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FOREWORD 

The Structures and Materials Panel of the NATO Advisory Group for Aerospace Research and 
Development (AGARD) is constituted of engineers, scientists and technical administrators 
from industry, government and universities throughout the NATO nations. We are concerned 
with the advancement of aerospace research and development and the application of the 
results to the design and fabrication of the vehicles and equipment which NATO requires. 
The Panel provides a mechanism far the exchange of information, for conducting cooperative 
studies and experimental programmes and for the preparation and distribution of surveys and 
statements on the present state of knowledge in selected technical areas. 

Many aspects of the fatigue of metal structures have received the attention of the Panel 
since its foundation in 1955. The nature and distribution of turbulence and other non¬ 
steady loadings, the response of structures to these loadings, resultant change at both 
macroscopic and microscopic scales and many detailed questions within each of these fields 
have been investigated by the structural analysts, metallurgists and metal physicists on 
the Panel and their colleagues throughout NATO. As a result, the Panel has been able to 
assist the better understanding and description of many fatigue phenomena at least amongst 
the specialists who are daily concerned with them. As part of this process, many data have 
been drawn together, analysed and evaluated. However, no matter how deep the understanding 
of these phenomena in the laboratory, the performance of aircraft, other vehicles and equip¬ 
ment can only be assured if this understanding is brought to bear during the processes of 
design and production. 

During the lifetime of the Panel, the roles performed and the environment to which air¬ 
craft and equipment are subjected have undergone many changes. Unconventional loading 
spectra, new materials, the effects of heating and audio-frequency excitation are just some 
of the considerations which have had to be taken into account by design and production 
teams, often at short notice. Accordingly, the Panel decided that it should commission a 
Manual on the Fatigue of Structures presenting a synthesis of knowledge drawn from many 
specialist areas but primarily intended to provide design and production engineers with a 
proper appreciation of the many aspects of design against fatigue. 

The Pane] was fortunate in finding, from amongst its own membership, one who was equal 
to the task. Mr W.Barrois is one of the few engineers who combines the necessary specialist 
appreciation, engineering experience and design ability to undertake this work. In addition 
to these qualities Mr Barrois has demonstrated, during the course of preparing this Manual, 
a creditable humility in approaching others for comment and assistance. 

The Panel is indebted to Mr Barrois for the tireless application of his many skills to 
the completion of this Manual and to those in several NATO nations who have assisted, as 
recorded in the author’s Acknowledgements. 

N.E.Promisel 
Chairman 
AGARD Structures & Materials Panel 
Washington DC 
1 March, 1970 

Anthony J. Barrett 
Vice Chairman 
AGARD Structures & Materials Panel 
London, England 
1 March, 1970 
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STRENGTH OP STRUCTURES AND FAfIGUE - GENERAL 

W.Barrois: Fatigue of Structures, Vol.I 
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STRENGTH OF STRUCTURES AND FATIGUE - GENERAL 

1. 1 INTRODUCTION 

Die material of this work is partly derived from previous leotures held at the "Ecole Spéciale des Travaux 
Aéronautiques de Paris” from 1958 to 1962. In 1965 the "Association Française des Ingénieurs et Techniciens 
de l'Ae'ronautique et de l'Espace” (Toulouse Section) conducted a course of lectures on the fatigue strength of 
aircraft structures. On that occasion the writer made a general survey of the fatigue problem in structures 
and of the modern aspects of static strength and creep. Die purpose of these lectures was to supplement the 
background knowledge of engineers engaged in aeronautical engineering by providing a state-of-the-art summary 
on the physical strength of structures, especially in fatigue, without excluding other types of failures and 
damage. Die Structures find Materials Panel of the NATO Advisory Group for Aeronautical Research and Development 
(AGARD) expressed the desire to ,set up a Manual on Fatigue. The writer feels that such a synthesis can be 
accomplished by a working group only if several of its members have already started on it. 

Die present study might contribute to a more lasting work as a result of the confrontation of similar efforts. 
It is intended for design and production engineers in the aircraft industry and is therefore based on the 
problems and technology of aeronautics. However, the basic principles and a large number of specific data hold 
true for other fields of mechanical engineering where the same problems arise for different metals and different 
load statistics. 

Die documents referred to were obtained with the help of the French Aero-Space Documentation Service 
(SEDOCAR), AGARD Member Organizations such as NASA, Royal Aircraft Establishment (RAE), etc., and Members of 
the International Committee for Aircraft Fatigue (ICAF). 

