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SUMNARY 

A brief review of some of the lnvestigationa that have been conducted 
in the past into the form of the distribution of constant amplitude fatigue 
test results is presented and is followed by an analysis of a large amount of 

constant amplitude data for 2024 and 7075 materi& collected from a variety 
of sources. This analysis, in terms of a log-normal distribution of life, 
confirms that the amount of scatter obtained in fatigue results increases with 

a decrease in the alternating stress amplitude. Further,a comparison of the 
scatter for the two materials is made and the effects on the scatter of such 
parameters as notch a+ty and mean stress are investigated. The discussion 
is in terms of a simplified model of the fatigue mechanism and indicates a 
possible correlation between the amount of scatter and the number of crack 
nuclei present in a specimen. 

l Replaces R.A.E. Technical Report 69075 - A&C. 31800. 
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1 INTROIUGTLON 

The efficxncy of a structural design is as dependent on the aocuraoy 
and precision of the available knowledge about the properties of the materisk 
employed as on the method of design. However,by no means all material pm- 

perties exhibit a strict one to one relationship with the imposed macroscopic 
test conditions. The internal microscopic conditions within nominally 
identical speo~mens depend not only on the external. macroscopic restraints 
but also on such inherent factors as the size, shape and orientation of grsins, 
dislocation density and precipitate dispersion. The degree of sensitivity of 
a property to these inherent characteristics decides the method of treatment 
of the property. 

Provided there is a sufficient degree of accuracy of measurement all 
the properties can be related to the microscopic rather than the macroscopic 
conditions. Some properties, e.g. density, are relatively insensitive to the 

changes in microscopic conditions cause& by the inherent material charaoteris- 
tics and sc,unless very precise measurements are t&en,a unique vdlue is 
assigned to these properties for each set of macroscopic conditions. Other 
propertxs on the other hand, e.g. tensile strength, are mere sensitive to 
the microscopic conditions and a distribution of values of the property, one 
for each set of microscopic conditions, is obtained for each combination of 
macroscopic restraints. A detailed knowledge of this distribution is then 
necessary for efficient design, where a 'detailed k~owlledge' is understood to 
mean a knowledge not only of the form of the distribution but also of all the 
parameters necessary to define the distribution for each set of macroscopic 
conditions. 

Fatigue endurance, or strength, is one of the many pro~rties that are 
sensitive to microscopic conditions and so the results of macroscopic fatigue 
tests always exhibit a degree of scatter that is inherent in the material, 
whilst additional scatter, caused by the testing procedure, increases the 
final observed scatter of a set of fatigue test results. By analysing the 
'apparent' scatter for results obtained from different sources, for various 
types of specimens under diverse forms of loading and a variety of load.mg 
conditions, the varying amounts of scatter obtained eight help in pinpointing 

the chief sources of scatter and the degree of scatter that can be attributed 
to each source. To this end a large amount of data on the fatigue test 
results of simple laboratory specimens of two aluminium alloys under constant 
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amplitude loading ccndlticns was collected from a number of sources. The two 
aluminium alloys considered, 7075 and 2024 materials$ were selected prunarily 
because the former is a zinc bearing alloy whilst the latter is copper bearing 
and It was thought that thx might cause differences in behavxur of the two 
types. KLso,hcwever,these two alloys are the materuls most commonly used in 
aircraft and a large amount of data was available from research programmes 
into their fatigue propertIes. The only criterion adopted in the ccllectlcn 
of this data was that a sufficient number of specimens had been tested under 

the same ccndlticns to allow a meaningful statistical appraisal. The analysis 
of this data is presented below. 

2 A R?ZVIEW OF PREVIOUSLY USED FATIGUE FAILURE DISTRIBUTIONS 

The form of the distribution function of times to fatigue failure under 
constant amplitude loading has been investigated by many experimenters, one of 
the earliest studies being that by Muller-Stock in 1938 '. The frequency 
distrlbutlcn of his results for the fatigue life of ST-37 steel specunens in 
rctatlng bending is decidedly skew with respect to the number of cycles to 
failure (Fig.l), but if analysed 111 terms of the lcgarlthm of the life to 
failure, the results cori?orm to a symmetrx normal dutrlbutlcn2. The same 
data is analysed by Welbul13 according to his own distrlbuticn, and comparison 
between the expected and observed values show his distrlbuticn also to provide 
a good fit with the experimental data. 

Since 1938 several forms of distmbution have been applied to constant 
amplitude fatigue results, but of these the log normal distribution, whereby 
the logarithm of the life to fatigue failure IS assumed to have a normal 
prcbabllity density function, is by far the most commonly adopted. Stepncv' 
goes one step further and considers the dlstributicn of the logarithm of 
(N - NC) to be normal, where N is the life of a specimen and No is a 
threshold life below which the prcbabiLity of faiLure is zero. In comparison 
the threshold life for a simple log-normal distrlbuticn 1s at zero cycles, 

whilst a normal distribution can theoretically lead to negative lives for low 
probabilities of failure. 

A flmte lower life limit also appears in the tistributicn derived 
empirically by Weibull 5 that was mentioned earlier, but the basx shape is 
no longer normal. This same dxtributicn occurs in Refs.6 and 7 as well, 
where Gumbel establishes thecretxally the dxtrlbution of the extreme values 
from a~ parent population. In this case it appears as Gumbel's third 

A 

. 

, 

. 

* The compcsltion and speclficaticn of these two alloys are given in the 
table at the end of the Appendix. 
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asymptotic probabitity distribution of smallest values, the most general form 

of which requires three parameters for its definition, one parameter corres- 
ponding to the threshold life. In the earliest application of this distribu- 
tion <o fatigue lifing, however, Freudenthd and Gumbe18 reduced the number 
of parameters to two, thereby eliminating the threshold life. 

Several distributions other than those mentioned above have been 
developed (e.g. Refs.9, IO and 11) but these in general require additional 
parameters for their definition and thus the analysis of experimental results 
becomes more complex and further degrees of freedom are absorbed. Abrief 
review follows of some of the investigations that have been made into the 
form of the probabdity density function of lives to fatigue failure, whilst 
Fig.2 presents a comparison of representations of the data for one stress 
level from Ref.12 in terms of four different distributions each defined by two 
parameters,i.e. the normsl and two parameter Gumbel distributions of both 

cycles and log-cycles. The results from Ref.12 were chosen as being the 
largest avadable set of results for a homogeneous sample of specimens of 
which all the members failed. It is of interest to note in Fig.2 that in the 
range of probabilities of survival between 9% and I@6 all1 four representations 
give good agreement and that outside this range the log-normd distribution 
appears, in this case, to give the best fit to the data. 

Plunkett Sinclair and Do:~,~~~n~~~u~~~~~:~~ter and Bloomer12; Liu and Corteni5; 
are amongst those who found that over 

the central portion at least the log-normal distribution provides a good fit 
for constant amplitude fatigue data, the range of this central portion being 
defined es between failure probabilities of 0.01 and 0.09 in Ref.16 and 
between 0.05 ad 0.95 in Ref.17. Sinclair and Dolan16 also andyzed their 
results for 174 specimens of 7075 alloy at six stress levels in terms of the 
Gumbel two prameter and Weibull three parameter distributions and found 
that Weibull's three parameter distribution gave the best fit throughout the 
stress range, whilst of the distributions defined by two parameters the Gumbel 
form gave a better fit than the log-normal distribution at the lowest stress 
level but a worse fit at the higher stress levels. In all cases extrapolations 
of the distributions to the low probability end intersected one another thus 
producing the anomaly that below this probability those specimens tested at a 
low stress would have a shorter life than those specimens under a high stress 
level. 

sw.3nson'8~'9 ad Impelliazeri20, who provtirles a review of the results 
of Refs-21, 22 and 23, both found that the log-normal distx'ibution was 

I. 
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satisfactory at all but the low stresses and that the use of an extreme value 
distribution produced no benefit. Swanson reanslyzed hzs low stress results 
and those of Webber and Levy UC in terms of two log-normal distributions at each 

stress level and obtained a good fit, as did Cicci 25 using the same procedure. 
Cicci went on to compare the representations of his data in terms of the 
log-normal, extreme-value and Maxwell-Boltzman distributions and concluded 
that two log-normal distributions gave the best fit with his test results. 

