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SUMMARY 

Axial load fatigue tests have been conducted on plain and 

notched specimens of DTD 166B stainless steel sheet material under 

a complete range of tensile mean stress conditions. Two machines 

were used, a Haigh machine operating at 3000 c.p.m. and a Sthenck 

machine at 5 - 16 c.p.m., producing fatigue data at lifetimes rang-
ing from to 10

8 
cycles. 

Instrumentation and recording equipment was developed to record 

dynamic stress and strain measurements during a selection of the 

lower speed Schenck tests. 

The results are discussed in terms of previously published . 

analytical methods and empirical relations have been suggested to 

predict the effect of mean stress and notches on the fatigue beha-

viour of the material in terms of a limited amount of fatigue test 

data. It was not found possible to make a reasonable estimation of 

the notched specimen results without some experimental notched fatigue 

data. 

Two modes of fracture were observed, the normal fatigue fracture 

and, at very high stress conditions, a "necked-out" fracture of duc-

tile appearance resulting from a cyclic "creep" action. The cyclic 

creep condition was not simply associated with any single stress para-

meter, being dependent upon both the static and the alternating stress 

components. 

Fatigue fracture was associated with the cyclic plastic strain 

range and the total energy to fracture in terms of the width and area 

of the hysteresis loops. Under cyclic creep conditions the hyste-

resis loop was separated into a "repeated" and a "permanent" area, 

the former was associated with the fatigue phenomena and the latter 

with the cyclic creep. Cyclic work hardening and softening charac-

teristics and overall incremental cyclic strain variations are also 

presented. 
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SYMBOLS 

S maximum cyclic stress. 
MAX. 

S minimum cyclic stress. 
min. 

S
a 	

cyclic range of stress. 

S
m 	

mean cyclic stress. 

R 	stress ratio S/S min. max. 

N number of cycles - fatigue lifetime. 

N
oo 	

lifetime corresponding to fatigue limit. 

K
t 	

elastic stress concentration factor. 

K
f 	

effective stress concentration factor or fatigue 
strength reduction factor: 

K 	plain specimen strength  (at given life) 
f 	notched specimen strength 

See page 72. 

Sy 	static yield stress. 

S
u 	

ultimate tensile stress. 

E Young's modulus. 

E
s 	

secant modulus. 

E
t 	

total energy per unit volume per cycle. 

ePt 	total plastic strain range per cycle. 

t 	
summation of Et 

for a complete lifetime. 

Further symbols and suffixes are defined in the text. 



1. INTRODUCTION 

1. 1. GENERAL 

It has been well known for many years that most failures in 

rotating and reciprocating machine parts and in certain structural 

members are "progressive failures" resulting from repeated loads; 

these "fatigue failures" often start at an imposed or accidental dis-

continuity such as a notch or hole. The relatively low ranges of 

stress under which such fractures can occur ( to g static tensile 

strength in some cases) makes this one of the most important and 

critical design criteria in many engineering problems. Over fifty 

years of research have failed to give a complete quantitative under-

standing of the basic mechanism of fatigue failure and thus the whole 

subject has still to be. approached from an empirical viewpoint based 

upon as few experimental results as possible. However, qualitative 

relationships, upon which specific empirical relations between the 

major parameters may be based, are now well established. 

The concept of fatigue as a characteristic material property much 

the same as hardness, tensile strength or creep resistance, is general-

ly accepted but, although some correlation between fatigue and tensile 

strength has been reported (1), attempts to interrelate such properties 

have met with very limited success. 	It is usually assumed that fatigue 

failure at a specific lifetime always occurs at a fixed stress parameter 

such as maximum stress, distortion energy or some other strength cri-

terion, (although recent interest has been directed towards the use of 

strain as a criterion, especially in low cycle fatigue) and hence this 

concept will form the basis for discussion in the following chapters 

unless stated otherwise. Stress parameters are most useful in design 

and thus, approaches from the viewpoint of microscopic and sub-micro-

scopic events, although they may well be essential for the eventual 
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understanding of the subject, will only be used where qualitative 

understanding of experimental results dictates. 

The essential requirement for fatigue is a fluctuating load and 

thus, with stress parameters in mind, it is clear that the most fun-

damental fatigue relationships will be established by simple alter- 

nating axial lord tests on plain specimens. 	Such results are usual-

ly expressed in terms of Sm  or S
a 

v. log N plots, which, although 

different for specific materials, are in themselves characterised by 

their general shape. Fracture can occur over a range of stresses 

from a maximum value corresponding to zero life (t cycle under re-

versed loading, corresponding to static tension) and equal to the 

static strength, to a fatigue limit in the case of most ferrous metals, 

corresponding to a life of about io7 cycles and below which failure 
will never occur (N). Although the existence of such an exact 

fatigue limit is not so certain in other metals the increase of life-

time with reduction in stress range is very rapid beyond 107cycles. 

In practice components are usually subjected to steady stresses 

in addition to the fluctuating stress. Basic material characteristics 

may once again be obtained from axial load tests on plain specimens in 

which the stress conditions are most easily controllable. 	A complica- 

tion arises in that, to locate the stress conditions, two independent 

stress variables must be specified. These may be any two of S max , 
S
min' 

S
a' 

or S
m, or one of these and a ratio of it and one other. 

Which two variables show the fatigue behaviour in the most useful man-

ner will not be discussed here, (in the following text the stresses 

will be considered in terms of S
a 
and S

m
) the point is that the mean 

stress introduces another variable. 

Experiment shows that the fatigue strength depends on both Sa  

and S
m but once again no basic relationship between the two variables 

and the more basic zero mean stress fatigue curve has been found. To 

express the fatigue properties of the material it is therefore necess-

ary to cover the full range of combinations of S
a 
and S

m
, which may or 

may not be deduced from the reversed stress (zero mean stress) curve 
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by empirical relations based upon other material properties. 

Some such empirical relationships have been produced which enable con-

servative design stresses to be evaluated but these are generally 

limited to life ranges 10
4
- fatigue limit and are not always very satis-

factory. 

The term "notch" is used in a broad sense to refer to any discon-

tinuity in shape or non-uniformity in the material itself. A notch 

is frequently called a "stress raiser" because it develops localized 

stress concentrations which may well serve to initiate a fatigue crack. 

Notches are unavoidable in engineering practice; they may occur as a 

"metallurgical" notch which is inherent in the material due to metal-

lurgical processes (as inclusions, blowholes, laminations, quenching 

cracks etc.), a "mechanical" notch of some geometric type resulting 

from the shape and machining of the component (as grooves, holes, 

threads, keyways, surface indentations etc.) or as a "service" notch 

formed during use (as chemical or corrosion pits, fretting etc.). 

It is well known that under static loading conditions the 

presence of a notch in a ductile material will often increase rather 

than decrease its strength based on net areas, this being assumed to 

be due to the gross plastic yielding occurring before fracture re-

distributing the stress and reducing the effect of the notch. Under 

the much lower stress conditions necessary for fatigue failure, a con-

siderable reduction in strength is usually recorded as compared with 

the plain specimen fatigue strength; this nevertheless is rarely as 

much as might be expected from consideration of the elastic stress 

concentration factor (K
t
) of the notch. 

The basic problem is thus the evaluation of the stress concentra-

tion factor and then finding the effect of this upon the fatigue 

strength under given conditions. 	In many instances of mechanical 

notches, static theoretical (2) 
	(3) and experimental 	techniques enable 

the elastic stress concentration factor to be evaluated and experiment 

has shown that this is unaffected by the fact that the stresses are 

cycling (4). 	When the elastic limit is exceeded the situation becomes 
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considerably more complicated and prediction of local stresses under 

cyclic conditions is far less certain. 

'A widely used design expedient has been some kind of "effective 

stress concentration factor" (Kf
) which when applied to conventional 

nominal stresses might permit prediction of the fatigue strength of a 

notched specimen (or in general a structure) from that of plain speci-

mens of the same material. From a practical point of view, when 

designing for an infinite lifetime, the evaluation of the effect of 

notch shape and form on the value of K
t 
or K

f 
is of prime importance 

and has therefore received most attention by research workers. How-

ever, from a fatigue point of view it is perhaps more instructive to 

evaluate the variation of K
t 

or K
f 

over the whole range of stress and 

life conditions for one particular notch. 	It is the latter consider- 

ation which is the concern of this thesis. 

The majority of components in service where fatigue failure could 

be a danger are subjected to fluctuations of stress at the rate of 

several hundred or thousand cycles per minute and are expected to run 

indefinitely up to the working life of the machine. Consequently, 

determinations of fatigue characteristics have tended to concentrate 

on the range 10
4- 107 cycles and design to be based on infinite life-

time considerations; the fatigue behaviour at lives between zero and 
4 

10 cycles was virtually unexplored until ten years ago. 

Modern scientific advances now show the way to achieve greater 

efficiencies and better production from power plants and machinery. 

However, to reap these benefits, components must be designed to with-

stand stresses, strains and other working conditions such as tempera- 

tures never before encountered. 	In the design of pressure vessels 

where cyclic frequency may be extremely low and rockets where weight 

considerations are important and components are often expendable, the 

concept has arisen to design for a limited lifetime. 

It is thus apparent that the whole fatigue characteristic from 

endurance limits to high loads and correspondingly short lives are of 
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practical importance as well as theoretical interest. 

So far only stress variables and stress concentrations have 

been considered as factors effecting the fatigue strength of a 

material; it is the effect of these which forms the subject of this 

thesis. However, it is known that fatigue strength is affected by 

various other conditions, some of which may be considered as external 

influences (and therefore controllable) and some as directly consequ-

ential of the fatigue conditions. Examples of the former are ambient 

temperature, loading frequency and loading or strain rate, all of which 

may be externally controlled. Work hardening, work softening, hyster-

esis and Bauschinger effect, all of which may vary as a consequence of 

the cyclic condition, and are therefore uncontrollable, are examples 

of the latter. 

All these variables may be considered as bringing about a change 

in the basic stress/strain relationship of the material, or, if it is 

assumed that both the stress/strain relationship and the fatigue effect 

are "material characteristics", they may be considered as changing the 

material. 	In order to observe the effect of stress variables on 

fatigue strength it is therefore desirable to control as many of these 

other variables as possible and at the same time measure the effect of 

those which cannot be controlled. This can be done in practice by 

recording dynamic stress and strain conditions from a specimen during 

a fatigue test. As long as either stress or strain conditions are 

approximately constant it should be possible to correlate results in 

terms of either stress or strain, whichever is most suitable. 	If 

both stress and strain remain constant throughout a test then condi-

tions are still further simplified. 

Thus, assuming that a stress (or strain) parameter controls the 

fatigue strength and that all other variables simply change the stress/ 

strain relationship of the material, simple axial load fatigue tests 

on plain specimens in which dynamic measurements of stress and strain 

at the test section are recorded, may be expected to yield basic 

fatigue characteristics for each material under given loading condi-

tions. 
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At the commencement of this research programme there was a 

distinct lack of experimental knowledge referring to the complete 

stress/lifetime relationship for other than light alloy material in 

the plain and simply notched condition. Interest had been centred on 

conditions for an infinite lifetime and the majority of such work re-

ferred to life ranges from 10
4- 107 cycles. 

Empirical relations had been suggested for estimating the effect 

of local plastic yielding around a notch in the prescence of mean 

stresses and thus producing an effective strength reduction factor 

which could be used to compare notched and plain specimen results. 

Good agreement was shown in the case of certain aluminium alloys in 

the range of 10
4- 107 cycles but no further results were available 

with which to test the relation. As the suggested procedure was 

based upon rather basic assumptions as to what actually happened to 

the material in the locality of the notch it was thought worthwhile in-

vestigating further for a different class of material and a fuller 

range of stress conditions. It was with these considerations in mind 

that the present programme was devised. 

1. 2. SPECIFIC ASPECTS 

Before stating the present objects and programme and reviewing 

the most relevant literature it is desirable to explain certain feat-

ures of the subject in order to facilitate a better understanding of 

what is to follow. 

Fracture under alternating loading may occur after tens, hund-

reds or thousands of cycles depending upon the loading conditions and 

in practice cyclic loads may be repeated at as diverse frequencies as 

one per week to many thousands per minute. Practical testing con-

siderations limit the length of time which can be allowed to obtain one 



experimental point on a fatigue curve and thus conventional fatigue 

machines, designed to establish conditions for infinite lifetime, 

generally operate at frequencies of 1,000 - 3,000 cycles per minute. 

However, at such frequencies it is not possible to obtain, with ac-

curacy, results below 103  - 10
4 
cycles and thus at least two testing 

frequencies must be employed to obtain a complete set of fatigue data 

from 4 to 107  cycles endurance. Under such conditions the speed of 

cycling must be carefully considered, for although, as is generally 

accepted, there is no speed effect over a range of several thousands 

of cycles per minute, this may not apply for frequencies of one cycle 

per hour or per day. To test endurances of 103 - 10
4 
cycles at these 

latter frequencies would be as equally impossible as to use the conven-

tional frequencies but a value of, say, one cycle per minute, may be 

considered as approaching realistic conditions. 

The correlation of data obtained at two such frequencies now be-

comes an important question. For example, at high speeds, hysteresis 

effects at large stress and strain amplitudes may result in consider-

able temperature rise owing to the attempted dissipation of energy, 

effectively altering the fatigue strength of a specimen as compared 

with a low frequency test. 

Most convential fatigue machines apply constant loading cycles, 

which may be considered as implying constant stress and strain, at the 

lower values usually considered. However, for low endurance and hence 

high stress fatigue, working in the elasto-plastic and fully plastic 

ranges, such simplifying assumptions cannot be made and there are dis-

tinct differences in the changes which can occur within a material ac- 

cording to whether strain or load cycling is being imposed. 	In this 

respect it should be remembered that the low frequency testing does 

facilitate measurement of dynamic stress and strain variations and this 

helps to locate test conditions. By the same token, such low frequency 

results might well help to relate the "static" and "dynamic" properties 

of a material. 
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2. LITERATURE REVIEW 

2. 1. INTRODUCTION 

The previous sections have indicated that an attempt is made in 

this thesis to furnish a simple but fairly basic picture of the fatigue 

characteristics of one specific metal from an engineer's point of view. 

The variables considered are direct, static (tensile) and alternating 

stresses and a single type of geometric notch. Although the main 

points of interest are the effect of the notch at high stress and low 

endurance, the effect of high values of mean stress and the results of 

the instrumented tests, these aspects gain full significance only by 

consideration in the light of the complete range of results presented. 

For this reason it was decided that in reviewing the relevant literat-

ure an attempt should be made to present a fairly broad picture of the 

main fields of interest. 

In the following pages the subject matter is divided into three 

sections, "Mean Stress", "Stress Concentration" and "Low Cycle Fatigue". 

Although a complete review would be impossible, due to the extent of 

published literature, it was felt that over generalisation for the sake 

of Lrevity would be equally unsatisfactory. 	It is not suggested that 

the references mentioned are the only ones, or necessarily the best 

ones, on each specific topic; they have been chosen to illustrate suf-

ficient aspects of the problem to understand and appreciate what is to 

be discussed in the rest of the thesis and to relate this to the over-

all picture of fatigue phenomena. 



2. 2. MEAN STRESS  

It is well known that the fatigue strength of a material for a 

given lifetime is generally reduced when it is subjected to a steady 

tensile stress superimposed on the alternating stress, however, a 

precise quantitative explanation of the combined effect of mean and 

alternating stress is not known. 

This discussion will be restricted to simple loading conditions 

but even so it can be seen that the results of such tests may be re-

presented in many different forms, due to the fact that two stress 

variables must be specified to locate the stress conditions. 	The 

methods in most general use involve plots of Sa  v. Sm  at constant N, 

and S
max 

 or Sa  v. log N at constant Sm  or R. Of the many formulae 

which have been suggested to represent the results the best known are, 

as shown in Fig.33:- 

(1)  

(2)  

(3)  

(4)  

Sa 
Sao 
	1 

Sa 

Sao 
 = 1 

Sa 
Sao 

Sm  
= 1 - -- 

Su  

rSa  ' 

+ 

2 [S12 

rs—  uo 

Soderberg Line 

Gerber Parabola 

Modified Goodman Line 

= 1 	Ellipse Relation 

Sm  

S 
y 

(S m12 

Pui 

Where S
ao 

is the value of Sa at Sm  = 0 

(The Ellipse Relation assumes energy for N cycles is independent of 
the value of Sm  and that the strez,s variation is sinusoidal) 

It is found that none of these expressions can be used for all 

materials with any degree of accuracy. The Soderberg Line, which is 

frequently used, is the most conservative and is safe in nearly all 

cases but this may often seriously over-estimate the effect. 

An empirical relationship combining all four conditions is:- 
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sI a n 4, m 

Sa 	 uJ 
1 

where m, n, and K are constants which must be made to fit the 

results for each specific occasion. Such relationships tend to be 

rather complicated and extremely limited in application. 

As a general rule experimental investigations have been con-

cerned with endurances of the order of 10
4 
- 10

8 
cycles (i.e. fatigue 

limit) and results are generally recorded in terms of S
a 

v. S
m 

at 

constant lifetime. 

An extensive survey of the most important results was compiled by 

J. 0. Smith (5)  1942, for both polished and notched specimens of 

various metals under different stress systems at their endurance 

limits. Plotting the results in dimensionless terms showed a wide 

scatter band which, under conditions of tensile mean stress, covered 

the whole range of variation between the standard empirical equations 

(Goodman, Gerber and Soderberg) for plain specimens. Notched results 

showed a form and scatter band similar to that of the plain results. 

With S
m 
compressive, the fatigue strength tended to increase with 

notched specimens while remaining constant with the plain, although 

the scatter became even more considerable in this region. 

Summarising results for aluminium alloys Forrest 
(G) 

 points out 

that the variation of results for plain axial load tests, on equivalent 

materials from different laboratories (7)(8)(9)  , is such that to suggest 

any closer relationship .hat that they tend to fall above the Modified 

Goodman straight line would be unwise. 

Lazan and Blatherwick(10) and Willlgren (11),  using different types 

of notched duraluminium specimens, have shown that the Goodman line is 

not reliable for notched specimens in terms of the nominal stress. 

In contrast to Smith's results these tended to be concave at the lower 

S
m values (Fig. 27) and for both the notched and the plain specimens 

the range of stress associated with a mean compressive stress was 

higher than the zero mean stress value. The general shape of these 

curves, convex at higher Sm  and concave at lower Sm  values with a 
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horizontal central portion, was most apparent for lifetimes of 107 

cycles. From a series of axial load and rotating bending tests on 

a variety of aluminium alloys Woodward, Gunn and Forrest(8) have 

shown that certain materials give rise to this characteristic concave 

diagram even in the plain condition. 

A theoretical analysis by K. Gunn
(12)

, considering the local 

effects of a stress concentration, illustrated how notched test pieces 

may give rise to such an Sa/Sm  diagram (described more fully in the 

next section) and affords reasonable correlation between these notched 

results and those for plain specimens of the same material. 

Although, as pointed out by Gough and Clenshaw
(13)

, a general 

S
a
/S

m 
relation for all materials may not be expected owing to the great 

variation in material stress/strain characteristics, it seems reason-

able to suppose that the relation for each material may be predicted 

from consideration of the basic characteristics of that material and 

the loading conditions. Several theories have been suggested with 

this in view. 

4 ' 

	

	 It has been suggested that for ductile materials the magnitude of 

the range of shear stress governs fatigue failure and Smith showed that, 

under pure shear, Sm  has no effect on the fatigue strength for values 

of S
a 

smaller that 0.8S . However, axial load tests showed general 
y 

reduction in fatigue strength with increasing Sm  and it is apparent 

that the mean axial load modifies the action of the fluctuating shear 

stress component. 

Gough and Clenshaw (1951) suggested that decrease in fatigue 

strength with increasing Sm  was due to damage to the crystalline struc-

ture caused by Sm
ax  
 , the effect of S

m 
as such was considered to be neg-

ligible. 

Findley
(14)

1954, considered that resistance to fatigue is in-

fluenced by the magnitude of the complimentary normal stress across 

planes stressed in shear; being reduced by tensile and increased by 

compressive stresses. 
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Woodward, Gunn and Forrest(8) sought to explain the shape of 

the 
Sa/Sm 

diagrams in terms of inherent stress raisers in the material. 

Analysing their results in terms of local plastic yielding at the 

stress raisers in the manner of Gunn
(12), they deduced that the shape 

of the curve depended upon the relative yield point and fatigue 

strength of the material. Even without the assumption of inherent 

stress raisers it was suggested that, where yield conditions were ex-

ceeded, structural changes might well occur during the early cycles of 

a test, changing the material to an inherently weaker one. Such a 

structural change was to be considered dependent upon S 

Findley
(1)  added to this theory by indicating that plastic de-

formation associated with cyclic stressing could produce voids in the 

structure due to migration and accumulation of vacant lattice sites 

existing in the structure. 

It has also been suggested that the relative time between crack 

initiation and propagation might be a deciding factor. The crack act-

ing as a notch would tend to give concave diagrams for long periods of 

crack propagation. As such a stress raiser would be more active in 

tension than compression,the shape of the resultant curve would also 

depend upon the ratio of S 
mm 
. 
n max 
/S 	in the cycle. 

max. 

by one or more 

for all the ex-

of mean stresses 

is extremely 

Observed results have, in general, been explained 

of these theories but no one theory is able to account 

perimental observations. Data relating to the effect 

at low endurances and the effect of high mean stresses 

limited and in most cases restricted to light alloys. 

2. 3. ALLOWANCE FOR STRESS CONCENTRATION 

Methods of evaluation of theoretical stress concentration factors 

based on the "elastic theory" and experimental photoelastic techniques 

are now well established and it has been shown that these factors are 
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unchanged by dynamic loading within the elastic range of the material(4Y  . 

Values for nearly all common notches on typical components under simple 

direct loading have been compiled by Lemaine
(15) 

1949, Peterson
(16)

1953, 

and others. 

The possible correlation between K
f 

and K
t 
has been the source of 

much extensive research and compilations of all reported test results 

(mainly completely reversed loading and referred to a lifetime of 107) 

have shown(17)(13)(19)(20 : Kf 
tends to increase with K

t' 
the trend 

is confused by considerable scatter (only part of which may be attri-

buted to intrinsic material scatter) and lc values tend to be low for 

high vlues of Kt. Frost and Phillips
(21fhave suggested that, although 

simple elastic theory would suggest infinitely large values of K
t 

for 

very sharp notches, consideration of the effect of stress gradients 

would suggest a maximum Kf  value of about three. 

Application of strength criteria rather then maximum principal 

stresses have been studied by Moore and Markovin
(22) 

and Petersen
(23) 

It was shown that the maximum shear strain energy criterion gave best 

correlation for ductile materials. However, application of this cri- 

terion to the K
f 

v. Kt  plots did , little to reduce the scatter. 

It has been pointed out that, as all explanations of fatigue 

failure specifically ignore the simplifying material characteristics 

of isotropy and homogeneity assumed by the elastic theory and upon 

which K
t 

is based, no direct correlation between K
t 
and K

f 
can be ex- 

pected. 	Neuber(2) suggested that a better theoretical factor (Kn
) 

could be produced by the concept of an elementary structural unit, 

characterised by a dimension of length and constant for each material. 

Thus: 
Kt  1 

K
n 

= 1 + 	 
1+(A/R)2  

A = material constant 

R = notch root radius 

Kuhn and Hardrath(17) 1952, showed on the basis of collected results 

that A could be considered as a function of the ultimate strength for 

steels and various other empirical expressions for A have been sugges-

ted by Gerney
(24), Moore(25) 

and others. Markovin and Moore
(26) 

found 

Neuber's results to agree quite well with results for S.A.E. 1020 and 
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S.A.E. 1035, however, there is still no theoretical or experimental 

basis for the existence of such elementary structural units and some 

reported data indicates that errors of up to 20;L may be incurred. 

