
directly (see Fig.l4)., This instrument has a 7z output corresponding to meter
deflection, and was 1n turn used to supply a de trace recorder, enabling a
continuous monitor to be made of the alternating stress level. For constant
amplitude tests the random noise voltmeter -=2 asec '7ith a time constant
setting of 0.3 second, so that any relatively rapid fluctuations in the alterna-
ting load were detected. For random loading, on the other hand, a setting of
30 seconds was used so that the momitor showved only an integrated long-term
value of root mean square stress, The rms level under all loading conditions
was controlled by changing the input amplitude voltage level to the machine when
limit switches were actuated on the trace recorder, This method of control was
satisfactory 1n the case of random loading, but required some skill in the case
of constant amplitude tests when setting the excitation frequency at the
beginning of the test. 1If the freguency was not set correctly, large changes in
amplitude would occur when the specimen started to crack and the control rate was
not always fast enough to compensate. Therefore, in a few cases, specimen tests
were rejected because of overloading. For this reason a controller, which alters
the machine amplitude by changing the excitation frequency, is at present being

assessed, and should simplify testing.

Resonant fatigue machines, 1n general, take the form of lightly danped
single degree of freedom mechanical systems, having a constant amplitude force
input at a frequency close to the machine resonance. If a 'white noise' (con-
stant power spectral demsity) force input is substituted, the machine filters out
all frequencies relative to a narrow band centred on the resonant frequency,

It can be shown67 that 1f the amplitude distribution of the white noise excita=
tion is approximately Gaussian and the response of the machine is linear, then
the loading waveform of the machine is a randomly modulated sine wave with a
Gaussian amplitude distribution a Rayleigh distribution of peaks (Figil2b), i.e,
a narrow-band random process. In practice, the idealised white noise input 1is
usually replaced (as in Fig.14) with noise filtered by a band pass filter

centred on the resonant frequency of the machine. The object of this 1s to
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reduce the reguired power output of the main drive amplifier and to avo:d
exclting unwanted machine resonances. This last point was of particular
importance 1n this investigation since the mechanical resonant system of the
machine i1n Fig.,l3 took the form of a beam, and so was a multi-degree of freedom
system, In order to 1ncrease the operating frequency of the machine, all tests
were carrled out with the beam excited 1n its first overtone node at 112 Hz,

rather than in 1ts fundamental mode at about half this frequency.

For random programmed tests the programmer altered the root mean square
value of the input signal to the machine 1n steps by switching the random sigral

through each of three attenuators im repeated order,.

Analysis of the random load pattern was accomplished by supplying the out-
put from the strain gauges to an instrument which can count the number of times
each of ten independently preset voltage levels 1s crossed in a positive-going
direction. This :s a more accurate method of measuring the shape cf the load
spectrum than the previously used8 method of monitoring the envelope of the

random loading waveform. Typtcal measured load spectra are shown in Figs.1l5

and 16.

5.2 Load spectrum for random programmed tests

As 1n Ref.8, the load spectrum chosen for the random programmed tests was
that implied by the gust spectrum 1n the Roval Aeronautical Society data sheetg®®.
For the purpose of this investigation, a new synthesis was prepared (Fig.l7)
to give a spectrum with a smaller relative number of counts at the lower stress
levels than that used previously, In this way the length of time to fairlure was
reduced for the random programmed tests, Fig.17 also shows a comparison between
the synthesis used in this programme and that used previously. In Figs.16 and 17
g/} is a non—-dimensional amplitude parameter, where o 1s the actugl stress and
» 1is that value of stress corresponding to a 5 ft/sec gust on the Royal
Aeronautical Society spectrum. The method of synthesis of the spectrum from
three random components is described in Ref.8. Table 19 gives details of the

programmed spectra used in the fatigue tests,

5.3 Specimen and material

Chemical composition and tensile test results for the DID 5014 aluminium
alloy are given 1in Table 2, and a typical measured stress/strain curve for the

material 1s given in Fig.18. All the specimen material came from the same melt.
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Specimen and pin dimensions are given in Fig.19., As can be seen, the
specimen is in the form of a double-ended lug. Failure in fatigue for such
specimens occurs at the points shown, where a stress concentration factor of
2.96 is close to an area of fretting. Sample specimens were tested to deter-
mine approximately the state of macroscopic residual stress at the point of
fatigue initiation. Strain gauges having a 2 mm gauge length were first
attached to the specimen as shown in Fi1g.l9., After the gauge had been connec-
ted to a strain gauge bridge, the bridge was balanced, a jeweller's sawcut was
made, as shown, to relax any longitudinal residual stresses at the gauge to
zero, and the bridge rebalanced so as to measure the change in strain. This

residual strain value was used to calculate the longitudinal residual stress.

5.4 Test procedure

Fatigue tests were carried out by applying fluctuating tension at 112 Hz,
and all specimens were assembled without grease or anti—fretting compound
between the pins and the holes. For selected random and random programmed
tests the distribution of levels crossed (spectrum shape) was measured. Typical
results of these analyses are shown 1n Figs.l5 and 16%. These in general confirm
the measurements taken during the previous investigation, demonstrating that at
the higher random stress levels the amplitude distribution tended to truncate so

that few peak alternating stresses were obtained greater than S s provided

o
m

g rms

£ 3.

Not unexpectedly, 1t was found that the stress spectrum truncated more
sharply on the compressive side than on the tensile side. Fig.20 shows the esti=-

mated truncation levels at all the stress levels tested.

The results of the tests under the three types of loading are shown in
Tables 3 - 11 and Figs.21 - 29. TIn all cases the stress value plotted is the
root mean square stress, Partial damage tests were conducted for constant
amplitude and stationary random loading by breaking statically specimens which
had been fatigued to various percentages of the expected endurance, The failing
load was recorded i1n these tests and the change in residual strength from the
uncracked state was regarded as a measure of the fatigue damage. The results of

the partial damage tests are given in Tables 12 - 17 and Figs.30 ~ 32 and were

*In the text, and diagrams, the mean and alternating rms stresses are shown, for
example as 10/3.5 which represents 10 ksi mean stress with 3.5 ksi rms alterna-
ting stress.



29

used to construct S-N and o¢-N (stationmary random) curves which applied to
different measured states of fatigue damage, i.e. 95, 90, 80, 70 and 60 per
cent of the uncracked static strength (see Figs.21, 22, 24, 25, 27 and 28).
Partial damage tests were not carried out under programmed random loading. It

iz hoped to do this at a later date,

Lives under stationary random loading to different states of fatigue
damage were predicted using Miner's Rule by means of the corresponding curves
obtained under constant amplitude conditions. Also the rule of section 4 of
this Report was used to predict life, assuming initial compressive residual
stresses of 0, 10 and 20 ksi (see Figs.33 - 35). Z %- values using Miner's
Rule are given 1n Figs.36 - 38, TFor the purpose of the prediction no allowance
was made for the Bauschinger effect - it was assumed that equations (1) and (2)
hold where they give positive values of o© . Where negative values were given

im
by the equations o was taken to be zero, 1.e. the assumption was made that

the compressive yleiz point remains the same after tensile yielding. The effect
on Miner's Rule of the static strength at failure was also estimated (see

Table 18 and section 6.3). For random programmed tests, lives to failure were
predicted using Miner's Rule, the rule of section 4 and the rule of Ref.8, which
15 described 1in section 4.6 (see Figs.23, 26 and 29). 1In all cases where
Miner's Rule was used the truncation levels of the random waveforms were taken

into account.,

5.5 Accuracy and consistency of test results

Certain incongistencies were found during testing. Specimens were
machined in two batches, and most of the first batch was used up before the
start of the partial damage tests. These tests are labelled 'first test series'
in Figs.21l - 29. Therefore the partial damage tests were carried out almost
entirely using the second batch of specimens. Subsequently, further tests were
carried out to check lives to failure. The results of these tests are labelled
'second series of tests'in Figs.21-29. In general the second series of tests con-—
firm the first. There are, however, two exceptions, both under random loading.
First, at 10/1 ksi the second test series differed from the first by a factor
of about 2:1 on life, Secondly, at 25 ksi mean there was a similar difference
at stresses above alternating stresses of 4 ksi, In no other case was a sig-
nificant difference found. Only at 25/4 ksi was the difference significant
in the partial damage tests, and here the conclusions of the work were not

affected,



In Figs.21, 22, 24, 25, 27 and 28 the S$-N and o-N curves and E %
values for the intermedirate states of fatigue damage are clearly not as accurate
as the curves for final failure, since they were constructed from a knowledge of
the S-N and ¢-N curves to final fajlure together with data from partial
damage tests at only two or three stress levels, It is, however, believed that
the overall trends shown in these curves are reliable. All the constant ampli-
tude S-¥ curves at the various states of damage are shown as having approxi-
mately the same fatigue limit, This 1s because none of the unbroken fatigue
test specimens, which were all subsequently broken statically, showed any more

than 57 drop 1n static strength compared with the average uncracked strength.

6 DISCUSSION OF EXPERIMENTAL RESULTS

Typical broken specimens are shown in Figs.39 and 40, It was found that
fai1lure always occurred from an area of fretting close to the point of maximum

stress concentration.