A difference in the form of the distribution of life for notched and 
unnotched results was suggested by Plantema 26 who claimed that a normal 
distribution of exther life or log life fitted his unnotched data equally well, 
whilst his notched data conformed to nexther representation. No alternative 
function was suggested for these latter results, but Bastenaire 27 considered 
the distributions of log-life, of the reciprocal of life and of powers of the 
reciprocal of life in fitting other experimenters' results, ad decided that 
the distribution of stress at constant life could be considered normd 
(Fig.3) whilst the distribution of log life at the higher stresses is very 
nearly normal. Although the conversion of conventional fatigue data into a 
form suitable for analysis in terms of a distribution of stress at constant 
life required the assumption of a mean S-N curve shape this approach was 
also adopted by Westland Aircraft Ltd 28 and by Albrecht 29 , who decided that 
the distribution of stress at constant life was normal for smooth,non-fretted 
components, but log-normal for concentrated, fretted components. Westland's 28 

initially considered the distribution of stress at constant life to be 
log-normal and then in an addendum to Ref.28 examined the possibility of a 
truncation both of this distribution and of that of endurance at constant 

stress, in the region around three standard deviations below the mean. More 
recently" they have compared the normal, log-normal and three parameter 
WeibulJ representations of the distributions of stress at constant life 
obtained from a series of fibre glass speciuens but no decision was reached 
as to which was the most suitable form.Weibull himself 31 compared four 
distributions of cycles namely (a) normal,(b) log-normal, (c) three parameter 
Weibull and (a) three parameter WeibuU for log-cycles and concluded that the 
log-normal distributxon did not provide a good fit, whilst a choice as to 

which of the others was the best was impossible without increasing the number 
of specimens tested. In the many reports he has written Weibull sometimes 
analyzed his results in terms of a distribusion of stress ‘,J’,‘3,34 whilst at 

other times his analysis was in terms of a distribution of cycles 31,33,35 , but 
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in either case he claimed a better fit for his own three parameter distribu- 
tion than for the log-nor@zal distribution with its ho parameters, without 
deciding whether the Weibull shape should be applied to a distribution of 

33 cycles or to a distribution stress . Unfortunately the results of tests on 
1088 specimens of 24-S-T alloy presented by Weibull 36 do not lend themselves 
to anslysis in terms of a distribution of life,as the variation an specimen 
axis with respect to the direction of rolling separates the specimens into 

four distinct populations in each of which only about hslf were tested to 
failure, the rest being run outs. Other experimenters,e.g. Pope, Foster and 
Bloomer" and Freudenthal and Gumbe %37,38,39 have also analysed their 
results in terms of the three parameter Weibull-Gmbel shape of distribution 

and found good agreement with their data as is provided by the log-normal 
distribution as well, but as in all the previous reports the sample sizes 
were not large enough to reach definite conclusions. 

A number of investigators realising this need for a larger population 
to define the form of distribution more accurately have contrived by various 
means to collect and standardise data from different sources for various types 
of specimens and loading levels. E&mples of this method are provided by 

Refs.21, 40, 41 and 42 in all of which a log-normal distribution of life was 
shown to be a good approximation even for the 1157 specimens collected in the 
first of these references. Kaechelelc3 also used this approach of data 
standardisation and his resulting distribution for 163 specimens approximated 
to the log-normal distribution in the central range but tended to pull away 
from it/into the higher probability region towards the lower tail of the 
distribution, whilst the shapederived by Abelkis 11 wss definitely not log- 
norm+ a fact which, in view of the method of grouping and standardisation 
of data employed in its derivation, is perhaps not surprising. 

3 SEXZ.CTION OF A DLS!CRIbUTION 

Whilst not as closely obeyed 89 some workers in the fatigue field 
believe, the log-normal distribution of life at constant stress was adopted 
as the foundation of this analysis for several reasons: 

(1) The data reviewed above indicated that the discrepancies between 
practice and the log-normal distribution are small in the range 0.95 > P > 0.05. 

(2) The mean and variance of a log-normal distribution provide the 
basis for a readily comprehensible comparison of the positions and extents of 



the distributions obtained under different loading conditions using various 
forms of specimen. 

(3) The use of a normal form of distribution, rather than any other 
basso type, considerably eases the analysis of the data wIthout impairing 
the valdlty of the conclusions. 

(4) The analysis in terms of a log-normal distribution of life at 
constant stress involves no graphical procedures ad thus is exactly 
reproducible. 

These four arguments in its favour, together with the fact that the 
review of data that starts this publication showed no tendency for any one 
psrt~cu1a.r frequency distribution defined in terms of only two parameters to 
give a consistently better fit with observed values than any other, led to 
the adoption of the log-normal distribution of life at constant stress as the 
basis of the analysis that follows. 

4 DEFINITION AND DERIVATION OF TERMS 

The normal distribution is defined by the probability density fur&Ion 

p(x) ax = - ~exp-$(~)2dx 

where p(x)& is the probability of occurrence of the event between con- 
ditions x and x + ax and p and o- are the population mean and standard 
deviation respectively. When a normal dxxtribution of the logarithm of the 
number of cycles to failure is used, the above expression must be replaced by 

p (log N)d (log N) = &exp-&(f-~N)2d(logN) 

where p and u are now the mean and standard deviation of log(l.Se) and N 
is the number of cycles to failure of a randomly selected specimen. 

The best estimates of p and u that can be obtained from a sample of 
n test specimens are given by 



log Nr 

and 

where it is to be noted that the unbiassed estimate of the standard deviation 
is used as the number of specimens tested under one set of conditions is 
generally small. These two parameter3 are enough by themselves to define the 

normal distribution, but sometimes another parameter, the coefficient of 
variation v is used. Any two of those three parameters p, c and v are 

suffxient to define the normal distribution, for the coefficient of varia- 
tion is defuxd by the expression 

while the estxnated coefficxnt of variation as used in this publication is 

defined as the ratio of the estimated standard deviation to the estimated 
mean, 1.e. v S 

estimate = G' 

In the oourse of this publication confidence limits on the estimated 
standard denatlon will be required. These limits are derived using Table 8 
'The percentage points of the x2 distribution' from 'Biometrika Tables for 
Statisticians' edited by E. S. Pearson and H. 0. Hartley, Vol. I and the 
levels used will be 9C$ and 9%. 

5 DEPENDENCE OF SCATTEX ON STRESS LEVEL 

Perhaps the most basic parameter in constant amplitude fatigue testing 
13 the magnitude of the alternating stress at which the test is conducted. 

Many components are tested at only one constant amplitude stress level, the 
results providing an estxnate of the mean life and the scatter about the mean 

life at that stress level. The mean life can then be related to the mean life 
at any other stress level by the adoption of a standard stress-cycle curve 
shape. But what relationship exists between the scatter at one stress level 
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and that at any other stress level? The first part of the analysis that 

follows investigates this question. 

5.4 General trend 

In this section the overall trend of the magnitude of the scatter 
associated with constant amplitude testing is studied to determine whether 
the magnitude of the scatter (a) increases, (b) decreases or (c) is 
unaltered with an increase in the test stress level. A comparison is made 
within the results of each experimenter to decide whether there is any 
statutioally significant change in the amount of scatter obtained under 
different levels of constant amplitude loading. 

The variance ratio F defud as F =-, where U,, U2 (c, > 0'2) 
(Q 

are the two sample estimated standard deviations, is taken as the basis of this 
test, (the two samples applying to two different stress levels). The null 

hypothesis tested is that the two samples were drawn at random from normal 
populations of equal variance. Table 4 (Ref.44) gives values of F at various 
levels of significance such that if the appropriate value of F is exceeded 
the null hypothesis is contradicted and the two samples of which the standard 
deviations are being compared can be said at the appropriate level of signifi- 
cance to be taken from different parent populations. 

The comparisons are restricted to be within each experimenter's results 
in order to re$uce the possible causes for any trend observed. The factors 
minimised by this restriction are 

(1) Changes in material composition from one laboratory to another. 
The changes in material composition from specimen to specimen taken from the 
same billet or batch, which are one of the possible causes of scatter in 

fatigue, are not sffeotd by this restriotioxi. 

(2) Differences in specimen configuration from one laboratory to another. 
Such factors as surface finish, machining direction, and. the shape of the speoi- 
men itself are likely to vary more between lsboratorus than within the one 
laboratory. 

(3) The specimen test method. No comparisons are made between two 
different methods of loading, e.g. tension-tension is not compared with rotating 
bending or unclamped with clamped etc. 
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The individual results of each comparison are too nuni~ous to be 

printed here, hcwever the general picture obtained is as follows:- 

Over 700 comparisons were made at the $ level of significance. Of 
these 322 gave significantly larger variances for the lower stress, 26 gave 

significantly lower variances for the lower stress and the remainder were 
decisive. The reason for this large number of undecisive cases is that 

in general the sample size is statlstrcally small, down to 4 and 5 at times. 
This means that the values of F required to be significant were on occasion 

as high as 9 and IO. 

These results indicate that the general treti is an increase in the 
standard deviation with a decrease in alternating stress level. The 26 
cases that contradict this trend were restudied and it was found ~II 23 cases 
that the lcwer of the standard deviations in the comparison is belcw the 
general level of the surrounding standard deviations, whilst the greater of 
the two standard deviations fits in with the general trend. This indicates 
the possibility that these 23 cases were caused by the results being too 
consistent and could be purely fortuitous events. Three cases are still 
left unexplained, in none of which is the number of specimens in a sample 
greater than 5. These results could be indicative of a real discrepancy in 
the general trend or alternatively it is possible that they, forming such a 
small fraction of the total number of ccmpariscns,might be expect&being 

extreme values of a stochastic variable. 