It has long been realised that fatigue is a localised effect and 

that the non-uniform stresses acting at a notch are the key factor to 

the notch effect. Orowan
(27) considered the loading conditions such 

that a localised plastic condition at a notch is surrounded by com- 

pletely elastic material. 	He showed that, while the component as a 

whole may be load cycled, the local material at the notch will under-

go cycles of constant strain amplitude and under such conditions the 

yield stress at the notch will rise until the local stress amplitude 

is the same as it would have been in the absence of yielding (i.e. the 

initial redistribution of stress due to yielding at the notch is re- 

moved). 	In other words, local yielding can only effect the mean stress 

and not the range of stress, therefore, if fatigue strength is indepen-

dent of the mean stress local plastic deformation cannot alleviate 

fatigue failure. 

Fischer
(28) discussed local stress conditions in terms of an 

axially loaded flat plate having a central hole. 	He pointed out that 

the fatigue strength (calculated from Kt
) is greater at the root of a 

notch than in a plain specimen in the ratio Kt/Kf. This he attri-

buted to local plastic deformation, support effects arising from stress 

gradients, and restraint of deformation due to multiaxial stresses. 

Changes in notch root radius owing to excessive yielding he considered 

only likely to be significant for very sharp notches. 	The restraint 

of deformation he thought would be active during successive cycles and 

its effect in increasing the fatigue strength was assumed to be caused 

by reduction in gliding displacement in the plastic regions; this being 

based on the concept that fatigue fracture follows the breaking up of 

gliding surfaces under loading 
 

Although reduction of peak stresses by local deformation is 

accepted by many authorities, contradictory data has been reported for 

relatively low K
t 
values. 	X-ray techniques, used to measure peak 

stresses at a transverse hole in a shaft under torsional fatigue, 



K = 
p 

Es  
1 + (K

t 
- 1)-- Es  

00 

Glocker and Kemnitz(31)(reported by Paterson(32)) showed no lowering 

of maximum stress at the edge of the hole. 

A more recent analysis by Stowell(33) based on elastic theory pro-

duced theoretical expressions for the stress and strain concentrations 

at a circular hole in an infinite plate under uniform static tension. 

This was later generalised by Hardrath and Ohman(34) into a form which 

they considered was applicable to different notch forms and expressed 

in terms of a plastic stress concentration factor K ; 

where E
s 

= secant modulus of material at notch root, and, 

Es  = secant modulus of material at a great distance from the notch. 
00 

Experimental results with specimens of in sheet 24S-T3 aluminium alloy, 

48" wide, with various notches giving K
t 
values 2, 4 and 6, compared 

Considering the effect of plastic deformation on notched specimens 

of a representative selection of metals under axial reversed loading, 

Forrest(37) 1956, assumed that the elastic strain distribution was un- 

affected by the local yielding. 	Neuber
(2) 

suggested that this would 

be true for small plastic strains and the extended Stowell(34)relation, 

previously mentioned, would also predict a similar trend. 	An average 

dynamic stress/strain relationship was recorded and thus prediction of 

the local maximum dynamic stress made. An effective theoretical stress 

concentration factor, being the ratio of this stress to the average net 

section stress, showed reasonable correlation with the fatigue results 

but the scatter was sufficient to suggest that plastic deformation was 

not necessarily the only factor influencing the results. 

Lazan and Blatherwick
(10) 

tested plain and notched rolled alumin-,  

ium alloy specimens under axial loading for lifetimes from 104- 10
8 

cycles at various alternating mean stress ratios. The results were 

generally restricted to qualitative consideration of trends and com- 
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well with the K values so predicted. Published data by Griffith'(5) 

and Box
(36) 

also agreed well with the theory. 



S
a 
v. S

m 
for notched 

in S
a 

for an appreci- 

stant K
f 

values in S
a 

ffect K
f 

values to an 

at N = 107, with up- 

parison of the various alloys used. Curves of 

specimens at constant N showed little variation 

able range of intermediate S
m 

values, especially, 

ward curvature at low S
m 
values. Curves of con 

v. N co-ordinates indicated that both S
a 

and N a 

extent depending upon their relative values. 

Gunn(12) used these results, together with others for similar 

alloys(11), to illustrate a method of predicting notched specimen 

fatigue results from corresponding plain results in the presence of 

mean stresses. He used the extended Stowell relationship ;444  to pre-

dict maximum local stresses, assuming that the range of stress at the 

notch remained elastic, he was then able to deduce corresponding nomi-

nal applied stresses for a given lifetime from plain specimen fatigue 

results. Correlation between observed and predicted notched results 

for the published data considered was quite good especially for longer 

lifetimes however, no corresponding data for other than aluminium alloys 

could be found by which the method could be tested. The shape of the 

notched 
Sa/Sm 

diagrams was explained by Gunn in terms of the stress 

condition at the notch root. For low stresses the whole specimen would 

be elastic, at higher stresses the bulk of the specimen would remain 

elastic while the material at the notch yielded and at very high stres- 

ses the complete section would behave plastically. 	He identified 

these three stages with the three parts of the experimental curves. 

Doyle(38)1960, used GunnIs analysis with success to correlate data 

for high strength aluminium alloys(Hiduminium RH77 and EX437). 	He 

defines a.strength reduction factor K
r 

in terms of corresponding stress 

values of notched and plain results at a constant ratio H 	= sm  
in
/S 

 max) 

Grover(39), in a general review of current methods of allowance 

for stress concentration in fatigue, suggested that often Kt  could be 

applied to Sa  alone, neglecting any effect on Sm  and showed, by refer-

ence to data for 2024-T3 aluminium alloy, that reasonable correlation 

could be expected at long lifetimes. 	Dirkes
(40) 

 , obviously despairing 

of the current analytical approaches towards prediction of notched 

Sa v. Sm curves, contended that the best method was what can only be 
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described as an "engineers' guess", based upon certain fixed points, 

limiting gradient boundaries and at least one experimental point for 

a value of S
m 
about half the ultimate strength of the material. 

With regard to the variation of K
f 

with lifetime the data dis-

cussed so far has been limited to a range 10
4 - 108 cycles. For 

some applications high stress, short lifetime behaviour is also im-

portant. Grover, Gordon and Jackson(41)  illustrate this effect by 

reference to tension-compression tests on aluminium alloy sheet 

material, indicating that,the general trend is for Kf 
to remain at a 

constant high value from 107 to about 10
4 

and then reduce to a value 

of approximately one (corresponding to zero notch effect) as the life 

decreased to zero. Very little published information of this sort is 

available (mainly for aluminium alloys under reversed or repeated load-

ing), design interest being mainly concerned with higher lifetimes. 

Some work by Bennett and Weinberg
(42) 

 indicates K
0 

defined in terms 

of fracture, to be lower at high stress levels but, defined in terms 

of crack initiation, to be relatively constant over a range of stress 

levels. 

Further references to stress concentration effects at low endura-

nces are discussed in the next section. 

2. 4. LOW CYCLE FATIGUE - 

It has been mentioned earlier that until ten years ago little 

interest was shown in low cycle fatigue behaviour, however, an ex-

tensive amount of literature now exists. The various topics may be 

roughly divided into two sections, constant load cycling and constant 

strain cycling with standard additional variables such as temperature, 

notches, surface conditions, etc., known to effect conventional fatigue 

applied throughout. Extensive use of various types of dynamic record-

ing equipment has been made in certain instances giving information 
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regarding the fundamental cyclic behaviour of materials and in 

general the results have been found to correlate better with strain 

rather than stress conditions. Owing to the large number of invest-

igations conducted under strain cycling conditions, it would be imposs-

ible to give a full picture of present knowledge without some reference 

to such tests, however, in general the discussion which follows will 

be restricted to axial load cycling conditions. 

Weisman and Kaplan(43) carried out axial load (50c.p.m.) and 

plane bending (35c.p.m.) tests on SAE 4340, 4337 and 4140 steel in the 

plain and notched condition in the range from 1 to 30,000 cycles. 	Re- 

sults, plotted in the form S /S v. log N, together with other pub-
max' u 

lished data, showed wide scatter bands for different materials and 

type of test, however, in general, the fatigue life at about 30 of 

the tensile strength was found to be longer than expected from extra-

polation of the long life curves. The notch effects were less marked 

at high stress levels and it was suggested that the notched specimen 

S/N curve crosses over that for plain specimens at very short lifetimes. 

Two distinct types of fracture were observed, "necked out" (similar to 

tensile fracture) and the normal "fatigue" fracture. 

Smith
(44) 

and others, showed that, for direct axial load tests on 

24S-T3 aluminium alloy in the life range 150 - 107 cycles, low frequency 

results (12c.p.m.) lay slightly to the left of those for higher fre-

quency (1,000c.p.m.). 

A series of data sheets on high stress fatigue of plain and notched 

aluminium, magnesium and steel alloys under rotating bending and axial 

loading conditions at 90 and 3450c.p.m. have been published by Oberg 

and Trapp(45)(46) 	S/N curves, in the range 103  - 10
8 

cycles, were 

generally smooth extrapolations of long endurance data, however, it was 

observed that the endurance of high frequency push-pull tests at high 

stress values was reduced by hysteresis heating. 	This effect, which 

could be eliminated by cooling the specimens during testing, was also 
• 
observed by Oberg and Ward(47) for similar tests on other steels. 

Finch(46) tested three gun steels in rotating bending (GOO c.p.m.) 
in the idain rind various notched conditions, obtaining results from 



20 - 4 x 10
6 
cycles. 	S/N curves for notched specimens of a parti-

cular steel tended to different uniform slopes in the region below 10
5 

cycles, converging. to one point at between 20 and 40 cycles. Plain 

and square shouldered specimens gave a similar straight line below 10
5 

cycles which could be extrapolated back to the same point as before al-

though actual test results dropped away from this line at intermediate 

endurances. 	It was suggested that this was due to general yielding 

in the specimen. 

. 
values were produced and an empirical result of the form S = Se 

+ bN
r 
 

(where Se, b and r are material constants) was shown to relate the 

applied stress and the number of cycles to failure. 

Ilardrath, Landers and Utley(49) examined notched (Kt  = 2 and 4) 

and plain sheet specimens of G1S - 16 aluminium alloy and 347 and 

heat treated 403 stainless steel in direct stress (2, 180, and 1,800 

c.p.m.) at R = 0. 	In addition to standard data, Kt, K , and Kf  were 

plotted against S
max

(nominal) for each material. 	For 403 steel K
f 

was always lower than K (or equal to it near Su
) but the other mate-p 

rials showed that, although K
f 

was less than K
t 
and K

p 
at low stresses, 

this was reversed at high stresses. 

Further axial load tests ("static", 63 and 1,800 c.p.m.) on 

notched (K
t 

= 1, 2 and 4) and plain sheet material are reported by 

much higher stress values. 

Sachs and others 
	have conducted a series of investigations 

on high strength steels. 	Plain and notched (K
t 

= 3, 5 and 8) specimen 

axial load cycling results are presented in the first paper over the 

range 10
2 
- 10

6 
cycles. 	Below 10

2 
cycles the notched curves lie above 

Three-dimensional diagrams of Kf 
v. N and S

a 
for different Kt 

Illg(50) for 2024 - T3 and 7075 - T6 aluminium alloys and S.A.E. 4130 

steel in the range 2 - 107 cycles. 	This was one of the few test pro- 

grammes in which the mean stress was varied, values of 0, +20,000 and 

+50,000 psi being used. 	Curves of K
f 
v. S

max 
(nominal) showed little 

difference between K
t 

= 2 and 4 above 4$0.) of the tensile strength of 

the steel but for aluminium alloys the curves remained separate until 



the plain, this effect being greatest in the case of Kt  = 3 and 

least (very slight) for Kt  = 8. The second paper draws a comparison 

between direct and bend-load cycling of plain and notched specimens 

showing that in all cases notched S/N curves are the same below 102 

cycles and plain curves below 103  cycles. 

Of the considerable number of strain cycling investigations con-

ducted by various workers, the most organised and widespread attack 

has been made by L. F. Coffin (Jr.)(53)(54)(55)(56)(57),  who, in con-

junction with other workers, has contributed a large proportion of the 

relevant literature. Both mechanically and thermally induced push-

pull cycling (4 c.p.m. over the range 400 - 20,000 cycles) of thin-

walled tube specimens of 347 stainless steel yielded the following 

general conclusions: during both thermal and mechanical strain cycl-

ing stress changes occur either from softening of a cold worked condi-

tion or hardening of an annealed state; endurances and stress changes 

do not agree for mechanical and thermal cycling; a relation exists 

between the plastic strain range(e ) and the endurance of the form 
1  

C N2  = constant, which it is suggested is a general law for most metals, 

the.constant being directly connected with the fracture ductility in a 

monotonic tension test. 

The localisation of plastic strain due to notches was found to 

reduce the life to fracture. Further tests (58)on  various metals in 

which mechanical cycling produced endurances between k and 100 cycles 

confirmed the relationship E N2  = constant but with rather more scatter 

especially in the region of the cycle value. 

A linear relation between log .Ep and log.N has also been reported 

by Low(59)  and Johansson(Go) for alternating bending tests on various 

metals. 

Benham(61) conducted a series of alternating and repeated tensile, 

load and strain amplitude, tests on a selection of metals at 5 - 15c.p.m. 

for endurances in the range - 50,000 cycles. The main points brought 

out by this work were as follows: 	for load cycling, two different 
l 

types of fracture could occur, at very high loads a
f
necked out fracture 
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attributed to a cyclic creep action and at lower loads the normal 

fatigue fracture. The cyclic creep involved considerably greater 

ductility than the standard fatigue fracture and was especially notic-

able under repeated tension. The one material which did not exhibit 

this phenomena could not be made to fracture in less than 600 cycles. 

Under mechanical strain cycling a linear log.6 v. log.N relation was 

found for each metal and each mean load (or strain) but contrary to 

Coffin's conclusion this was thought to have a slope of between 0.5 and 

0.6 and no obvious direct relation with static ductility was observed. 

It was concluded that constant strain cycling results could be compared 

with load cycling results when the cyclic conditions became steady. 

Martin and Brinn
(62) drew attention to the fact that, although 

several investigations had been devoted to the study of hysteresis 

effects in fatigue, little had been accomplished in the low endurance 

field under load cycling. Load cycling results were described for 

A.I.S.I. type 347 steel at 1,000°F showing that, although the plastic 

strain suffered large changes throughout the life of many specimens, 

the average cyclic value for a given life was in good agreement with 

the controlled strain results of Coffin
(56) 	The total plastic work 

to fracture was shown to decrease linearly with load and a tentative 

criterion of failure was based upon this relation. 

The relief of mean stress under constant cyclic strain conditions 

has been the subject of several papers by JoDean Morrow and others
(63) 

(64)(65) 	Data from tubular specimens of SAE 340 steel showed that 

cyclic relaxation depended on the loading conditions and the initial 

state of the material. After the first cycle the rate of relief of 

stress was generally found to be linear, increasing with initial mean 

stress and stress range. An analytical expression was developed giv-

ing reasonable correlation with these results but this was not found 

to hold for data from further results on other steels. Load cycling 

tests at room temperature using SAE 4540 correlated well using plastic 

strain hysteresis as a criterion and this same analysis was shown to 

fit the data of Martin and Brinn
(62) 

equally well. 	It was pointed out 
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that, although hysteresis was not caused solely by plastic strain, at 

high stresses (low endurance) it could be considered to be so and for 

this reason long endurance tests might not be expected to correlate 

with the proposed criterion as well as the short. 

The dynamic creep effect which has been reported by several in-

vestigators becomes more prevelant at high stresses. Landau(66) has 

shown that "static" creep equations(Graham and Wailes(67)) may be used 

with success to represent cyclic creep data for Nimonic 90 under cyclic 

loading at elevated temperatures. Qualitative agreement was also found 

between observed and predicted stress/strain loops using this analysis. 
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3. PROGRAMME, 

Initially the programme was designed to present notched and 

plain specimen fatigue results under direct axial loading to show the 

effect of tensile mean stresses from zero to a maximum value. The 

objective was the prediction of the notched specimen results 

plain in terms of a stress concentration factor and various 

"static" material tests. This programme was to be carried 

conventional fatigue machine operating at 3,000 c.p.m. 	How- 

a later stage it was decided that the programme should be ex-

tended, to cover the range of endurances from 1, cycle to the "fatigue 

limit" (107  - 108  cycles) and instrumentation designed to record dyna-

mic stress and strain variations during the tests at the higher load 

limits. 

It was apparent that two loading frequencies were necessary to 

cover the required endurance range and it seemed desirable that these 

should be comparable to those obtained in "working" components while 

still keeping actual testing time within practical limits. 	A conven- 

tional frequency of 3,000 c.p.m. was used for the longer endurances and 

a lower frequency of 5 - 15 c.p.m. was thought suitable for the shorter 

tests. 	The latter enabled overlapping of the top end of the conven-

tional fatigue curves while being low enough to avoid hysteresis heat-

ing effects and facilitating the application of a dynamic measuring 

system. 

The type of test employed becomes more significant at high loads 

and low endurances owing to the plastic deformation occurring in each 

cycle. The choice of direct axial loading ensured a comparatively uni-

form stress and strain distribution throughout the cross section and 

was thought preferable to bending and torsion, in which stress gradients 

across the material, quite apart from possibly affecting the number of 
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cycles to failure, make the determination of changes in material pro-

perties uncertain when based on outer fibre conditions alone. 

A dynamic measuring system suitable for recording the variation 

of stress and strain conditions throughout a test was developed; the 

limitation of the application of this system to the low frequency tests 

greatly facilitated its design. 	It was decided that the strain pick- 

up should be based on the standard axial gauge length principle and'no 

attempt made to record localised conditions around the notches; dynamic 

results for plain specimens being thought applicable to notched speci-

mens under the same local conditions. 

Three further considerations remain; the choice between load or 

strain cycling, the material and the shape of the test pieces. Both 

load and strain cycling are commonly found in working cases and while 

there is little reason for distinguishing between the two at lower work-

ing stresses, it is quite possible that different material mechanisms 

are associated with the different conditions at higher "plastic" stres-

ses. However, it was felt that, as the dynamic measurements would en-

able specific stress and strain relationships to be established for each 

test condition, the choice was still an open one. 	Therefore, in order 

to maintain consistency with the high frequency tests, load cycling was 

also adopted for the low frequency tests. 

Only one material was used throughout the whole test programme and, 

because previous work has mainly been confined to light alloys, a high 

strength steel of standard uniform quality was chosen. The use of a 

narrow gauge sheet material produced a biaxial stress system (as a first 

approximation) and enabled crack propagation and plastic deformation to 

be observed with ease. 	It was decided that the type of notch used 

should be a round hole; the stress distribution of such a hole has been 

the subject of considerable theoretical and experimental investigation 

in the past and was fairly well established. 	It was thus well suited 

for an investigation into the effect of stress concentration upon fati- 

gue. 	The details of this and the dimensions of the various test pie- 

ces are recorded in other sections of the thesis. 
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To summarise; the programme consisted of axial load cycling 

tests on notched and plain sheet specimens of a high strength steel, 

under a complete range of tensile mean stresses, for endurances from 

i cycle to 10
8 
cycles. The testing frequencies used were, 5 - 15c.p.m. 

for the low endurances and 3,000 c.p.m. for the longer tests, dynamic 

stress and strain measurements being made for a selection of the low 

frequency tests. 
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4. APPARATUS 

4. 1. INTRODUCTION 

Before presenting a detailed description of the apparatus a 

brief reviewp  will be made of the requirements which each item had to 

satisfy. 

The testing machines were required to apply axial loading for re-

versed and mean load conditions, of sufficient magnitude to permit a 

specimen of convenient size to be tested up to its tensile strength. 

For short endurance, high load conditions, a low frequency of cycling 

was essential. Conversely, for long endurance, low load conditions, 

a higher frequency, which would enable endurances of the order of 107-
108 cycles to be completed within a reasonable space of time, was re-
quired. It was also necessary to reproduce tests at both frequencies 

over a range of endurances in order to compare results and estimate the 

effect of the frequency change. As the circumstances under which the 

tests were made directed the use of two different machines for these 

two frequency conditions, it was essential that the test conditions 

should be made as similar as possible.' 

The instrumentation had to measure both load and extension and 

simultaneously record the variation of each in some easily translat- 

able manner. 	It was also desirable that the control of the test and 

the recording of information on suitable occasions should be, to a 

large extent, automatic. 

In the following chapter the description is separated into five 

sections, the Schenck machine, the Haigh machine, the instrumentation, 

the probe mountings and finally the other auxiliary apparatus. 
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4. 2. THE SCHENCK FATIGUE TESTING MACHINE 

The machine employs two systems for constant axial load cycling. 

A conventional high frequency drive of 2,400 c.p.w. resonates a spring 

to provide loads of up to !3 tons and a low frequency mechanical "push-

pull" gives loads up to !CP tons at 6 - 15 c.p.m. 

The general arrangement of the machine is shown in Fig.(1) and 

Plate (1). The specimen (A) is gripped at one end in crosswedge jaws, 

Fig. (2), mounted on a loop dynamometer (3), which allows measurement 

of the load by observation of the elastic deformation of the loop through 

a microscope. The dynamometer is rigidly fixed to a crosshead (C) 

which may be moved axially to accommodate different sizes of specimen 

and bolted down to the machine bed prior to testing. 

The jaws gripping the other end of the specimen are mounted on 

the end of two concentric loading springs (D) which are supported on 

the machine bed by a parallelogram frame (E). The latter is pivoted 

at its corners by cross spring leaves which permit movement in an axial 

direction only. 

The high frequency drive consists of an out-of-balance rotating 

mass attached to the rear end of the outer spring and driven by a D.C. 

motor through a flexible shaft. As this drive was not used for this 

programme, details of the load control system are not presented. 

The low frequency drive is operated from a three phase A.C. re-

versing motor (F) mounted on the end of the machine bed. The motor 

drives the large wheel (G) via a special reduction gear and sprocket 

and chain. This wheel is fixed axially between bearings and rotates 

on a threaded shaft (H) which is consequently driven to and fro along 

the axis of the inner spring, to the rear end of which it is attached. 

Thus, rotation of the wheel and movement of the threaded shaft causes 

deflection of the inner spring and a corresponding application of load 

to the specimen. For full capacity loading, the outer spring may be 

coupled to the inner at the driving end whence they both deform to-

gether. 



Load amplitude control is obtained by electric limit contacts (J) 

arranged from each end of the inner spring. The variable spacing of 

the contacts controls the deformation of the springs and consequently 

the load range. The limit contacts operate a relay circuit for re-

versing the direction of rotation of the motor (F). As the motor de-

forms the springs at a constant speed the range of load controls the 

cyclic frequency with which the loads are applied. The system is thus 

more nearly one of constant loading rate than constant cyclic frequency. 

However, the frequency range over the whole loading range is only from 

5 c.p.m. to 16 c.p.m., the upper end being limited by the maximum fre-

quency with which the motor may be reversed. 

The cut out system at fracture, consists of two microswitches (I) 

attached to the bed and operated by an increase in movement of the 

shaft (ii) beyond preset limits. 	A control cabinet separate from the 

machine houses the electrical switchgear, relay circuits, contactors 

and cycle counters. 

'k. 3. THE HAIGH FATIGUE TESTING MACHINE 

The machine used was a standard 6-ton Haigh machine, producing 

axial load cycling conditions at a frequency of 3,000 c.p.m. 	A com-

plete range of alternating stresses from 0 to 6 tons could be applied 
in combination with an equally variable static load, thus making the 

machine very suitable for considering the effect of increasing mean 

stress up to values approaching the tensile strength of the specimen. 

The general arrangement of the machine is illustrated in Fig. (3) 

and Plate (2). The action depends upon a pair of electro-magnets 

(A
1 

and A,)), supplied with two phase current alternating as a pure 

sine wave; the forces generated by these magnets pulling alternately 

on opposite faces of the single armature (B) are transmitted via shafts 
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(C) and guide springs (D) to the lower end of the test piece (E). 	The 

vibrating armature is guided by the cross springs (D) without any mec-

hanical rubbing parts, thus eliminating friction effects. The springs, 

which are situated above and below the electro-magnets are so arranged 

that the resulting motion of the vibrating parts is vertical and the 

straining of the specimen may thus be axial with respect to the machine. 