1.1.1 Representativeness of Fatigue Testing 

Fatigue was encountered as a general problem when engineers were faced with difficulties such as failure of 
railway carriage axles or partial failure of mine cables under repeated loads of substantially lower magnitude 
than those inducing static failure. What occurred then was in fact structural fatigue. 

Die era of laboratory fatigue testing began in the I860*s when Wohler1 evolved the small-specimen rotating- 
bending fatigue test for assessing the relative merits in fatigue of steels used in the production of railway 
axles. On the basis of an idealized behaviour for mechanical components subject to a large number of loadings 
and for engineering steels, the experimental problem in those days was how to determine a fatigue limit, that 
is, a repeated load which could be sustained indefinitely. 

Until about 1940 fatigue investigations included: some basic research into the physics of metals in an effort 
to discover its mechanism; systematic rotating-bending tests on smooth conical or waisted* specimens in order 
to qualify each metal by identifying its fatigue limit; finally, check tests on actual parts. 

Between 1940 and 1945 it became obvious to most specialists that the rotating-bending test on smooth speci¬ 
mens was not representative of the behaviour of actual components and that the fatigue limit was not the only 
characteristic of interest. One improvement consisted in performing axial tension-compression tests on 
cylindrical specimens having a V-groove with a rounded root, the smooth specimen being replaced by a waisted 
one, with a very large radius of curvature, so that the heat induced by internal damping should no longer 
increase the temperature of the specimen and falsify the test results. It is now recognized that the purpose 
of fatigue testing is not to specify the fatigue limit, which is often hypothetical, but to provide the entire 
stress versus number of loadings curve from static strength, corresponding to one load application, up to a 
large number of cycles in laboratory tests of short duration. Diis number being large in comparison with the 
cycles sustained by the structure during its service life, testing must be speeded up as much as is practicable 
without distorting the results. 

However, a factor of great importance in many service fatigue incidents was left out in the notched-specimen 
test: the contact alteration by friction due to very small relative displacements of the various parts of an 
assembly during the loading and unloading cycles. Diis phenomenon, known as “fretting”, consists in the welding 
of asperities-on the surfaces in contact and iii the tearing-up of these microwelds; it is responsible for the 
initiation of fatigue cracks in assemblies and, in cases like the fitting of wheels on shafts or the bearing of 
bolts in lugs, it may reduce the fatigue life to a tenth of what it would otherwise be. 

• In French this specimen is called "torique”. 

HEEDING PAGE DIAN« 



An nttcnipL wtis Dion mudo to ovulimtc motuls umi Joiniiif; mcUiuri.s thrnuKli Lests on ussomblod purls. In rokL 
cases Dioso tests uro curried out in ulr-eondltinned lulmrutorlos at frequencies rniiKiiu: from 20 to 200 c/s. 
It, was formerly assumed that the loadlo« frequency hud no effect on fatipue life. Tills assumption proves wrong 
If internal dampin« leads to considerable beutln« of the specimen, if the test duration Is such that corrosion 
or creep plays n part, or If resonance of the specimen induces vibration modes and dynamic stresses whoso dis¬ 
tributions are unknown and are different from those of components in service. 

Owls« to the complexity of Dio lauds used for slmulutiii« the mechanical history of flights in conpUta nir- 
frme fntigue lests, testin« Is very slow. The loadin« frequency for pressurized fuselages is about one five- 
mi unto cycle to represent one flight. Such tests often last ever a year and take place in Die open, with the 
riisola«o Immersed in a tank and filled with water to avoid all hazards which might he caused by bursting under 
air pressure. The fuselage and the water tank are drained once a day for fatigue damage crack inspection. Under 
these conditions, corrosion takes place in substantially the same way as in actual aircraft operation and some 
experiments suggest that Die life of Die specimen is reduced by half as compared with tests in a laboratory 
environment. Corrosion is possibly worse if galvanic action between fuselage and tank is not avoided by pro¬ 
tective painting of Dio tank. 