The results show that in this 1nvestigatien E %— was generally greater
than unity under random and random programmed conditions (see Figs.23, 26, 29
and 33 - 33), 1n line with a number of other investigatiomns into cumulative
damage of aluminium alloy specimens with stress concentrations at a positive
mean stress (see section 3.4). Exceptions to this were found at the alternating
stresses below 10/2 ksi random loading. Under random loading conditions at
10 ksi mean stress, | % was found to increase with rms stress at all states
of damage up to 3.5 ksi alternating stress, the highest value tested (Fig.36).
At 16 and 25 ksi mean stress I % increased up to a maximum value at about
2.5 ksi (Figs.37 and 38) and thereafter decreased. Also under the stationary
random loading E % values were generally greater for initiation than for the
total life to failure, and were higher for random programmed tests than for

stationary random leading,

The various aspects of the performance of Miner's Rule referred to above
are discussed 1n more detail in the following sections. The results should be
considered in the light of the fact that the part of the investigation in which
strain gauges were used to determine the initial stress state showed evidence
of initial compressive residual hoop stresses around the hole varying between
4 and 15 ksi. Accordingly, life predictions based on 0, 10 and 20 ksi initial
compressive stresses are 1included in Figs.23, 26, 29 and 33 - 35, It should
be noted that only about fifteen strain gauge readings were taken in estab-
lishing the actual residual stresses; 1t was felt that owing to variations in
readings from specimen to specimen a more comprehensive investigation was

desirable. The results of this investigation will be published later.
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6.1 Rate of accumulation of fatigue damage

In Appendix A the effect on cumulative damage of variation in relative
damage rate with stress, is discussed at some length since it has received a
great deal of attention in the past, It was concluded that for spectrum load-
ing the effect was not large. However, the shapes of 'damage against percentage
life' curves can be of some value i1n deducing the relative magnitudes of other

conditions effecting cumulative damage.

Comparison of the results of the partial damage tests with those of
Ref.68 shows a marked difference. Whereas with the notched and plain specimens
of 2024-T3 aluminium alloy used 1in that 1investigation macroscopic cracks were
not recorded until relatively late in the life, in this case, under constant
amplitude loading at least at the lower stresses, large cracks were present
very early in the life (Fig.39). This difference was almost certainly due
to the action of fretting and demonstrated how crack initiation time can be

reduced 1n 1ts presence.

The partial damage tests under constant amplitude loading also showed
that at all three mean stress levels the reduction in residual static strength
early in the life occurred relatively faster at low than at higher stress levels,
This 1s an effect opposite to that which has been found for plain specimens
(Appendix A)and there are three likely explanations for this, One explanation is
again the action of fretting. Fretting lowers the fatigue limit and so at
stresses below the unfretted fatigue limit will reduce the fatigue life from
virtually infinity to a finite value. Hence on a percentage life basis, fretting
1s more effective at reducing fatigue iritiation time at low than at high
stresses. Therefore fretting may reverse the trend of initial relative fatigue
damage rate with stress. Geometric residual stresses also provide an explana~
tion for the reversal in trend. 1In a notched specimen under constant amplitude
loading, at a positive mean stress, such residual stresses reduce the local mean
stress as the alternating stress is increased. As a result of this, the rate of
fatigue damage initiation should not increase with stress in a notched specimen
as fast as in a plain specimen, Thirdly, the fact that specimens which are
fatigued at high stress levels will fail at the lowest state of damage
{Appendix B), tends to cause the observed trend in damage accumulation. If, to
take an extreme case, a specimen were cycled such that the maximum stress in the
cycle was 997 of the ultimate, then very little fall in residual strength would
be detectable during the life., Hence at the lower stress levels the residual
strength against percentage life curve must show a greater drop, at least in the

later stages of the life.
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There is some evidence from the partial damage tests to support fretting
as having some effect on the shape of the residual strength curves. From Fig.2
1t can be seen that for initially stress-free specimens at 10 ksi mean, under
constant amplitude loading, the local mean stress was unaffected by alternating
stresses up to 4 ksi rms. {Initial compressive residual stresses would increase
the unaffected stress range.) Fig.30, however, shows that, early 1in the life,
damage sti1ll accumulated faster at 2 ksi than at 4 ksi. Hence since residual
stresses were not effective, fretting was a likely cause of the particular

variation of damage rate with stress measured here.

As for the effect of damage state at failure, Fig.4l shows the results
at 25 ksi mean, replotted to represent failure under all alternating stresses at
the state of damage corresponding to failure at 1.5 ksi rms., As can be seen, by
comparison with Fig,40, the general trends of the damage against percentage life
curves were not affected by the changed failure ecriterion, and would clearly also
not be affected at the other mean stress levels., Damage state at failure was

therefore not important in this case.

Relative damage rates under random loading showed trends different to

those under constant amplitude loading. This is discussed 1in section 6.2,

6.2  Evidence for the presence of geometric residual stresses

Under random loading, the residual strength against cycles curves show that
at 16 and 25 ks1 mean, at the lower stress levels, damage did not accumulate
nearly as fast early in the life as it did under constant amplitude loading
at similar lives (see Figs.31 and 32). Different behaviour was shown with 10 ksi
mean stress where at 1.5 ksi rms the trend was similar to that found under con-
stant amplitude loading (Fig.30) and % was less than unity. This was the
only random loading case 1n which the maximum static plus dynamic loads were not
high enough to cause yielding at the root of the stress concentration. This
different behaviour strongly suggests that the initial, relatively reduced,
rate of damage accumulation under random loading at the higher mean stresses
was associated with geometric residual stresses., It can be deduced that
residual stresses increased the initiation time relative to the crack propaga-—
tion time at the lower random stress levels at 16 and 25 ksi mean, to produce
the trend 1n damage/percentage life shown. This 1s further demonstrated in
Figs.36 - 38 in which z % 1s shown to have been larger up to damage states
reached early in the life, than for final failure except at 10/1.,5 ksi, i.e.

n
l N vas greatest for the 1nitiation.
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In another respect the shapes of the g-N curves at 25 and 16 ksi mean
stress are consistent with the effects of geometric residual stresses (Figs.34
and 35). At the approximate stress above which the Bauschinger Effect
(section 3.1) was operative the o~N curves straighten or even bend slightly
towards the low life direction rather than maintain a concave shape as predicted
by Miner's Rule. This produced a decrease in Z %— (F1gs.37 and 38). The pre-
dictions of fatigue life based on consideration of residual stresses as 1in
section 4 show a similar reflex shape for the predicted o-N curves with the
point of inflection at a higher stress than that found in practice. Allowance
for the Bauschinger Effect should lower the point of inflection and so reduce

this discrepancy between the experimental and predicted results.

Finally, as in Ref.8, for the random prograrmed tests at all mean stress
levels | % to failure was consistently greater than under stationary random
conditionsi This general trend 1s also predicted by the method of section 4,
However, recent work has shown that Z % values greater than 1 can be obtained
for crack propagation under a gust load spectrum 9. It 1s therefore possible

- TN .
that parts of the 1increases in |} ¥ in the programmed random cases were 1n the

4

later stages of life.

6.3 Residual static strength

The partial damage tests were used to obtain an estimate of the effect on
Miner's Rule of residual static strength at failure by means of the construction
of S-N curves representing life to variocus values of static strength. Fig.42
shows S-N curves, at the three mean stress values, representing life to a
static strength value given by the highest load in the random spectrum, at the
rms levels shown. Therefore, for example, 1f the life to failure at 25/6 ksi
random 1s required using Miner's Rule but allowing for the effect of residual
static strength, then the Rule should be applied to the left-hand curve instead
of that to final failure at 25 ksi mean. Table 18 shows the modification due
to this phenomenon required for the calculated lives., The largest effect can be
seen to have occurred at a mean stress of 25 ksi, at which the highest static
plus dynamic loads were applied. The conclusions reached in Appendix B (that
the effect on the achieved life of a bolted joint would only be large if loads
approaching the uncracked static strength of the specimen were to be applied
during the fatigue life) clearly also applies in this case. One point however
needs clarification. Although the effect has been expressed, in this case, as

a percentage change 1n life, 1n principle the effect of this phenomenon is to
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shorten the life by a given number of cycles rather than by a given percentage
since the rate of fall off of residual strength 1s a function of erack growth
rate and does not depend on 1nitiation time. Therefore, i1f the total achieved
life 1s shortened by an unfavourable interaction in the initiation stage, the
effect of residual strength at failure will be proportionally greater. 1In the
case of this investigation the cffect, as a percentage of the achieved life,
was generally less than shown ir Table 18, since Z D in most cases was

N
greater than one,.

N

6.4 Perfcrmance of —3z “1¢d Miner's Rule

The results of the tescts carried out under programmed random loading
{(F1gs.26 and 29) indicate that at the higher mean stresses the mod:ified rule
(described 1n Ref.8 and section 4.6) applied to random data gave a signifi=~
cantly better prediction than Miner's Rule based on constant amplitude data.
At 10 ksi mean stress (Fig.23), however, Miner's Rule was marginally superior.
In all cases E % was greater than unity., The generally superior performance
of the modified rule can be explained by the conditioning argument of
section 4.6, The guestion as to whether constant amplitude, prelcaded con-
stant amplitude or %aussian random loading data (see section 4,6) is the most

efficient for use in life prediction can only be settled by further experi-

mental work.