The clamps gripping the top end of the test piece are mounted on 

the adjustable crosshead (F). This is rigidly connected to the magnets 

by the four vertical columns which, rising from the base of the machine, 

form its major frame-work. The head may be adjusted to various posi-

tions on the columns to accommodate different sized specimens and fine 

adjustments may be made by the hand wheel (G). 

Below the magnets the vibrating crosshead is connected to the base 

of the machine by a set of large "compensating" springs (H) and the load-

ing screw (I). These springs serve the dual purpose of providing the 

force required to overcome the inertia effects of the vibrating parts 

in their vertical movement, and to act as a means of applying a steady 

"mean" component to the "alternating" electro-magnetic load. This 

latter adjustment is effected by rotating the graduated loading screw 

(I) and thus deflecting the springs. The axial movement of the load-

ing nut is therefore directly proportional to the applied load. The 

datum position for the armature is midway between the pole faces.• 

The electrical control system is housed in a separate cabinet upon 

which are carried the main alternating load control and recording dev-

ices. 

A "balancing ammeter" consisting of two ammeters, one in each 

phase of the alternator, affords a sensitive means of observing the 

relative mean position of the armature with respect to the pole faces. 

As it is normally expected to obtain truely alternating loading from 

the electro-magnet circuit, the datum and working position of this meter 

is zero, indicating that the armature is midway between the pole faces. 

Minute overall extensions of the specimen during a test are thus easily 

perceptible as changes in the meter reading. Application of a static 
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load to the specimen by means of the graduated loading screw (I) and 

compensating springs (H) is made by raising the head of the machine 

until the armature, displaced by the loading screw, is once more mid-

way between the magnets as indicated by the balance meter. 

The range of stress is controlled by variation of the voltage 

supply from the alternator to the magnetic coils. 	It is recorded on 

a meter designed to measure the quotient of voltage divided by fre-

quency, the scale readings of which are converted to load by means of 

a calibration chart. In order to obtain accurate readings in two 

loading ranges, viz. 6 ton and 30 cwt., two sets of connections for 

the magnetic coils are available. For the higher range the main coils 

of the two magnets are connected in parallel and only one of the two 

secondary coils is connected to the stress meter, whereas for the lower 

range the main coils are connected in series and both the secondary 

coils on the armature are connected to the stress meter circuit. 

An adjustable automatic cut-out device (J), operating when the 

range of alternation of the vibrating system exceeds prescribed limits, 

proved sensitive enough to stop tests before complete fracture if so 

desired. 

The whole machine is spring mounted to be free from floor vibra-

tions. 

4. 4. INSTRUMENTATION 

The object of the instrumentation was to record automatically 

the hysteresis loops and absolute strain conditions from the specimen 

at discrete intervals throughout its fatigue lifetime. 	It was decided 

that its use should be limited to the low frequency tests on the Schenck 

machine. 
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It was necessary to record load and strain measurements either 

against each other or against time in such a manner that the continuous 

"run" of a test need not be interrupted and recordings could be con-

veniently made over long periods of time. To obtain accurate hyste-

resis recordings frictionless moving parts were required and yet, owing 

to the considerable shock produced by the recoil of the loading springs 

at fracture, the extensometer had to be of robust construction. 	It 

was also essential that the recording system should not alter the mat-

erial behaviour under given loading conditions. 

After a certain amount of preliminary testing it was decided that 

an electrical system was the most practical. A large magnification 

could easily be achieved and several ranges of magnification could be 

incorporated in one system. Back-lash and friction were absent in the 

electrical system, the use of an oscilloscope and camera enabled per-

manent records of load and strain to be made and relay circuits could 

be employed for automatic control. Another major factor influencing 

this choice of system was that suitable apparatus was readily available 

which had been used successfully under similar test conditions. 

The design of the Schenck machine facilitated measurement of load 

by reason of the dynamometer loop deflection being directly proportional 

to the applied load. The problem was thus transformed into the measure-

ment of two displacements, one at the gauge length of the specimen and 

the other at the dynamometer loop, A very convenient instrument con-

sisting of a sensing probe and suitable amplifying circuit, known com-

mercially as a Magna Gauge, was available. In this the movement of a 

slug through a coil changes the inductance and hence the output of the 

probe which thereby produces a signal dependent upon displacement. The 

amplified signal is displayed by a pointer moving over a graduated scale 

in the amplifier case. 	It has two ranges, 0.00i1  by 0.0000f and 0.01" 

by 0.0001" and in addition the zero position can be adjusted to effect-

ively increase the coarse range by 6,0% and the fine range by a corres-

ponding amount. Although the total movement of the probe tip was 

small (1% on a 1" gauge length) the accuracy within the range was con-

sidered to be sufficient to accommodate a mechanical reduction in move- 
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ment between the specimen gauge length and the probe tip. To mini- 

mise the possibility of long term drift of the electrical signal, an 

amplitude modulated carrier wave circuit was employed working at 10 k.c.s. 

The general arrangement of the electric circuit is illustrated in 

Fig. (4) and Plate (3). 	The signals from the two amplifiers were fed 

into a double gun oscilloscope, thus allowing their display against 

each other on the X-Y plates of one beam or individually against time 

on the separate beams. In practice the former arrangement was found 

to be the most convenient. 

A camera, coupled to the oscilloscope and motorised for single 

shot or continuous feed recorded the loops on a suitable high speed 

recording paper. 	In general, for other than very short endurance tests, 

it was not thought necessary or desirable to obtain recordings of each 

cycle but rather to record one or two cycles at known discrete inter-

vals throughout the lifetime of the specimen, moving the camera film on 

after each record. 

A process timer which could be adjusted to close a pair of con-

tacts for short periods at given intervals of time was made to operate 

from the main motor circuit. The available time intervals were 6, 

10, 15, 20, 30 or 60 minutes, the contacts being kept closed for 12 

seconds at a time. Closing of the timer contacts operated a D.C. re-

lay circuit which switched on the oscilloscope "spot" and graticule 

light. 	At the same time it charged a condenser which,.on the sub-. 

sequent opening of the timer contacts and release of the relay, closed 

a second relay causing the camera motor to move the film on one frame. 

The timer being powered from the main motor circuit resulted in both 

the motor and the timer stopping when the specimen broke. 
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4. 5. LOAD AND STRAIN PROBE MOUNTINGS 

Load Probe 

In order to record the load at any instance during a test the 

load probe had to be mounted in such a manner that the deflection of 

the loop caused movement of the probe tip. As one side of the loop 

was rigidly attached to the machine crosshead this formed a suitable 

datum point from which spring deflections could be measured. In order 

to accommodate the higher load ranges it was necessary to incorporate 

a standard reduction arm between the loop and the probe tip. The 

general arrangement and location of the probe and reduction arm is 

shown in Plate (4). A standard side-acting attachment, using cross 

spring pivots to avoid frictional hysteresis, was incorporated into 

the system to allow convenient attachment of the probe to the machine. 

Strain Probe 

The requirements of a suitable mounting were that it should ac-

curately transmit to the probe tip the extension of a fixed small gauge 

length over which the strain conditions were uniform. It was apparent 

that such an extensometer must consist of two separate parts, one clam-

ped at one end of the gauge length holding the probe and another at the 

opposite end to actuate the probe tip on extension or compression. To 

eliminate all possible modes of free movement and ensure that the 

clamps moved in parallel planes, it was necessary that each clamp 

should have at least three points of contact on each side of the speci-

men. This raised the problem of accommodating the extension occurring 

between the differently located points of each clamp and ensuring that 

the deflection recorded by the probe was that due to the gauge length 

alone. 

After a period of trial and error the system illustrated in Fig. 

(5) and Plate (5) was found to give the required results. 	Contact 

between the specimen and the clamps was made by six spring loaded, 

hardened steel plungers, the ends of which were ground to a 600  cone. 

The large single locating plungers (A) forming part of the gauge length, 
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were joined to the two smaller supporting plungers (B) by two light 

copper-beryllum leaf springs (C) in the form of a parallelogram frame. 

This permitted small elastic movements of the plungers along the axis 

of the specimen alone. The resistance of these parallel springs to 

cross axial deflection served the dual purpose of keeping the points 

in contact with the specimen and preventing cross axial movement and 

rotation of each clamp about the locating plungers. 	In order to 

maintain completely "elastic" contact between the rear and the locat-

ing plungers, the former were first spring loaded onto the specimen and 

then locked in position at the lower end of the springs. On removal 

of the loading springs, completely elastic movement was obtained. The 

major locating plungers were spring loaded on one side of the specimen 

and rigid on the other, thus determining the position astride the 

specimen. The screw cap at the outer end of each plunger and spring 

enabled the pressure on the specimen to be adjusted. 

One of the main drawbacks of such clamping methods is the action 

of the hardened points of the plungers digging into the specimen and 

thus setting up local stress concentrations and perhaps initiating 

fracture. In practice no evidence was found to suggest that any such 

concentrations effected the fatigue behaviour of the specimens. This 

was no doubt due to the shape of the plain specimens, which, although 

beneficial in this respect obviously produced a non-uniform strain dis- 

tribution over the gauge length. 	This latter effect was thought not 

to be excessive over the 111" gauge length used. 

The probe itself was supported at the end of an arm projecting 

beneath one of the clamps so that its axial location could be varied 

if required. 	A somewhat lighter arm projecting beneath the other 

clamp carried a button for deflecting the probe tip. 	The button was 

located on an accurate 40 t.p.i. thread facilitating adjustment of the 

probe reading, calibration and resetting if required. 	Both of these 

arms were detachable from the clamps so that the instrument could be 

fitted or removed with the specimen already mounted in the machine. 

In order to keep within the deflection range of the probe, a 
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reducing arm was used which diminished the strain from the specimen 

by approximately 20:1. 	As shown in Fig. (6), this consisted of a 
cap, replacing the normal one over the probe tip, to which a light 

aluminium arm was attached by means of a copper-beryllium strip. The 

"spring leaf" enabled the arm to move only in a plane along the loading 

and straining axis of the specimen. Hemispherical steel inserts 

screwed to each end of the arm made contact with the flat surfaces of 

the probe tip and the button. 

In addition to its use with plain specimens, it was thought that 

the extensometer might be of some value with notched specimens in est-

ablishing the overall yielding conditions. 'Photoelastic studies showed 

that the elastic stress distribution was disturbed for a distance of 

about i51" from the notch position and it was therefore decided that a 

gauge length of 111;" would probably include all local yielding effects 

likely to be encountered. 	As the structure of the instrument elimi-

nated the possibility of using a very much smaller gauge length it was 

decided that this should also be used for the plain specimens. 

The extensometer mounted in position is shown in plate (4). 

4. 6. OTHER AUN.ILLARY APPARATUS 

Guide Plates 

In order to apply axial compressive stresses to the thin sheet 

specimens it was necessary to restrict buckling deflections. A 

design was developed using two rigid flat plates clamped across the 

specimen and separated from it by a thin film of lubricant. 	It was 

fpund that a heavy machine oil could be retained between the plates by 

saturating two thin sheets of chemical filter paper and placing them 

between the plates and the specimen. To obtain an even pressure across 

the specimen the plates were held together by adjustable cross straps 
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and rollers as shown in Plate (6). An inspection hole in the centre 

of the plates enabled observation of the critical section of the speci-

mens to be made throughout the test. 

This design was based on recommendations put forward by Brueggeman 

and Mayer
(72) 

who showed by strain gauge measurements that so long as 

the guides could be easily moved along the axis of the specimen during 

a test the frictional effects would be negligible. 

The guide plates, which were supported from a suitable part of the 

machine, proved very satisfactory for the Haigh machine tests. How-

ever, for the higher compressive stresses used on the Schenck machine, 

it was found necessary to remove the inspection hole and replace the oil 

impregnated paper by a thin film of graphite grease. For those tests 

in which the instrumentation was used it was necessary to further adapt 

the guides, reducing their overall width to allow free movement of the 

extensometer. The bulky fastening arrangement was replaced by simple 

adjustable locking screws at each corner and holes were cut in the plates 

to allow the extensometer points to make contact with the specimen. 

Plate (4) shows the extensometer mounted on the specimen. 

Adaptors for the Haigh Machine  

As no suitable jaws were available for supporting sheet specimens 

in the Haigh machine, adaptors were made to enable the cross-wedge jaws 

of the Schenck machine to be fitted. Plate (7) shows the wedges and 

the adaptors fitted to the Haigh machine. Adjustable screws at each 

corner of the adaptors provided the means for lining up the jaws to 

produce axial loading. 
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p. MATERIAL AND TEST PIECES 

p. 1. MATERIAL 

The same material was used throughout the whole programme and may 

be considered as one of the testing constants. It was taken from one 

batch of stainless steel conforming to the general specification D.T.D. 

166 B. and in the form of thin rolled sheet the nominal width being 20 

gauge. Little more need be said at this stage, static tests to yield 

the normal static mechanical properties being described elsewhere. 

The chemical composition and principal mechanical properties of 

the material are given in Tables (1) and (2). 

2. 2. TEST PIECES 

Both notched and plain test pieces were used in the programme 

and the form and general dimensions of these was decided with the fol-

lowing considerations in mind. The overall strength must be such that 

the load range of the fatigue machine is sufficient to apply all com- 

binations of mean and applied stresses up to the 

the material. It was felt that the form of the 

a stress distribution, the standard, theoretical 

evaluation of which was fairly well established. 

form commonly met with in practical engineering, 

Effects such as local plastic yielding and crack 

ultimate strength of 

notch should produce 

and experimental 

If this could be a 

so much the better. 

formation should be 

easily observable. The plain specimens should contain a fairly large 
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area of uniform stress conditions in which the fatigue fracture should 

be induced to develop and over which strain measurements could be re-

corded. 

The principle dimensions and shape of the specimens used are 

shown in Fig. (7). 

It was found in practice that unless the plain specimens were of 

the illustrated shape, fracture invariably started at the shoulders 

(in a standard tension test piece) or in the clamps. Photoelastic 

analysis was used (described in a later section) to produce a shape 

with negligible concentration of stress which would give a high per-

centage of fatigue fractures in an area of known "uniform" stress. 

As has been stated previously, the stress distribution associated 

with a round hole in a thin tension panel has been well established by 

many experimenters. The stress concentration so produced was thought 

to be of convenient magnitude for the purposes of the investigation. 

The fact that the transverse stress concentration in the vicinity of 

the hole Fig. (8) was a very small percentage of that in the axial 

direction enabled the stress system to be considered as uniaxial as a 

first approximation. Such a simple form of notch was also easily re-

producible, however, rather than using a single hole, it was thought 

that a symmetrical row of equally spaced holes might be of more interest. 

The holes were spaced across the section such that the elastic stress 

concentration effects of each hole were fairly independent of each other. 

The relative diameter and pitch of the holes was also of the same order 

as that used for normal riveting. The elastic stress distribution 

across the notch section is shown in Fig.(9), the stress concentration 

factor at the edge of the holes being a maximum value of 2.44 (based 

on net section stresses). 

At the commencement of this work it was not envisaged that it 

would extend to its present scope and the use of another fatigue machine 

was not considered. When the time came to test notched specimens on 

the Schenck machine it was found that the loading capacity was insuf-

ficient to accommodate a complete range of loading conditions. It was 
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thus necessary to reduce the size of the specimen while maintaining 

the notch characteristics. 

Rather than apply a geometric reduction to the specimen dimensions 

which would probably have changed the fatigue characteristics owing to 

"size effect", it was decided to effectively cut off of the specimen 

width. Static photoelastic results indicated that no change in the 

elastic stress distribution occurred around the remaining holes due to 

the unique form of similarity of the specimens. Subsequent fatigue 

tests of both types of specimen in the same machine, showed no greater 

scatter of results than might be expected from normal fatigue phenomena. 

The machining of the specimens was carried out in specially con-

structed jigs, all machined surfaces being finished with light cuts and 

the holes double drilled. The surfaces of the material were left in 

the "as rolled" and "machined" condition and although care was taken 

to avoid scratching and other forms of surface irregularity, polishing 

was not employed. The machined surfaces could be reproduced with a 

fair degree of consistency and the "as rolled" surface was found to be 

uniform throughout. It was considered that the surface finish, like 

the material itself could be considered as one of the "constant" test 

conditions. All specimens were cut in the direction of rolling of 

the material. 
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G. STREf3S CONCENTRATION IN NOTCHED SPECIMENS  

G. 1. ELASTIC CONDITIONS  

The elastic stress distribution around a central round hole in 

a flat plate under direct tensile loading depends upon the relative 

dimensions of the plate and the hole but is independent of the elastic 

constants of the material. For a thin plate the stress system may be 

considered as biaxial and, in the case of an infinitely wide plate, the 

stress distribution has been shown by theory and experiment(2)(68)(69) 

to be as illustrated in Fig.(8). A method of superposition has been 

suggested
(70) 

to evaluate the effect of interaction of neighbouring 

holes and correlates well with published data by Coker and Filon(71) 

for a three holed configuration similar to that used in the present 

tests. Application of the method to the present fatigue specimens 

yields the result shown in Fig. (9). 

It is apparent that the elastic stres:, concentration effects are 

highly localised around the holes and that, for such spacing as was 

used, one hole has very little effect upon the next. This conclusion 

was born out by the results of the photoelastic tests, Plate (8) and 

(9). 

It should also be noticed that in the vicinity of the holes, 

where the maximum stresses are located, the stress in the direction of 

loading is very much greater than the other two principal stresses. 

The influence of triaxiality of stress on the strength reduction factors 

may therefore be considered to be of secondary importance (at least under 

elastic conditions). 



. 6. 2. NON-ELASTIC CONDITIONS 

With increasing load a condition is reached in a notched specimen 

such that yielding occurs in the region of high stress concentration 

while the surrounding material is still undergoing elastic deformation. 

The area of non-elastic deformation may be as highly localised as that 

of the elastic stress concentration, however, as fatigue itself is cha-

racteristically a localised effect, evaluation of these peak non-elastic 

stress conditions must be of prime importance. 

Experimental observation is hampered by the large stress and strain 

gradients often encountered over very small areas. Spot measurement 

techniques such as electrical resistance strain gauges require that the 

gauge should be very small in comparison to the stress field and thus 

are limited to large specimens with fairly widespread areas of stress 

concentration. Because, under plastic conditions, the behaviour is no 

longer independent of individual material characteristics, the use of 

an extended form of photoelasticity, the standard method for elastic 

stress concentration, is severely limited. 

Plasticity theory cannot easily produce results for other than 

very simple cases and has not been attempted for this particular pro-

blem, however, the semi-empirical method suggested by Stowell(33) which 

is based upon the elastic theory and the material stress/strain curve 

has been shown to predict the reduction in maximum stress due to local 

yielding with a fair degree of accuracy(34)(3G) 

This analysis, which is basically the evaluation of the expression: 

Kp = 1 + (Kt - 1)--L3  
Eoo 

has been applied to the present notched specimens 

shown in Fig. (10). 	This represents the plastic 

factor K at the edge of a hole as a function of 
p 

section stress. After the maximum local stress 

to produce the curve 

stress concentration 

applied nominal net 

reaches the limit of 

the elastic range further increase in nominal stress produces local 

yielding at the hole edge with a resultant decrease in the stress 
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concentration factor. This reduction continues at a decreasing rate 

. tending towards a K value of unity at a nominal stress corresponding 

to tensile fracture. 

The graphical analysis in Appendix (A) presents the solution in 

three stages, firstly where all the material is elastic, secondly where 

the material at the notch is plastic while the bulk of the specimen is 

elastic and finally where all the section is plastic. These three 

divisions of the progressive yielding of a notched specimen with inc-

reasing load will be referred to later in connection with the fatigue 

results. 

It should be noted that the analysis makes no allowance for inter-

action between neighbouring holes which,although shown to be negligible 

in the elastic range, will not necessarily be so under conditions of 

gross yielding associated with high nominal stresses. Triaxiality of 

stress introduced by the form of the notch and by local yielding and 

the general effects of dynamic rather than static loading are also un-

mentioned. 

Despite these limitations the analysis was thought to be the best 

available and published evidence of its accuracy (34)(36)is  sufficient 

to accept its results with reasonable confidence. 	The size of the 

specimen and the highly localised nature of the stress concentration 

made experimental evaluation impossible. 

An alternative method of obtaining the plastic stress concentra-

tion factor under various stress conditions is to assume that the con-

centration of strain remains constant over the whole loading range and 

is equal to the elastic stress concentration factor, K
t 
(12)(35) 
	

This 

approximation gives a result which deviates from the mathematical solu-

tion by less than 10% and considering the simplicity of the analysis 

and the magnitude of other variables inherent to fatigue phenomena may 

be considered acceptable. 



7. AUXILIARY TESTS  

7. 1. MONOTONIC TENSION TESTS  

Tensile stress/strain curves to fracture were obtained for 
• several specimens taken from various parts of the material. Stan- 

dard tensile specimens, cut both in the direction of rolling of the 

material and at right angles to it, were tested under "static" condi-

tions in a Dennison Universal and a Houndsfield testing machine. 

Various standard extensometers were used and in addition autographic 

recordings were made in most cases. 

Further tests were made on the Schenck fatigue machine using the 

instrumentation developed for recording dynamic stress/strain relations 

during fatigue tests. This had the advantage of applying the same 

rate of straining as was used in the fatigue tests (of the order of 

6in/in/min.) and recorded the complete load extension-diagram up to 

. fracture, Plate (10). 

The material was found to have slightly higher ultimate stress 

values (Z) normal to the rolling direction but otherwise good agree-

ment was observed for all specimens tested under the same conditions. 

The Schenck "dynamic" tests, when enlarged and replotted in terms of 

stress and strain, lay slightly above the "static" curves as might be 

expected from the increased strain rate. The ultimate stress was 
9 

raised from 68.5 to 70 ton/in . 

The results are shown in Fig.(11) in terms of stress and per-

centage strain and the material properties are listed in Table (2). 

In comparing the dynamic and static curves it must be remembered 

that in the former a plain fatigue specimen was used with a Minch 

"shaped" gauge length whereas the latter refers to tensile specimens 

with a straight sided gauge length. 
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Tests on the Schenck machine using a notched fatigue specimen, 

Plate (10),indicated an increase in the nominal fracture stress to 

74 ton/in
2 

 . 

7. 2. STATIC CREEP TESTS  

It was observed that at high loads the material exhibited a 

certain amount of creep during the first few minutes of loading. A 

series of short term room temperature creep tests was therefore made 

using standard tensile specimens at various stress levels up to 

64 ton/in2. The results, Fig. (12), show that the strain rate de-

creased to negligible proportions after relatively short periods. 

Comparison of these curves and the static and dynamic stress/strain 

curves, Fig. (11), showed that the variation between the latter can 

be adequately explained in terms of this creep effect. 

7. 3. PHOTOELASTIC ANALYSIS 

Photoelastic analysis of birefringent models of the plain and 

notched fatigue specimens enabled the elastic stress distribution and 

stress concentration factors to be determined for each case. A stan-

dard photoelastic bench was used for these tests, the specimens being 

of in C.R. 39 sheet material machined to give full scale two dimensional 

similarity with the test section of the fatigue specimens. 

Photographs were taken of isochromatic fringe patterns, Plates (8) 

and (9), in which a known complete fringe order existed in the body of 



the test piece away from the holes. The distribution of the fringes 

was then observed through a travelling microscope and the location and 

value of the maximum fringe order found. Fig. (13) shows the distri-

bution of fringes along a line passing through the centre of the holes 

in a notched specimen. The maximum stress concentration factor (based 

on net section stress) which occurs at the edge of the holes along this 

mutual diameter was evaluated from the equation: 

K
t  

	

Fm 	An 
X 

	

o 	A9 

Where:- 
F
m = maximum fringe order 

F
o 

= fringe order in body of specimen 

A
n 

= net section area 

Ag  = gross section area 

Bearing in mind that the isochromatic fringes represent the loci of 

positions of constant maximum shear stress (or constant difference of 

principle stresses) the Plates(8) and (9) nevertheless serve to illust-

rate the general elastic stress distribution in the notched specimens. 