T$is general increase in the amount of scatter with a decrease in the 

alteZmating stress was observed by Sinclair and Dclan 16 43 and by Kaechelek5, who 
analysed the results of Ref.15 into a suitable form. SchJve and Jacobs 
also noted this effect although their analysis used the coefficient of varia- 
tion as a measure of the scatter present rather than the standard deviation. 

5.2 Form of stress-scatter relationship 

The analysis in the above section gives encouragement to the idea that 
there is a general trend, whereby the standard deviation of the distribution 
of fatigue lives to failure increases with a decrease in stress level. 
Ass- that this trend is present the next step is to attempt to generalise 
this trend by finding an an.alyticsJ, expression that describes the relaticn- 
ship between the magnitudes of the stand& deviation and the alternating 
stress level throughout the stress range. 
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16. . SF;la.ir and Dolan mdxated that an expression of the form 
u=uo s fitted their results for 7%-T6 unnotched specimens in rotating 
bending (in this case U and Uo are standard deviations, S is the alter- 

nating stress level). However, an expression of the form o = ae -bs was 

thought to be an equally likely alternative to the form employed by Sinclair 
and Dolan (a and b are constants, whilst e is the base of the natural 

logarithms). 

The aim of this part of the analysis is to decide if either of these 
forms fitted the results that had been accumulated and to note any possible 
trends in the values of a and b or u o and k discernible from the 

results. It must be appreciated that either of these expressions, if suitable 
at all, can apply only over a limited range of values of stress. Consider a 
value of stress Just below the upper boundary of the fatigue limit band, at 
which the probability of failure is p. If qQ0 specimens are tested, approxi- 
mately IO@ will fail at this stress whilst the others will remain unbroken 
for however long the test is continued. It is thus impossible to assign a 
meaningful value to the mean or the standard deviation of the distribution 
of fatigue lives in this zone. Despite this limitation it was thought that 
the analysxs might prove fruitful. 

The analysis takes the form of a simple linear regression of the results 
into the forms 

(1) log u = log uo- klog S 

(2) log U = log a - bS . 

The scatter of the plotted points about the regression line, determined 
by the method of least-squares, is taken asa basis for an approximate compari- 
son of the two representations. In both cases stress is taken as the inde- 
pendent variable and so both scatter values are in terms of log u ad are 

thus directly comparable. 

If the true line of regression is given by y = A + Bx then the best 
estimates of A and B, a and $ respectively are given by Ref.46 as 

n n (< Yi) - r(L) f(Yi) 
c 

p = i=l n i=l id 

n C(xi)2 -( ~'i) 

i=l i=l 



r  

n n 
1 

cb = - 
n 

c 
(Yi) - i3 . ; . 

c 
0.J 

id i=l 

and the best estimate of the deviation from the regression (treating x as 
the independent variable) is given by 

2 
sYx 

= &(C(Yi)2 - 04 C(‘i) - B CC% ‘i)] 

where n is the number of points under consideration. 

The value8 of the standard deviation of the fatigue failure times being 

used in this analysis are only the best unbiassd estimates that can be 
obtained from samples of very limited size and are not population values. 
Thus even if one of the stress-scatter forms tried were exact the values 
of standard deviation derived in this analysis would not be expected to 
lie on the regression line. However, if the same es@mates of scatter are 
assumed to be true population parameters, 901s confidence limits can be calcu- 

lated for the gradient of the linear regrkssion line to provide some idea of 
the possible variation that might be present in thus gradient. These oonfi- 
dence limits are given by 

b-t <B<b+t 
'b 5, 

- and t is the value of Student's 't' distribution at the 
_. 

appropriate probability level and with (n-2) degr'ees of freedom. When these 
limits are interpreted the original assumption that the sample estimated 
standard deviation is the true population parameter must be borne in mind. 

The results of this analysis are presented in Tables 1, la, 2 and 

2a where they have been grouped as much as possible in terms of material, 
type of test and form of specimen. The most general point to note from these 
tables is that the gradients sre mostly (with two exceptions) negative, thus 
confirming the trend noticed in section 5.1. The two exceptions to this rule 
both come from the results of Ref'.l+7 in Tables 1 and la which have positive 
gradients. The values of stress and standard deviation for these two sets 
of results are given below:- 
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Ref.47 7075T 
Notch yi;uii;094 in Refs4, ,0,5T Notch radius=~.0032 in 

stress stress 
standard 

Deviation Deviation 

36 ksi 
32 ksi 
28 ksi 
25 ksi 

22 ksi I 0.615 9kz 1~ 0.136 

22 ksi 0.142 
18 ksl 0.136 

13 ksi 0.225 

IO ksi 0.089 

It can be seen that the standard deviations at the two stresses under- 

loaned in the above-tables are below the general level of the surrounding 
standard deviations. If these two values were increased (to the general 
level) then the gradient of each of the two plots would become negative. 

Thus a possible explanation of these two positive gradients is the purely 
fortuitous occurrence of a closely packed set of fatigue results, which is 
quite possible with only ten results from which to estimate a standard devla- 
tion of the fatigue life distribution. 

The results from some of the references quoted are presented in 
Figs.4 to 12, each of whxh gives four representations of the same data, 
being respeotively:- 

(a) Log-standard deviation agalnst log stress level,(analysis in sections 5.2 

c=Ina 5.3). 

(b) Log-standard deviation agamst stress level (analysis m sections 5.2 and 

5.3). 

(c) Log-standard deviation against log life (analysis m section 6). 
(a) Standard deviation against log life (analysis in section 6). 

The plots in Figs.4 to 12 were chosen from the total available selection to 
illustrate the following points:- 

(1) The two forms of representation apply to both axial and rotatrng 
bending load data. 

(2) The two forms of representation apply to both unnotchd and notched 

data under both forms of loading. 

The results Sinclair and Dolan obtained in their report 16 are shown in 
Figs.8a and 8b. Fig.8a is the plot that led them to suggest the form of 

-k relationship U = Co S , whilst Fig.8b presents their results plotted on~a 
linear-log plot showing the equal validity of the relationship u = ae -bS . 
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The 9C$ and 9% confidence limits for the standard deviations are shown 
plotted in all these figures, as 1s the regression line obtained from a least- 

squares analysis. The confidence limits for the notched specimen tests are in 
general broader than for the unnotched specimens simply because fewer notched 
than umotched specimens were tested at any stress level. 

A comparison of the two methods of representation is made possible by 
the use of log c scales m both methods thus making the values of 

2 
"YX 

directly comparable. Points to be noted in this comparison are:- 

(1) The range of gradients in the linear-log plot for 7075 material in 
rotating-bending is 1:3.52 whilst m the log-log plot it is 1:4.6. 

(2) The range of gradients in the linear-log plot for 2024 material in 

rotating-bending is 1:1.9 whilst in the log-log plot it IS 1:1.7. 

(3) The scatter about the regression lme, as shown by the 
2 

%x 
column, are of very much the same order m both representations. 

(4) The range of variation of the constant is large in both the 

representations. 

The results of this comparison are neither sufficiently defmite nor- 

sufficiently numerom to enable us to reach a conclusion on the relatzve 
merits of the two representataons. Points (1) and (2) above indicate that 

possibly a linear-log plot 1s more suitable for a uniform representation of 
7075 data, whilst a log-log plot 1s more suitable for 24%T material. 

5.3 Effects of other parameters on stress-scatter relationships 

Before leaving the results of this analysis of the effect of stress 

level on scatter, one or two other points are to be noted. Firstly the L 
gradients listed m Tables 1 and la, 2 and 2s are of very much the same 
order for the zinc bearing alloy 7075 as for the copper bearing material 

2024. The average gradient for the 7075 materml results in unnotohed 
rotating beam testing was -1.85 and the corresponding figure for 2024 
material -1.75. However, it is to be noted that whilst the range of 
gradients for the zinc bearing alloy was 1:4.6, the range for the oopper 
bearing alloy was only 1:1.7, where the range 1s defined as the ratio of 
the minimum to the maximum value. Thz~s difference in the ranges for the 
two materials might be attributed to either 

(1) the fact that more estimates of the gradient for the zinc than 
for the copper bearing alloy were available, or, 
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(2) the fact that the minimum value for the 7075 material happened 
to be a low estimate, or the maximum value high etc., or, 

(3) a fundamental difference between the two materials. 

Unfortunately insufficient data are adlable to test for the origin 

of the discrepancy. 

Secondly, an increase in mean load at constant notch acuity appears to 
produce a large increase in the negative gradient of a scatter-vesus-stress 
plot (see results for Ref.48 in both 2024 and 7075 material). In Table 1, it 
can be seen that the VC$ confidence ranges on the gradients derived for the 
results of Ref.48 for mean stresses of 10 ksi and 20 ksi and 0 ksi and 20 ksi 
do not overlap. This indicates that this apparent trend is most probably not 

oaused by the method of analyst adopted here. It does not show, however, 
that the effect is not caused by a chance disposition of fatigue results, 

though this seems unlikely bearing in mind the number of stadard. deviations 
that were involved in each gradient determination. 