6.5 Performance of rule of section 4

Consider first the results of random tests at 10 ksi mean (Fig.33). The
interesting characteristic here is the near vertical portion of the c-N
curve. As can be seen, the sharp upward trend in the curve was predicted by
the rule assuming zero initial compressive residual stresses, but 1ts severity
was underestimated. Also, although the rule gave a good prediction for fimal
failure, this was probably coincidental. 1In considering this apparently good
prediction it should be noted that the plot of %- against stage in life
(Fig.36) clearly indicates that the longer than expected life 18 due to the
fact that there is a very high value of Z % early 1n the life and not a
constant value all the way through. This 1nitial value was underestimated by
the rule (see predicted results for 957 static strength - Fig.33), and the good
agreement for the final failure case was only obtained by assuming the full
residual stress effect, 1.2, constant E %- over the whole life, When an

initial compressive residual stress was assumed of 10 ksi or greater, the

prediction became practically identical with that of Miner's Rule,
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It 1s therefore doubtful whether all of the increase in |, %~ was due to
geometric residual stresses in the case above. However, as discussed bhelow,
under programmed random loading at 10 ksi mean, and under both types of loading
at the other mean stresses the results were consistent with geometric residual

stresses being the most important factor causing deviations from Miner's Rule.

At 16 ks1 mean stress, if the assumed initial residual stress were to be
zero, resldual stresses should have some effect on the predicted life over the
entire stress range, This 15 because the mean stress on 1ts own 15 sufficient
to bring the stress at the stress concentration close to yield. Under this
mean stress there 1s a large difference in predicted life when using the rule
of section &4, depending upon the assumed state of initial stress (Fig.ll). 1In
one respect the results are similar to those of 10 ksi, in that Miner's Rule
gave a reasonable prediction up to a given stress, in this case about 1.5 ksi,
and above this stress the 1life was longer than predicted. Again the behaviour
15 explained qualitatively by the new rule, the point of deviation from Miner's
Rule being governed by the assumed initial residual stress (Fig.34). However,
1n this case the new rule greatly over-predicted the deviation even at the
damage state representing 957 static strength. As was discussed in section 6.2,
the presence of a point of inflection in the O-N curve was predicted by the
rule of section 4 and allowance for the Bauschinger Effect should lower the

predicted point of inflection closer to that actually achieved.

At a mean stress of 25 ksi considerable local yielding occurred under the
application of the mean load om its own. Therefore the predictions using the
new rule were practically the same, for the three values assumed of initial
residual stress (see Fig,35). This factor also means that yielding will have
occurred under any loading cycle, however small the amplitude, provided it has
not at any time been preceded by any cycle of a larger amplitude. For this
reason residual stress effects were at a maximum down to the lowest stress
levels, The performance of the rule at this mean stress level is essentially

similar to that at 16 ksi: mean with zero assumed initial residual stress.

Under programmed random loading (Figs.23, 26 and 29) the new rule over-
estimated the life in every case for lives to finmal failure, This is to be
expected in view of the performance of the rule under stationary random loading,
and because the rule assumed initiation conditions throughout the life; as

discussed 1n section 3.3 residual stresses may be expected to be more effective

early in the life.
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Despite the limitations of the rule in terms of accuracy of life predic-
tion, the results of the experiments are encouraging in that the main charac-—
teristics of the cumulative damage behaviour of the specimens bore out the

general approach to cumulative damage outlined in sectiom 4, i.e,

(1) Miner's Rule was unconservative under loading conditions which did

not cause local yielding.

(2) Where Z %— was greater than unity the improvement was assoclated
with the earlier stages of the fatigue process.
n . . . ,
(3) Z ¥ inereased with increase in mean stress. The rule predicted

that the optimum effect is reached for initially stress—-free specimens approxi-
mately when the mean stress alone just causes yielding at the notch root. For

mean stresses above this value the magnitude of c,, ata particular value of

alternating stress is almost 1ndependent of mean stress, and so little further
improvement in z %- should occur. The results of the investigation were

consisistent with this.

n . . . . .
(4) Z 7 increased with alternating stress, reaching a maximum in the

approximate region 1n which the Bauschinger Effect became vperative.
(5) Z %- was greatest for the loading condition (programmed random)

peak stress

ratio.
rms stress

with the highest

6.6 Scatter

,70

In tests on plain specimens of aluminium alloy and high strength
steel71 it has been found that scatter at the longer fatigue lives is signifi-
cantly less under random than under constant amplitude loading. In the present
investigation, although not enough Specimens were tested to obtain accurate
scatter factors 1t is clear that in general there was no significant reduction
under random loading. Scatter was generally low under constant amplitude load-
wng in these tests, as 1s usual for this type of specimen72, where fretting
shortens the initiation time. This is to be expected because scatter is nor-
mally attributed to the crack initiation phase rather than crack propagat10n73,
an hypothesis which has been confirmed by crack growth measurements over the
entire life of notched and unnotched aluminium alloy specimensss. It therefore
follows that any improvement in scatter under random compared with constant

amplitude loading will be much less where fretting is present, since initiation

is a much smaller percentage of the fatigue life under fretting conditionms.

b
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6.7 Further practical considerations

It was noted earlier that the results show a variation in damage against
percentage life different in the random case from that found under constant

amplitude loading. This fact has practical implications in two directions.

First, in any structural component there will be an acceptable value to
which the residual strength may drop before the component is considered unsafe.
From the designer's point of view, then, it is preferable that fatigue lives
should be expressed in terms of life to a given resrdual strength rather than
to life to total fairlure, although fatigue data is commonly in the form of the
latter. Figs.36 to 38 show that ) %— values are not necessarily the same for
the two cases, It is reasonable to deduce that where residual stresses give
values of ) %— of less than one for final failure (e.g. low mean stress and
large occasional compressive loads in a notched specimen) Z §- for initiation
may be very low - this will lead to a comparatively early fall off in residual
strength. This leads to the second consideration, that when tests are carrled
out on an aluminium alloy component to determine the vartation of residual

strength with life, a representative service loading action must be applied if

mirsleading results are to be avoided.

7 SUGGESTIONS FOR FURTHER WORK

It 1s suggested that the work described in this Report be extended in the

following ways:—

(a) The strain gauge investigation to determine the initial state of

residual stress of the specimens at the point of fatigue initiation may be

extended.

{b) Partial damage tests may be extended to cover programmed random
loading.

() An 1nvestigation may be conducted using the techniques described

1n Ref.33 to determine the magnitude of the Bauschinger Effect. The results

can then be used to modify the life predictions using the rule of section 4,

(d) The random data may be used to predict the programmed random

lives as suggested in section 4.4,

(e) Lives may be calculated applying the rule of section 4 to a
selected percentage of the 1i1fe., For the rest of the life | %— will be

assumed to be 1.
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(£) It is hoped that the work may also be extended later to obtain 'pre-
loaded constant amplitude data' so that this can be evaluated for use in life

prediction, as suggested in section 4.4,

{g) Further programmes are envisaged at present to repeat the work
described 1n this Report on specimens 1in different materials and of different

configurations, i.e. notch without fretting, and clamped joint.

{h) Some 1mprovement in the accuracy of life prediction may be achieved
by the use of a more representative mean stress/alternating stress than the
Goodman diagram (section 4.5). Work is at present being carried out at R.A.LE,
on clamped joints, in which failure ocecurs from an area of fretting in the
absence on a geometric stress concentration?z, whiech wi1ll shed some light on

this,
8 CONCLUSIONS
Factors affecting the perfcormance of YMiner's Rule have been reviewed.

8.1 For aluminium alloys, geometric residual stresses strongly affect
cumulative damage behaviour and can cause Miner's Rule to either overestimate or
underestimate fatigue life. These stresses may be present in specimens due to
manufacturing processes and may also be produced by local yielding at points of
fatigue 1nitiation under high loads in either direction. A commonly encountered
case where %- 1s affected by residual stresses is that of initially stress-
free notched aluminium alloy components; under a symmetrical loading action at
a positive mean stress Miner's Rule usually underestimates fatigue life for such

specimens.

Another case arises when residual stresses are introduced unintentionally
during manufacture of componrents or deliberately to i1mprove fatigue performance,
For components where such initial compressive stresses are present Z % may be
expected to be low. Where such a tensile stress is present, Z % may be expec-

ted to be high,

8.2 An investigation into cumulative fatigue damage was carried out using
aluminium alloy lug specimens. The results of this work strongly indicated
that geometric residual stresses were the most significant cause of deviations
in Z % from unity. Although a simple rule to account for these stresses did
not give good quantitative predictions, the qualitative agreement was good and

it is believed that a practical and reasonably accurate rule can be developed

along the same lines,
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8.3 TFretting, by causing crack propagation to occupy a greater proportion of
the fatigue life, can affect the magnitude of the relative contributions from

residual stresses and other factors which are of importance in cumulative damage.

8.4 Residual stresses do not greatly affect the behaviour of medium and low
strength steels in many cases, mainly because the material properties are such
that the local mean stress is reduced close to zero on the first cycle of any

significant amplitude.