It can be seen that this is highly localised and that each hole is re-

latively unaffected by its neighbours. The stress distribution about 

each side of each hole was approximately constant, the maximum net 

stress concentration factor being 2.44; this was found to be unchanged 

for both the two and three holed specimens. 

No detailed results are presented for the plain specimen tests 

which were primarily to assist the design of a suitable specimen shape 

for the fatigue tests, however, it was observed that the maximum stress 

concentration factor obtained with the chosen design was less than 0.05. 



7. 4. CALIBRATION  

Calibration of the testing machines and instrumentation was 

carried out wherever and whenever it was thought necessary to ensure 

known constant conditions. 

The first step was to check the existing load curves for the 

testing machines. Static and dynamic strain gauge circuits were used 

on the Haigh machine with gauge Lars of different size to obtain opti-

mum elastic strain response for the two load ranges. The dynamic 

range of stress was checked at various values of mean stress through-

out the loading range of the machine and calibration charts of stress 

meter reading and loading screw rotation against load were produced, 

Fig. (14) and (15). 	The zero position of the mean load adjustment 

screw was checked before each test and a complete d;namic calibration 

was repeated towards the end of the testing programme. The gauge 

bars were calibrated statically against a standard Denison testing 

machine. 

Because of the low frequency of the Schenck machine it was possible 

to use a normal "static" Huggenberger extensometer on a work hardened 

duraluminium gauge bar. As an additional check a 	strain gauge 

circuit was also utilised as for the Haigh machine. 	A typical loading 

curve in terms of microscopic divisions observed at the loading dynamo-

meter is shown in Fig. (16). 

The frequency characteristics of the machine varied with the load-

ing range as illustrated in Fig. (17). 

The probes themselves were checked from time to time for displace- 

ment against amplifier reading by means of slip gauges. 	Any discre-

pancies from the required calibration could be corrected by an adjust-

ment control on the amplifier. 

The possibility of damage occurring to the reduction arm of the 

strain probe at fracture of a specimen called for the calibration to 

be checked before each test. This calibration, which was made by 
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means of a suitably mounted micrometer, could be adjusted by varying 

the effective length of the reduction arm. Typical calibration curves 

are shown in Fig. (18). The load probe and reduction arm was calib-

rated against dynamometer deflection and hence load, the curve being 

shown in Fig. (18). 

The complete recording system was checked using a duraluminium 

test bar strained within its elastic region. 	The bar itself had been 

calibrated under static conditions in a standard Denison Universal Test-

ing Machine and found to cycle elastically. The photographic record 

was calibrated against the amplifier scales with reference to the os-

cilloscope graticule. 
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8. FATIGUE TESTS  

8. 1. HAIGH MACHINE - PLAIN SPECIMENS  

Approximately ninety plain specimens were tested yielding results 

covering the complete range of alternating and tensile mean stresses 

required to produce failure in more than 5 x 103 cycles. Specimens 

were tested at constant values of II (-1.0, -0.46, +0.075, +0.33, +0.5, 

+0.725 and +0.91); in each case several specimens being tested at each 

of four or five different stress levels. 

Before testing, the calibration of the machine and the alignment 

of the jaws were checked. For the latter adjustment two rigid rect-

angular flat plates were clamped in the jaws with their protruding 

edges almost in contact. 	Vertical and rotational alignment was then 

checked by a spirit level, tri-square and vernier calipers, after which 

the jaws were securely locked to the machine. 

The procedure of the fatigue tests was first to check the zero 

position of the mean load springs and then, after clamping the specimen 

in the jaws and mounting the guide plates (if required), to apply the 

required deflection to the mean load nut. 	The mean load was trans-

mitted to the speci..en by raising the head of the machine until the 

armature was again midway between the clectro-magnets. 	The alternat- 

ing load was then quickly applied, at the same time adjusting the head 

of the machine to ensure the correct mean load was being applied to 

the specimen at all times. 	Further increase in overall length of the 

specimen in subsequent cycles tended to reduce the mean load and the 

head had to be continually adjusted for the first ten to twenty minutes 

of a test. 

For the majority of tests the loading conditions were found to 

stay constant until a few cycles prior to fracture, however, for the 
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higher load, shorter life tests, it was necessary to make slight ad- 

justments to the head for longer periods of the lifetime. 	This was 

more apparent with low and negative values of R and in some cases of 

very short endurance (5 x 103) the extension was continuous throughout 

the whole lifetime of the specimen. Although the fact that in some 

of these tests the specimen spent only a small proportion of its re-

corded lifetime at the correct stress level means that the results 

are of little value from a S/N fatigue curve point of view, it is note-

worthy that this continuous creep action resulted in a tensile type of 

fracture (or cut out due to excessive yielding) instead of the charac-

teristic fatigue fracture. 

Fracture generally occurred at the edge of the specimen either at 

the minimum section or at one end of a 45°  yield line passing across 

the minimum section. 	The crack formed in a ; lane normal to the load-

ing axis but with propagation this plane tended to rotate through appro-

ximately 45°  to the narrow width of the specimen while the direction of 

propagation continued across the :ddth of the s ecimen at right angles 

to the loading axis. 

The root of the crack was generally associated with a region of 

plastic deformation which under high loads spread across the specimen 
5  

as a /
0  shear band. The deformation was most intense at the crack 

root in the form of a small "V" shaped indentation proceeding the crack. 

Under much lower stresses no plastic deformation could be observed. 

In certain instances cracks started in the middle of the test section, 

localised plastic deformation developing at some point until a hole 

formed in the specimen which then propagated across the section in the 

normal manner. 

Photographs of typical fractures and fatigue cracks are shown in 

Plate (13). 

It was found that a crack, once formed, propagated quickly across 

a specimen until the section had been reduced sufficiently for the 

applied load to produce a tensile fracture. By careful adjustment 

of the "cut-out" it was possible to stop the machine just prior to 
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this final fracture. 

The results obtained from these tests are shown in tabular and 

graphical form in Table (3) and Fig. (19) and will be discussed in 

detail in a later chapter, however, it may be remarked that although 

the tests primarily gave data suitable for plotting in the form of 

S 	v. N at constant R, they were comprehensive enough to allow cross 
171aX • 

plotting of the stress variables in any other required form. 

The guide plates were very effective up to 40 - 45 ton/iǹ  com-

pressive stress but beyond this buckling could not be satisfactorily 

prevented. 

0. 2. HAIGH MACHINE - NOTCHED SPECIMENS.  

The test procedure used for the notched specimens was identical 

to that for the plain, an equal number of specimens yielding data over 

the same range of conditions. 	The three-holed specimens were used 

throughout and although in some all-tensile tests they were clamped 

between flat plates and loaded via pin and shackle, no difference was 

found between these and the majority of tests for which the Schenck 

cross-wedge jaws were used. 

Fatigue cracks started at the areas of stress concentration 

around the holes. Little preference was shown between the outside or 

central holes and in general cracks developed about both sides of two 

or all of the holes. 	The point of initiation was the sharp corners 

formed at the hole edge normal to the loading axis, propagation being 

fan-wise to cover the cross section and then spreading away from the 

hole normal to the loading axis. 	In all but the very low stress con-

ditions intense localised plastic deformation preceeded the crack tip, 

however, for very low stresses no deformation could be observed and the 

position of the crack was difficult to locate by eye in some cases. 
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Localised plastic deformation could be observed around the holes 

in most cases. 	In general this was in the form of small indentations 

etlimpleg9 on either side of each hole. 	At higher stresses the plastic 

deformation was intensified and developed into bands along shear planes 

from the "dimples" to the free edge of the specimen; between adjacent 

holes these shear bands joined to form a "loop" surrounding a small 

area of elastic material, Plate (14). 	The deformation pattern was 

symmetrical, as might be expected from the form of the specimen and 

the maximum shear stress distribution indicated from the photoelastic 

tests, Plates (8) and (9). 	In many instances the plastic deformation 

formed at the initial loading developed with subsequent cycling. 

It was observed that in certain circumstances plastic "dimpling" 

could be obtained at the notches without any subsequent fatigue failure, 

while under other conditions it was possible to develop and propagate 

a crack without any observable plastic deformation. 	Thus, although 

the root of a propagating crack was generally marked by a localised 

area of intense deformation and perhaps widespread yielding, it would 

appear that macroscopic plastic deformation is not necessarily directly 

associated with crack formation or propagation. 	However, more accurate 

methods might have detected some form of yielding in all cases. 

The specimens showed slightly less tendency to buckle than the 

plain and the limiting factor to the tests was the true time taken to 

apply the load as compared with the cyclic lifetiMe of the specimen 

rather than the buckling stresses. 

The results of these tests are shown in Table (4) and Fig. (20) 

and derived curves are also presented. 
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8. 3. SCHENCK MACHINE - PLAIN SPECIMENS 

The specimens were clamped horizontally between the machine jaws 

and, having previously set the zero reading of the dynamometer, the 

required load (observed in terms of dynamometer scale readings) was 

applied by the hand operated contacts. 	The limit contacts were set 

and the test then begun. 	Final adjustments were made to limit con- 

tacts during the first few cycles of the test as it was easier to set 

the exact load limits without fear of overloading while the machine 

was in cyclic operation rather than under manual con trol. 	As the 

limit contacts, which controlled the true deflection of the loading 

springs, were unaffected by changes in the specimen length no adjust-

ments were necessary for maintaining the mean loading conditions during 

the test as in the Haigh machine. Although advantageous in many ways 

this did mean that no indication of creep or work hardening of the 

specimen during a test could be obtained from the machine itself. 

Tests were conducted at the same P. values as in the Haigh machine 

to obtain data for lifetimes from a very few cycles to values over- 

lapping the Haigh results. 	The tests were limited in two respects, 

the maximum cyclic frequency and hence the minimum load range was 

limited by the performance of the reversing motor of the machine, and 

the time taken by any one test was limited, by practical considerations, 

to one week. 	Examination of the graphical and tabulated results, Fig. 

(19) and Table (5), will show that in practice this restricted results 

to R = -1.0, -0.46 and +0.075 and lifetimes below 10
4 
 - 105 cycles. 

The guide plates were effective up to about 55 ton/in
2 
 compressive 

stress and the slow cyclic speed enabled lifetimes to be recorded as 

low as 25 cycles. 	The same form of fracture occurred as in the higher 

speed tests, however, it was observed that, in those specimens which 

produced a tensile type fracture, the amount of creep extension waL 

sufficient to be observed without additional instrumentation. 

my occurred in broai_l bands on opposing 450 shear planes across the 

minimum section, t:)e area of noticeable plastic deformation being rather 



more widespread than that obtained in the Ilaigh tests. 	It was 

noticeable that, as with the Ilaigh results, the 45°  yielding bands 

produced in specimens containing a small fatigue crack (from which 

the yielding usually developed) was much narrower and generally more 

intense than the bands produced under cyclic creep conditions, Plate 

(13). 	Rotation of the fracture plane with crack propagation from a 

plane normal to the loading axis to one at 450  to the narrow width of 

the specimen was also observed. 

8. 4. SCflENCK MACHINE - NOTCHED SPECrIENS  

The test programme adopted in these tests was again aimed at pro-

ducing a continuation of the Haigh tests at shorter fatigue lives. 

The maximum frequency of the machine limited the extent of these tests 

as for the plain specimens, however, the two holed specimens used en-

abled a reasonably extensive programme to be considered. 

Tests were conducted at R values of -0.1, -0.46, +0.075, +0.35 and 
+0.525, producing fatigue lives between 10 and 105  cycles. 	The pro- 

cedure for all these tests was identical to that used for the plain 

specimens. 	Once again "scatter" of the results was less than obtained 

in equivalent Haigh tests, and in general it was found that at the same 

stress level the fatigue life was greater when tested at the slower 

cyclic speeds. 	A preliminary investigation using a sample of two and 

three holed specimens at H = +0.075 and suitable stress values showed 

no difference between mean results for the different specimens. 

The plastic deformation and general fracture characteristics were 

similar to those obtained in the high speed tests. 	No variation was 

found between the behaviour of the two and three holed specimens and, 

as observations were only of a general nature, no clear distinction bet- 
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ween the high and low speed conditions could be made in this respect. 

As with the Haigh tests it was found that at very high stress 

conditions the resultant failure could be ductile in appearance. 

Close observation of the test section during such tests showed that a 

localised creep action took place about the holes which gradually be-

came elongated and oval shaped with successive cycles. 

The results of these tests are shown in Table (6) and Fig. (20). 

8. 5. INSTRUMENTED TESTS ON SCHENCK NACHINE 

Tests were carried out on the Schenck machine using plain and two 

holed fatigue specimens with the extensometer and recording equipment 

described in a previous chapter. 

Initially it was intended to reproduce the same stress conditions 

employed for the fatigue tests, however, as the programme proceeded it 

became evident that further tests at the high stress conditions bring-

ing about dynamic creep and ductile fracture would be of interest and 

therefore tests at additional negative values of It were performed while 

some at positive values of R were omitted. 	The streams conditions and 

general test data are listed in Table (7). 

The procedure adopted for each test was basically the same. The 

specimen was first measured up, the central axes being marked in soft 

pencil and then clamped in the machine with the narrow section approxi- 

mately midway between the jaws. 	The compression guide plates and the 

extensometer clamps were placed astride the specimen. The calibration 

of the strain probe and amplifier was then checked against a micrometer 

and, having suitably zeroed the amplifier, the probe and follower were 

fastened to the extensometer clamps and the gauge bars removed. 

The calibration of the load and strain probe amplifier readings 
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many cases. 	Under conditions of cyclic creep it was 

record photographs of several cycles on the same frame 

the loop progressed as the total strain increased. 	In 

against the C.R.O. graticule was then checked and adjustments made to 

the latter as required. 	A photograph of this calibration was recorded. 

The test was started by applying the desired loads to the specimen 

and setting the Schenck limit switches in the normal manner. 	Cycling 

was commenced and strain amplifier readings and photographic records 

were taken manually for the first few cycles. 	The load limits were 

also checked on the Schenck dynamometer and adjusted as required. 

The automatic timer, started at the beginning of the test, was ad-

justed to give photographs at about a dozen regular intervals through-

out the lifetime; with this in operation the test could then be left 

to continue to fracture. 

In many cases in which stress/strain conditions varied during the 

test it was desirable that more frequent 

manual operation of the camera was found 

maximum and minimum values of the strain 

recorded in 

possible to 

showing how 

recordings should be made and 

to be more convenient. 	The 

amplifier readings were also 

certain cases this creep was so rapid that successive cycles could be 

recorded in this way. 

One consesuence of such creep action was that the absolute strains 

exceeded the range of the amplifier scale which then had to be rezeroed. 

This was done by momentarily stopping the machine at zero load (or a 

suitable low load) and adjusting either the "rezero knob" on the amp-

lifier or the "locating screw" of the extensometer to give a recorded 

deflection to the amplifier. 	If the creep rate became very large it 

was generally necessary to change to the coarse range of thc amplifier. 

Photographic recordings from various typical tests are shown in 

Pletes (10), (11) and (12) and the cyclic and incremental strain condi-

tions arc presented in Figs. (21), (22), (23), (24) and (25). 

In order to evaluate strains from the photographic recordings, 

these were placed in an epidiascope and a ten times maunified image 
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projected on to squared paper from which measurements could be re- 

corded. 	It was possible in this mariner to estimate to within 0.005% 

strain. A planimeter was used to measure the areas of the enlarged 

hysteresis loops. 

The anti-buckling guide plates were used for all tests, whether 

compressive stresses were imposed or not, as they were found to mini-

mise the liklihood of damage being caused to the extensometer at 

fracture. The instrumentation proved to be sensitive to buckling 

action which could clearly be sees from the C.R.O. trace. 	It was ob-

served that buckling deflections, absent at the commencement of a test, 

often appeared after several hundred cycles developing with subsequent 

cycles and finally stopping the test. 	This was not only associated 

with the tests in which high creep strain phenomena increased the un-

supported length of. the specimen but also occurred in the reversed 

stress .(1 = -1.0) tests where little permanent extension was observed. 

Owing to the considerable number of recordings taken from these 

tests the results are not tabulated but simply shown in graphical form. 

-56- 



9. DISCUSSION OF RESULTS 

9. 1. PLAIN SPECIMENS 

The first point of interest is the general form of the results 

illustrated by the S
max. 

v. log N curves at constant R values, Fig. 

(19). 	The Haigh results grouped themselves into a family of simple 

curves of the general form characteristic of all such fatigue data. 

A fatigue limit was reached at approximately 5 x 105  cycles fOr all 
values of R, the range of maximum stress (Su  - Soo ) over which frac= 

ture occurred decreasing with increasing positive values of R, while 

the absolute stress values correspondingly increased. 	In contrast, 

the minimum fatigue life obtainable for any particular R value inc-

reased with increasing positive values of R in such a way that the 

main sloping portions of the curves remained straight and parallel in 

all cases. 

An idealised diagram showing the geometric form of these curves 

is presented in Fig. (28). 	There are two main areas of deviation 

from the experimental curves; these are at the upper an: lower limits 

of the sloping portion of each curve. 	The curvature and change in 

slope at the high stress region coincides with the occurrence of cyclic 

creep and the production of fracture surfaces of ductile rather than 

fatigue appearance. 	This region will be discussed in detail in con-

nection with the results of the instrumented tests but it may be stated 

here that it seems probable that these different types of fracture are 

due to entirely separate mechanisms and that, if the creep could be 

restrained, pure fatigue fractures would occur at lifetimes more com-

patible with the idealised curves than the experimental data in this 

region. 

At the lower, fatigue limit, region the change in slope is not 
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so excessive and the deviation of the idealised and practical curves 

is only of a small order. 

The main point of note in these curves is that, because the rela-

tion between 
Smax. 

and log N at constant R is linear and parallel for 

all values of R, the relation between S 	and R (or log N and R) for 
Max. 

constant N (or S 	) should be fairly constant between the limits set 
max. 

by Su  and S. 	As all the stress variables are connected directly by 

"constants" dependent solely upon R,the form of these curves should be 

unaltered by substituting any other stress variable in place of S 

as co-ordinate. 

Returning to the experimental curves, Fig. (19), it can be seen 

that the Schenck tests, although they were not continued to a fatigue 

limit, exhibit the same characteristic trends as the Haigh tests. 	The 

difference in gradient of the curves must be attributed to the different 

cyclic loading speeds of the two machines. 	For an R value of -1.0, the 

low speed data exhibited lower strength (shorter lifetime), particularly 

at high stresses, but at higher R values the curves crossed each other 

so that, for stress conditions producing a maximum compressive cyclic 
0 

stress less than 20 - 25 ton/in , the low speed data exhibited the longer 

Owing to the inability of a material to respond instantcously 

to applied loads, it is probable that the actual strain conditions will 

be smaller for a given instantaneous load condition at higher cyclic 

speeds, the stress would thus be smaller and the fatigue lifetime greater. 

The delayed straining would be expected to be greater beyond the yield 

condition and thus, in the present case, the actual stress condition 

and hence the divergence between the Haigh and Schenck results would 

be expected to be greater for higher stress conditions, as was in fact 

found with the tensile data. 

This argument accounts for the low speed results exhibiting lower 

fatigue strength, however, to explain the crossing of the Schenck and 

Haigh curves at other stress conditions requires the assumption that 

some other mechanism is operative, whereby the higher speeds tend to 

decrease the fatigue strength. 	This mechanism must become increasingly 

max. 
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dominant as the percentage of cyclic' compressive stress is reduced 

from the yield conditions. 	A possible explanation of this behaviour 

may be put forward on the assumption that the fatigue lifetime corre-

lates directly with the width of the cyclic hysteresis loop (see liter- 

ature review and later discussion). 	The hysteresis loop may be assumed 

to be composed of plastic strain caused by reversed yielding at the load-

ing limits and also some strain caused by "anelastic" or microplastic 

material behaviour. 

From the previous argument high loading speeds would be expected 

to decrease the instantaneous strain, thus reducing the cyclic plastic 

strain and hence the width of the hysteresis loop. 	1\t the same time, 

the high speeds would increase the "anelastic" behaviour which would 

increase the loop width. 	Thus, where the hysteresis loop was mainly 

composed of plastic strain (large range of stress) the net effect would 

be an increase in fatigue lifetime, whereas when the loop was essentially 

"anelastic" the net effect would be an increase in loop width and con-

sequent decrease in the fatigue lifetime with increasing cyclic speed. 

A more generally accepted explanation( 3) of the speed effect is 

that at higher speeds there is less time for dissipation of cyclic 

energy from the specimen which thus rises in temperature and suffers a 

decrease in fatigue strength. 	This effect, which indicates a reduction 

in fatigue lifetime for higher loading speeds, cannot explain the ob-

served results in full but in conjunction with the other proposed mecha-

nisms could be thought to help the "anelastic" behaviour to reverse the 

high stress observations. 	However, in practice, the Haigh specimens at 

no time became too hot to hold comfortably in the bare hand and it is un-

likely that such a small temperature rise could have more than a very 

slight effect. 	The heating effect, if it did occur, would also be ex-

pected to be most noticeable under conditions producing a large hyster-

esis energy loss per cycle, that this was contrary to all the observed 

trends further suggests that the effect was negligible in the present 

case. 

The term "anelastic" is used here in a general sense. 	It refers 

to straining mechanisms,other than the wacroplastic behaviour, which 
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contribute to the hysteresis loop. 

It must be emphasised that the mechanism described is only one of 

several possible effects which could account for the observed results. 

It may be suggested that the difference in loading characteristics of 

the machines themselves (i.e. the shape of the load/time characteristics 

rather than the cyclic frequency) plays an important part. 	Alter-

natively, the high loading frequencies may be assumed to assist the 

pile-up, of dislocations within the crystalline structure of the material 

and thus promote crack initiation. 	Obviously the relative effect of 

all such mechanisms, if any, can only be found by further extensive 

experimentation. 

The lower loading speeds of the Schenck machine enabled the region 

in which dynamic creep conditions were operative to be investigated 

with a fair degree of precision. 	The range of stress and lifetime 

conditions was such that for an R value of -0.46 experimental points on 

the 
Smax. 

v. log N curve could be established at three to four separate 

positions. 	The results lay on a straight line slightly inclined to 

the N axis which could be extrapolated back to 
Smax.= 

 S
u 	

- at N 	J - 40 	The 

slope of the line decreased with increasingly positive values of R and 

at longer lifetimes blended in smoothly with the steeper gradient of the 

main curves. 	The lifetime condition at which the fractures ceased to 

be purely ductile and assumed the normal fatigue characteristics cor-

responded to the change in slope of the curves; this was found to de-

crease with more negative values of R as was the corresl,on:linu stress 

condition. 

The results from the Haigh tests which indicated creep action were 

limited by the absolute time taken to set up the machine which was of 

the same order as the lifetime of the specimen. 	However, general test 

observations did indicate that the behaviour became operative at slightly 

lower stress values with the higher testing speeds. 

No direct combination of the Haigh and Schenck data could be made 

owing to the extent of the divergencies between the two, however, the 

general form of each was consistent and extrapolation of the data could 



be made with a fait degree of confidence. 

A diagram often used to represent the effect of mean stress upon 

fatigue data is the Sa/Sm  diagram plotted at constant values of N. 

Such a diagram, Fig. (29), was deduced from Fiy. (19). 	The curves form 

a family, over a large proportion of which the separation at constant R 

values is approximately. constant as was predicted from Fig. (19). 	The 

curves indicate clearly that the range of stress necessary to cause 

fatigue failure in a given number of cycles decreases with increasing 

tensile mean stress, however, this is not a linear function of S. 