A study of Figs.4 to 12, (a) and (b) shows that there is a tendency in 
each plot for the standard deviation to reach a limiting value at the higher 
stress levels. The value of the apparent lower limit thus placed on the stan- 
dard deviation varies from data source to data source. This tendency to level 
off is shown in Figs.lJa and lb, in which all the available data on unnotohed 
7075 and 2024 respectively are combined on a linear-log plot. Two other points 
are to be noted from Figs.lja and l&a. They are:- 

(1) The results from Ref.15 are noticeably lower than the results from 
the other data souroes. There are three possible causes of this phenomenon‘, 

(a) better experimental procedtie, 

b) size effect, 
(c) less"inherent material scatter. 

The diameters of the test pieces used by each data source are indicated 
in the legend to each plot ard Ref.15 can be seen to use the smallest diameter. 

(2) Also noted in the legend to each plot is the basic form of loading 
employed, i.e. whether rotating bending or axial loding. In Fig.lJa, only 

one set of axial results is shown and it is to be noticed that these occur at 
the top of the band of other results. In Fig.llca, two sets of axial results 
are plotted ad here again, though not as markedly as in Fig.lja, the adal 
results appear generally towards the upper part of the band of results. 



A linear regression analysis using the method of least squares was 
carr~~3 out on several groupings of results withu F1g.13a and the lrnes 
so obtaIned are shown plotted in that flgure. As can be seen the regres- 

sion line for axul loading is higher than that for rotating bending; both 
of these lines being hgher than the line for Ref.15. The relative posltlor,s 
of these lines are unaltered in the two representations of the data given in 
Flgs.lja and I3b (the latter figure 1s dealt with later). 

A linear regression analysis was similarly carrxed out on Figs.lk 
and 14b, although it was recognued that the data contuned therein did 

not comply very well wxth a luvear law. The results obtaIned are thus of 
less validity than those for Figs.13a and 13b. However, the lines are in 
the same relatrve positions in Figs.lb. and 14b again as in Figs.lSa ad 
Ijb, although the spacing between the lines is not as great. 

From these results it appears that the effect of axial loading is to 
give higher scatter than rotating bending, whether the comparison be made 
at the same stress level or at the same value of log,,0 N (under constant 
amplitude loading). 

In Figs.15a and 13, and I& and 16b, all the co&ant amplitude 
notched data collected for 7075 and 2024 are plotted m the form of log 
(standard deviation) against stress. The stress used for these notched 
speounens in an effort to obtain uniformity was the product of the nominal 
stress and the theoretIca elastxc stress intensity factor Kt. Points to 
be noted. from these figures are: 

(1) There is a tendency for values of CT to level off with increas- 
I 

in-g stress. 

(2) The results fall wIthin a band which includes both the results 
for 7075 and for 2024. 

No trends with notch acuity or form of loading can be inferred. from 
these diagrams. 

The tendency of scatter-stress level curves to level off at the 
higher stress levels and the uCbdity to cope wxth several different 
notch acuities on the same stress scale resulted in other forms of scatter 
relationships being tried, but this in no way detracts from the trends noted 
in the above stress-scatter analysis. 
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6 STANDARD DEVIATION - CYCLE RJ%ATIONSHIP 

In a,n effort to obtain a form of plot that was more general in its 
format than our previous representations (i.e. log Q against stress, ati 
log u against log stress) it was decided to'plot the data in the form of 
log U against log N (the log of the number of cycles to failure). The main 
advantage of a plot of this type is that it is applicable not only to constant 
amplitude loading but also to all forms of variable amplitude loadmg, ad 
clearly this form of plot can also cope equally readily with notched as well 
as unnotohed data. I 

The data already presented in Figs.4 to 12, (a) and (b), are plotted in 
ths new form in Figs.4 to 12,(C),whilst Figs.4 to 12, (d),oontain the same 
data plotted as standard deviation against log N. This latter ty'pe of plot 
was tried when it was found that the log cr against log N plots were reaching 
a limit for the high values of loglONas well as for the low values of loglON. 
The lower limit has already been noticed in the log c/stress plot for high 
stress. From the log 0 against log N plots, it appeared that the rate of 
increase of log S was decreasing rapidly at higher values of log N. It was 
thought that U itself might not level off and so plots of c against 
log N were tried. It can be seen, however, from these plots, Figs.4 to 12,(d), 
that there is a tendency for c itself to level off at high values of log N. 

Figs.13 to 16,(b), show the combined results for 7075 ad 2024, notched 
and unnotohed, plotted as log U against log N. In these plots the levelling 
off at low valys of logloNcan be seen clearly, but the limit at high values 
of log N is lost. It is to be noted that the bands covered in Figs.13 to 16,(b), 
are sxmilar,thus indicating that the scatter in the zinc based alloy (7075) 
is similar in magnitude and disposition to that in the copper based ma;terial 
(2024) as was shown in the previous section. 

Although an increase in the generality of the plot was achieved by 
matching standard deviation against cycles to failure, the tendency of the 
standard deviation to level off at both high and low values of log N suggested 
that at least one limit would be eliminated if the standard deviation was 
divided by the mean life, i.e. log N,giving the coefficient of variation. 

1 7 COEFFICIENT OF VARIATION 

7.1 The inability to obtain a streight line plot with any of the above 
forms led to the trial of such plots as log f~ against the reciprocal of the 
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stress, and log cr against the logarithm of log N. Laok of success resulted in 

the adoption of a different method of attack. In all the earlier plots the 

value of the standard deviation of a set of fatigue results increases rapidly 
with the logarithm of the number of cycles to failure. It was thought that 

perhaps the coeffxlent of variation as used by Schijve and Jacobs 45 could be 

more constant with log,ON, which was taken as the abscissa on account of its 
generality of appllcatlon. 

Figs.17 to 27 inclusive give the collected plots in this form for the 
data presented in Figs.4 to 12, grouped as to material (7075 and 2024), type 
of loading (anal or rotating bending),notoh acuty (notched or unnotched) and. 
form of specimen (bar or sheet). 

A cursory inspection of these plots shows that the coefficient of 
variation increases with an increase III log N. This type of plot does not 
ameliorate the situation at large values of log N. The coefficient of 
van&ion does not necessarily tend to infinity at the upper limit of the 
endurance limd band, because although the standard deviation becomes 
infinite in this range so does the mean, ad the coefficient of varlatlon 
itself is meaningless. However, it might well (theoretloally) reach a 
limiting value Just above the endurance limit. The apparent trend from 
these plots is that v (the coefficient of variation) does tend to infinity 
at large values of log N and reaches a lower limit at low values of log N. 

Besides revealing the increase in the coefficient of variation at 
larger,values of log N, Figs.17 to 27 also show that the range of values 
taken by the ooefficlent of variation for 2024 material is very much the 
same as that taken by the coefficient of variation for 7075 material as we 

concluded from Figs.13 and 14. Again Figs.17 to 27 indicate that axial 
loading tests seem to entail a greater coefficient of variation at longer 
lives than 1s produced by rotating bending tests for both the zinc and 
copper based alloys in unnotched bar form,while the scatter for axially 
loaded sheet is the same as that for rotating bending bar tests, both being 

unnotched. The notched data for both materials appears to give greater 
scatter at the longer lives than the unnotched data but at short lives the 

two amounts of scatter agree approximately. The results of Ref.49, 
Figs.20 and 25, also lndlcate that possibly an increase in notch acuity 
leads to a slight decrease in the ooefflcient of vanatlon, a trend also 
supported in part by the results of Ref.47, Fig.20. 
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8 ADDITIONAL RESULTS 

Besides the data plotted in Figs.17 to 27 results have been obtained 
from other references. These results were thought not to be suitable for 

inclusion in Flgs.17 to 27 on the basis that either, (a) very few specimens 
were tested under each condition, or, (b) the number of stress levels at 
which the experimenters tested, under otherwise identical conditions, were 

too few to show any trend with stress level. An analysis of this data in 
terms of the effects of individual parameters is presented in the Appendix 

and in the relevant Figs.28 to 46, whxlst a synopsis of some possible trends 
noted is given below. 

A little further support is given to the trend indicated in seotlon 7 
whereby an lnorease in notch acuity results in a slight decrease in the 
coefficient of variation and,in addition, sets of tests in which periods of 
heating are applied to the specimens give low scatter, as do the few tests 
of lug specimens analysed. Although the mean stress in the range of values 

covered by this data produced no marked effect on the amount of scatter 
present, there was an apparent increase in scatter for lives below IO' CYClM 

for some specimens tested under conditions at a constant ratio of minimum to 
ma.xmum stress. Larger specimens may produce less scatter than smaller 
ones under the same conditions, whilst the effect of surface finish 1s not 
clear, though covering the surface with vaseline and thus keeping more 
control on the moisture at the crack reduces the scatter, as do various 
methods of presorting the speoimena according to their magnetic, electrical 
or mechanxal propertxs. 