8.5 TFor aluminium alloy lug specimens the variation of residual static
strength throughout the fatigue life was found to depend greatly on loading
action and stress level. For this reason, when tests are carried out on an
aluminium alloy compcnent to determine the variation of residual static strength
with life, a representative service loading action must be applied if misleading

results are to be aveided.
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Appendix A

VARIATTON IN RELATIVE DAMAGE RATE WITH STRESS

Fatigue damage D can be defined as a variable, beginning at zero at the
start of the fatigue life of a component and reaching unity at failure. The
shape of the 'damage against percentage life' curve can then be taken
arbitrarily to be some convenient shape (e.g. a straight line) at any chosen
alternating stress level and stressing condition, e.g. waveform, mean stress.
Under different stressing conditions, and in particular at different stress
levels under constant amplitude loading, the shape of the damage against per-

centage life curves may well be different.
74 .
It has been proved that if
(a) the relative rate of damage accumulation under constant amplitude

loading 4D varies with stress at fixed values of %-, the percentage
d 2

N
fatigue life consumed, (1.e. there are different shapes of damage against per-

centage life curves at different stresses) and:

(b) the damage rate under spectrum loading is a simple average of
%g cA (i.e. under constant amplitude loading) weighted according to the
probability of occurrence Pm(U) of stress cycles at stress Ua = ¢ so that

the damage rate under spectrum loading is equal to

[20]

dp dn
(d_n) N I ?1?1') P_(a) do (6)
s Ca

<

then failure is predicted at } — < 1 , i.e. due to the above effect along Miner's

A=t

Rule should overestimate life,

The results of step tests on notched and plain specimens of steel and alu-

minium alloys (excluding alclad material) at zero mean stress indicate in most

i
d3

almost every case using a low-high sequence Miner's Rule has been found to under-
7,11,75-81 In

respects a consistent variation of relative damage rate (ng with stress. In

estimate the fatigue life, and vice versa for high-low tests

82,83 where in both cases the high stress approached yield at

two investigations
the point of fatigue initiation, these effects were not found in either a steel

or aluminium alloy. These tests therefore indicate that in most cases under



L}

Appendix A 41

constant amplitude loading fatigue damage accumulates relatively faster early
in the life at higher stress levels. An exception to the general rule is the

.. . 10
case of alclad aluminium alloy. Of five investiations, one ~ showed no consis-—

tent sequence effect, and four27’84~R6 showed an effect opposite to that of

plain aluminium alloy and steels.

Some life prediction methods have been based on accounting for the var:ia-
7,13,15

tion of relative damage rate with stress and hence they predict

lives shorter than those predicted by Miner's Rule when applied to spectrum

loading,

That there 1s a vartation in relative damage rate with stress in unclad

aluminium alloy and steel specimens under fatigue loading has been confirmed by

68,87-89
a number of 1investigators

emploved by means of which a record was made of the stage at which a detectable

using direct observation. Technigues were

crack occurred. The observed direction of the varitation 1n relative damage
rate with stress confirmed that implied by the step tests, Other observations

have shown7’68’90’91 that for notched and plain specimens in a range of

materials the number of fatigue origins increases with stress, so that at high
stresses multi~origin failures occur, with single origin failures at low
stresses. Further, the changeover from single to multi-origined failures has
been shown to occur over a relatively narrow stress range7’90 and a disconti-

nuity in the 8-N curve has been detected in this region for a number of

materlalsgo.

The occurrence of a change in the number of nuclei with stress demon-—
strates that the variation in relative damage rate exists alongside an actual
change 1n the fatigue process, showing that equation (6) is not strictly true,
Differences 1n fatigue mechanism with stress have been studied

metallographlcallygz.

In the case of plain alclad specimens, crack detection techniques have
8 . . .
shown 8 a varration of relative damage rate with stress opposite to that of
the bare material, a fact which 1s consistent with the particular behaviour

of alclad specimens 1n the step tests.

Fi1g.43 demonstrates how E % may be expected to vary for two-level
step and block programme tests with an assumed difference in relative damage
rate between the two levels, neglecting anv change of fatigue mechanism with
stress, In this figure 1t can be seen that E %— is always less than unity

for two-level bloch programmes tests, demonstrating the proof in Ref.74
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referred to earlier in this section. Calculations are given in Appendix G,

The curves Ifor the step tests are similar to those found in the actual tests
mentioned earlier, As a typical example, Fig.44 shows results which have been
obta1ned75 by means of step tests on steel specimens at four levels designated
A, B, C and D in descending order of amplitude. AB refers to a step test
starting at level A and finishing at level B . Assessment of the actual
values of E %— to be expected due to this factor alone is complicated by the
fact that damage against percentage life curves constructed from two-level step
test data do not always show a simple increase of damage with number of cycles.
A strengthening effect has been found for low-high tests7’75—79’93 on both
aluminium alloy and steel specimens, 1.e. in a skep test the life at the second
level exceeded the life at that level for a virgin specimen, The result of

this factor is to necessitate the drawing of damage curves with 'negative
damage' 1n some circumstances, Fig.45 shows the damage curves obtained from
Fig.44, assuming a straight line relationship for level A , and demonstrates
the negative damage implied by the strengthening effect. Fig.46 shows the cal-
culated results to be expected from tvo-level block programme tests on the
specimens, neglecting the strengthening effect by assuming the damage rate to be
zero when in fact 1t was negative. The object of this is to obtain a rough
estimate of the contribution to %— of variations in damage rate alone., The
figure shows that the minimum possible value of } %— was 0.67 between levels

A and D , a value which 1s unrealistically low due to the assumption made
about the strengthening effect. For spectrum tests with levels A and D the
predicted X %- would 1n any case be closer to unity. In this case then, for

spectrum tests the effect of difference in relative damage rate is not likely to

be large.

It can be concluded from the foregoing discussions that the effect of
variation in relative damage rate with stress 15 to reduce the fatigue 1life from
that value predicted by Miner's Rule., The amount of reduction is not likely to
be large for spectrum loading, and 207 reduction on life can probably be con-
sidered as an extreme value, However, since the variation in relative damage
rate with stress exists alongside an actual change 1n fatigue mechanism wath
stress, there 1s also the question of interaction between mechanisms at dif-
ferent stress levels to be considered, 1.e. equation (6) maynot held strictly.
Such interactions may increase or decrease | %— and it is not possible at
present to draw any conclusions on the magnitudes of such effects., One such

effect, referred to here as the "strengthening effect' is also discussed in
N g g

Appendix C.
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Appendix B

RESIDUAL STATIC STRENGTH AT FAILURE

A second factor also tending to make lives unconservative as predicted by
the rule 1s the effect of residual static strength at failure. If a well-mixed
spectrum of loads is applied to a component, it will fail at approximately
the highest load 1n the spectrum and will have, at failure, a value of residual
strength given by that load, Under the smaller component loads in the spectrum
alone, however, failure would occur at a lower value of residual strength. This
implies a state of greater damage, So any calculation using Miner's Rule will
be based on lives under constant amplitude loading to final fairlure at a damage
state equal to or greater than that which is associated with fa:rlure under spec-
trum loading. Hence, E % should then be less than unity. Rules atiLempting to

. 4.5
account for this factor have also been derived °7.

It 1s possible to make an assessment of the magnitude of this effect 1n at
least one specific case, Tork has been carried out94 by means of which the state
of residual strength of alurinium alloy bolted joints with steel side plates was
determined throughout the fatigue 1life under programmed loading, representing
aircraft gust loading at a positive mean stress. The results of this work are
given in Fig.47. The highest and mean stress levels in the load programme are
shown and an extrapolation of the curve of residual static strenmgth against per-
centage life shows that the static strength was dropping at such a rate that
had the specimens not failed, the static strength at 104% of the achieved life
would have dropped to the strength for expected failure at the mean stress
alone, Therefore, 1n this case the drop in static strength would affect the
achieved life by less than 4%7. The achieved Z ﬁ- for these specimens was
between 2.2 and 8.4 24. Clearly in this case the effect on the achieved life
would only be large 1f loads approaching the uncracked ultimate strength of the
specimen were contained in the load spectrum. This conclusion, however, does
not necessarily follow for other structural configurations where the shape of

the residual strength against percentage life curve may be different.
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Appendix C

EFFECT OF LOW-LEVEL STRESS CYCLES

The effect of low-level stress cycles 1s difficult to assess, since under

different circumstances such cycles may be beneficial or damaging.

At first sight it would appear that cycles of stress in the spectrum which
lie below the initial fatigue limit should be damaging, since after a crack has
formed in a component, i1ts effective fatigue limit might be expected to drop and
the lower—level stress cycles become effective. Investigations have been
carried 0ut80,91,95,96 in which steel specimens were subjected to cyclic
pre-stressing above the fatigue limit, Subsequently the pre-stressed specimens
were used to obtain complete S-N curves. In all cases this treatment was
found to lower the effective fatigue limit which confirms that the above situa-
tion can apply in some circumstances. The same behaviour has also been found to

apply to an aluminium alloygo. In Refs.ll, 15 and 80 cumulative damage rules

are described which account for this behaviour.

It has, however, been shown for steels91 that cyclic pre-stressing at a
single stress level below the initial fatigue limit can actually raise the effec-
tive fatigue limit, 1In addition, when subjected to a stress history in which the
stress started at a low alternating stress level and was raised in increments to
a value above the fatigue limit, steel specimens have at that raised level sur-
vived many times the endurance of virgin specimens, This second phenomenon is

known as coaxing. Aluminium alloy specimens do not exhibit thisg property76’78

9 . ; .
7,98 that periodic stressing below the fatigue limit

However 1t has been shown

(1,e. two-level block programme test with one stress below the fatigue limit)

can increase the life at the higher level for aluminium alloy specimens, Z %

values greater than one have been obtained also in programmed tests on steel
99

specimens with large numbers of cycles below the fatigue limit™~,

. . .1 01
Coaxing 1n steel specimens has been attributed to strain ageing 00,1 .