At high Sm  values the curves become tangential and then coincident 

with a line corresponding to S • = S
u
. 	The point at which the curves 

max. 
coincide with the ultimate stress line corresponds to decreasing S 

is 

values (decreasing R) with decreasing lifetimes. 	At lower Sm values 

the curves tend to become parallel to the abscissa, however, an abrupt 

reversal of curvature occurs at a point roughly coincident with the 

inclusion of compressive stresses in the loading cycle (R = 0). 	This 

is particularly noticeable at low stress, high lifetime, conditions but 

as the lifetime decreases and the maximum stress increases towards S
u
, 

the discontinuity gradually diminishes. 	At still lower S
m 
values the 

curvature is again reversed (convex with respect to the origin). 	Extra- 

polation of the curves indicates that, at high lifetimes near the fatigue 

limit, the stress range would remain constant (or decrease) with small 

compressive S
m 

values while at shorter lifetimes the trend is for the 

stress range to continue to increase with small compressive S values. 

The majority of published fatigue data tends to indicate a re-

latively smooth and flat portion of the curve for low and moderate 

values of. 	The sharp "elbow" at R = 0 has in many cases been absent 
m 

 

- or ignored, however, Woodward,,Gunn and Forrest(J) reported similar 
trends for certain aluminium and ferrous alloys, and, likening this 

behaviour to the general trend found in notched specimens, suggested 

local yielding at inherent stress raisers present in certain materials 

could cause similar behaviour in plain specimens. 	Gunn
(12) 

suggested 

that under such conditions the Sa/Sm  diagram could be divided into three 

stages in which the deformation of the specimen was either all elastic, 

in 
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plastic at the notch and elastic in surrounding areas or all plastic. 

The central flat portion 1)f the curves was thought to correspond to 

the elasto-plastic condition and the more steeply sloping lower Sm  

portion to all elastic conditions. 	The "elbow" would thus correspond 

to. the onset of local yielding at the notch. 

Contrary to this suggestion the present fatigue data shows that 

even at the lowest stress condition (N = 10
6

) the nominal maximum 

stress at theiblbow" corresponds to approximately 0.05 permanent set 

and if a stress concentration is to be assumed the local conditions must 

be greater than this. 	For shorter lifetimes the corresponding maximum 

nominal stress increases considerably and it would thus appear that the 

local conditions corresponding to the appearance of the "elbow" in the 

curves are often well beyond the elastic limits. 	If an explanation 

is to be sought in terms of yielding conditions it would be expected 

that the maximum stress would be an important criterion, however, from 

the experimental results it appears that the stress ratio R plays a 

more important part. 	It might be argued that, with local yielding, 

triaxial stress conditions become increasingly important but the coin-

cidence of the "elbow" with'the R = 0 ratio, which corresponds to the 

introduction of two di.-ectienal stressing (i.e. tensile and compressive 

loading in the same cycle), does seem to be of some importance. 

Metallurgical investigations into the basic nature of fatigue have 

let to the general conclusion that fatigue crack initiation is closely 

connected with the :ilovement and pile-up of dislocations within individual 

crystals. 	It is reasonable to assume that there will be some difference 

between the effect of repeated loads, all of which are in the same direc-

tion (i.e. all tensile or all compressive) and the effect of straining 

the material in two opposing directions. 	Such a change might be re- 

flected as a change in fatigue stress/lifetime characteristics at R = 0 

as was observed. 

- To illustrate the dependence upon R the curves are replotted in 

Fib. (30) and (31) in terms of S
a
, S

m 
and S 	against R at constant 
• max. 

N values. 	Fig. (30) shows the same general form as the Sa/Sm  curves, 

however, the discontinuities associated with R = 0 are greatly diminished 
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in these terms. 	In contrast, the Smax.
/E, curves, Fig.(31) show this 

discontinuity quite clearly and also illustrate the linear nature of 

the curves on either side of this point. 	The curves are parallel over 

the majority of their length corresponding to the parallel sloping por- 

tions of the Smax.
/log N curves, Fig. (19). 	It would appear that the 

discontinuity which is greatest at it = 0 is dependent mainly upon Sm 
and 

S 	and relatively independent of S
a
. 

max. 

In addition to the Haigh results, Fig. (23) also shows data pre- 

dicte6 from the Schenck tests. 	An interesting point is that on account 

of the dynamic creep effect the point at which the•curves intersect the 

maximum stress line appears to reach a limiting value corresponding to 

is = 0. 	At negative N values, where the cyclic stress passes through 

zero, dynamic creep becomes increasingly apparent and, as shown by Fig. 

(19), the S 	value for fracture in a finite number of cycles is al- 
wax. 

ways less than Su. 

The curves show a general change in characteristic form from long 

lifetime conditions similar to tee equivalent Unigh data towards a 

straight maximum stress line at zero lifetime. 

9. 2. i,..m-laicAL RUATIONSH1PS FOR 11,:11a 	.AL:Juus  

Many years of research work on fatigue and related problems has, 

as yet, produced no quantitative understanding of the basic mechanism 

of this mode of fracture and thus, in order to make most use of the 

experimentally observed trends, many empirical relationships between 

the various important parameters have been suggested. 	Some of these 

relationships have been discussed in the literature review. 	The rela- 

tionships themselves do not lead to any better understanding of the 

physical nature of the problem but merely suggest methods whereby a 

small amount of experimental fatigue data can be extrapolated to cover 
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a much wider range of conditions. 	They are essentially dependent upon 

experimentally determined constants and to be of any value it is impor-

tant that these constants should be both few and easily obtainable. 

In the present case of combined static and alternating loading 

of plain fatigue specimens two independent stress variables must be 

specified in order to define the stress conditions and obviously upon 

the choice of these rests the shape of the resultant characteristic 

curves and their amenability to simple empirical representation. 	In 

particular, as with all fatigue phenomena, it should be remembered that 

stresses are much more easily controllable experimental conditions than 

fatigue lifetime and thus while a few simple tests will indicate the 

variation of lifetime for given stress conditions (S/N curve), the 

variation of stress for a given lifetime requires considerably more 

lengthy experimentation. 

Obviously, empirical relationships must represent the fatigue data 

with an acceptable degree of accuracy, however, they must also be easily 

evaluated without lengthy experimentation. 	To assessthe value of any 

proposed expression both of these requirements must therefore be consi-

dered. 

It is often assumed that the relation between stress and lifetime 

is of the symmetrical form illustrated by Fib. (26). 	Many equations 

have been suggested to represent this curve, some of the best known of 

which are:- 

S = UN
a 

+ S 	Stromeyer 4) 
00 

S - S = b(N + 13)-a  
oo 

(S - U4,6 - S) = bN-a  

Weibull(75) 

Stuessi
(6) 

Such power functions are in essence the same and in their present form 

will fit the experimental results fairly well over the central 70 - 80% 

of the stress range. 
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A logarithmic diagram of S - Sand (S - S )/(S - S) against N 
Co  oo 	u 

is shown in Fig. (32) from data produced by extrapolation of the Haigh 

results corresponding to R = -1.0. 	The divergence from a straight 

line represents the deficiencies in the above expressions. 

From the general observation that a curve of n parameters can 

always be made to pass accurately through n arbitrary points it is clear 

that the accuracy of such expressions can always be increased in this 

manner. 	However, the value of such refinement is governed by the 

amount of scatter in the results and the ability to evaluate the constants 

concerned. 

The present material has shown that in this particular instance the 

fatigue data may be represented with an acceptable degree of accuracy by 

the idealised straight line curves shown in Fig. (28), particularly if 

the dynamic creep effect is assumed to cause a different form of fracture 

and therefore ignored. 	Such curves are identified by the constant slope 
dS 
dN M (where H is a constant for all R values), and the boundary condi- 

tions set by S 	= S and S 	= S . where S is reached at the same 
u 	max. max. 	 co 

lifetime (N ) for all the curves. 	Thus for a constant value of R:- 
00 

S
u 
- S

max. 
= M(N

u 
- N) 

or 	S
max. 

-Soo = M(N - N
o
) 

between the limits S0040max.‹Su 
and N

u
<41‹,.N 

oo 

This equation, although more simple than those previously mentioned, is 

like them of little value unless the relation between S and R or N and 11 

is established. 	This is not easily obtained by simple experimentation. 

Many empirical expressions have been put forward to represent the 

effect of combined alternating and static stresses, however, the majority 

of authors have restricted their interest to the 
Sa/Sm 

curves. 	The 

classical Gerber, Soderberg and modified Goodman relationships, Fig. (33), 

even when referred only to fatigue limit conditions as was originally 

proposed, do not present a good representation of the results although 

it cannot be doubted that the last two of these form safe design criteria. 



A cubic relationship of the form:- 

s
a 

= s(8 - (s /s + 1)
3
)/7 m   m u 

has been shown by Peterson(77)1952, to give a fair representation of 

the general trend observed by the vast amount of test data compiled by 

Smith 	however, it gave no better correlation with the present data. 

Stuessi
(76) 

suggested that the 
Sa/Sm 

curves could be fitted by a 

hyperbolic relationship of the form:- 

S
a 

= SI s (s - s )/(s (s - s ) + st s ) 
OD 11 u 	ns 	U u 	m 	CI) m 

where S' = S at R = -1.0. 
Co OD 

However, as with the previous suggestions, this ignores the discontinuity 

found in the experimental results at H = 0 and implies that constant life-

time curves diverge uniformly from the constant maximum stress value with 

increasing lifetime, i.e. S <;S• when S 	S, (Fig. (j4)). 
m u 	max

.
. u 

The experimental results from the present tests indicate that the 

stress-lifetime relation is relatively independent of R and thus it might 

be expected that simpler empirical relationships would be obtained from 

S
a
/R rather than 

Sa/Sm 
curves. 	Burdon(73) suggested on the basis of 

many published results (mainly aluminium alloys) that such curves could 

be represented as straight parallel lines within the natural limits of 

the material. 	Assuming that a further parallel line corresponding to 

an infinite endurance passed through the point S
a 

= 0, H = 1.0, it was 

suggested that the relative position of the constant endurance lines with 

respect to that for infinite endurance responded to the, equation:- 

NSx
4 

= constant 

where Sx = (2S
a
/S

u
) value corresponding to a particular value 
of N in excess of that corresponding  to 
N at the same S value. 
oo 

Such an analysis allows for the fact that constant endurance lines co- 

incide with the 
Smax. 

line at decreasing positive H values for decreas- 

ing lifetimes rather than all at one point (R = 1.0). 	It was suggested 

that the straight lines were limited to stresses below the yield condi-

tion. 
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Application of the proposed analysis to the present results, 

Fig. (35), indicates the extent of the error in assuming that the 

curves are parallel straight lines. 	This may be explained to some 

extent by the relatively low yield stress of the material, however, 

within the region considered (1 E1-1) the results may be represented 

with reasonable accuracy by straight lines, Fig. (35), all of which are 

coincident at a hypothetical stress condition corresponding to R = 1.0 

beyond S 	= S . 
max. 	u 

 

The occurrence of this common point at R = 1.0 may be predicted 

from the constant linear relationship found between 
Smax. 

and log N, 

Fig. (19), and the identity 2S /S 	= (1 - R)S 	/5 , however, the a   
max. u 

reason for the finite value of S
a 

is not so clear. 

The constant endurance lines, which now have a decreasing slope 

with increasing lifetime may be expressed by an equation of the form:- 

C
1 
 (1 - R) + C

2 

where C
1 

is a constant dependent upon N 

and C,)  is a constant independent of N and equal to the 
value of 2S

a
/5

u 
at N

o
. 

For a given value of R the distribution of the curves with respect 

to a horizontal Bile through the point of intersection at h = 1.0 (N , 
0 

Fig. (35),  corresponds to an equation:- 

4 
NS = C_ 

O 

where s
o 

= 25 
a 
 /5
u 
 value corresponding to a particular N value 
in excess of that for N

o 
at the same S value. 

and C
3 

= constant 

This expression is analagous with that produced by Burdon(76), differing 

only in the definition of S
o 
and S. 	Clearly, a solution to equation (2) 

and hence equation (1) may be estaLlished from one S/N curve at a constant 

R value, which may be easily obtained by standard experimental procedure. 
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Close inspection of the experimental data indicates that an 

alternative method of solution is to represent the curves as a set of 

parabolas coincident at (S
m 

= S
u
, S

a 
= 0), using only those parts of 

the curves which lie within the natural limits of the material, Fig.(35). 

Such curves may be expressed in the form:- 

(1 - R) = C(2Sa/Su)n  

where both C and n are dependent upon N. 

It would seem that in this case at least two S/N curves at constant R 

values would be required to evaluate these constants. 	The curves 

shown in Fiy. (35) were evaluated from S
max.

/log N curves at 1 = -1.0 

and R = 0 and correspond to the equations:- 

N = 10
6, 	(1 - R) = 8(2sa/Su)3'5  

,, 
N = 105, 	(1 - R) = 2.8(2S

a
/S

u
) 
.4 

N = 10
4
,

1.6  (1 - R) = 1.2(2sa/Su) 

It is apparent that the parabolic relation can give a truer re-

presentation of the experimental data than the straight line assumption, 

however, the difference is not great in the case of the present test 

data and, owing to the easier evaluation, the latter expression would 

seem to be the most useful. 	Although this expression ignores the dis- 

continuity observed at R = 0, it gives a truer representation of the ob-

served maximum stress conditions than other expressions and in this re- 

spect may be considered to be of some value. 	Essentially the discussion 

has been restricted to the present test results, however, it is note-

worthy that published experimental data indicates that for many other 

materials, especially the light alloys, the discontinuity at R = 0 is 

considerably less and thus the proposed analysis would be expected to 

apply to these materials with reasonable accuracy. 	Nevertheless, this 

suggestion cannot be accepted without further experimental evidence. 

(3) 
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9. 3. NOTCHED SPECIMEN RESULTS 

The general stress/lifetime and stress/stress relationships ob-

served with the notched specimens are presented in Fig. (20) and (36) 

in terms of 
Smax. 

v. log N at constant R and S
a 

v. S
m 
at constant N. 

These curves, when compared with the corresponding plain specimen re-

lationships, Fig. (19) and (29), show the same basic characteristics 

but with a general reduction in lifetime for any given nominal stress 

condition. 

The S 	/log N curves, Fig. (20), show that a fatigue limit is 
max. 

reached at a lifetime of about 5 x 105 cycles for all values of R. 

This lifetimg being a material characteristic, is the same as observed 

with.the plain specimens, however, for a given value of R the corres-

ponding nominal stress values are lower. 

The upper boundary to the curves (R = 1.0) is slightly higher than 

the plain curves owing to the increased nominal ultimate stress exhibited 

by the notched specimens however the general shape of the curves in this 

region is similar to that for the plain specimens. 	This increase in 

ultimate stress may be explained in terms of the local yielding which 

occurs at the notches at high nominal stresses. 

The Haigh results did not show the same extensive linear portion 

which was so prominent in the plain curves, instead the change in curva-

ture as the curves approached the fatigue limit was much more gradual, 

commencing at stresses well abdS.re the limiting stress. 	This effect, 

which was greatest at low and negative values of R, did however occur 

to a much smaller extent in the plain curves. 

At high stress values the curves tended to become linear and 

parallel with a slope slightly greater than the corresponding plain 

curves however, owing to the more extensive curvature at low stress 

values, and the general reduction in fracture stress conditions, the 

range of stresses and lifetimes over which fracture could occur, at a 

given nominal R value was increased. 

The general effect was to elongate the curves relative to the S
max. 
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axis and it was found possible to produce stable cycling conditions 

and consequential fatigue failures at R values as high as +0.91. 	This 

corresponded to a much smaller nominal alternating stress range at higher 

S
m 
values than the limiting condition (R = +0.725) which could be satis-

factorily tested with the plain specimens. 

Compared with the plain results, the distribution of the curves 

with R at a given lifetime was very much less uniform. 	At the fatigue 

limit the curves were crowded at low values and correspondingly widely 

spaced at the higher values. 	Fig. (37) may be compared with the corres- 

ponding plain curves shown in Fig. (31). 	Replotting the Smax.flog N 

curves at constant nominal S
m 
rather than constant nominal R values, 

showed a very much more uniform distribution over a wide range of life- 

times indicating a more regular dependence upon nominal S than upon 
1;1 

nominal 	values. 	This contrasts with the reverse trend shown by the 

plain specimens. 

The Schenck specimens exhibited smaller lifetimes for given stress 

conditions than those tested in the Haigh machine. 	This .aas most appa- 
, 

rent at high stress values, the curves tending to converge at lower 

values corresponding to lifetimes of the order of 5 x 10
4
- 105 cycles. 

In contrast to the plain curves there seemed little tendency for the 

Haigh and Schenck curves to cross at higher h values, however, the 

practical considerations of the total time taken by a'test and the 

limiting minimum load range applied by the machine prevented longer 

endurances being observed which might have clarified the position. 	As 

with the plain specimens, the basic cause of the divergence between the 

Haigh and Schenck results is considered to be the difference in cyclic 

frequencies and hence loading (straining) rates of the two machines. 

The difference between the behaviour of the plain and notched specimens 

muct be attributed to the notch effect under these different loading 

conditions. 

Cyclic creep action, resulting in ductile rather'than fatigue 

type fractures, was noticeable at high stress conditions. 	The general 

form of the curves in this region was the same as for the plain specimens 

but the overall reduction in lifetimes for the nominal notched stress 



conditions resulted in a smaller life range and a correspondingly 

smaller range of stress conditions for the creep behaviour. 	An in-

crease in the stress conditions required to cause creep action might be 

expected from the non-uniform stress distribution in the notched speci-

mens and the subsequent restraint to yielding of the highly stressed 

regions by the adjacent lower stressed material. 

As with the plain results,'although no direct combination of the 

Haigh and Schenck data could be made, each set of curves showed continuous 

characteristic trends which enabled each to be extrapolated with reason-

able confidence. 

The general divergences between the notched and plain fatigue data 

discussed in the previous paragraphs may.be explained by the assumption 

that fatigue is a localised condition which responds to equally localised 

areas of stress concentration rather than overall net section stresses. 

The actual stresses effectively causing fatigue will then depend upon 

the amount of redistribution of the elastic stresses caused by local 

yielding of the more highly stressed material at the notch root with 

increasing applied nominal stresses. 	The question is not merely whether 

there is a reduction in stress concentration at high nominal stresses but 

also how such a reduction will be divided between the steady and the 

alternating components of the fatigue stresses. 	Thee conditions will 

be discussed more fully in later pages but at this stage it should be 

clear that under such conditions it is to be expected that curves plotted 

in terms of nominal applied stresses will v:iry from plain specimen results 

ie a non-uniform manner with respect to the stress axes. 

The stress/stress diagram (S
a
/S

m
) for constant lifetime conditions, 

Fig. (36), reflects the trends shown in the stress/lifetime curves. 	The 

most obvious differences from the corresponding plain curves are that the 

curves occupy relatively lower positions with regard to the Sa  axis and, 

considered as a family, they are loss obviously dependent upon H. 	Con-

sidering the change in slope which occurred at zero or small positive 11 

values in the case of the plain specimen curves, the same change in slope 

becomes apparent at similar nominal Sm  values with the notched specimens. 

Owing to generally reduced stress conditions found With the notched 



specimens these mean stresses are associated with, lower Sa  values and 

hence higher values of R. 	This would indicate that, in terms' of 

nominal stresses, the reduction in fatigue streneth caused by the notches 

is probably less dependent upon S than R and that the former would make 
m 

 

a better basis for comparison of notched and plain results. 	This is 

shown more clearly by comparison of Figs. (31) and (37) which show S
max. 

/R relation for constant lifetime conditions. 

In order to draw a more quantitative comparison between the notched 

and plain results curves were constructed showing the variation of dif-

ferent strength reduction factors with the appliee strees conditions. 

assuming that S
I 
and S

2 
represent any two stress parameters defining the 

aeplied stress conditions, the strength reduction lector may be defined 

as the ratio:- 

plain specimen SI value 

notched specimen SI  value 

at constant S2 and N values. 

Several different factors were evaluated using S 	, S, S and R 
max. m a  

in order to find in which terms the ratio of plain and notched specimen 

results could be most conveniently expressed. 	It was found that the 

ratio of maximum stresses at constant mean stress and lifetime condi- 
mean, 

tions 
(Kfmex.-  

)' when plotted against the various stress and lifetime 

conditions, produced curves of the simplest form which were most amen- 
, 

able to empirical representation. 	These curves aru shown in Figs. (38), 

(39) and (40). 

As this is the only interpretation of the strength reduction factor 

uz,od ie the folloWine discusSion, Kf
mpan 

will be referre to simply as 
max. 

throuehcut; this being a more eeeerelly acceeted, althouell often less,  

s;iecifically defined, symbol. 

Fie. (33) slows that for a given value of S LB, Er  reeches a maximum 

value at a lifetime of about 10
4 
cycles, droleine slightly or remaining 

constant for longer lifetimes. 	The drop in 	for these longer life- 

times is noticeable only with small S
m 
values, while below 10

4 
cycles 

diminishes in the form of approximately parallel smooth curves tending 
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towards a minimum value, equal to the ratio of plain and notched 

specimen S
u 
values as N tends towards a minimum value and S 	to- 

max. 
wards S. The divergence of the K

f 
curves from the common minimum 

value becomes noticeable at smaller lifetimes, and reaches greater 

maximum values, as S
m 

is reduced. 	The general form is similar to a 

set of S
max.

/lifetime curves, the stress axis of which has been inverted. 

Cross plotting these results in terms of the variation of K
f 

with 

S at constant lifetime, Fig. (39), produces approximately linear curves 
Til 

of equal slope for all lifetimes which are nearly coincidental for life-

times greater than 10
4
. 

The basic fatigue data, Fig.(20) and (36), has shown that for a 

given value of S
m
, absolute stress values necessary to cause fracture 

increase with decreasing lifetime, it is therefore to be expected that 

K
f 
will decrease in the same manner corresponding to the relief of the 

stress concentration effect of the notches with increased local yielding. 

The various maximum K
f 
values obtained with changing values of S

m 
 corres-

pond to the increasing limiting fatigue strengths found with increasing 

S values. 

In considering the value of such a strength reduction factor as 

has just been described it must be remembered that it is based on the 

ratio of plain and notched nominal stresses at equal mean stress values. 

However, in the case of the notched specimens, the mean stress is only 

a nominal value and the value of the actual effective mean stress at the 

notch is unknown. 	The value of such a factor depends upon its ability 

to relate observable stress parameters in terms of an empirical expression 

rather than its ability to explain any basic material relationships. 

In order to produce a more specific explanation of the notch effect 

it is clear that some attempt must be made to etimate the actual stress 

conditions operative at the notch. 



9. 4. THEORETICAL CONSIDERATION OF THE NOTCH EFFECT 
UNDER CYCLIC LOADING CONDITIONS  

Stress concentration effects caused by geometric discontinuities 

are generally localised in nature; the photoelastic analysis and general 

test observations indicate that this assumption will hold for the present 

specimens,except possibly at very high stress conditions. 	Fatigue is 

known to be a localised mode of fracture and thus, assuming that stress 

is a basic parameter, it will be expected to respond to localised stress 

conditions. 