Oa the supersonic aircraft of the next génération, kinetic haut ini' the skin due to rapid compression of 
the accelerated air will produce temperatures likely to cause slight creep in small highly-stressed areas, such 
us stress concentrât ions at the edges of rivet halos or head-shank transitions in rivets. Technically speaking, 
the problem consists in designing Dio rivets so that no creep occurs and in selecting a material that is stable 
in the hot condition; in this way Die problem is eliminated. To check this, combined long-time hot fatigue and 
creep tests have boon conducted in real time (about 20 load cycles per hour). The second effect of kinetic 
heating is a non-uniform temperature distribution over the structure, which leads to different thermal expansions 
and produces boat-induced stresses in areas or components where thermal expansion is restrained. Viermal stresses 
are dependent on the temperature gradients, which attain their maximum values under transient conditions. For 
an aircraft flying at twice the speed of sound, with skin temperatures ranging from -30°D to 120°C during one 
flight, thermal stresses cannot be neglected in a fatigue test; simultation during testing should be carried 
out in real time far the transient flight phases, in climb and descent. The problem of thermal stresses also 
appears in other fields of mechanical structures and chemical installations (separation of radioactive isotopes, 
heating facilities, etc.). 

For the present subsonic aircraft and, « fortiori, for supersonic aircraft and missiles, there is another 
problem related to the fatigue strength of skin panels under the effect of changes in pressure at audio¬ 
frequencies (acoustic fatigue). In the case of aircraft, excitation originates from engine noise during climb 
and from boundary layer turbulence of the aerodynamic flow during cruise. Thin skin panels bounded by the net¬ 
work of stiffeners respond to excitation according to their resonant frequencies, so the fatigue test must be 
performed on the actual complex structure and in real time, with the excitation having the same frequency 
spectrum as the actual excitation. Fatigue testing can only be shortened in duration by increasing the magni¬ 
tude of excitation, which raises the problem of extrapolating the stress versus number of cycles curves for low 
stresses and very large number of cycles, between 109 and 1011. Similar problems of extrapolation are met 
wbenever the operational environment implies high-frequency vibrations (gear teeth, helicopter rotor blades, 
airscrew blades, turbine blades, etc.). 

To conclude, it should bo pointed out that the technical aspect of fatigue strength problems will necessitate 
tests of increasing complexity if the tests are to be representative. This also calls for a distinction 
between the small-specimen metal qualification tests, designed either to give a first rough comparative assess¬ 
ment or to servo as an acceptance check, and the technical development or verification tests in which design 
engineers are interested. 

1.1.2 The Basic Aspects of the “Strength of Structures” Concept 

The general problem of the service life of mechanical components or aircraft, helicopter and missile struc¬ 
tures is associated with the interactions of damage causes which act separately in idealized laboratory tests 
and are classified into fatigue, creep, corrosion, etc. Fatigue problems cannot be isolated from those of 
strength ns a whole. Among the specialists in the service behaviour of mechanical structures the idea is coming 
to the fore that any arbitrary dividing-up of the continuous spectrum of structural strength into various groups 
such as static strength, creep strength, stress corrosion strength, notch strength, fatigue strength, etc., 
should be rejected and that the time has come for collective concepts which integrate the knowledge concerning 
actual material properties, production defects, service environment, maintenance methods, and so on. 

The “Strength of Materials” (or “Structural Mechanics”), as it is still being taught, is a “science” which 
includes a small amount of theory of elasticity, a great deal of statics and a lot of stressman's “know how” 
based on simplifying assumptions which have not been invalidated by experience. It has rendered valuable 
service and remains as the trunk upon which new grafts ought now to be made. For aircraft structures and other 
advanced complex structures the current tendency is to increase the contribution of the theory of elasticity 
either by computer-aided calculations with several thousands of redundant unknowns or by measurements on photo- 
clastic models and actual components using photo-stress coating and electric strain gauges. Although this 
trend exhibits useful progress, the main problem does not lie in finding the stress state in the elastic range; 
what is important is the knowledge of the allowable stress values, taking into account the actual condition of 
the metal and of the environment. 
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Although structural doformntlon plays an Important part, the main hasard evidently Is failure by rupture 
Tho various typos of structural failure nro ns follows: 1 rupture. 
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R is not possible to avoid or detect all cracks from the start; it Is desirable that the reduced static strennlh 
nf HuITiT” 'w1',1?.0 cr‘,oli1of safclï detectable size should remain siifflelcntly IiIrIi tc make the’probability 
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in rapid oad applications, the creep test is uRiiin a static test. If failure takes plaee uf u on o o ' 
of time, fracturo is usualiy intergranular. ,,trioa 