Aluminium alloys, which are not strain ageing materials, do not show coaxing

7,75,76,78,79 (1.t both steel and

behaviour. 1t has, however, been shown
aluminium alloy specimens show similar strengthening behaviour in low-high

step tests, where the low stress 1s above the initial fatigue limit. This
suggests that there exists a mechanism in addition to coaxing, by means of which
damage at high stress levels 1s suppressed by cycles of low amplitude. This is
unlikely to 1invelve macroscopilc residual stresses as described in section 3,
sitnce the action of these 1s to change z %— by the effect of high on low stress

cycles.
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It is naturally of interest to summarise the circumstances under which
strengthening effects ensure that cycles belew the initial fatigue limit do no
damage, or are, on balance, benefici1al., Whilst it is not possible to make an
authoritative general statement on this point, one trend is discermible. When
under spectrum loading conditions (block programmed loading in Refs.97 and 99)
there are large numbers of cycles below the fatigue limit, and no cycles exceed
about 1057 of the fatigue strength at 107 cycles X % is commonly greater than
one for steel and aluminium alloy specimens. However, there are ressons to
believe that where fretting is present the damaging effect of cycles below the
fatigue limit will be enhanced Appendix E. In any case it would be unwise to
rely on the strengthening effect in design, since the net effect on Miner's
Rule in a balance between a favourable and an unfavourable effect. 1If a design
case 1s chosen such that there 1s a net unfavourable effect and the number of
cycles below the initial fatigue limit 1s extremely large, the effect on life

could alse be large.
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Appendix D

EFFECT OF STRAIN HARDENING

Plastic deformation of metals due to a single monotonically increasing
load generally results in strain hardening. This term is used to describe a
process which gives rise to an increase in indentation hardness and yield
stress. Cyclic plastic straining on the other hand can result in either strain

102 . .
’103, determined in this case by an 1increase or

hardening or softening
decrease respectively in stress amplitude under constant strain conditioms (or
vice versa for strain amplitude under constant stress leading). It has been
shown102 for a number of metals subjected to different heat treatments that in
general cvclic strain hardening occurs under reversed plastic loading where

g g

EE > 1.4 , and cyclic strain softening occurs where EE-< 1.2. 2024 aluminium
7 103 . Y . .
alloy has been shown to exhibit slight cyclic strain hardening properties

under plastic strain cycling,

Low-level stress cycling (i.e. generally below the yield point) has also
been shown to give rise to both strain hardening and strain softening. In one
investlgationloa a range of metals i1n the annealed condition were shown to
exhibit cyclic strain hardening properties under such loading, whereas in the
cold drawn condition the opposite was true. As for the common engineering
materials, mild steel shows marked cyclic strain softening behaviour and has
been found to develop considerable plastic flew at alternating stresses of 757
of the initial yield point corresponding to failure in about 106 cycles. For
26S aluminium alloy the same effect was found at stresses for failure in the

same number of cycles, but the effect was very much smallerAI.

Since some of the mechanical properties of materials are changed, (e.g.
indentation hardness, Gy ) when strain hardening occurs it is not unreasonable
to suppose that the fatigue resistance might also be affected. If this is so
then the process is important in cumulative damage, because high stress cycles
may affect subsequent damage under lower stress cycles and vice versa. The
effect of static plastic pre-straining on subsequent fatigue performance is of
interest here., It has been shown that for plain specimens of aluminium
alloys 7075-T6 105 and L65 106 large plastic prior straining reduced fatigue
strength, For mild steel the opposite effect was founleG. In another pro-
grammelo7 the same effects were found as before for L65 and mild steel, but

in this case the specimens were cut from bars which had been previously

strained plastically in compression.
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It is difficult to separate the effects of strain hardening associated
with microscopic residual stress systems, on cumulative damage behaviour from
those due to geometric residual stresses, since the introduction of the latter
is usually accompanied by plastic deformation and hence by strain hardening at
the points of fatigue initiatiom. For instance, in the investigation described
in Ref.40 (see section 3.3) some of the difference in lives between the speci-
mens with and without residual stresses (Fig.6) may well be connected with
strain hardening. However the fact that in general the direction of the change
in life for preloaded notched aluminium alloy specimens depends on the direction

of the initial applied load implies that geometric residual stresses are most

important in this case.

The marked cyeclic strain softening behaviour of mild steel provides an

explanation for the cycle by cycle drop in residual stresses in this material
found in Ref.40.
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Appendix E

THE EFFECT OF FRETTING

Frettingl is essentially a process by which damage is caused at points
where there is repeated movement between metal surfaces in contact. Its effect
when acting at an area from which fatigue damage may originate is to speed
the initiation of the fatigue process. It was found during constant amplitude
tests ~ on aluminium alloy specimens, in which fatigue damage inmitiated from
arcas of fretting caused by removable metzl pads, that fretting damage was fully
developed after only one-fifth of the fatigue life., Removal of the fretting
pads after this point had no effect of fatigue life, Fretting has a very large
effect on fatigue strength, and strength reduction factors of 10 have been

, 1 . .
obtained 09. The largest strength reduction factors are usually obtained at

. . 2
higher mean stresses, factors being lower at zero mean stress6 ’109.

Fretting may be expected to affect cumulative damage behaviour in a num-
ber of ways. First, since fretting shortens crack initiation time, crack propa-
gation should become a greater proportion of the total fatigue life. Conse-
quently the residual static strength at a given proportion of the fatigue life
is lower for a specimen failing from an area of fretting than for a plain or
simple notched specimen, The effect on Z % of residual static strength
(Appendix B) is therefore greater. It also follows, from the fact that a
greater proportion of the fatigue life is spent cracked that in this case the
damaging effect of cycles below the fatigue 1limit is also likely to be greater,
Secondly, a change in the residual strength against cycles curve implies a
corresponding change in the shape of the damage against cycles curves. This
change may affect Z % (see Appendix A). A third way in which fretting may
affect z %- is comnected with the effects of residual stresses. Since fret-
ting reduces fatigue strength (and hence 9.£p }, when fretting is present the

o

ratio M ='E—-%-—- must increase., As was discussed in section 3.5, this ratio

t "afl
is 1mportant in determining the effectiveness of residual stresses and so will
affect ) %-. To take a particular example, due to the increase in M , mild
steel specimens with notches and fretting (e.g. lugs) may be more susceptible

to the effects of mean stress and preloading than those with notches alone,

There are also other possible effects of fretting which act in opposition

and are both also conmected with residual stresses. Since the effect of such

“
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stresses is to change the mean stress at the point of fatigue initiation, 1t 1s
to be expected that the damaging effect of the fretting would increase or
decrease depending on whether the local mean stress is raised or lowered. This
is due to the fact that fretting has been shown to be more damaging in terms of
percentage reduction in fatigue strength at positive mean stresses than at

62’109. Thus in this respect fretting should tend to enhance

zero mean stress
residual stress effects by effectively changing the shape of the Goodman
diagram. On the other hand, fretting reduces crack initiation time and geo-
metric residual stresses affect only the initiation and to a lesser extent
immediately following crack growth (section 3.3), so 1in this instance residual

stress effects should be reduced.

Finally, it is possible that fretting may be intrinsically more or less
damaging under variable amplitude loading than under constant amplitude loading.
It appears that no tests have been carried out in which a comparison was made
between identical specimens under the two types of loading so it is impossible

to draw any definite conclusions on this point.
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Appendix F

CRACK PROPAGATION CONSIDERATIONS

The fatigue process 1n plain specimens has been classified into two
stagesllo. Stage I starts from the surface cof the materizls and 1s dependent
upon the maximum resolved shear stress., Crack growth occurs along the plane of
maximum shear stress, at 450 to the maximum tensile stress. The stress state
at the tip of the crack changes as the crack begins to propagate from a biaxial
to a triaxial state of stress. The effect of this is to reduce the ratic

maximum shear stress
maximum tensile stress

and to change the fatigue mechanism to Stage IT

behaviour. Crack growth in this second mode occurs, at least initially, at
right angles to the direction of maximum tensile stress, and is characterised by
striation markings at right angles to the direction of growth and a 1/1 rela-
tionship between number of striations and number of ecvcles., All the investiga-
tions referred to in this section apply to Stage II crack propagation in

fluctuating tension.

Two-level constant amplitude tests have been carried out on cracked panel
specimens of 2024-T3 alclad materlallll. It was found that when the stress was
changed from a high to a low level, crack propagation was retarded for some time,
gradually accelerating to the value which would have been expected from a con~
stant amplitude test at the lower level alone. An opposite though smaller
effect was found when changing from a lew to a high level, 1.e. after the cnange
the crack propagation rate accelerated to a rate somewhat beyonda tha wvalue to be
expected from the higher level before settling down to the value expected from
constant amplitude tests. It was also found that single tensile loads in the
middle of a constant amplitude loading pattern caused a temporary retardatict,
Single negative loads did not accelerate crack growth, but 1f applied after z
single tensile load they reduced the retardation due to that load. The retar-
dation of the crack growth rate in the high-low sequence was attributed to a
region of residual compressive stress 1nduced at the crack tip by the high
initial loading. 1t was also assumed that the action of any succeeding negative
load was to destroy the residual stresses in the region by local yielding. The
overall effect gave values of E %— greater than one for crack propagation rates
under programmed and subsequentlyA(Ref.69) under random leading to a gust load

spectrum.