From the assumption of stress as a basic parameter arises the con-

ception that for two specimens of the same material to fracture after an 

equal number of cycles the "effective" stress conditions causing the 

fracture, whether they be constant values across a plain section or 

highly localised conditions as in the case of a notched specimen, are 

identical in each case. 	Experimental data with plain specimens under 

combined static and cyclic loading shows that, although for a given 

value of S
m 

there is only one value of S
a 
which will give rise to a 

particular lifetime, many other complimentary pairs of values of Sm 
and 

S
a 

will ensure the same condition, Fig. (29). 	Thus, to use a stress 

concentration factor to relate the local and nominal stress conditions 

in a notched specimen, in order to then relate the latter to the basic 

material fatigue data obtained from plain specimen tests, requires speci-

fication of both stress parameters (eg. Sa  and Sm
) by the stress concen- 

tration factor. 	Equally, for notched and plain specimens to exhibit 

the same fatigue lifetime does not necessarily imply that each local 

stress component is identical but rather that in each case the com-

ponents are complimentary in so far as they represent a point on the 

same constant lifetime curve such as Fiy. (29). 	Such a curve may there- 

fore be considered as representing a fatigue fracture criterion. 	Thus 

plain and notched specimen fatigue data, in terms of nominal stresses 

and fatigue lifetimes, does not give sufficient information to draw any 

conclusions regarding the true concentration of stress caused by the 

notches unless the relative effect on both components is known. 



Under fully elastic conditions the elastic stress concentration 

factor K
t 
will be equally effective on both S

a 
and S. 	The present 

tests were all conducted at a nominal S 
max. 

 greater than Sy/Kt  and 

under such conditions K
t 
was found to considerably over estimate the 

effect of the notches. 

It is convenient to consider the local conditions calculated from 

the nominal stresses and K
t 
as being the "ideal" or theoretical "elastic" 

condition caused by a given notch. 	The actual stress conditions 

operative at a notch, generally lower than the "elastic" conditions, 

may then be considered as resultant of the local yielding etc. reducing,  

the stress from the "elastic" value. 	The divergence between the 

"elastic" and the actual stresses will be discussed in these terms. 

Assuming that the removal of load from a maximum condition is 

elastic, it is clear that local tensile yielding will bring about an 

inherent compressive stress system at zero load, Fig. (41). 	If the 

stress range is. unchanged (reduction of maximum stress equal to the 

residual compressive stress) the overall effect upon the cyclic stress 

condition is a reduction of mean stress at the highest stressed region. 

Reference to the plain specimen fatigue results, Fig. (29), shows that 

such a reduction in mean stress will enable the specimen to withstand 

higher alternating stresses, i.e. generally increase the nominal fatigue 

strength. 	This corresponds to a shift of nominal 
Sa/Sm 

curves to higher 

S
m 
values for notched specimens with respect to the plain curves, Fiy. 

(29) and (36). 

If yielding is incurred under compressive stress the mean stress 

will be "decreased" towards zero and it would seem that the mean stress 

always tends towards a minimum value of zero. 	The maximum increase in 

strength caused in this manner can be estimated from Fig. (29). 

So long as the yielding remains localised the surrounding elastic 

material will ensure that applied constant load cycles will impose cycles 

of constant strain amplitude upon the plastic material at the notch. 

Orowar(27) has shown that under such conditions the stress range will 

develop with subsequent cycling to an elastic condition as supposed in 

the previous argument. 	However, published data indicates that metals 

-75- 



generally show some degree of permanent hysteresis behaviour under 

cyclic conditions, the loop width depending upon the stress values. 

Constant strain cycling limits therefore necessitate a reduction in 

the stress range (with respect to the elastic range) dependent upon 

the width of the loop. 	This reduction in S
a
, which is at the expense 

of the minimum cyclic stress, Fig. (41), will depend largely upon the 

stress ratio (R) and the nominal stress range. 

The results of the instrumented tests, Figs. (23), (24) and (25), 

indicate that the hysteresis loops obtained with the material under 

test are very small, particularly with positive values of R, but in- 

crease with increasing stress as R tends towards -1.u. 	This behaviour 

would correlate with the observed increase in nominal stress range values 

found with increasing negative values of R. 	However, such an effect 

would be expected to increase with increasing load limits and the fact 

that this does not appear to happen may only be attributed to the masking 

effect of the greater reduction of S
m 
caused by the higher stress con-

ditions and the difficulty in distinguishing between the two effects. 

The variation of the material properties under such conditions as shown 

by the corresponding plain specimen curves must also be considered. 

At very high stress conditions local yielding may change the geo- 

metric form of the notch and thus reduce the K
t 
value. 	This effect, 

which is thought only to be of importance with Very sharp notches such 

as the fatigue cracks themselves, is assumed to have a negligible effect 

upon the performance of the present specimens. 	Even the most highly 

stressed specimens showed very little change in notch radius except 

where cyclic creep became excessive. 

Another more important consideration regarding the stress dist-

ribution under local yielding conditions is the restraint of deformation 

imposed upon the yielded material by the surrounding elastic material. 

This "support effect", identified by some authors
(9) as arising from 

the necessity of there being a continuous transition from the small 

elastic to the much greater plastic strains, will cause a reduction of 

the peak stresses balanced by an equivalent increase in the lower 

stresses of the surrounding regions. 	Once again this mechanism will 
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tend to reduce the local cyclic mean stress towards a value of zero and 

it will also increase the area of the yielded material slightly, depend- 

my upon the applied stress. 	If the range is sufficiently large yield- 

ing will occur in the opposite loading direction in the reversed half 

cycle. 	The support effect will again be operative, giving an overall 

reduction in the local stress range. 

The support effect described so far is basically resultant from a 

uniaxial stress gradient, however, restraint of deformation can also be 

caused by a multiaxial stress system. 	Thus, considering the particular 

stress distribution caused by a round hole in a flat plate, Fig. (8) it 

can be seen that restraint of deformation will be expected from both the 

support effect (stress gradient) and the multiaxial stress system intro- 

duced.by the small transverse stress component. 	At the edge of the hole 

the former mechanism is alone operative (producing a maximum effect of 

complete equalization of stress across the whole section) whereas in ad-

jacent areas, where the transverse stress reaches a maximum value, addi- 

tional restriction may be expected. 	The consequential increase in 

effective strength of this area will be reflected as a general increase 

in the tensile strength of the whole test section. 	This correlates with 

the observed increase of approximately 4;:. in the static tensile strength 

of the notched fatigue specimens over the plain specimens. 

In all the previous discussion it should be remembered that at the 

high stress conditions producing local yielding the stress system can no 

longer he considered as uniaxial except at the free boundaries. 	It is 

thus necessary to talk in terms of an "effective" stress, implying the 

use of some suitable failure criterion. 

In terms-of "effective" unidirectional stresses the restraint of 

deformation (support effect) at the peak stress areas implies a raising 

of the stress/strain curve for the material at that point, tending to- 

wards a Hookian relationship with increasing restraint. 	However, at 

the sane time the support may well enable the material to endure a 

greater absolute strain without fracture. 

Two further material phenothena have yet to be considered, work 

hardening or work softening and the Bauschinger effect. 	The Bauschinger 



effect becomes operative under conditions in which yielding occurs 

in both halves of the stress cycle, suggesting that if, for example 

a material is taken past its tensile yield point and subsequently 

loaded in compression, the compressive yield point will be lower than 

if•the tensile yield had not first been exceeded. 	The qualitative 

effect of such a mechanism is to reduce the possible range of local 

stresses which can occur in an elastic manner. 	The effect might be of 

more importance with the notched specimens owing to the much higher 

compressive strain values which may be withstood without buckling by 

the localised notch areas on account of the surrounding material. 

As will be described in the next section, the material exhibited 

progressive work hardening characteristics under cyclic loading. 	The 

extent of this action depends upon stress conditions and its effect in 

raising the yield conditions is diffiCult to estimate in the case of the 

notched specimens. 

There is one further consideration regarding the fatigue phenomena 

which, although not directly associated with local yielding conditions, 

has a bearing upon the effectiveness of stress concentrations upon 

material fatigue strength. 	It has been stated that fatigue is a 

localised fracture mechanism and therefore responds to localised stress 

conditions, however, it seems reasonable to assume that an effective 

stress condition, above the fatigue limit value, must exist over a 

finite area and not just at au infinitely small point. 	The effective 

stress condition may be considered as some form of average stress value 

across a minimum area or volume of material, sometimes called a "material 

bloc". 	This average stress value will obviously be less than the peak 

(K
t
) value computed from elastic theory by an amount dependent upon the 

size of the "material bloc" and the theoretical stress gradient at the 

notch. 	This hypothesis proposes a mechanism of reduction in the 

effective maximum local stress which is independent of any form of yield-

ing and has been found necessary by many authors to explain the experi-

mental evidence indicating that, even under fully elastic conditions, 

theoretical K
t 
values tend to over estimate the effect of notches upon 

fatigue. 	For a given material, the reduction in effective maximum 

local stress by this means will be reduced with decreasing stress 
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gradients resultant from local yielding at higher nominal stress con- 

ditions. 	Thus, contrary to previously discussed mechanisms, this 

effect will'be greatest at low stress conditions. 

To summarise experiment shows that the theoretical stress con-

centration factor tends to over estimate the reduction in fatigue 

strength of notched specimens. 	The reduction in the effective peak 

stresses compared with the elastic values can be qualitatively explained 

in terms of a minimum "material bloc" and the effect of local yielding 

at the notch. 	The.effeceof local yielding appears to be dependent 

upon both the maximum nominal stress and the stress range. 	Both the 

static and the alternating components of the local stress arc affected 

but there seems to be no reason for supposing that the reduction is the 

same for both nor that any simple relation exists to give a quantitative 

explanation of the many complex and often interdependent mechanisms which 

may be operative. 	The various suggestions put forward are based on 

general observations of the behaviour of materials under cyclic loading 

conditions. 	They are intended to indicate the type of behaviour which 

might lead to, the observed effects, however, a more quantitative under-

standing of the relative effect of such mechanisms is beyond the scope 

of this thesis and would require considerably more refined testing 

techniques. 

9. 5. EMPIRICAL COMPARISON OF NOTCHED AND PLAIN SPECIMEN FATIGUE DATA 

Despite the conclusions of the previous section, it is of value 

to express the notched specimen results as an empirical function of the 

plain results although some of the assumptions used in its derivation 

are known to be inaccurate. 

K. Gunn
(12) proposed an analysis whereby local yielding was con-

sidered to reduce only the mean cyclic stress, the stress range remain-

ing elastic and being calculated from the nominal stress range by the 
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elastic factor, K.  Local maximum stresses were estimated by means 

of the Stowell relationship
(34) 

for the plastic stress concentration 

factor:- 
. 1 + (Kt - 1,
E 

 
p Ea° 

in terms of the material stress/strain characteristic. 	These local 

maximum stresses together with the stress range enabled the fatigue life- 

time to be estimated from suitable plain specimen fatigue data. 	The 

method is thus independent of any notched specimen fatigue tests. 

This analysis, which was shown to correlate quite well with pub-

lished data for light alloy materials, has been applied to the present 

test results (Appendix A) without the same success. 	Figs. (42), (43)  

and (44) illustrate the predicted and the practical notched results for 

a selection of lifetimes. 	The analysis over estimated the effect 9f the 

notch in all cases,predicting nominal S
a 
values approximately 30 - 40% 

below the experimental values for most of the S range. 	This is at 
m 

first sight what might be expected from over estimation of the local 

concentration of stress range, however, it must be remembered that, 

assuming the predicted reduction in maximum stress is correct, the error 

in S
a 

will be reflected in S
m 
so that direct point to point comparison 

of predicted and experimental results cannot be made. 

Despite this theoretical objection, the "apparent" error in Sa  is 

fairly constant and a correction factor based on an experimental notched 

result at, for example, R = -1 could be applied to the predicted Sa value 

with good effect. 	An alternative form of correction could be made by 

replacing K
t 
by an "effective" value K

r 
(often termed "fatigue strength 

reduction factor"). 	This type of correction factor has been used ex-.  

tensively by Peterson(S0) who defined the "sensitivity index" q as the 

ratio:- 	 K - I 

q =, K
t 
- 1 

and showed this to be a material "characteristic" dependent upon the 

dimensions of the test piece, the magnitude of Sm  and the fatigue life- 

time. 	Despite the variation of q with S
m
, Gunn suggested that a value 

of K
r 
calculated from test results at zero mean stress could be substi-

tuted for K
t 

he the calculation of both S 
max. 

 and S
a 

as a refinement to 

41 



the analysis. 	In practice it may be considered that Gunn's analysis 

is being used to predict the variation of q with mean stress. 	lathout  

such a correction factor, which necessitates a limited number of notched 

specimen fatigue tests, Gunn's analysis does not appear to be directly 

applicable to all materials. 	The close correlation shown for the light 

alloyj10)(11) may be considered as indicating that the "sensitivity 

index" for these specimens was approximately unity. 	Perhaps a more 

relevant point is that the steel used in the present tests had a much 

lower yield/ultimate stress ratio than the light alloys() and under 

such conditions the assumptions made regarding S
a 

and S would be ex
til 
	 - 

pected to cause greater errors. 

If the correction factor is accepted as part of the analysis, then 

it becomes no better than any other empirical relationship based upon 

ti 	experimentally determined factors. 

It has been shown, Fig. (38), (39) and (40), that the present 

results yielded curves amenable to simple empirical representation by 

plotting the ratio of nominal maximum stresses, taken at equal nominal 

mean stress and equal lifetime, to the relevant stress and lifetime 

conditions. 	For lifetimes greater than 10
4 
 cycles, Kr  may be re-

presented by the linear equation:- 

K
f 

K
f 

(1 
ay. 

S 	S 
_ ri ) 
S 	S 
u 	u, •• 

see Fig. (3"1) 

= average value of Kf  between maximum and fatigue 
limit value at S = 0. 

= ultimate tensile strength for plain s!.ecimens 

S 	= ultimate tensile strength for notched specimens un  

A more conservative equation may be obtained by using the maximum K
f 

value at S
m 

= 0 rather than the average value. 

At lifetimes of less than 10
4 
cycles Fig. (40) shows that an 

approximately linear relationship exists between Kf, and the nominal 

maximum notched stress for all S and N values. 
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Notched fatigue data predicted using these approx -Lnetions is 

compared with the experimental results and those preAicted by Gunn's 

analysis in Figs. (42), (45) and (/14). 	Very good correlation is found 

with the long lifetime experimental curves but with decreasing lifetimes 

the decreasing similarity between the notched and :lain results becomes 

apparent and the predicted Sa  values are rather lower than the experi-

mental at moderate and high S values. 
Ia 

Clearly, if the stress co-ordinates are expressed as fractions of 

the ultimate strength of each specimen, all the curves will be coincident 

at (S
a 
= 0; S = S

u), at which point the stress concentration factor will m
be a minimum value equal to unity. 	If the analysis requires a number 

of notched specimen fatigue results for the prediction of the various 

constants then this refinement will require little extra experimental 

work. 	However, the more direct comparison of actual nominal stress 

conditions was thought to !ee of more inteeest in the present case and 

this refinement woe; not attempted. 

it would al.pear that no reasonable prediction of notched specimen 

fatigue data can be made without some enperimental notched specimen 

results. 	This is on account of the inability to make a quantitative 

prediction of the relative effect of the local stress relaxation upon 

the alternating and static stress components. 	The most straightforward 

analysis based on a limited number of tests (one notched S/N curve at 

lI = -1.0) is to make use of the described linear relationships between 

K
f 
and the nominal stress conditions. 
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9. 6. INSTRUMENTED TEST RESULTS 

The extensometer and recording device worked satisfactorily 

throughout the programme, however, owing to the very small hysteresis 

loops developed by the material at low stress conditions, the programme 

was limited to those higher stress conditions which produced effects 

measurable with a reasonable degree of accuracy. 	Nevertheless, al- 

though a complete correlation of these results with the fatigue data 

could not be made, considerable interest was found at these high 

stresses which gave some indication of cyclic behaviour observed in 

the fatigue tests under corresponding conditions. 

There two main topics of interest brought out by these tests, 

changes in the absolute cyclic strain limits and changes in the area 

of the hysteresis loopsoand thus the amount of energy expended per

cycle and for a complete lifetime. 

Cyclic Creep Behaviour 

Fig. (21) shows the variation of the maximum cyclic strain during 

the lifetime of the majority of the plain test specimens plotted to a 

logarithmic lifetime scale. 	Owing to the uncertainty of the initial 

strain recordings during the first cycle of some of the tests, the 

results are ;.lotted relative to an initial maximum strain deduced from 

the material stress/strain characteristic and the maximum cyclic stress. 

It should be noted that the curves represent test data at widely varying 

stress conditions and that several of the curves extend to strain condi- 

tions considerably in excess of the range of the diagram. 	These curves 

are replotted in Fig. (22). 

For clarity the results at H = -0.46 are replotted in Fig. (46). 

This shows that, at a given H value, the curves group themselves into 

a family, dependent, as might be expected, upon stress. 	At very high 

stress conditions the curves developed a form in many ways similar to 

static creep curves. 	After a period of relatively steady but small 

strain increment, the slope of the curves suddenly increased, assuming 



a very much greater incremental cyclic strain rate. 	This strain 

rate was then maintained fairly constant until a few cycles prior to 

fracture when a further increase was observed. 	This behaviour, which 

has been called cyclic creep owing to its general similarity to static 

creep behaviour, only occurred at very high stress conditions and re-

sulted in a fracture exhibiting ductile rather than fatigue appearance. 

The maximum elongation reached at fracture was of the order of 15 - 17 

which is considerably greater than the total fracture. elongation (5 - 

observed in the static tensile tests. 	It was found that this large 

fracture elongation was obtained with all cyclic creep conditions which 

resulted in purely ductile failure. 	This contrasts with static creep 

behaviour in which, although failure may be obtained.at loads below the 

nominal ultimate stress level, the actual strain at fracture is usually 

considerably less than that obtained under standard monotonic tensile 

testing conditions. 

At low stress conditions no change in the strain limits was ob-

served during the lifetime, however, at intermediate values, a small 

steady strain increment followed by a slight increase in slope prior 

to fracture produced curves similar to the first stages of the cyclic 

creep curves. 	Under such conditions, although the specimen "necked 

down" as in a tensile fracture, a very small amount of the fracture sur-

face was of typical fatigue appearance. 

Returning to the more general curves, Figs. (21) and (22), it can 

be seen that, taken as a whole, the shape of the curves was not a 

simple function of either the maximum stress or the stress range and 

must be considered to be dependent upon both. 	The maximum stress 

necessary to initiate cyclic creep action increased with decreasing 

negative values of R, Fig. (22) and it was not found to be possible to 

"set up" accurate stress conditions sufficiently high to cause cyclic 

creep action with 2 values greater' than zero. 	However, at very slightly 

negative R valued (-0.1), conditions suitable for cyclic creep action 

were established with a maximum stress of 68 ton/in . 	Unfortunately 

the value of this particular test is limited owing to the fact that an 

electrical fault in the Schenck machine stormed the test for a conside-

rable period, nevertheless it was apparent that cyclic creep did occur. 
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There is not sufficient evidence to decide the significance of 

the observed lack of cyclic creep conditions with positive k values. 

It may well be accounted for as the inability to maintain steady cyclic 

conditions sufficiently close to the ultimate stress conditions. 	Alter- 

natively, it may be assumed that under these conditions normal monotonic 

fracture conditions are exceeded before a sufficiently large stress 

range can be reached to initiate the cyclic creep. 	A further alter- 

native assumption is that the reversal of the direction of stressing 

(tensile-compressive) consequential of negative R values is a necessary 

condition for cyclic creep action. 

This latter suggestion, which is in the nature of a general pheno-

mena independent of particular material characteristics, is disproved 

by the results of 3enham
(61) 

(working on copper at R = -1.0 and 	= 0) 

and Landau
(66) 

(working on Nimonic 90 at elevated temperatures and small 

positive R values) who have both reported a form of cyclic creep action 

at high stress conditions. 

In order to check the ability or otherwise to produce cyclic creep 

under purely tensile loading an auxilliary test was conducted on a 

standard Venison Testing Machine. 	This machine offered considerably 

more flexible control of loading conditions than the Schenck machine. 

It was found that, if a plain specimen was load cycled such that the 

maximum stress exceeded the gross yield in each cycle while the minimum 

stress was approximately zero, a form of cycle dependent creep could be 

produced which developed an overall fracture strain of the same order 

as that produced by the cyclic creep observed in the fatigue machine 

tests. 	The tests were conducted at the slow straining speeds used 

for standard monotonic tensile tests, both parallel sided specimens and 

plain fatigue specimens being used. 

It would thus appear that the inability to produce cyclic creep 

action at positive R values during the fatigue tests was most probably 

on account of the inability to apply the ap.ropriate loading conditions 

rather than any basic material property such as lack of reversal of the 

direction of stressing. 
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Landau showed that the cyclic creep behaviour is dependent both 

upon the temperature and the loading frequency (strain rate) as is to 

be expected from the effect of these factors upon other basic material 

characteristics. 	It is thus to be expected that the limiting stress 

conditions observed under fixed test conditions will not necessarily 

be valid either for the same material under different conditions or 

for different materials under the same conditions. 

One interesting difference between previously published results 

and the present data is the very large amount of elongation observed in 

the present tests under cyclic creep conditions with respect to the 

normal monotonic tensile fracture elongation. 	Denham reported large 

fracture elongations for cold worked copper (approximately 5O greater 

than the static value) under cyclic creep conditions but this does not 

compare with the 200 - 300Y) increase found with the present material. 

Inspection of the specimens showed that considerably more extensive 

yielding bands appear under these creep conditions, Plate (l3L indi-

cating that this increase in strain is most probably caused by a "de-

localising" mechanism rather than any critical section withstanding a 

greater maximum local strain than in a static teat. 	The difficulty 

arises, of course, from the necessity of measuring str.dn about a finite 

gauge length. 	A simple auxilliary test wc,s conducte.: in which a t.:-q)th- 

inch mesh was scribed on the centre sections of to fatigue specimens. 

These were subsequently fractur,d under monotonic loading and suitable 

cyclic conditions to produce cyclic creep action. 	The plastic strain 

measured in the various small gauge lengths at fracture are compared in 

Fig. (47). 	The diagram clearly shows the increased strain in the areas 

adjacent to the fracture caused under cyclic creep conditions. 	It is 

not suggested that such a test provides a rigid proof of this aspect of 

the creep behaviour but it does illustrate how at least some of the ob-

served strain increment is arrived at. 

Such a distribution of strain could be brought about by a progres-

sive localised work hardening of the yielding sections with each cycle. 

Thus, for example, if the strain is concentrated at one small area dur-

ing one cycle, it is suggested that this area would then work harden to 



such an extent that at the next loading cycle an adjacent are re-

latively more ductile, would yield in preference to the harder area. 

This could then itself become work hardened and subseqUent cycling 

would thus disperse the total cumulative deformation. 	This is, of 

course, similar to the mechanism of necking in the simple monotonic 

tension test, however, it is thought that the greater dispersion and 

hence increased elongation found under cyclic creep conditions, may 

be associated with the increased mobility of dislocations f83)(84)  

thought to be obtained under cyclic loading  conditions. 	The auxilliary 

tests referred to on page 35 suggest that the phenomena is not uniquely 

associated with the shape of the plain fatigue specimens. 

Fig. (22) shows that the cyclic creep curves are all of similar 

form, different stress conditions apparently only bringing about a 

change in the extent of the early stages of the curves. 	however, re- 

plotting the curves to r., linear lifetime scale, Fig. (48), illustrates 

that they may each be divided into four separate stages, depending upon 

the rate of cyclic strain increment. 	This is shown more clearly in 

the idealised diagram shown in Fie. (49). 	The behaviour contrasts with 

that found by Benham(61) for cold worked cop er, Fiu. (5u), which ex-

hihited only three stages, analaeous it: form to typical static creep 

curves. 	Further data by Landau
(66)

(Nimonic )0 et elevated tempera- 

tures) and Kennedy
(82) 

(lead) exhibited a form similar to that found by 

3enham. 	It ie possible that the different behaviour exhibited by the 

pre-ent tests is e material characteristic in some way associated with 

the unusually excessive fracture elonention obtained under cyclic creep 

conditions. 