9 DISCUSSION 

9.1 The basic fatigue model 

The dIscussion that follows of the results obtained in this Report is 
based upon a very simplified model of the mechanism of the fatigue process 

as applied to aluminium alloys. The basic concepts of the fatigue process 
differ from those advocated by Epremiam and Meh12, because their report was 
concerned with fatigue in steels in which inclusions are known to play a 
very much more important role in crack imtiation than 1s the case for the 
aluminium alloys considered here. However, the resultant ideas are similar 
if the concept of imperfections in Ref.2 is replaced by that of 'sites' 
developed below. The model adopted seems to be the most likely and in fact 
its use explaxns several of the trends noted in the Report, but in one 
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particular situation, the comparison of the scatter of axial test results 

with the scatter of rotating bend tests, this model foreoasts a trend oppc- 
site to that whxh 1s observed. Despite this failure, these concepts were 
adopted in this discussion, because there is a fair amount of evidence, 
though scme of it is indirect, to support the proposed model. 

In general, the fatigue life of a metal has until recently been defined 

in terms of two stages; (I) the lnltiation or nucleation of the crack, and, 
(2) the propagation period, m which the length of the crack ltlcreases, 

leading to final failure. This separation into two stages, although arbitrary 
in that no deftition or determination of the boundary between the two periods 

is possible, is sometimes useful as it provides a method of distinguishing 
between two apparently different physical phenomena. However, 50 Forsyth 
defines the growth of a crack in terms of two stages in which two quite dis- 

tinct growth mechanisms are employed. In Stage 1 the crack growth takes 
place in the shear mode (the mechanism of initiation belongs to this stage) 

nrhilst in Stage 2 growth follows the tensile mode. The relatxve amounts 
of Stage 1 and Stage 2 growth mechanums depend upon the stress applied and 
the specimen configuration, and in scme cases Stage 1 is either so short as 
not to be distinguishable or it does not take place at all. 

The most ccmmcn mechanism of crack lnltiation m the'twc aluminium 
alloys considered in this Report, 2024 and 7075, at rccm,temperature and in 
unnotched form, is thought to be related to the cccurre&e of cyclx slip 

along closely packed parallel planes athin the grains of a metal. This 
cyclic slip, believed to be caused by dislocation or vacancy,mcvement, 
results In the extrusion of thin tongues or the intrusion of hollows on 
the surface of the metal and these formations, of which the surfaces are 
planes of slip withu the grain, then act as sites from which fatigue 
cracks may propagate. The mode of propagation of cracks from these sites 
can be either Stage 1 in which the crack continues along the slip bati, 
or Stage 2 in which the crack changes direction, usually at an obstruction 
such as a grau boundary, a particle of precipitate or an inclusun, and 
then propagates approximately normally to the direction of stress. 

In any metal the grains, of which the material 1s an aggregate, will 
be orientated in all du-ections, although due to scme process in the produc- 
tion such as rolling or extrusion, one orientation may be favoured and the 
general trend will then be biassed in this direction. Thus the slip planes 
in those grains at or near the surface,whlchare the only grains in whch 
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cracks will start, as in them cyclx slip will be less hindered than in 
the body of' the 51 material , will be orientated in various directions to 

the applied stress and so the shear components of stress resolved over the 
slip planes will vary from grain to grain. Similarly the strength cf grains 

in this shear direction will be different for each grain as it will depend on 

such variables as the grain size, the presence of dislocations, vacancies and 
inclusions, the grain boundary shapes, the dispersion of ddferent phases and 
the variation of chemical compositions within the grain. The result of all 
these variabilities will be a distribution of active sites, that is of planes 
on which slip will occur, over the surface of the metal, and also a distribu- 

tion of the relative effectiveness of these active sites, where the effective- 
ness is to be taken as a measure of the qmckness of tilxaticn of a crack. 
For each apparently identical specimen these two distributions will be dif- 
ferent and the fatigue ltie of these specimens will thus exhibit scatter. 

Before the specific effect of various test parameters on this model 
is consdered, the general result of increasing the number of active fatigue 
irutiation sites in a specimen is discussed. Using the concept of the 
effectiveness of an initiation site, the fatigue life of a specimen will be 
governed by the most effective site present. The likely distribution of 
this most effective site could be calculated if the total number of sites 
present and the dlstributlon of indlvdual effectiveness were known. 
However, in general, the mean and standanl deviation of the distribution 

of the 'best-of-n' will be higher and lower respectively than the ccrres- 
pending parame$ers for the 'best-of-(n-l)' distribution, and so an increase 

in the number of active sites without any other accompanying changes will 
decrease the mean life, by increasing the mean effectiveness, and at the 
same lame decrease the scatter of the fatigue life. 

The basic mechanism of fatigue described above has been that developed 
from metallurgical research on unnotched specimens. The mechanism that 
occurs in notched specimens is not as well kncwn, but it appears that in 
the presence of a notch the Stage 1 mode of crack grcwth is restricted, 
possibly by the adverse stress gradient introduced by the notch, ati that 
the relative length of the Stage 1 mde is shortened, ad in some cases this 
mode may not occur at all. However, the results of Heath-Smith and Kiddle 52 

for notched specimens (Kt = 2.3, and Kt = 2.4) of an Al 6$ Cu alloy show that 
even in notched speolmens nucleation can occur at several points along the 
stress concentration in one specimen, or in other words that there is a 
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distribution of active sites m a notched specimen as well as in an unnotchd 
specimen. Clearly, whatever the mechanxm of initiation or growth employed in 

notched speczmens, some grains whether by orientation or inherent weakness will 
be more susceptible to cracking than others and those grains at the root of the 
notch where the stress is consxlerably higher than elsewhere in the specimen 
are likely to produce the most effective posItions or sites for crack growth. 
So the fatigue model can agaln be represented by a dlstrlbution of active 
sites, (in the notched case this is a distribution at or near the root of the 
notch), and a dlstributicn of the relative effectiveness of these active sites. 
The same model thus applies to both notched and unnotched specimens, although 
the basic microscopic phenomena behxul the model may or may not take different 
forms for the two oases. 

9.2 Effect of stress amplitude 

In terms of the above model of the fatigue process, an increase in the 
amplitude of the cyclic stress would be expected to xzrease the number of 
active sites. For any one particular specimen the resolved component of the 
applied stress on each and every slip plane, in unnotched specxnens, and 
along or across every plane or direction, for notched specimens, will be 
increased and so more sites will become sctlve. Not only that but each site 
would become more effective at the higher stress level because of faster 
dislocation and vacancy movement, more rapid strain-hardening etc. and. the 
expected overall result would be a reduction in mean life accompanied by a 
reduction in scatter at the higher stress level as noted m section 5 of 

this Rep&t. As the number of available sites becomes greater the effect of 
further increaslng that number will become smaller in that those already 
present will be quite adequate to provide a quick failure usually. However, 
the increase m effectiveness of the sites at the higher stress level will 
still further reduce the mean, without appreciably diminishing the scatter. 
When the number of active sites wallable are few and of small effectiveness, 
as IS the case at low stress levels, the addition of Just one other active 
site would have a considerable effect on the scatter and on the mean life, 
and so we should expect the scatter to fall of rapidly with an increase in 
stress at low stress levels and also for the mean life to be very sensitive 
to stress at the lower stress level end of the S-N curve. The latter is a 
well known trend and the former is shavn III the form of Figs.17 to 27. 

The sites of crack nucleation or initiation produce areas which are 
recognisable by a macroscopic study of the final fracture surface, for they 
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have a distinctive metallurgical appearance. The increase in the number of 
active sites with an increase in stress amplitude has been noted experimentally 

52 . by Heath-Smith and Kiddie m HID 54 aluminium alloy, and in several other 
aluminium alloys (data yet to be published), by Swanson 18 in 2024 alloy and by 

24 Webber and Levy in DTD 683 alloy. Although the most effe0tiv.e site cause3 

failure, other sites may have been effective before final failure occura, in 
that cracks may have originated at them after the crack that cauaea failure has 
originated at it3 source. This crack that produces the final failure will 
engulf the subsidiary cracks in its propagation but the distinctive appearance 
around the active site will remain and be visible after final failure. The 

52 results of Heath-Smith and Kiddle 18 and swanson are plotted in Fig.47, as 

standard deviation of logarithmic life against the average number of nuclei or 
sites per specimen measured after failure of the specimen. From this plot it 
can be 3een that the axial constant amplitude data for 4 different aluminium 
alloys, for several different types of test specimen (lugs, unnotched and two 
notch severities) and even specimens that have had a period of heat applied,all 
correlate and that the scatter in the test results is only high when the number 
of nuclei present is small,as would be expected if the model adopted in this 
Report hold3 good. As soon as the number of nuclei present increases, the 
scatter decreases. Fig.48 is also of interest as it present3 a plot of the 
number of nuclei per specimen found in Swanson's results 

18 for axial unnotched 
2024 against the log-life. The two other lines of this figure will be dealt 
with in the next section. It is of interest to note that the number of nuclei 
approaches 1 in the region of a life of IO6 which is the life at which the 
scatter in Fig.24 suddenly increases and is also the region where the S-N 
curve produce3 30me non-failures, i.e. specimen3 in which no sites are present. 
It is in this area that Swanson noted the bimodal phenomenon which might be 
explained in terms of those specimens having just one nuclei on the one hand and 
on the other those having more than one nuclei. 