Under Gaussian random loading however 1t has been found112 that under

direct stress conditions in certain cases crack propagation rates can be
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predicted with acceptable accuracy by the application of a linear summation of

constant amplitude crack propagation rates, This difference in result may be

o
connected with the higher op value in the case of the gust load spectrum.
T
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Appendix G

EXAMPLE OF THE EFFECT OF VARIATION IN RELATIVE DAMAGE RATE WITH STRESS

For the purpose of development of cumulative damage rules an expression

for damage has been assumed7 for loading under constant amplitude conditions at

n,. 1
i
D = ($;) (N

stress level o .
al

where D = damage
ny
v cycle ratio - percentage of life consumed at the 1th level
1
X = an exponent which varies with glternating stress level.

Assume a two-level block programme test is carried out between levels

1 and T2 Let the cycles of the two amplitudes be well-mixed and let
Py Py be the proportions of cvcles at levels Gal and Gaz respectively,
(pl + p2 = 1 ')

From (7) under comstant amplitude loading

X._
dD  _ Myt
dn N N .
b3 1 1

Therefore under two-level block programmed loading
X, -1 X,-1
J
dnb 1 N1 1 2 Nz N2

where n 18 the number of cycles applied under block programmed loading

conditions.
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Substitute (7)

therefore

Let

therefore

Let

therefore

2
=z
]
0

o)
It

(®")
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therefore

1
=z |

Therefore z

in Fig.43.

Appendix G

(X,-1)
{1 xl(n')Xl dp’

o X x1
(X,-1) 1'%
C Xl D' + {1 -0 XZ D'

0

e
% %
cC+{1-0 3 D'

1

X

% depends only on ig for two—level programmed tests.

1
Equation (8) has been evaluated by computer programme, The results are shown
. . 29
For step tests in the order 1-2 assuming n, counts at level 1 .

1
X
s
Remaining life at level 2 = N,.|1 - (——)
2 N1
therefore
f
n X2

1

nl +N2 1 -(N_)

achieved life _ 1 (9)
life predicted from Miner's Rule a
1
n N, [:1 N_:l
1
and
&
n n Xz
Iz - N—1+1—(—-1-) (10)
1 1

And vice versa for

tests in the order 2-1
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An evaluation of equation (10) is also shown in Fig.43.

achieved life
predicted life

Note that for step tests the ratio is not equal to

Z-% except when Z §'= 1 . This is because if Miner's Rule does not hold,
the component fails under a different load spectrum (i.e. different proportions
of counts at levels 1 and 2) from that which it would fail under if Miner's
Rule did hold.
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Table 1

SUMMARY OF RESULTS OF INVESTIGATIONS USING GAUSSIAN RANDOM LOADING

(PLAIN SPECIMENS AND NOTCHED SPECIMENS AT ZER(Q MEAN STRESS)

Mean . Bending n
R;i' Investigator [stress | Material K %-aﬁeizie or =
) (ksi) t direct 11p
10°  1c°
48 |Fuller 0 2024-T3 |Plain 0.23 0.15 B 0.96
specimen ~
48 |Fuller 0 2024~T3 |Plain 0.30 0.17 B 0.75
specimen
48 {Fuller 0 2024-T3 | Plain 0.30 0.18 B 0.95
specimen
49 tHooke & Head | O 24-8T Notched - 0.40% 0.84
50 | Swanson 16 2024-T4 1.0 0.12 0.04 0.96
51 |Kowalewski 0 W3115.5 1.77 0.7 1.0 0.91
(2024)
52 | Fralich 0 7075-16 | Sharply | 4.5 1.7 B >0.95
notched
53 |Clevenson 0 2024-T4 2.2 0.15 0.04 D 0.83 - 0.64
Steiner ~ " -
54 | Smith 0 2024 1.9 0.8 0.4 B ?
Malme
56 |Fralich 0 SAE 4130 | Sharply | 0.6 0.6 B >0.95
notched
57 |Marsh 13.5 | M1ld Sharply | 0.6 0.5 D >(.95
Mackinnon steel notched
58 | Booth 0 EN 1A Plain - 0.4 B 0.78
Wright M1ld specimen
Smith steel
58 | Booth 0 EN 15 Plain - 0.4 B 0.78
Wright Mild specimen
Smith steel
* at 3.4 = 106 cycles to failure
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Table 2

MEASURED CHIMICAL COMPOSITION AND TENSILE PROPERTIES OF

DID 5014 ALUMINIUM ALLOY

CHEMICAL COMPOSITION {per cent)

Cu Mg Si Fe Mn in N1

2.26 1.38 0.25 1.06 0.06 0,02 1.02

o
Balance aluminium

Average tensile properties

UTS 58.5 ks
J 17 proof 50.8 ks1

tLlongatron 13%

T1

0,06

57
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Table 3

STATIONARY RANDOM FATIGUE TEST RESULTS

MEAN STRESS = 10 ksa

Stress ksi rms

.C

1

1.0
1.0
1.0
1.0
1.0
1.0

1.0
1.0
1.0
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
2,0
2.0
2.0
2,0
2.5
2.5
2.5
3.0
3.0
3.0
3.5
3.5
3.5
3.5
3.5
3.5

Spec. No.
1213-F78R
0408-F84R
1214-F85R
0409-F86R
1806-F367R
1922-F370R
2119-F371R
2007-F372R
0119-F399R
0222-F408R
0404-F76R
1216-F82R
2121-F35CR
1711-F373R
2403-F374R
2314-F437R
2811-F439R
3616-F441R
3221-F443R
0411-F74R
1203-FBOR
24Q07-F349R
2318-F366R
0414-F72R
1217-FB81R
2321~F348R
0419-F73R
1220-F77R
0418-F142R
0403-F75R
1202-F79R
1215-F83R
0410-F87R
1619-F345R
2215-F365R

Life
1.79
1.35
4.00
2.20
6.92
7.90
8.20
9.50
7.27
§.01
3.70
3.97
2.70
3.20
2,70
2.29
3.66
2.75
1.78
1.26
1.08
9.80
2.11
9.00
.72
9.30
8.66
6.56
8.96
8.00
8.40
7.56
§.30
§.38
6.91

(¥)
107
10’

0
1
1
1
1

1
1
1
1
1
1
1
1
1

1
1
1
I
1
1
1
1
1
1
1
1
1
1
10
10

10
10

o7
o7
o
o
o
of
o6
X
5
o6
o
o
6
o6

10°
o
o
K
of
o
o
o5
o
o5
o5
e
o5
€
o

5
5
5
5



Table 4

CONSTANT AMPLITUDE FATIGUE TEST RESULTS

MEAN STRESS = 10 ksi

Stress ksi rms

Spec. No.

1405~F928
0813-F1078
0802-F2068S
1411-F898
0804-F1058
0806-F1418
0822-F2073
1610-F20
1412-F968
2306-F3578
2404-F3625
0816-F1015
1418-F948
0819-F1088
1413-F958
0817-F103s
2111-F3638
1403-F88s
0818-F102s8
1409-F93s
0809-F1008
1308-¥1158
N810-F995
1414-F1338
1401-F918
0811-F97s
1721-¥3648
1402-F908
0801-F1045
1522-F1068

.40
.67
.67
.38
.14
.35
.87
72
.86
.84
.05
.20
.10
.36
.98
.78
.36
.36
.36
.92
.36
.82
.60
.45
.06
.32
.62
.20
.50

()

~d

10"+
10"+
10"+
10
10°+
10
107~
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
1o
10

~ O~ g

mmmmmmmmmmmmmmmc\o\c\c\c\um

[V, Y, |

59



60

Table 5

RANDOM PROGRAMMED LOADING FATIGUE TEST RESULTS

MEAN STRESS = 10 ksi

Stress ksi rms Spec. No. Life (N)
1.230 0805-F180RP  1.26 10’
1,230 1211-F181RP  8.36 10°
1.230 1602-F182RP  1.68 10/
1.230 1003-F183RP  1.05 10’
1.230 0914-F184rP  8.11 10°
1.722 0803-F174RP  3.18 10°
1.722 1204-F17582  6.33 10°
1.722 1613-F176RF  8.58 10°
1.722 1011-F177RP  4.34 10°
1.722 1007-F178R¢  3.07 10°
1.722 0918-F179RP  7.52 10°



Table 6

STATIQONARY RANDOM FATIGUE TEST RESULTS

MEAN STBRESS = 16 ksi

Stress

o

L

[yl
.

I\)MMNl—‘p—-b—-'g—ly—lHr—-
Lo O C vouwm o o o o

buwuuwuumwuu

=

wn £~

(¥l [yl
. .

ksi rms

L

AL = o RV . T Y T e B

O

a!

Spec. No.

1513-F30R
0708-F44R
O706-F147R
1813-F334R
[514-F32R
0719-F41R
2212-F352R
1511-F26R
0717-F43R
1519-F29R
0716-F37R
1912-F351R
1502-F27R
0702-F34R
0712--F45R
0714-F142R
1710-F376R
2004-F377R
1512-F28R
0713-F36R
2311-F383R
2112-F384R
0111-F385R
1515-F33R
0703-F39R
1503-F35R
O718-F42R
1501-F25R
0704-F4OR
1420-F149R
2010-F329R
2313 F375R
1518 38R

Life (N)
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CONSTANT

AMPLITUDE FATIGUE TESTS RESULTS

MEAN STRESS = 16 ksi

Stress
ksi rms
1.0
1.0
1.0
1.0
1.2
1.2
1.5
1.5
1.5
2.0
2.0
2.0
2.5
2.5
2.5
3.0
3.0
3.0
3.0
3.0
3.0
3.5
3.5
3.55
4.0
4.0
4,5
4.5
5.0
5.0
6.0

Spec. No,

1316-F137S
1105-F1448
1304~F1488
1604-F2035
0821-F2025
0720-F2048
1106-F17S
1320-F248
2216-F3808
1305-F28
1104-F138
1114-F718
1301-F8S
1116-F118
1109-¥168
1120-F45
1312-F128
2309-F3818
3106-F4108
3703-F4118
2509-F4128
1110-F9s
1303-F155
1307-F1368
1119~F65
1314~F14S
1117-rF108
1318-F218
1122-F18
1317-F208
1118-F75

Stress
ksi rms

6.0
6.0
6.0
7.0
7.0
7.0
7.0

Spec. No.