Fig. (L.k;) shows that the extent of the second stage increased with 

increasing lifetime, the slope generally decreasing,. 	At the same time 

the slope of the third stage decreased quite considerably, however, the 

actual _train values marking the beginning ana end of the third stage 

remained approximately conetant for all stress conditions. 	Insufficient 

tests were conducted to determine the quantitative effect of mean stress 

uwon cyclic creep behaviour, however, from the available data it would 

appear that the curves form a family dependent upon the lifetime. 	In 



terms of stresses the data seems more directly dependent upon Sa  

than on any other single stress component. 

Correlation of Cyclic Creep and Fatigue Test Bata 

The correlation of the cyclic creep behaviour with fatigue test 

data, Fig. (19), has been mentioned preVionsly. 	The initial shallow 

sloping Portion of the stress/lifetime curves corresponds to those con-

ditions producing completely ductile fracture surfaces and exhibiting 

cyclic creep behaviour.- 	This part of the curve blends smoothly with 

the top of the more steeply 	fatiuue curve and it appears that 

the interL:ediate stress conditions corres:,.ol to those'producing a 

limited amount of cyclic creep behaviour but not a purely ductile frac- 

ture. 	This is illustrated by compering the fatigue test data, Fi. (19), 

and the exiensometer data et h = -6.4G, Fig. (46). 

This ;,pint has been mentioned by Denham
(61) 

who suggested that 

cyclic creep behaviour represented a mechanism of fracture entirely 

separate from that 1;roducincj  fatigue fracture. 	Both mechanisms were 

assumed to Lc independent of each other, the type of failure occurring .  

under any given condition deyondin,, upon whic!; failura criterion was 

first exceeded. 	Thus. , under those conditions protlucin:; cyclic creep 

behaviour it v.as sal own that if the crep could be restrained by adjust- 

th,_ load limits sl4htly tho resultant failure was by fatigue and 

the 	crrosonded to that predicted by an extrapolation 'of the 

more steeply sloping portion of the stress/lifetime curves. 

The present data arees favourably 	this assumption and it 

would seem that the criterion for the ductile type of fracture could 

be expressed ae a first e,.roximation in ter.:is of the overall strain 

at fracture, this being aeeroximetely constant in all the conditions 

tested. 	The ability to .obtain fatijue type fractures after e certain 

amount of creLe. behaviour also egrets eith the eug;:eetion that these 

twa mechanisms oZ Cracturu are indepeedent and under suitable conditions 

may both be operative simultaneously. 



An interesting point observed by Benham was that cyclic creep 

could be obtained under fully reversed nominal loading conditions 

(R = -0.1). 	This can be explained in terms of the true stresses 

operative at the test section. Owing to the reduced section caused by 

tensile loading, the true tensile stress will be greater than the true 

compressive stress, thus allowing for- the tensile increment. 	It was 

in fact found to be possible to eliminate the cyclic creep action under 

such conditions by slightly increasing the compressive load. 	During 

the present tests it was found not to be possible to apply sufficiently 

high stresses to initiate cyclic creep behaviour under fully reversed 

loading conditions owing to buckling of the narrow specimens. 	Even 

at an R value of -0.6 and S 	= '64 ton/in , the excessive strain caused 
MAX. 

by cyclic creep increased the length of the specimen unsupported by the 

guide plates such that buckling occurred between the guide plates and 

the machine jaws before normal fracture. The evidence of Benham's tests 

was taken as sufficient to extrapolate the plain specimen fatigue data 

as shown in Fig. (19), nevertheless, it is a:parent that tensile cyclic 

creep cannot be expected under cyclic conditions in which the maximum 

compressive stress is greater than the maximum tensile stress. 	Although 

some discontinuity will be expected in this region it is not necessary 

that this should apply to the fatigue fracture mechanism and hence the 

fatigue results which it has been previously stated tended to increase 

continuously beyond R = -1.0, Fig. (29). 

The above discussion obviously leads to the hypothesis of a minimum 

fatigue lifetime below which fatigue failure cannot occur. 	Thus even 

if cyclic creep never occurred, the true fatigue curve could not extend 

back smoothly to i cycle but must be considered as being represented by 

• the extrapolation of the main portion of the Smax. 
/log N curves. The 

limiting condition is reached when this curve intersects the ultimate 

tensile stress condition. 	If fatigue failure is defined as any type 

of failure resultant from cyclic loading, obviously the existence of a 

minimum fatigue lifetime will depend upon the material's ability to ex-

hibit cyclic creep. This generalisation of the definition of fatigue 

failure is thought to be the reason for the many conflicting reports 
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which have been recorded regarding the existence of a minimum fatigue 

lifetime. 

It may well be the case that if fracture was not caused by normal 

tensile failure, the fatigue line could be extrapolated to even higher 

stress conditions. 	This assumes that the mechanism of pure fatigue 

failure is independent of normal tensile failure in the same manner 

was as 	suggested for the cyclic creep behaviour and would be contrary 

to the minimum lifetime criterion, however, such a suggestion would 

seem to be most difficult to verify experimentally. 

Notched Specimen Data 

The notched specimen fatigue results, Fig. (20), indicate a similar 

discoetinuity at high stress conditions as was found with the plain data 

and subsequently correlated with cyclic creep phenomena. 	The fracture 

surface appearance under such conditions was also ductile rather than 

fatigue in nature. 	It thus seems probable that some form of cyclic 

creep mechanism can also occur at the notched section. 

Incremental strain recordings observed during the lifetime of some 

notched specimens are shown in Fig. (51). 	This data was recorded by 

the same e,uipment as was used for the plain specimens using the same 

inch gauge length, it is therefore insensitive to localised stress 

and strain conditions. 	Nevertheless, the curves show a progressive in- 

crement of overall elongation with continued cycling at high stress con- 

ditions which may be called notched cyclic creep conditions. 	The elon- 

gation is considerably less than was recorded with the plain specimens, 

however, it is in accordance with what might be expected from overall 

measurements of a localised creep action. 

Observation of the specimens during testing showed a considerable 

increase in the strain range of the holes each cycle as well as an over- 

all creep action in the direction of loading. 	The holes were clearly 

oval shaped at fracture. At such high stress conditions the value of 

t'he stress concentration factor approaches unity or even less owing to 

the local yielding effects discussed previously. 	Although this may be 
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small, it is thought that the non-uniformity of the stress distribution, 

together with the multiaxial stress system, is sufficient to restrict the 

cyclic creep behaviour to localised regions. 	Thus, even when a certain 

amount of yielding has occurred across the whole test section, the elon- 

gation measured over such a large gauge length is very small. 	Neverthe- 

less, the similarity between the notched and plain specimen fatigue data 

shown in Figs. (19) and (30) suggests that on a localised scale very 

similar mechanisms are operative in each case. 

Cyclic Clastic Strain :tango 

Many attempts have been made in the past to correlate fatigue life- 

time with the width of the hysteresis loop. 	The width of the loop Las 

Leen shown to vary during the lifetime, however, by taking an average 

value it has been shown that a linear relation exists between log E 
p 

and log N for most materials which may be represented by an equation 

of the form E Nx  = C, where ep = cyclic plastic strain range (loop width) 

x = constant, of the order of 0.5. 

C = constant, thought by some to be con- 
nected with the monotonic fracture 
strain. 

N = fatigue lifetime. 

Under conditions of cyclic creep the definition of E in terms of the 

width of the hysteresis loop becomes uncertain. 	Plates (11) and'(12) 

show typical cyclic creep recordings and from these it is clear that 

tLe loops may be divided into two distinct areas, that which represents 

the permanent creep strain and that which is repeated strain. This is 

shown more clearly by the diagramatic representation_ of successive cycles 

shown in Fig. (52). 

The width 	represents the total plastic strain range during a 

complete loading cycle. 	Of this Epp is permanent set (or creep strain) 

while 6pr  is reversed in the next loading cycle and may be termed a 

"repeated strain range". Clearly Epp E
Pr 
 + Epp and in the normal 

condition devoid from cyclic creep behaviour Epp  is equal to zero. 
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The area enclosed by the hysteresis loops is proportional to the 

amount of energy expended during each loading movement and hence,apply-

inu the same subdivision as before:- 

E
t 

= E
r 
 + lip 
	

where L = energy per cycle 

Owing to the consistency of the general form of the hysteresis loops 

the width of the loops may be assumed to be directly proportional to the 

area and thus the variation of E and Ep during the lifetime of a parti- 
cular specimen will be approximately the same. 	In Figs. (23), (24) and 

(25) the variation of 	and Epr  during the specimen lifetime is illus- 

trated 

Under cyclic creep conditions 	(the difference between Ept  and 

Epr) can be seen to assume quite large values in proportion to the total 

strain range (Ept) but, although Ep  varies considerably during the life-

time, corresponding to the various cyclic creep-strain rates, Fig. (21), 

(22) and (48), the value of Epr  remains comparatively constant. 

It is suggested that the repeated loop width in some way represents 

the fatigue damage while the permanent loop represents the cyclic creep 

behaviour. 	The relatively constant value of Ep
r 

with respect to Ep 

illustrates the independence of these two mechanisms. 	The two mechanisms 

may be related to the microstructural changes which occur within the 

material. 	For example, it is well established that fatigue is associated 

with the production of fine slip bands which steadily intensify during 

the course of the lifetime and are associated in some way with eventual 

crack initiation. 	However, unidirectional deformation results in the 

formation of considerably coarser slip bands. Although no direct 

evidence was recorded of such slip band formation it is suggested that 

the repeated loop is associated with fine slip formation (thus fatigue) 

while the permanent loop is associated with the coarser slip (thus creep 

deformation). 

The value of ePr under cyclic creep conditions is found to be in 
general agreement with the extrapolation of the variation of loop width 

with increasing stress conditions found under non-creep conditions. 

This is demonstrated by Fig. (53) in which Epr  is plotted against the 
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nominal stress range. An approximately linear relation was formed for 

all stress conditions (12 values) in which no divergence was found bet-

ween the creep and the non-creep conditions in terms of this repeated: 

loop. 

Fig. (54) is a "log.log plot" of the repeated loop width (Epr) 

and the fatigue lifetime (N). 	The data clearly divides into two 

regions corresponding to cyclic creep and pure fatigue behaviour. For 

a given value of R the pure fatigue data agrees reasonably well with 

the expected straight line corresponding to the Coffin relationship 

= c 
p 

However, in considering the value of the present data, it should be 

noted that the accuracy of these results is limited in two respects. 

The majority of the long lifetime tests were removed before fracture 

their endurance being estimated from the S/N curves. 	They are thus 

liable to all the scatter observed in the fatigue tests. 	At lower 

stress conditions the width of the hysteresis loop became so small that 

accurate measurement could riot be made. The accuracy of the data is 

thus greatest for the cyclic creep conditions. 

The cyclic creep data, like the pure fatigue data, agrees with a 

linear relationship of constant slope for constant It values, however, 

this slope is considerably less than that found in the latter case. 

The curves correspond to the equation 6 N5  = C. 
p 

On the assumption that for a given II value the Coffin-type line 
1 

(e N2  = C) represents a form of fatigue criterion and that the repeated 
part of the hysteresis loop found under cyclic creep conditions (re-

presenting the fatigue damage) is independent of the cyclic creep action, 

it is to be expected that if the creep behaviour were removed the fatigue 

lifetime would be represented by an extrapolation of this curve. Cyclic 

creep data, when plotted in Fig. (54) against a fatigue lifetime estimated 

from an extrapolation of the more steeply sloping portion of the S 
max. 

v. log N curve, Fig. (19), is shown to correlate quite well with this 

assumption. 
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Work-hardening and. Work-softening Characteristics 

The curves shown in Figs. (23), (24) and (25) illustrate the 

change in cyclic loop width throughout the lifetime of each specimen. 

The general form of variation observed is a reduction in loop width 

during the first few cycles followed by a relatively steady or slightly 

increasino value for the remainder of the lifetime (neglecting the last 

few cycles in which the fatigue crack propagates). Under cyclic creep 

conditions the onset of the third stage (accelerated creep rate) is 

marked by an increase in total loop width together with a smaller in-

crease in closed loop width. A decrease in the hysteresis loop area 

represents a work-hardening of the material and thus under normal fatigue 

conditions it is seen that the metal work-hardens fairly rapidly over 

the first five to ten cycles after which conditions generally remain 

fairly constant or soften very slightly with continued-cycling. 	The 

initial work-hardening was most extensive with high 
Smax. 

values at' 

positive II values in which circumstances the hardening often continued 

at a decreasing rate throughout several hundred cycles. Under cyclic 

creep conditions the higher creep rate of the third stage is coincident 

with a continuous steady softening of the material% 

Observations of the Bauschinger effect were not particularly sen-

sitive, however, the constant shape of the hysteresis loops through a 

particular specimen lifetime indicated that, as hds been reported by 

other investigators, this effect is negligible after the first few 

cycles. . 

Meleka and Evershed
(84) have shown, by superposition of a fatigue 

stress for limited periods during standard creep tests on high-conduc-

tivity copper, that after a sudden increase the creep rate becomes steady 

at a value slightly higher than the original static creep rate. 	However,. 

if the fatigue stress is removed, the resultant creep rate is less than' 

the original static value. These and other results led Meleka and Ever- 

shed to the view that the effect of cyclic stressing was twofold: 	the 

increased mobility of the oscillating dislocations would promote a softe-

ning of the material and an increased creep rate, whereas the prodUction 



of vacancies and point defects, also resultant from the cyclic stressing, 

would, by migrating towards the dislocations, promote a hardening of the 

material and decrease the creep rate. 	It was thought that the two pro- 

cesses operated simultaneously under the application of cyclic stresses. 

The former, which was a dynamic effect, would be removed on the removal. 

of the cyclic stress, whereas the latter was more permanent in nature. 

Applying the model to the present data suggests that the initial 

hardening observed in all tests is caused by the dolainance of the latter 

process in the early cycles and that, under non-cyclic creep conditions, 

this is balanced in subsequent cycles by the effect of.the increased dis- 

location mobility. 	At high stress, conditions suitable for cyclic creep 

action it is to be assumed that the softening process becomes increas-

ingly effective producing first an approximately balanced condition and 

then a steady softening of the material - and corresponding increase in 

creep-rate. 

Neleka and Evershed have shown that such a model is supported by 

considerable experimental evidence and it is apparent that it. does offer 

a reasonable explanation of the observed work softening and work harden- 

ing characteristics of the present material. 	However, a closer corre-

lation with this and other aspects of the cyclic creep phenomena ob-

viously requires considerably more experimental evidence regarding the 

relative effect of the two mechanisms under given loading conditions and 

other metallurgical considerations beyond the scope of the mechanical 

engineer. 

Cyclic and Total Energy Considerations 

The successful use of an average value of hysteresis loop width as 

a criterion for fatigue damage obviously depends to a great extent upon 

the variation of the actual conditions from this average value through- 

out the lifetime•. 	The experimental results show that, at the high 

stress conditions considered, this variation is considerable, Figs. (23), 

(24) and (25), and that it is not the same at each stress level. 	It 

might be thought that the summation of all the loop widths rather than 

the average value for each cycle would be more representative of the 
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fatigue behaviour, however, rather than using loop widths, the loop 

areas, being proportional to the total energy expended, seem to offer 

a better basis for such discussion. 

A suMmation of the total area of the repeated (or "closed") portion 

of each hysteresis loop led to an estimation of the amount of energy 

expended (work done) during the complete lifetime of each specimen. 

This data is plotted against the fatigue lifetime in Fig. (55). 	Neg-

lecting those specimens for' which the loop area was -very small and the 

lifetime large (greater cumulative error) the data is Seen to lie on a 

smooth curve exhibiting an increase in the total fracture energy with 

greater lifetimes. 

The form of this curve is the same as was found by D 	m enha (ea) for 

a selection of materials (annealed and cold worked comer, mild steel 

and aluminium) and it seems to offer better prospects for some form of 

cumulative damage analysis of fatigue behaviour than the methods in 

present use. 	In its present form the curve is of limited practical 

value until the energy factor can be expressed in some simple terms. 

Nore sensitive testing techniques will also have to be adopted to verify 

the independence of such a curve from mean stress conditions which has 

been suggested by the present results. 

A summation of the permanent portion of the Cyclic loops yields a 

maasure of the overall permanent plastic work done to fracture for the 

cyclic creep data. 	As the total elongation was found to be approxi-

mately constant in all cases and the stress range was also little altered, 

this summation will be constant for all cyclic creep conditions. This 

suggests that an overall maximum fracture energy criterion might be found 

in these terms for the cyclic creep phenomena. Assuming this to be so 

it is possible to suggest that under load cycling conditions a specimen 

will fracture by a fatigue mechanism characterised by such a curve as 

Fig. (55) unless a maximum permanent plastic energy condition has first 

been reached, in which case it will fracture by a cyclic creep mechanism. 
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10. CONCLUSIONS  

(1) The fatigue characteristics of DTD.186 material under axial 

alternating and tensile static load conditions are represented by 

Fig. (19). 

(2) This corresponds to an idealised diagrall of the form shown in 

Fig. (28) in which, for the majority of stress conditions between S 
OD 

and S
u
, the curves show an approximately linear relationship between 

S 	ana log N of constant slope for all R values. 
max. 

(3) At very high stress conditions fatigue specimens develop con-

siderable elongation and produce fractures of a ductile appearance at 

lifetimes less than might be expected from extrapolation of the main 

portion of the fatigue data. 	This is most apparent at negative values 

of R and has been termed "cyclic" or "dynamic" creep action. 

(4) It is suggested that the mechanism of cyclic creep is entirely 

separate from that producing fatigue failure and that the extrapolation 

of the main portion of the fatigue curves, Fig. (19), represents the 

true fatigue characteristic. 	If the creep action were restrained true 

fatigue type fractures would be obtained at lifetimes corresponding to 

this extrapolated curve. 

(5) The intersection of these curves with limiting condition S 	= S 
max u 

thus represents a minimum fatigue lifetime condition which is shown to 

be dependent upon the stress ratio R and also the speed of cycling. 

(6) The endurance limit is reached at a constant number of cycles 

for all R values. 

(7) The low speed, Schenck machine, tests produced curves of similar 

form to those obtained at the higher cyclic speeds, however,, the slope 

of the curves was less in the former case. This was reflected as an 

increase in fatigue strength at higher stress conditions although the 

increment was reduced with decreasing stress and for more positive 

values a reduction in strength was observed at low stress conditions. 

-!97- 



(8) The effect of static stresses upon the fatigue data was found 

to be more dependent upon the tress ratio I? than any other single 

parameter except at very high stress conditions when S 	becomes 
max. 

more important. The curves joining 
Smax. 

and R at constant lifetime 

conditions are composed of two linear portions, the slope of which is 

independent of N. For a given N value the change in slope occurs at 

approximately H = 0. 

(9) The 
Sa/Sm 

curves showed two areas'of discontinuity with general 

empirical expressions; the "elbow" at R = 0 and the intersection of 

the curves with the line 
Smax.= 

 S
u
. 	It was not found possible to re-

late these curves to the yielding characteristics of the material on 

the assumption of inherent material stress concentrations except at 

very high stress conditions. 

(10) The data proved most amenable to empirical representation when 

plotted in terms of S
a 
and R at constant lifetime conditions. 	Such 

curves could be represented by a linear relationship in which the slope 
4 

varies with the lifetime according to the equation NS
x 

= constant, and 

a common point for all curves was found at R = +1.0. 	The constants of 

the general equation, 
2Sa  

S
x 

= C
1
(1 - R) + C

2 	
(where S = 

x S
u 

can be evaluated from one experimental S/N curve at a constant value 

of H (11 = -1.0, say). 	A better approximation to the high maximum 

stress conditions can be obtained by a parabolic equation but this re-

quires rather more experimental data for evaluation. 

(11) The notched specimen fatigue data is represented by Fib. (20). 

The general differences in appearance of these and the corresponding 

plain specimen curves is thought to be on account of the former being 

expressed in terms of nominal stresses and the relation between these 

and the actual stresses is not expected to be uniform. 

(12) A general reduction in strength is observed with the notched 

specimens which is greatest at low stress conditions, however, the 

ultimate strength of the notched specimens is greater than the plain. 

(13) At high stress conditions a form of localised creep action occurs 



at the notch root in a similar manner to that experienced with the 

plain specimens. 

(14) It was not found possible to predict the relative effect of the 

notch upon the static and the alternating components of the stress and 

foi this reason\no-reasonable prediction of the notched results could 

be made without some experimental notched specimen tests. 

(15) A strength reduCtion factor (Kf) defined in terms of the ratio 

of notched and plain nominal maximum stresses at equal nominal mean 

stress and lifetime values was found to' afford the best correlation be-

tween plain and nptched specimen fatigue data. 

(16) At-a given value of S
m
, K

f 
decreases uniformly from a maximum 

value at a lifetime of abbut 10
4 
cycles to a minimum value at small 

lifetimes corresponding to conditions in which 
Smax.= 

 Su. 
	

K
f 

is 

greatest at S
m 

= 0, the maximum value being about two thirds of Kt. 

(17) Kf 
forms an approximately constant linear relation with Six. 

 
for all S

m 
values below 10 cycles. Above 10

4 
 cycles K

f 
forms a 

linear relation with S for all N values. 	Both of these approximate 

relationships may be established from one experimental S/N curve for 

both plain and notched specimens at II = -1.0. 	The use of such curves 

was found to be the easiest method of producing a reasonable prediction 

of notched specimen fatigue data. 

(18) Under cyclic creep.conditions the hysteresis loop area may be 

divided into two components, a "permanent" loop and a "repeated" loop. 

cyclic creep data may be compared with fatigue data in terms of the 

repeated loop width (or area) at lifetimes estimated from extrapolated 

fatigue curves. 

(19) Cyclic creep curves are not necessarily associated with static 

creep phenomena. What is generally thought of as the linear secondary 

stage of a static creep curve is divided into two linear regions of 

greatly differing creep strain rate under cyclic creep conditions. 	The 

majority of the elongation is confined to the second of these regions. 

(20) The total elonuaticin at fracture under such conditions was found 

to be considerably in excess of that obtained in a normal monotonic test; 
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it was approximately the ame in all cases. 

(21) The creep curves seem to be dependent more upon Sa  than any 

other stress condition. 	They form a family dependent upon lifetime. 

(22) Log epr/log N curves can be represented by an equation of the 

form @Pr N
x 

= C. 	For fatigue data the power x is approximately 0.5 

but the constant C varies with R. 	For cyclic creep. data the power x 

is approximately 0.35. 

(23) Under cyclic load conditions the material undergoes a rapid 

work-hardening during the first few cycles but this usually becomes 

steady or increases slightly during the remainder of the lifetime. 

However, cyclic creep is associated with an extensive softening of the 

material during the latter stages. 

(24) The total energy to fracture in terms of the reversed loop 

area, appears to be independent of the stress ratio and increases in 

the form of a smooth curve with lifetime. 
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11. FUTURE RESEARCH 

From a thesis of such a general nature as this there are ob-

viously innumerable topics which arc brought to mind as warranting 

further study. 	It is proposed to restrict this discussion to those 

topics which arise directly from the present work and seem to be of 

most interest. 	The following suggestions are not presented in any 

intended order of importance. 

(1) Extend the scope of the present data to include higher com-

pressive st:esses and larger negative R values. 

(2) Extend the scope of the low speed Schenck data towards the 

fatigue limit of the material and make dynamic stress and strain re-

cordings from the high speed data to give more information as to the 

observed speed effects. The apparent change of effect of the low 

speed from increasing to decreasing the fatigue strength is of parti-

cular interest. 

(5) Develop a recording device which will record localised strains 

obtained in notched specimens under plastic conditions. 	It is con-

ceivable that some form of optical interference technique or a develo-

pment of the photoelastic technique using bonded birefringent plastics 
(85) could.be used to find the relative effect of a stress concentration 

upon the static and alternating stress components under these conditions. 

This would lead to a better basis of comparison for notched and plain 

specimen results. 

(4) Metallographic examination of specimens during cycling condi-

tions which may be correlated with .dynamic stress and strain recordings, 

as wade in the present programme, giving further information on slip and 

dislocation behaviour under high load conditions. 