9.3 Effect of notch .acuiQ 

Fig&which ~?a3 introduced above in connection with unnotched data, 
also contains two plots of the number of nuclei per specimen for adally 
loaded notched specimens (Kt value3 2.3 and 3.4) of 2024 material from 

Kiddle (unpublished as yet). A comparison between the three lines on the 
figure shows that for the same life, below IO5 cycles, the Kt = 3.4 notch 
produoes most sites, with the unnotched specimen having fewest. In this 
region of lives, however, the sites are plentiful and so the effect on 
scatter of the various number of nuclei would be expeot.ed to be small. 
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Above IO5 cycles it appears that the sharper notch stall produces more nuclei 
than the blunter notch although both produce few nuclei above 5 x IO5 cycles, 
wlvlst the number of sites produced m unnotched specimens appears to reduce 
more slowly than in notched specimens and in fact there may be mo?e sites per 
specimen in an matched than in a notched specimen at lives between 5 x IO5 

and IO7 cycles. 

A possible explanation of this phenomenon could be that in the notched 
specimens only a few grains are in the area of the stress concentration and 
so could produce cracks, but of these few because the stress is high in this 
area a large proporzion will be suitable for starting a crack. In an unnotched 
specimen, however, the number of grains available for crack initiation is 
larger but in only a few of these will the stress be large enough. As the 
stress level decreases the number of active sites will fall off more rapidly 
in the notched specimen because there a1*e fewer suitable sites and because 
the stress at the root of the notch decreases more rapidly than in the unnotched 
specimen, and eventually the unnotched specimen may have more active ate3 than 
the notched specimen. Clearly the number of available sites is the same for two 
different notch acuitles if the design of the specimen is such that the length 
of the root of the stress concentration is equal in the two cases, but because 
the sharper notch involves a higher stress the number of nuclei would be 
expected to be greater than for the blunter notch as is the case of Fig.48. 

So 3 sharper notch will always g1v.e more nuclei than a blunter notch, 
whilst an unnotched specimen will give fewest nuclei at low lives but as the 
length of life increases the number of sites will gradually approach that for 
the notched specimens and indeed may become larger. The blunter notches, pro- 
vided the notch is sharp enough to restrict the area affected by the stress 
concentration, will thus reach the condition of having only 1 or 2 nuclei at 
the shortest lives. The sharper notches will achieve tlus condition next and 
the unnotched specxmens, last of all. Assuming a correlation between the 
number of nuclei and the amount of scatter this would result in the scatter 
bang indistinguishable between notched and unnotched specimens for mean lives 
up to about IO5 cycles and after that the blunter notch would be slightly 
more susceptible to scatter than the sharper notch until about IO6 cycles when 
all notch acuties would be equally susceptible. The unnotched specimen, 
however, would be less likely to exhibit a large amount of scatter than the 
notched specimens above about 5 x IO 5 cycles but eventually the scatter in 

the mmtched specimens would be likely to be equally as high as for the 
notched specimens. These trends agree wth those shown in Figs.17 to 27 and 
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presented more simply in Figs.49 and 50 for a comparison between notched and 
unnotched data and also with the effect of notch acuity noted in section 7. 

The evidence in the literature on the effect of a notch on the scatter 
in fatigue is very meagre ad inconsistent. Albreoht29 and Petersen (in Bef.2) 

both found that the coefficient of variation of stress 1s higher for notched 
than for unnotched specimens which implies that the coefficient of variation 
for log-life will also be higher. Ford, Graff andPayne 21 on the other hand 

say that there is a highly significant difference between the standard 
deviations of plain and. notched specimens, with more scatter in the fatigue 
life of plain specimens. Values of standard &nation 

= 0.2995 + 0.1442 (log N - 5.72) (Plain) 

and 

= 0.132 - 0.042 (log N - 5.17) (notched) 

are quoted in Ref.21 showing a slight decrease in standad deviation with an 
increase in log-life for notched. specimens but an increase for unnotched 
specimens. 

9.4 Effect of the method of application of the load 

From Figs.49 and 50, it appears that tests on unnotched bar specimens 
of both 2024 ad 7075 under a rotating cantilever form of loading produce 
less scatter than tests under anal loading on bar specimens, whilst &al 
tests on sheet material give much the same scatter as rotating beam tests on 
bar specimens.' For 7075 material,notched rotating beam bar specimens give 
the same scatter as notched axial sheet with no data available on not)ched 
axial bar, whilst for 2024,notched axial bar and sheet give the s&me scatter 
but notched rotating beam appears to give less scatter, although only a 

few points are available to substantiate this trend. As no drff'erence has 
been noted in the trends in scatter followed by these two materials so far,it 
seems not unlikely that, in fact,all three configurations give the same scatter 
as one another in notched form. This might be expected,for in the presence 
of a notch onlythose grains at the root of the notch could become active 
sites and from Fig.48 it was seen that in notched specimens the number of 
active nuclei falls off rapidly with a slight increase in 1iPe. Thus the 
difference in length of the root of the notch with the possibly smaller 
number of associated sites between the sheet specimens and the bar specimens 
would be expected to have little discernible effect on the scatter, as the 
lives for which the scatter pould be expected to increase rapidly would differ 

only slightly for the two cases. 
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However, this does not explain the difference in scatter noticed between 
axial and rotating beam tests of unnotched specimens. In these two forms of 

test the stresses at the surface of similarly shaped specimens are inversely 
proportional respectively to the square ad to the cube of the cross-sectional 
dimension. This implies that a longer length of a specimen would be highly 
losdedin an axial rather than in a rotating bend test. Also, whereas the 

cross-sectional area was constant throughout the gauge length for all the 
axial test specimens the results for which are presented in Figs.17 to 27, 
the radius of the rotating bend tests varied continually along the specimen 
reaching a minimum at one position only. It would thus be expected that at 
the same stress level more sites would be active in axial than in rotating 
bending testing, producing a lower mean life and less scatter. The lower 
mean life in axial than in rotating bending tests has been verified expen- 
mentally, e.g. Templin53, snd Hey-wood% , but the smaller scatter expected in 

the axial type of test disagrees with the trend indxated in this Report. 
Unfortunately, no data on the number of nuclei obtained in rotating bending 
unnotched material could be found and so no comparison of the relative 
number of nuclei present in the two forms of loading is possible. 

The two types of unnotched test differ in several particulars, examples 

of which are:- 

(1) Initiation in rotating bending takes place m a stress gradient, 
which does not exist in an untracked axial specimen. 

(,2) In axial tests the dispersion of the nuclei along the specimen is 
much greater than in rotating bending tests,cf.Refs.l8 and. 24, because a 
greater length of an axial specimen experiences a hghload. 

(3) The intrinsic accuracy of the loading, which depends on such 
parameters as specimen machining, chuck alignment and load control method, 
may be different for the two types u? tests, though it is not readily 
apparent that one form of test would be more accurate than another. 

It is possible that such factors could affect the scatter In the two types 
of testing, but at this stage not enough information is avadable to pin- 

point the actual cause of the discrepancy. 

9.5 The effect of mean stress 

The average number of nuclei per specimen measured by swanson 
18 on 

axial specimens tested at an alternating stress level of 34 ksi, but at 
4 different mean stresses is shown in Fig.51, from which it can be seen 
that, whilst the test in alternating compression gave by far the most nuclei 
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per specimen, of those tests in which the mean stress was positive the speci- 
mens tested with the greatest mean (+34 ksi) gave most nuclei. It 1s interes- 

ting to note that the values of the number of nuclei obtained for these tests 
wrth a positive mean stress lie on or near to the suggested line in Fig.48 
whxh presented results with a mean of 16 ksi, whereas the value for the 
tests in alternating compression (mean = -34 ksi) is quite distinct from the 
general pattern shown in the figure. Thus altnough the tests in alternating 

compression produced by far the most nuclei per specxnen of all the tests in 
Ref.18, their mean life was the largestand their scatter was not the 
smallest. A possible explanation of this effect is that the propagation stage 
of a test in alternating compression occupies a very large proportIon of the 
total life, during which time a large number of cracks other than the one that 
causes failure have the chance to nucleate. In such a case It seems likely 
that the scatter obtalnsd in the final life would be dependent not on the 

number of nuclei present at failure, but on the number present witti a short 
period of the start of the test, which might be similar to the number present 
in a test with a positive mean stress. 

The chief effect of mean stress may thus be to alter the relative dura- 

tion of the initiation and propagation stages, and thereby to change the 
number of nuclei apoarent at failure, without any obvious effect on the measured 
scatter. 