1302-F19S8
1420-F1195
1916-F3828
1103-F188
1306-F22S
1321-F1358
1101-F138S

.10
.90
.40
.20
.20
.48
.73

(N)

oy

10
10
10
10
10
10
10

f N N S,



MEAN STRESS

Table 8

RANDOM PROGRAMMED LOADING FATIGUE TEST

RESULTS

16 ksi

Stress ksi rms
1.230
1.230
1.230
1.230

1.475
1.475
1.475

1.97
1.97
1.97

2.46
2.46
2.46

Spec, No.
1015-F195RP
0911-F196RP
1605-F187RP
0820-F196RP

1507-F158RP
0709-F159RP
1311-F160R?P

1509-F155RP
1422-F156RP
1309-F157RP

1410-F152RP
1520-F153RP

1310-F154-Rp

Life

6.
01
8.
.79

51

.15

5.54

2.
1,
1.

.92

.72
.76
.43

19
67
69

()
10
10
10
10

[~ R = S+

106
106
10

106
10
10

10°
100
10
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Table 9

STATIONARY RANDOM FATIGUE TEST RESULTS

MEAN STRESS = 25 ksi

izieiis Spec. No.  Life (N) E:;eizs Spec. No.
0.7 1805-F346R  1.28 10’ 5.0 2904-F435R
0.9 1620-F343R  5.88 10° 6.0 1006-F52R
0.9 0908-F344R  5.08 10° 6.0  0519-F63R
1.0 1008-F57R  6.82 10° 6.0 2105-F325R
1.0 0507-F62R  8.66 10° 6.0 2218-F333R
1.0 0504-F69R  1.68 10’ 6.0 2402-F334R
1.0 1013-F145R  4.64 10° 6.0 1808-F336R
1.0 2419-F332R  5.27 10° 6.0 1816-F337R
1.5 1022-F47R  1.80 10° 6.0 1810-F338R
1.5 0502-F54R  1.34 10° 6.0 1622-F340R
2.0 1002-F49R  6.80 10° 6.0 2210-F341R
2.0 0503-F56R  1.26 10° 7.0 1016-F55R
2.0 2206-F378R  6.35 10° 7.0 0517-F64R
2.0 1910-F379R  7.30 10° 7.0 1009~F66R
2.5 1001 F48R  4.60 10 7.0 2421-F326R
2.5 0506-F67R  4.10 10° 7.0 2418-F330R
3.0 1017-FSOR  2.60 10° 7.0 2106-F331R
3.0 0516-FS8R  3.56 10° 7.0 2116-F339R
3.0 0520-F140R  4.06 10°
3.0 1906~F328R  3.70 10°
3.5 1010-F46R  2.84 10°
4.0 1005-F53R  2.34 10"
4.0 0508-F60R  1.96 10°
4.0 3207-F427R 2.00 105
4.0 2708-F428R  1.50 10°
4.0 3608-F429R  2.20 10°
5.0 1004-F51R  1.15 10°
5.0 0521-F61R  1.60 10°
5.0 1702-F327R  7.56 10"
5.0 3404-F432R  5.40 10"
5.0 3518-F433R  7.50 102

5.0 3219-F434R  9.38 10

Life (N)
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CONSTANT AMPLITUDE FATIGUE TEST RESULTS

Table 10

MEAN STRESS = 25 ksi

Stress ksi rms
0.8
0.8
0.9
1.0
1.0
1.0
1.0
1.0
1.5
1.5
1.5
1.75
2.0
2.0
2.5
2.5
3.0
3.0
3.5
3.5
3.5
4.0
4.0
5.0
5.0
6.0
6.0
6.0
7.0
7.0
7.0
7.0

Spec. No.

3113-F421S
2610-F42258
1601-F209S
0915-F1258
0313-F130S
1607-F199S
0812-F2008
0711-F2018
0318-F118S
0917-F1208
2417-F3888
0317-Flles
0316-F114S
0916-F124S
0301-F1098
0905-F1178
0315-F1125
0914-F1218
0321-F1225
0902-F1238
2217-F387S
0322-F1118
0903-F12p3
0314-F1108
0921-F1275
0919-F1288
0311-F1295
2319-F3865
0906-F1315
0310-F1325
0907-F1348
0913-F1398

Life
1.40
6.90
4.68
4.78
1.47
5.38
5.19
5.68
1.88
1.60
2.00
1.34
7.70
6.30
3.74
2.74
2.09
2.14
1.16
1.14
1.20
1.24
7.20
5.00
4.25
3.75
3.55
3.30
3.08
2.40
2.62
3.15

(N)
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Table 11

RANDOM PROGRAMMED T.OADING FATIGUE TEST RESULTS

MEAN STRESS = 25 ksi

Stress ksi rms Spec. No. Life (N)
1.230 1616~F170RP 3.18 106
1.230 1505-F171RP 2.83 106
1,230 0715-F172RP 3.72 lO6
1.230 0707-F173RP 4.67 lO6
1.97 1606-F167RP 1.81 106
1.97 1508-F168RP 2.24 106
1.97 0705-F169RP 1.23 106
2,70 0701- F164RP 8.82 105
2.70 1504~-F165RP 9.11 105
2.70 1421-F166RP 6.44 10S
2,70 0814-F192RP 6.10 105*
2.70 1605-F193RP 6.62 105*
2.70 1021-F194RP 7.60 105*
3.44 1506-F161RP 2.14 105
3. 44 1416-F162RP 2.24 105
3.44 1322-F163RP 1.56 105
3.44 1521-F185RP 3.30 105*
3. 44 1612-F186RP 2.77 105*
3.44 1218-F188RP 2.82 105*
3.44 0308~-F190RF 2.84 105*
3.44 1201-F191RP 2.65 105

NOTE # - Test started on highest component rms level
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Table 12
STATIONARY RANDOM PARTIAL DAMAGE TEST RESULTS

MEAN STBESS = 10 ksi1

Seconds Failing Failing
Spec. No. to 7 stopoff load stress
stopoff {ton) (ksi1)

2003-F294RS 10810 41.8 3.97 58.1 )

1708-F297RS 10810 41.8 4,10 60.0

2117-F298RS 7207 27.8 3.97 58.1

2209-F299RS 7207 27.8 4,09 59.9

2415-F300RS 3603 13.9 4,12 60.4

1819-F301RS 3603 13.9 4.10 60.0 Stress = 1.5 ksi
2203-F355RS 16700 64.5 3.85 56.2 Nom. life = 2.9 x 106
1907-F356RS 16700 64.5 2.25 32.9

2401-F436R5 15530 60.0 2.27 33.2

2910-F440RS 15530 60.0 2.88 42,2

3701-F442RS 15530 60.0 1.58 23,1

3515-F444RS 10350 40.0 3.55 51.9

3410-F445RS 10350 40.0 3.58 52.4

3107-F446RS 10350 40.0 2.68 39.2
0604-F302RS 4324 60.6 4.00 58.5 ]

2013-F303RS5 4324 60.6 3.97 58.1

2302-F304RS 2882 40.4 3.86 56.5 Stress = 3.5 ksi1
1720-F305RS 2882 40.4 3.86 56.5 Nom. life = 8.0 x 105
2420-F306RS 1441 20,2 3,94 57.6

1919-F307RS 1441 20.2 4.10 60.0 |
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Table 13

CONSTANT AMPLITUDE PARTIAL DAMAGE TEST RESULTS

MEAN STRESS = 10 ksi

Seconds Failing Failing
Spec. No. to % stopoff load stress
stopoff (ton) (ksi)

0618-F255SS 8110 62.8 2.54 37.2 )

2408-F2568S 8110 62.8 2.55 37.3
0620-F257S5 2702 20.9 3.98 58.3

1701~F258SS 5415 42.0 3.16 46.2 Stress = 2.0 ks1
2014-F259SS 5405 41,8 3.18 46.5 Nom. life = 1.45 x 10°
2410-F26088 2702 20,9 3.61 52.9
3720-F41585 5180 40.0 4.04 59.1

3521-F41655 7770 60.1 1.48 21.6 |
1802-F2618S 559 22.4 4,12 60.3 |
0611-F2625S 559 22.4 3.96 58.0
2414-F2635S 1117 44,7 4,04 59.2
2213-F2645S 1117 44,7 3.59 52.5 Stress = 40 ksi
1918-F265SS 1675 67.0 2.90 42.4 Nom. life = 2.8 x 105
2305-F266SS 1675 67.0 2.52 36.8

3218-F4138S 1000 40.0 4,03 59.0

2913-F41488 1500 60.0 3.25 47.5 |
2002-F26855 108 8.6 4,08 59.6 |
2412-F269SS 108 8.6 4.10 60.0
0609-F270SS 216 17.3 4,01 58.6