(5) A more detailed study of the cyclic creep phenomena in relation 

to static creep and the so called "ratchet mechanism" in strain cycling. 

Also a more detailed investigation'of the excessively large fracture 

elongations found with the present material under such conditions. 
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(6) A careful investigation of the proposed subdivision of the 

hysteresis loop under conditions producing an overall strain increment. 

(7) Further consideration of the effect of mean stress u,on the 

log e /log N relationship and investigation of the validity of the 
equation, E Nx  = C. 

(8) An extension of the concept of total cyclic energy as a possible 

criterion of fatigue damage. 

(9) Consideration of the validity of using a "gauge length" prin-

ciple of strain measurement under plastic conditions which are not 

necessarily uniform across the gauge length. 

(10) Extension of the programme to other materials and a development 

of more sensitive recording techniques which will incorporate both a 

large overall range and a greater sensitivity within that range, thus 

giving more accurate measurements. 
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ENDIX (A)  

DETE:INATION OF THE PLASTIC STRESS CONCENTRATION FACTOR 

The equation developed by Uardrath and Chman(34) relating the 

purely elastic stress concentration factor with the plastic stress 

concentration factor is:- 

E 
K 	1 + (K

t 	

s  
- 1)-- 

P 	Eco 

This can be re-written:- 

2s 
= 1 + (K

t 
- 1)—   (2) f

1 oo 
Idiere f

1 
= nominal stress at test section. 

and f, = local stress at root of notch. 

This expression can be solved in three stages:- 

(i) When all the material is completely elastic the elastic 

stress concentration factor K
t 

is fully operative. 

(ii) When yielding conditions have been exceeded at the root of 

the notch but the body of the material is still elastic, 

1 + (K
t 
- 1) 2  

f
1 

By taking values of f„ and reading Es  from the material 

stress/strain curve, fl  can be determined in terms of K
t 

and 
2
/f
1 
can be evaluated. 

(iii) When the whole material has yielded the equation is most 

easily solved by graphical means owing to the necessity 

of otherwise producing an algebraic stress/strain relation- 

ship. 	Equation (2) may be re-written:- 

	

2 	f
2 
f

e
1 

1 + (K - 1)— — 
e 

	

f
1 	2 1  

(1) 

(3) 



which reduces to:- 

fl 1 - (K
t 
- 1)— 

e2 

where e
1 
 and e2 arc the total strains 

corresponding to fl  and f
2 
res-

pectively. 

By taking values for f
2 
and corresponding values for e

2 
from the stress/strain curve both sides of equation (4) 

may be plotted in terms of e
1 

and from the intersection of 

these curves values for 
f2/f1 

(i.e. Kr) can be obtained 

which satisfy the equation. 

The values so obtained for K are shown in Fig. (10). 

An alternative approximate method of analysis is to assume that the 

concentration of strain is unchanged for all stress conditions and is 

equal to the elastic stress concentration factor. 

A plastic stres:i concentration factor may then he evaluated from 

the material stress/strain curve. 

Values ohtain,:, in this manner are compared with those from the 

previous analysis in Fig. (10). 

(4) 
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TABLE (1)  

MECHANICAL PROIUZTIES 

V.H.N. Proof Stress 
ton/in2  

Nominal Tensile Strength 
"Static" 

Young's 
Modulus 
ton/ins'  

Elongation 
(2in gauge) 0.1(,v  0.'40 Rolling 

Direction 
ton/in2  

Cross Rolling 
Direction 
ton/in2  

370 45 57 

. 

GS.5 70.1 

. 

12 x 103  :‘.2 

TABLE (2)  

PERCENTAGE COMPOSITION 

C Si Nn S 	' P Cr Ni 1' 

.I:. ,..30 0.75 0.019 0.018 18.25 9.76 0.70 



TABLE (3). RESULTS OF PLAIN SPECIMEN FATIGUE TESTS - HAIGH MACHINE 

R S 
max.2 ton/in 

LIFETIME 

3 cycles.15 

R S max.2 ton/in 

LIFETIME 
- 3 cycles.10 

R S 

ton/in 
max.,)   

LIFETIME 

cycles.03  

R S max.2 ton/in 

LIFETIME 

cycles.1053  

0.725 65.0 4,125 U 0.330 52.0 216 0.075 50.0 50 -0.460 51.7 - T 
9 67.0 3,620 U It 52.0 523 G 0.125 48.4 48 
II  63.o 1,133 9 52.5 243 0.103 53.4 42 
II 68.o 1,184 ti 55.0 137 0.075 50.0 63 -1.000 22.5 9.128 it 69.o 6 T II  55.0 132 tt 56.5 16 it 22.5 4,328 G is 69.0 1,750 /I 55.0 2,437 G II  56.0 30 it 22.5 282 

II  60.0 91 II  6o.0 7 T II 
24.1 260 

II  60.0 66 9 24.o 312 
0.50o 44.0 15,725 U 9 60.0 67 9 25.6 1,467 
0.528 53.3 3,949 U II  62.5 62 -0.460 30.0 24,321 U ri 25.6 302 
0.500 58.0 11,714 U n 64.0 51 9 31.0 623 II  25.6 210 

If 60.0 373 9 64.0 43 9 31.2 283 u 25.6 230 vi 60.0 263 9 67.0 - T 9 32.3 8,580 9 30.6 115 
ft 
if 

60.0 
64.0 

257 
186 

, 
U 

33.1 
33.0 

254 
169 

9 
9 

30.6 
30.6 

84 
86 9 64.0 231 0.075 38.0 12,008 U ti 35.4 148 II 5.o 48 

II 67.0 116 t, 38.0 261 G -0.463 36.2 99 9 35.0 40 
9 67.0 163 9 38.0 291 -0.460 36.0 125 9 35.o 56 
ft 70.0 - T u 33.0 100 G II  41.0 55 It 

35.0 40 
ti 38.0 264 9 40.6 84 9 35.0 16 B 
If  3').2 200 /, 41.3 73 II  37.5 30 

0.330 50.0 4,861 II  39.5 308 U 9 41.1 109 ft 40.0 - B fp 50.0 2,890 G rt 39.0 2,342 U II  40.7 90 ft 40.0 - B 
II  51.0 11,087 G I/ 44.0 103 If  46.2 29 
11 52.0 160 It 	I  44.0 116 " 46.3 23 

U = removed unbroken 	T = tensile failure 	G = broken in grips 	B = buckled 



TABLE (4). RESULTS OF NOTCHED SPECIMEN FATIGUE TESTS - HAIGH MACHINE 

R 	' Smax.2 
ton/in 

LIFETIME 
-3 cycles.10 

R S max. 0 
ton/in 

LIFETIME' 

cycles.153 

R S 
0 max. 

ton/in 

LIFETIME 

cycles.153  

R S 

ton/in 
max.2  

LIFETIME 	' 

cycles.103  
• 

0.908 
“ 

71,.0 
--, -, i_,.-()  

- 
- 

C 
C 

0.725 
II 

;5.7 
55.7 

5,144 
248 

u 0.-..:64 21..5 3,395 1-1  -0.467 
, 

21.8 
21.8 

1,260 
640 

G 
II 74.3 5 C  9 55.7 269 9 21.3 2,071 II 7/-.5 4./ 11 5265 16,940 U 0.065 67.9 - G -0.'*60 21.7 1,493 G 

0.907 75.3 - c 0.723 51.0 2,934 U 0.072 57.1 6 -0.461 19.7 3,273 0.908 
I! 

75.3 
7.,..o 

t,641 
8;76o u 

IT  

0.095 
57.1 
34.9 

5 
39 

it 
11  

19.7 
19.7 

255 
11,904 U 9 72.0 12,606 U 0.521 72.7 10 U 34.9 43 n 71.8 7,400 U 0.531 67.4 16 11  30.4 95 

0.9.0 63.9 4,091 U 0.568 67.3 13 9 30.4 74 -1.000 34.3 - B 
0.528 46.1 97 0.081 45.6 12 te 343 5 II 40.1 92 II 43.4 13 II 2865 10 

0.725 
II 

74.0  
71.2 

- 
56 

C 0.317 
0.528 

45.4 
46.2 

83 
59 

0.077 
9 

25.9 
25.9 

210 
600 9 

ti 28.5 
24.1 

9 
26 0.726 

u 
73.4 - C 0.511 31.8380 0.116 24.2 4,530 U u 24.1 25 
73,.4 - C , 31.3 638 0.062 21.1 1,641 G 11 20.3 91 0.723 

u 
71.4 
71.4 

67 
33 

9 
0.528 

31.3 
29.1 

4,817 
162 

U 9 
, 

21.1 
21.1 

3,917 
12,466 

U 
U 

ti 
to 

20.3 
2u.3 

131 
89 

0.726 
9 

64.4 154 0.533 29.1 355 9 13.6 169 
, 

64.4 310 0.515 29.1 12,410 U 9 18.6 224 64.4 150 0.522 28.7 13,730 U -0.480 36.7 7 I, 16.9 690 0.729 6!..1 8,471 U u 36.7 10 9 16.9 906 0.725 
II 

60.3 11,731 U -0.437 31.3 35 u 16.3 268 
60.3 246 0.315 76.8 - C tf  31.3 17 9 16.3 665 11 

II 
60.3 
J0 c. .) 

215 
207 

0.321 
It 

63.7 
63.7 

8 
9 

9 
-0.476 

31.3 
30.5 

23 
36 

II  

II  
15.7 
15.5 

16,910 
2,408 

U 

0.720 5).2 '218 333 44.7 39 -0.467 23.9 263 t/ 15.5 2,730 U 0.725 55.0 327 0.340 44.5 34 ti 23.9 372 ti 55.7 217 0.342 31.3 125 -0.470 23.8 129 
4 h % 

U = removed unbroken 	C = dynamic creep 	G = broken in Grips 	D = buckled 



TABLE (5). RESULTS OF PLAIN SPECIMEN FATIGUE TESTS - SCHENCK MACHINE 

R S max. 
ton/in2 

LIFETIME 

cycles 

R S max. 0 
ton/in` 

LIFETIME 

cycles 

RLIFETIME S max. 0 
ton/in" cycles 

R S max. 
ton/in2 

LIFETIME 	' 

cycles 

0.075 68.0 13,085 	U -0.460 68.0 28 	T -0.452 55.0 7,550 -1.000 50.0 1,754 
n 68.0 3,257 	T to 67.0 82 	T -0.476 55.0 8,822 n 50.0 1,456 
I, 65.0 27,905 -0.475 63.0 1,848 n 50.0 27,133 n 45.0 5,064 
II 65.0 19,492 -0.460 65.o 380 	T to 50.0 38,457 n 40.0 15,583 
n 60.0 35,312 To 62.5 2,217 -u.452 42.6 115,604 n 47.5 2,761 
n 60.0 28,344 n 6o.0 2,803 It  30.0 73,408 
n 55.0 55,381 H 55.0 14,202 

II 55.0 10,320 -Loco 6o.o 367 

U = unbroken 	 T = tensile failure 



TABLE (6). RESULTS OF NOTCHED SPECIMEN TESTS - SCHENCK MACHINE 

1 	R S 	' max. 9 
ton/in-  

LIFETIME 

cycles 

' R S max. 
ton/in2 

LIFETIME 

cycles 

R Smax. 
tore/in  

LIFETIME 

cycles 

' 	R S max., 
ton/in2 

LIFETIME 

cycles 

0.525 72.0 26 T 0.330 47.0 24,917 0.075 60.0 2,339 -0.460 65.0 234 
II  70.0 7,515 u 60.0 2,531 u 60.0 393 9 70.0 7,581 u 55.0 3,952 II  50.0 1,263 
II  65.0 14,409 0.075 72.0 25 T II  50.0 7,297 I/ 50.0 1,278 

9 70.0 751 9 43.3 20.072 9 40.0 5,207 
9 70.0 704 ri 43.3 10,896 fl  35.0 11,201 

0.330 72.0 25 T 9 69.5 727 9 43.3 13,593 
II  71.0 2,030 9 69.0 920 9 35.0 36,470 
9 70.0 1,930 9 69.0 904 -1.000 55.0 , 	146 
to 
to 

69.5 
65.0 

2,486 
5,211 

u 
II  

65.0 
65.0 

1,186 
1,687 -0.460 70.0 29 T 

I, 
9 

50.0 
50.0 

244 
252 

II  60.0 7,195 I/ 62.5 1,342 U 69.0 66 T 9 40.0 986 
II  55.0 13,119 u 62.0 2,054 u 65.0 250 u 35.0 1,806 

' /I 1 ' II 30.0 5,988 
II 25.0 22,504 
9 20.0 145,532 

T = tensile failure 



TABLE (7). INSTRUMENTED TEST DATA 

' 	No. ' 	R Smax. 
ton/in2  

LIFETIME 
cycles to 

No. U S max.,_, 
n/in- 

LIFETIME 
cycles 

072 -0.100 68.0 1192 CX 
Plain Specimens 

052 +0.075 65.0 4019, 
044 -1.000 55.0 S/N 900 B 053 +0.075 64.o S/N 20000 
073 -1.000 50.0 S/N 2000 B 058 +0.078 60.0 S/N 30000 
047, -i.:-:7)o 47.0 2761 
059 -1.„..0o 40.0 s/N 13000 x 055 +0.330 68.0 s/N 40000 
047 -1.000 39.0 s/N 15000 B 070 +0.330 66.o s/N 70000 
046 -1.000 31.5 s/N 60000 

068 +0.480 69.0 s/N 80000 
075 -o.Goo 64.0 637 C 

Notched Specimens 
061 -0.4G° 68.o Go c 
064 -o.1±Go 68.o 77 C 

75 -1.000 40.0 555 
056 -0.430 66.0 153 C 50 -0.4Go 70.0 34 C 
050 -0.1.35 64.o 1209 C 48 -0.460 62.o 103 c 
063 -10.469 63.5 1593 C 49 -0.46o Go.o 360 
065 -0.460 62.0 s/N 2752 51 -0.460 • 50.0 251 
062 -o.46o 60.0 3217 
049 -0.460 60.0 5911 54 +0.075 72.0 lo c 
048 -0.48o 54.5 s/N 10000 68 +0.075 70.0 742 
051 -u.46o 45.o s/N 75o00 52 +0.075 Go.o 2040 

066 -0.33o 63.o s/N loo c 67 +0.330 72.o 54 c 
067 -0.:00 66.o 634 c 76 +0.330 65.o 5956 068 -0.330 64.o 5301 
042 -0.320 64.5 s/N 3000 59 +0.525 70.0 GoGo 
057 -0.330 Go.o s/N 10000 

C = cyclic creep; 	X = M/C cut-out; S/N = life deduced from fatigue curves; B = buckled. 



PLATE 1 - THE 6-TON SCHENCK FATIGUE TESTING MACHINE. 



PLATE 2  - THE HAIGH 6-TON FATIGUE TESTING MACHINE. 



PLATE 3 - ARRANGEMENT OF THE STRESS AND STRAIN  
RECORDING APPARATUS. 



- 

PLATE 4  - ARRANGEMENT OF LOAD AND STRAIN  

PROBE MOUNTINGS. 

(The anti-buckling guide plates are 
also shown mounted on the specimen.) 



 

PLATE 5 - STRAIN PROBE MOUNTING (EXTENSOMETER). 

Right: General arrangement showing strain 
probe mounted in position and also 
two gauge bars at top and centre. 

Above: View from beneath with probe and 
locating arms removed showing loca-
tion of points and leaf spring 
mounting of rear points. 

 



PLATE 6  - ANTI-BUCKLING GUIDE PLATES MOUNTED 
ON A NOTCHED SPECIMEN. 



4ktilk. 4 

PLATE 7 - SCHENCK CROSS-WEDGE JAWS AND 
ADAPTORS IN HAIGH MACHINE. 



PLATE 8 - PHOTOELASTIC ANALYSIS OF THREE-HOLED SPECIMENS  

ISOCHROMATIC FRINGE PATTERN. 



PLATE 9  - PHOTOELASTIC ANALYSIS OF TWO-HOLED SPECIMENS  

- ISOCHROMATIC FRINGE PATTERN. 



PLATE 10 - TYPICAL MONOTONIC TENSION TESTS AND 

HYSTERESIS RECORDINGS 

(b) 

No. 
074 

(a) 

No. 
076 

Typical monotonic tension tests on plain specimens. 

Note:- Vertical scale is different in (a) and (b) 
(Smax = 70 ton/in2) 

Horizontal scale is approx. 2% ,(complete range) 

(c) 

  

(d) 

No. 
060 

 

    

No. 
69 

  

    

    

 

Monotonic tension test on 
notched fatigue specimen. 

Smax = 74 ton/in2  

2% full scale 

Monotonic tension test on 
plain fatigue specimen pre-
cycled at Smax= 69 ton/in2, 
R.+0.48 for 25,000 cycles. 

Smax = 70 ton/in2  
2% full scale 

(e) 

      

(f) 

    

            

No. 
044 

      

No. 
044 

    

           

           

       

	 '1  

Illustrating the effect of 
slight buckling upon the 
hysteresis loop. 

Smax = 50 ton/in2  
= 0 

cycle 28 

 

Comparison of fine and 
coarse strain amplifier 
range settings. 

Smax = 50 ton/in2  
0 

cycle 4 and 5 

 



Cycle 85-95 

Smax.= 66, N = 153, 
R = -0.46. 

(f) Cycle 94, 128, 180, 
223 and 247. 

No.067: Smax= 66, N = 634, 
R = -0.33. 

PLATE 11 - TYPICAL PLAIN SPECIMEN RECORDINGS 

- 

(d) Pull to fracture after 
more than 10,000 cycles. 

64, R = 0.075. 

50-100 cycles. 	Conditions 
performed on the specimen. 

(g) 	Cycle 46-50 	(h) 	Cycle 51-60 

No.061: 
Smax.= 

 68, N = 6o, R = -0.46. 

Consecutive diagrams for same specimen showing 
cyclic creep in last few cycles prior to fracture. 
Notice area of closed part of loop is approx. con-
stant despite increasing cyclic creep-strain rate. 

(c) (b) 	Cycle 1 (a) Setting load limits Cycle 100 

No. 053: S 
max. 

Typical small loops for positive R values. 

and reduction in loop width during first 
was stopped and a monotonic tension test 

is shown in (d). 

Notice overall strain increment 
were then constant until test 
Recoil of loading springs at fracture 

cyclic creep curves (fine scale) under the 
same S 	but different R values. 

max. 
 

(e) 

No.056: 

Typical 



PLATE 12  - TYPICAL NOTCHED SPECIMEN RECORDINGS 

(a) 	Cycle 1-7 	(b) 	Cycle 8-15 	(c) 	Cycle 16-21 	(d) 	Cycle 22-32 

Typical short lifetime cyclic creep curves, showing the whole lifetime except the last cycle. 
Notice the approximately steady conditions for cycles 1-20 followed by increasing cyclic strain 
rate to fracture. 

No.50: S 	= 70, R = -0.46, N = 33. max. 

(e) Setting load limits. 	(f) Cycle 1-10(fracture) 

Cyclic creep exhibited at nominal positive R values. 
The complete lifetime is shown in (f). 

(Loops are unsteady owing to vibration at load reversal) 

No.54: 
Smax.= 

 72, R = +0.075, N = 10. 

(g) Cycle 850(fracture) 

Cyclic creep only observed during 
last 30 cycles of lifetime. 

(Note high strain rate at max. load) 

No.51: 
Smax.=  50, R =-0.46, N = 850. 



PLATE 13  - TYPICAL PLASTIC DEFORMATION PATTERNS AND 

FRACTURES OF PLAIN SPECIMENS  

S
max.

= 33, R = 	N = 254. 
(Haigh machine) 
Plastic deformation at root of 
crack only. 

s 	= 68, R = 0.725, N = 1158 x 103 
Max. 
(Haigh machine) 
450  yield band initiated at crack 
root. 

max.= 56•D, 2 = 0.075, N P 
16 x 103 

(Haigh machine) 
Central crach. 

= 65, 	= 0.075, N = 19,492 
max, 

(Schenck machine) 

= 59, R = O.525, N > 3949 x 103  
max. 
(Haigh machine) 
No fatigue crack. 

= 50, R = -0.46, N = 27,183 
max. 
(Schenck machine) 

S 	= 68, II=-0.46, N = 28 
max. 
(Schenck machine) 
Broad yielding bands and "necked" 
section resultant from cyclic creep 
behaviour. 



PLATE 14 - TYPICAL PLASTIC DEFORMATION PATTERNS AND 

FRACTURE OF NOTCMED SPECIMENS 

S 	= 72, 12 = 
max. 
N = 7400 x 103(unbroken) 

Clearly observable plastic 
"dimples" at edges of all 
holes at a stress below the 
fatigue limit. 

S 
max.=  71.;, U = 0.725, 

N = 33. 

Fatigue cracks at both sides 
of outside holes. Note dimpl- 
ing effect 	and :Aso 
45° yield 	edijes and 
"looping" betw,_.en 

Smax.= 	= L.725, 

N = 243 x 103. 
Fatigue crack about both 
sides of central hole and 
also very small cracks at 
outside holes. 

Note: Specimens are all of the same dimensions. 
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FIG. 3 THE HAIGH FATIGUE TES77NG MACHINE  



F76.4  LAYOUT AND CIRCUIT OF STRESS AND STRAW  
ReCORDING APPARATUS. 

I 
M 

G 

A. koA 0 PRoBE H.  GRATiCuLe 416,47 

a STRAIN PRo€4 I.  oSCiLkoScoPE SPoT 

G. Lc AO ANPIJAER T. CAMERA 

D. STRAIN AMPLIFIER K. RELAY Clk'Cuir 

E Y-FIATES RalCeSS TIMER 

F, x- PLATES M. koAD R.EV4Rsiivo 

G. 0ScrkkoSCoPE 
	 AforoR 



F/ G. S. EXTENSOMETER CLAMP 

(APPROXIMATELY FULL SIZE) 

  



FIG.6 	STRAIN PROBE AND REDUCING HEAD  



FIG.7 FATIGUE SPECIMENS  

PI  

t 

HAIGH MACHINE — N07CHED SPECIMEN USED FOR PRELIMINARY TESTS 
WITH 1110L.TED EmD-FASTENINGS AND PIN LOADING 

4 	I  

HAIGH MAC MACHINE — NOTCHED SPECIMEN USED WITH ScHENCK .70 S. 

	744 	  

HAIGH MACHINE- PLAIN SPECIMEN  I  

03 

SCHENCK MACHINE - MAIN SPECIMEN 

	6 	 

40) —NI 
_ -vs 

I SCHENCK MACHINE — NOTCHED SPECIMEN 

NOTE. 
ALL. OIAIENSIoNS ARE 

IN INCHES. 

SCALE; 
APPRoxINATELY 

HALF FuL.L. EIZE. 

wrcrni oFmATEIVAL: 
Zo GAUGE MEET 

02.039mq 

MATERIAL: 0.7:0166a. 
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AG, B. THEORETICAL DISTRIBUTION OF PRINCIPAL STRESSES  
IN AN INFINITELY WIDE PLATE WITH A CENTRAL 

CIRCULAR HOLE Sul3TECTED 7b PURE TENSION Cray. 

(Ti KEIV FROM, tPlIOTOELASTICITY 1  — btS4) MAI FR°C-Nr 1941  `Z. wfLEY) 
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FIG.9 INTERACTION of ADJACENT HOLES IN NOTCHED SPECIMENS  
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FIG, 13 DISTRIBUTION OF PHOTOEL.AST1C FRINGES IN NOTCHED FATIGUE SPECIMENS  
IN A DIRECTION NORMAL. TO THE LOADING AXIS. 
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FIG,14 	ALTERNATING LOAD CALIBRAPOA/ CURVES — HAIGH MACHINE, 
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FIG. IS. 	MEAN LoA 0 CALIBRATION 
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FIG.16  LOAD CALIBRATION OF THE SCHENCK MACHINE. 
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CYCLIC LIFETIME  
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