9.6 The effect of specimen configuration, finish and mechanical properties 

It is often quoted that lug speoxnens with the associated fretting 
produce more scatter than conventional test specimens and yet the two groups 
of lug specxmens data presented in this Report, Fig.38, both give low scatter 
and are associated with a large number of nuclei, Flg.47. This large number 
of nuclei is obviously partly due to the fact that in the specimens tested 
both ends were lugs with equal dlameter holes etc. and so there were, in fact, 
4 positions of maximum stress in each specimen, each associated with its own 
nuclei. Honever, there may be something in the fretting prooess that causes a 
large number of nuclei to be found, although the number of nuclei per area 
under maximum loading in notched and lug specimens did not appear to differ 
much in the two cases considered. 

It is suggested in the Appendix, that the introduction of an interferenot 
fit fastener into a hole in a specimen reduces the scatter more than the intro- 

duction of a clearance fit bolt and that a smaller specimen possibly prcduces 
more scatter. No explanation for the former possibility can be found as it 
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would be thought that varzations in the degree of Interference would ltlcrease 
the scatter m the find life, but It rmght be expected that the larger the 
specxnen the more nuclei present and so the smaller the scatter. 

As mentioned m the Appendix, several experimenters have correlated 

fatque performance with scme other property of the maternal, 55 
Smzth , 

Welbul13 and Gassr~er~~ . wxth yield strength, Bastenaxe 27 mth magnetic 

permeability and with damping capaolty, Ravilly 57 . wdh magnetic properties and 

Heath-Smith and Kddle 52 with percentage elongation. The fact that these 

correlations, however xdlrect, were found and that presorting the specimens 
according to scme of the characteristics reduced the scatter obtained, 
e.g. Refs.55 and 57,shcws that some. at least, of the scatter 1s caused by 
material variatxon, which wlnlat not confirming the model of fatigue adopted 
here shows that material variation is mportant. 

9.7 Effect of heat 

Another effect noticd in Ref.52, -was that the number of nuclei present 
m a specimen on faxlure increased if the specmen was heated before the 
crack nucleation of the specimen was completg. The scatter for four sets of 
tests conducted with heat applied before the fatigue test on both notched and 
lug specimens fits in well with the shape of Fig.47. However, it must be 
appreciated that the four sets of data in Fig.47 for tests with heat applied 
were all conducted at a stress level high enough to give low scatter anyway. 
The number of nuclei does show a large mcrease between tests with ad without 
heat for these stress levels and It would seem reasonable to expect the lonrer 
stress levels as well to produce more nuclei after heat, in which case the 
scatter with heat would be lower than the scatter without heat throughout the 
range, a trend that 1s xdicatd by Dunsby's results presented in the 

Appendx. 

9.8 Effect of water content of the air 

The deleterious effect of water vapour molecules on the fatigue of 
metallic specxnens has been known for scme time and clearly variations in 
the amount of water vapour present during a test will affect the result of 
that test. Thus unless all tests are conducted at the same temperature and at 
the same speclflc humxdlty the results from those tests will .exhlblt a 
scatter caused by the varxatlons of the environment cn top of the scatter 
caused by metallurgical phenomena, as Indicated in the Appendix to this 
Report. 
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9.9 General 

The model of fatigue crack nuclei discussed above is obviously a Very 

much simplified concept of the mechanism of fatigue but none the less a number 
of the trends exkilbitd by the scatter in fatigue life of sets of light alloy 

specimens have been explained in terms of this model in this Report. In practice, 

however, all fatigue tests will suffer from variations in numerous other quan- 

tities,such as specimen and notch dunensions, machme loading level, axiality of 
loading and environment, ~3 the scatter produced by these variations in the 
test conditions will be additional to that derived from metallurgical V~SIB- 

tions. From the data presented in this Report it is impossible to distinguish 
between these two general sources of scatter and in fact, from the point of 
view of the application of fatigue data to engineering problem&this separation 
1s not necessary provded the Inherent scatter is the predominant factor, as 
appears to be the case from the data presented. in this Report. 

10 CONCLUSIONS 

This Report presents the results of an analysis 111 terms of the log- 

normal dutrzbutlon of lives obtalnd in constant amplitude fatigue tests of 
2024 and 7075 alunimum alloy materials conducted in a large number of labora- 

tories . A brief synopsis of the trends which have been notxed follows, but 
it must be understood that these conclusions are only tentative in nature, 
some being based on very few observations. 

(1) The coefficient of variation uxreases with an increase in the life 
of a specimen above a value of log N of about 4. 

(2) The coefficient of variation increases with a decrease in the value 
of log N below a value of 4. This trend is by no means as well supported as 
(1) above. 

(3) Axial loading fatigue tests of bar specimena seem to entail a 
larger coefficient of variation at the longer lives than 1s produced in 
rotating bendIng tests. 

(4) The coefficients of variation at the same value of log N for the 
two materials considered, i.e. the zinc based 7075 ad the copper based 2024 

alununium alloy, cover very much the same range of values as one another. 

(5) The effect of the mean stress on the coefficient of variation, if 
it exists at all, is small enough not to be discernible in these results. 
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(6) The effect of the degree of notch acuity is small, an3 the dif- 
ference m coefficient of variation between two different sharpnesses of crack 

is not easily dutinguishable. However, It appears that notched specunens in 
general give a greater range of coefficients of variation than the unnotched 

specimens for both materials, thereby possibly indicating that the results 

from notched speczwns are less consistent between experiments than those for 
unnotchd specimens. 

(7) The effect of specimen sue is thought to be small, but, from the 
results given,adecrease in specimen size appears to give higher values of the 

coefficient of variation (very ldtle evidence). 

(8) There did not appear to be any effect of surface finish on the 
coefficient of variation although possibly a finer finish gives a longer life 
at which the coefficient of variation tends to infinity (1 report only). 

(9) The effect of a period of hea,t soaking before fatigue testing 
appeared to reduce the coefficient of variation at the lower stress levels 
(I report only). 

(IO) The effect of fretting on the coeffxient of variation 1s not 
decipherable from the analysis. However, the lug specimen of Ref.52 gave 
low scatter. 

(II) The effect of Taper Lok fasteners in the specimens of Ref.55 was 
to reduce the scatter of the fatigue results for the specimen. 
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Appendix 

A3 mentioned in section 8, a&iitionaldata was available that was not 
suitable for inclusion in Figs.17 to 27 on the basis that either, (a) very few 
specimens were tested under each condition, or, (b) the number of stress level3 
at which the experimenter3 tested, under otherwise identical conditions, were 

too few to show any trend in scatter with stress level. An analysis of this 
data, in terms of the effects of various test parameter3 on the scatter in 
fatigue life that each produces, is presented here and comparison3 are made 

with any trends noted m the main body of the Report. The figures to which 

this analysis refers and in which the data is plotted are Figs.28 to 46, 
inclusive. With one or two notable exceptions, e.g. Figs.30 to 33, it can be 
3een that the pants in these figures conform generally to the boundaries of 
scatter defxxd by Figs.47 to 27. The confidence that can be placed in any 

trends which are suggested by these additional results and not supported by 
data in the main part of the Report is llmxted but scme of the effect3 may 
nevertheless be real. 

A.1 Effect of mean stress 

Flg3.28 and 29 present the result3 of an xw?stlgation reported in 
Ref.58 into the effect of mean stress on notched alclad aluminium alloys 
7075 and 2024 tested under axial loading, but no effect of the mean stress 
cn scatter is easily discernible in the range +20 ksi to -20 ksl, from these 
results. The effect of a change of mean stress 13 also studied by Schijve ad 
Jaccbs4', . in which the specimen3 used were riveted joints cf 24S-T old sheet 

0.032 inch thick. Again the results (Fig.37) show no marked trend with mean 
although the coeffxxnt of variation for the higher mean 13 slxghtly larger 
than for the lcwer mean m both cases, whilst of 3 ccmparlscns possible in the 
data from Ref.19 a higher mean gives less scatter on two occasions but mere in 
the third case. It 13 to be noted that the results from the above reference3 

all conform to the general range of Figs.47 to 27, but a study of Flg3.20 to 33 
shows that the coefficients of variation for the 7075-T6 notched coupons tested 
in Ref.59 ccver a wide range and are generally much higher than the values from 
other reports. No effect of mean stress at any notch acuity can be deciphered 
from these figures for the results are altogether very confused. 

The tests conducted in the investigation reported in Ref.55 on uMctchd 
7075-T6 were at constant amplitude but under three different values of R, 
where R is defined as the minimum stress divided by the maximum stress. The 
mean stress thus varies from test set to test set. The chief point of interest 
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from the results, Fig.40, is the apparent ~ncl*ease in the coefficient of 

variation at low values of log N. There 1s a minimum value for the coeffxient 

when log N is 4.0, but no trends wdh the magnzitude of R are dlsce=ble. 
Thx apparent increase in the coefficient of variation at small values of 
log N 1s also shown, to some extent, in Figs.30 and 32, for the 70754% 

notched coupons of Ref.59. 