2205-F2718S 216 17.3 4.14 60.5

1915-F27258S 324 26.0 4.08 59.6 Stress = 6.0 ksi
1820-F2735S 324 26.0 4,12 60.3 Nom. life = 1.4 x 105
2107-F40288 500 40,0 4.01 58.6
2308-F403SS 500 40.0 4.06 59.4
1714-F40488S 750 60.0 3.01 44.0
2006-F40655 750 60.0 3.40 49,8 ]
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Table 14

STATIONARY RANDOM PARTTAL DAMAGE TEST RESULTS

*‘1LAY STRESS = 16 ksi

Seconds Failing Failing
Spec. No. to % stopoff load stress
stopoff {ton) {ks1)
2413-F274RS 4504 25,2 4,11 60.1
2207-F276RS 4504 25,2 413 60.5
2101-F277RS 9009 50.5 3.72 54.9 Stress = 1.5 ke
2304-F278RS 9009 50.5 3.78 554 | o ife = 2.0 < 100
1818~F279RS 9009 50.5 4.10 60.0
2118~F280RS 13510 75.5 3.94 57.6
0607-T281RS 13510 755 3.58 52 4
1902-F282RS 631 16.8 4.12 60.3
0606~F283RS 1893 50 5 3,44 50.4
1713-F284RS 1893 50.5 3.98 58.3 |
2005-F285RS 1261 33.6 4,08 59.7 j Stress = 3.5 ksi 5
2122-F286RS 1261 33.6 4.01 58.6 | Yom. life = 4.2. % 10
2303-F287RS 631 16.8 4.12 60.3 |
2809-F430RS 2622 70.0 3.36 49.1
2915-F431Rs 2622 70.0 3.72 54.4 J
190 1-F288Rs 1027 76.6 3.67 53,7 1
2315-F289RS 1027 76.6 2.76 40.4 |
2416-F290RS 684 51.0 3.91 58.1
1719-F291RS 684 51.0 4.00 58.5 Stress = 5.0 ksi
2104 -k 29 2RS 342 25.5 4.13 60.4 | it = 1.5 x 107
OLO5-F293Rs 342 25.5 4.03 59.0
22 1o-T310RsS 1025 76.5 3.75 54.9
20L1-T361RS 964 71.9 3,69 54.0
2307-T400RS 965 71.9 3.68 53.8
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Table 15

CONSTANT AMPLITUDE PARTIAL DAMAGE TEST RESULTS

MEAN STRESS = 16 ks1

Seconds Failing Failing
Spec. No. to 7 stopoff lcad stress
stopoff (ton} (ks1)
1019~F2158s 13450 60.2 3.00 43.9 \
0920~F216S5 8980 40,2 3.52 51.5
1012-F217S5S 4484 20.1 3.85 56.4
0722-F224585 13450 60.2 2.38 34.9 Stress = 1.5 ksi
0213-F22755 4509 20.2 3.65 53.4 wom. life = 2.5 * 106
0101-F228S5S 9009 40.4 3.76 54.9
0417-F229S5 13450 60.2 2.36 34.6
0710-F2308S 13450 60.2 3.38 49,5
1614-F2128S 1442 77.0 3.70 54.2 ]
0909~F2208S 1081 57.6 3.64 53.3
1621-F22185 1081 57.6 3.10 45.4 Stress = 3.5 ks1
0202-F22255 0721 38.5 4.05 59.4 Nom. life = 2.1 x 10
0116-F2238S 0721 38.5 3.84 56.2
0610-F2258S 360 19.2 4.02 58.9
0416-F22685 360 19.2 4,08 59.6 )
0211-F2318S 243 60.4 3.73 54.6
0621-F23288 243 60.4 3.83 56.1
0622-F23388 171 42.4 3.92 57.4 Stress = 6.5 ks1
0103-F2348S 171 42.4 4.06 59.5 Nom. life = 4.5 » 104
0220-F23588 81 20.1 4,12 60.4
0602-F23658 g1 20.1 4.03 59.0
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STATTONARY RANDOM PARTIAL DAMAGE TEST RESULTS

Spec. No,

1817-F308R3
2020-F311RS
2411-F312R3
2221-~F313RS
2103-F314RS
2310-F315RS
1707-F316RS
1811-F317RS
2422-F318RS
1904-F319RS
231Z2-F32Z1RS
1815-F322RS
2406-F358RS
1706-F389RS
0201-F390RS
1909-F394RS
2320-F395RS
1911 -¥391RS
1510-F392R3
2204-F396RS
2012-F397RS
2019-F398RS
0613~-F399RS
3201-F423RS

2908-F424RS
3417-F425RS

2806-F426RS

= 25 ksi1
Seconds
to 7 stopoff
stopoff
7568 56.5
7568 56.5
5045 37.4
5045 37.6
2522 18.9
2522 62.8
1405 62.8
1405 62.8
937 42.0
Q=7 £2.0
468 21.0
468 21 0
669 29.9
616 27.6
616 27.6
1400 62.6
1400 62.6
196 29.5
196 29.5
322 48.5
322 48.5
482 72.6
482 72.6
failed at
645 97.2
686 103.3
failed at
675 100.1
686 103.3

Failing

load

(ton)

4,08
3.27
3.94
3.96
4.14
4.14
3.82
2.84
4,09
4.11
4,13
4,
4
3
4
3
3
4
4
3
3
3
3

09

.06
.94
.14
.64
.37
.03
.04
W77
.61
.39
.28

.75

.07

Failing
stress
(ks1)
59.38
47.9
57.6
58.0
60.6
60.6
55.9
41.6
59.9
60.1
60.5
.9
4
6
6
3
3
D
1
2
9
6
0

59

59.
57.
60.
53.
49.
59,
59.
55.
52.
49,
48.

54.

1.5 ks
6
1.5 x 10

Stress =

Nom. life =

Stress = 3.5 ksa

5
Nom. life = 2,5 % 10
Stress = 5.0 ksi

3
Nom. life = 7.5x 10
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Table 17

CONSTANT AMPLITUDE PARTIAL DAMAGE TEST RESULTS

MEAN STRESS = 25 ksi

Seconds Failing Failang
Spec. No. to 7% stopoff load stress
stopoff {ton) (ks1)

0118-F2378S 8649 60.9 2.26 33.1
0219-F2385S 8649 60.9 3.14 46.0
0619-F2395S 2837 20.2 4 .05 59.3 | giress = 1.5 Kei
0415-F24058 2837 20.2 4.05 593 ) yom. 1ife = 1.6x 10°
0105-F2418$ 5765 40.6 3.30 48.3
0617-F24258 5765 40.6 3.64 53.4
0218-F243S5 72 7 4.12 60.3
0113-F244S5 72 6.7 4.12 60.3
0616-F24585 144 13.4 3.97 58.1
0209-F246SS 144 13.4 4.04 59.1
0109-F247SS 216 20.2 4.40 63.4
0614-F2485S 216 20.2 3.83 56,1 | Stress = 3.5 ksi
2202-F40788 670 62.5 3.49 sp.p | Yem. life = 1.2 x 10
2507-F41758 428 39.9 3.73 54.6
2715-F4188S 428 39.9 2.72 39.8
2814-F4198S 643 60.0 2.91 42.6
2602-F42085 643 60.0 3.63 53.1
0210-F24955 54 20.2 4.11 60.1
0110-F250S5 54 20.2 4.08 59.7
0601-F25185 108 40.3 4.05 59.4
0203-F25258 108 40.3 4.12 60.3 | Stress = 6.5 ksi 4
0115-F25388 159 59.4 4.01 58.6 | Nom. life =3 x 10
0615-F25455 159 59.4 3.40 49.8
2009-F407$S 155 57.8 3.80 55.6
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Table 18
Predicted Z %- values, allowing for failure at the highest load in the spectrum

Random loading

Mean stress Alternating stress Z %
(ksi) (ksi rms) N
10 2.5 0.95
10 3.5 0.95
16 2.5 0.96
16 3.5 0.95
16 5.0 0.95
25 1.5 0.95
25 3.5 0.90
25 5.0 0.87
Table 19

PARAMETERS FOR PROGRAMMED RANDOM LOADING

rms
levels
Level P in rms stress levels (ksi)
terms
of o/X

1 0.714 0.79 |0 996 1.197 1.395 1.595 1.795 1.984 2,19 2.39 2.59 2.79
2 0 260 1.233 |1.557 1.868 2.18 2.49 2.80 3.11 3.42 3.74 4.04 4.36
3 0.03 1,982 |2.50 3.00 3.50 4.00 4.50 5,00 5.50 6.00 6.50 7.00

A 1.261 1.515 1.767 2.02 2.27 2.52 2.78 3.03 3.28 3.54

Overall rns (ksa) 11.230 1.475 1,722 1.97 2.21 2.46 2,70 2.95 3.20 3.44
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CUMULATIVE DAMAGE IN FATIGUE WITH
PARTICULAR REFERENCE TO THE EFFECTS
OF RESIDUAL STRESSES

n this Report factors affecting the acouracy of Minet’s Rule are discussed. An investiga~
ton 15 also described of the cumulative damage behaviour of DTD 5014 alumunmum

alloy lug specimens using random loading, It 15 concluded that the devizhons from
Miner's Rule observed in the investigation can be ascribed manly to the action of residual
stresses associated with yielding at the pomt of fatigue munstion, An attemp? is made to
quantify thas effect.
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