Taking all these references together there does not appear to be a 
discernible effect of the mean stress on the magnitude of the scatter 
~nvolvd in constant ampldude fatigue testing, although in section 5.3 
It was noted that an uxrease in mean load appeared to produce a more rapid 
decrease 1x1 the scatter with an increase in stress level. It must be stated 

here that although no effect of mean load on scatter magnitude was observed 
this may have been because the effect is small and was masked by the paucity 

of fatigue test results. 

A.2 Effect of notch acuity 

Unnotched and notched (Kt = 2.85) data for 2024 sheet axially loaded 
are presented in Ref.42 and compared in F1g.34, where no distinction xn the 
amount of scatter obtained can be made between the two types of test. 
Slmilarily, Fig.36 contaux the results obtained from Ref.60 on 2024-T4 in 
rotating bending tests on both notched and unnotched specimens (notch 
acuity Kt = 5.2) and again no effect 1s noticeable ai in Fig.35 for a~lal 
sheet results for 7075 and 2024 from Ref.61. The results for 7075-T6 notched 
coupons of Ref.59, Fig.30 to 33, which as mentioned in section A.1 cover a 
wide range of values of the coefficient of variation and generally appear 

higher than values from the other reports, correspond to notch acuities of 
Kt = 3, 4, 7 and 10. Any trend in scatter with riotch acuity that may exist 
1s hdden in the general confusion of the results on these plcts,whxh 

appear to be a haphazard display of parts. 

However, Ref.52 contalns results for HTD 54 which is an Al 6% Cu alloy 
and is slmdar m constitution to 2024 material, and this and other unpub- 
lished data from the sane author on 2024 1s presented in Fig.38. From this 

figure It 1s to be noted that the scatter lies m the general band for 7075 and 
2024 materials of Fig.47 to 27, and also that there is an apparent effect of 
notch acuity, whereby the sharper notch appears to give slightly less scatter. 

These additional results therefore do not unanimously confirm the 
possible trend udicated m section 7, whereby an mm-ease 111 notch acuity 
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might result in a small decrease in the coefficient of variation at constant 
life. Neither, however, are they sufficiently numerous or reliable to 
contradict it, for any trend, if small, could quite easily be lost amongst 
the general scatter of results. 

A.3 Effect of specimen configuration, finish and mechanical propertIes 

Fretti& and interference fit fasteners 

Besides those results, reported in section A.2, from Ref.52, the experi- 
menters also tested two sets of lug specimens of HID 54 material, and it can 

be seen, Fig.38, that in both sets of tests the scatter,resulting was low even 
though fretting was present which might be thought likely to increase the 
scatter, Ref.62. Unfortunately no more results with fretting are avadable, but 
Ref.55 provides the results shown in Figs.42 and 43. Fig.42 relates to 
the effect, on the scatter in life Or a simple specimen with $ 3/16 inch 

countersunk hole, of filling the hole, firstly with a NAS-333 bolt (0.001 
clearance) and secondly with a Taper-hole mKlO-3 bolts (0.003 int&ference). 
There are very few points from which to deduce any trend although it is 
perhaps noticeable that the interference fit gives least soattei-, the clear- 
ance fit next lwest and the open hole most. Fig.43 presents the results 

for single shear butt joints, with NAS-333 and Taper Lok fasteners, showing 
no obvious difference between the two. 

A.4 Effect of size 

Theeffect of specimen size is studied in Ref.63, for a riveted single 

lap joint of 20&-T alclad material at a mean stress of 9.0 kg/mm2. The 
scatter obtained for three different sizes of the same specimen confi‘guration 
(ratio of sizes J:5:8) were not greatly different from one another, Fig.39, 
though, if anything, the smallest specimen gave a larger coefficient of varia- 
tion than the two larger sizegbetween which it was impossible to differentiate, 

whilst the results in Figs.17 to 27 do not give a consistent picture of size 
effect. 

A.5 Effect of surface finish 

Ref.40 studies the effect of surface finish on the fatigue properties of a 
202&S-T, rotating cantilever, unnotched specimen. The results, Flg.&l,show no 
sensible trend in the coefficient of variation with a change in the finish, 

although they conform to the boundaries of Figs.47 to 27. The surface finish 
does, however, seem to have an effect on the fatigue life at which the coef- 
ficient of variation starts increasing rapidly, the finer finishes having a 
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longer life at which the coefficient of variation tends to infinity. swans cd 9 , 
however, COIII~I-~ the fatigue lives of 18 unprepared specimens of 2024-T4 
materlal with the lives of 18 specimens which had been electropolished in a 
perchloric aold-ethyl alcohol solution bath and then lightly polished. The 
electropolished specimens had a lower mean life,61400 cycles against 
83000 cycles,and sxgniflcantly less scatter at the $ level of significance, 
c = 0.065 electropolished and d = 0.123 as received. 

The steel specimens tested by Laurent 64 , although showing an 11lcx-ease 
in mean fatigue life with the degree of polish of the surface, produced very 
little variation in scatter with the five different surface fmishes tried. 

A.6 Effect of mechanical property 

Ref.55, m addition to the results discussed above,also includes results 
for 7075 alloy double shear riveted butt Jomts, the matern for which had 
been previously categorised in terms of the yield strength Into three specific 

ranges cyys > 77 ksi or 74 < cYTys < 77 or OYS < 74 ksi. As can be seen 
from Fig.43 the soecunens with the highest yield strength (C > 77 ksi) 
have a considerably higher coefficient of variation than the other specimens 
with no effect on the mean life. 

Welbul13 also notload an indirect correlation between yield strength 
and fatigue life. The frequency ourve of the peld strength of the Sb.37 
steel considered showed two dxstinct rnaxx~~a, indicating that the parent 
material could be split up into two components, 3@ of the material belongmg 
to one and 7C$ to the other component. The fatigue results for the same 
material of which 235 specimens were tested also showed this double distri- 
bution, for which the percentage proportions were again 31$ and 7@, and so 
a correlation between fatigue life and yield strength seemed likely for 
this materml. 

Similar effects were noted by Gassner 56 who found that specimens whose 
fatigue lives brought them to the longer side of the scatter band bad low 
yxld strengths in general, whilst the endurance of Fisher's Joints 65 in a 
light alloy was longer the smaller the value of the ratio of the yield 
strength to the ultimate strength. In spite of these results, though, 
no oorrelatlon between the proof strength, the ultimate strength, the 
proof-ultimate ratio or the elongation with fatigue life could be seen in 
the analysis in Ref.45 from the results for 2024 and 7075 specimens. 
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A.7 Effect of time and temperature of anneal- 

Dunsby studied. the effect of periods of heat on the fatigue properties 

of 24%T unnotched specitiens in simple reversed bending. Initially he com- 

pared the fatigue lives of the specimens in the 'as supplied' condition and in 
the ‘100 hours at 4oo'F soak' condition. As csn be seen, Fig&., the scatter 

in all these sets of tests is small but in general the scatter in the 'soaked 
at 4OO'F' condition appears to be smaller than that in the 'as supplied' 
condition. The mean after 4CCO°F soak also appears to be considerably 1cRver 
than the 'as supplied' mean at the ssme stress level. The scatter at stress 
level 32.5 ksi is almost identical for the two conditions, whilst at 22.5 ksi 
the scatter for the 'as supplied' specimens is the smaller but not statisti- 
cally so. For the other three stress levels involved, the 'soaked' tests 
have less scatter than the 'as supplied' test; in two of these three cases the 
difference is statistically significant at the I& level but not at the $ 

level. 

Dunsby also conducted two series of tksts in which the length of appli- 
cation of the soak was varied and the run out stress wss kept constant. The 
two series are acoounted for by different soak temperatures of 4OO'F and 
300%. At a soak temperature of 4Kl'F increases in the soak time in the 
range 1.5 hours - 100 hours decrease the mean steadily, but the scatter, which 
was universally small, shows no definite trend although the longest soak gives 
the largest scatter and the shortest soak the smallest scatter. The two 
points in between, however, are in inverted order. At 3OO'F the mean life 
decreases w1t.h an increase in soak time from 1.5 hours - 4 hours and from 
4 hours - 30 hours, but experiences an increase from 30 hours - 100 hours; 
however 4 hours soak time gives a longer life than 100 hours. 30 hours 

soak gives the largest scatter, being'statistically greater at the I@ level 
than the scatter for 100 hours and 4 hours but the difference is not signifi- 
cant at the $ level. 

A.8 The effect of water content of the air and of protective surfhoe 
coatings / 

Liu and Corten15 studied the effect of the two variables, water content 

of the air and surfaoe ooating, on the fatigue life of 7075 and 2024 wire 
specimens under constant amplitude loading. From their results, Figs.45 and. 
46, it is clear that the water oontent of the air had less effect on the mean 
fatigue life of the 2024 material than of the 7075 material, whose mean life 
was halved by an increase in water content from 12 to 120 grains per pound 
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