n rtZií, Í I, ‘ ^1,th'?"'!h ^^00001 Btraln 18 «“‘I o® unmeasurable, failure occurs suddenly after 
a certain period of time, which is short for IiIrIi loads. The applied stress is constant but the allowable 
rupture stress decreases constantly. Some creep failures arc of this type, since the term “creep" docs not 
sratT rT!* a ‘cteotat,le ®lonBatlon but m®r®lï tho use of the conventional creep test apparatus. Brittle 
static failure is one specific case. This type of failure is also called stress embrittlement or static 
certfln’ U s found with Blass, plastic materials and some ultra-hlRh tensile steels. Spontaneous failure of 
certain quenched parts subject to internal stresses, with no external load applied, mov he linked up with it 
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which means that delayed static failure occurs with fracture features just as in the caso oí stress-eoírailon. 
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hit lelilí hu lure occura with vory small strains and trunsijraimlar fracturo after applications of loads smaller 
Uimi theme which cause static failure. Olio speaks either of fatißuo strength or of “fatigue life", and some¬ 
times t»l “safe-1lie" or ''endurance"; however, the term “endurance" Is often used by engineers in connection with 
mechanical lunctiunal tests of components under low stresses, which permit the assessment of wear but not of 
latiguo strength. Hie /aligue li/e is unlimited if the number of loadings sustained by a structure is well above 
that required iu service. 'Ihls type of strength is necessary for mechanical engine components and machine-tools 
for carbon steels and other metals showing a /atiple limit, the fatigue life is practically unlimited under 
stresses heluw the fatigue limit. Iho /aligne life is finite if a structure fails ns a result of fatigue after 
a number of load cycles that Is sufficient to guarantee the predicted life time. In the past, some labora¬ 
tories wore satisfied with tests that enabled them to specify the fatigue limit and they culled “fatigue area" 
the range of stresses causing failure or no failure between 106 and 107 cycles In the case of steels; some 
specialists even considered that failure in loss than 10“ cycles was not fatigue. It is now recognized that 
the so-called low-cycle fatigue ranges from 2 to some thousands of cycles. 

If the magnitude of the applied load varies periodically or at random (as with gust loads on aircraft lifting 
surfaces), crack initiation causes a reduction in static strength and final static failure occurs if the component 
is then subjected to a higher and therefore more seldom load, abe operational time before fracture, hence the 
longest time before repair is necessary, depends upon the probability of occurrence of high loads, the ease of 
crack detection and the crack growth rate. Hi Is raises the very important question of the residual static 
strength of n cracked component as well ns that of the crack propagation rate. 

Failure caused by fatigue and creep or hot fatigue raises the problem of the “unit of life"; cycle or second. 
At room temperature the duration of load application far engineering metals plays a negligible part in the 
development of failure; in fatigue the loud magnitude and the numbers of cycles are overriding factors; the 
unit of life is the loading cycle. At high temperatures the load cycle exerts a negligible effect; the fatigue 
life depends on the total time of application for each load level; the unit of life is the second. Hiere is an 
intermediate range of temperatures where the development of failure depends both on fatigue and creep and where 
the number of cycles and the frequency each have an important part to play. 

Similarly, corrosion also introduces the “time" factor and eliminates the fatigue limit. As with inter¬ 
granular corrosion and stress-corrosion, corrosion-fatigue tests in laboratories are merely of qualitative 
interest and give a poor representation of service behaviour in real time and in actual environment. 

When fatigue loading includes a steady moan static load, fatigue creep is sometimes obtained; the test piece 
undergoes a progressive elongation and the permanent elongation tends towards a limit although the highest 
cycle load, when applied constantly, cannot produce any detectable creep elongation. Uiis is a specific case 
of fatigue softening of initially work-hardened metals. Another result is a change in the static stress-strain 
curve due to fatigue which reduces the proportional limit stress and lowers the tangent modulus of elasticity 
tltr/de in the slightly higher stress range. The practical implication that has been noticed in some aircraft 
is that the compression buckling strength may be reduced by fatigue and some components yield in flight under 
loads substantially below those attained during static tests on new structures, Hie compression buckling strength 
eiui also be time-dependent if the temperature is high enough. Hie foregoing shows to what extent classifications 
are arbitrary end that reality implies a number of interactions between the various types of failure. 

I. I.:i nie Case of Airframes 

The term “airframe" covers all stressed aircraft components such as wings, fuselage, tail unit, ailerons, 
elevator, rudder, landing gear, flight controls. 

The problem of fatigue in airframes was given some consideration as early as 1930 but remained a somewhat 
speculative matter in France till I94G. Before that, technological fatigue investigations were concerned with 
materials used in the construction of engines, propellors and helicopter rotor blades, and their aim was mainly 
to determine the fatigue limit. 

During World War II the British and the Germans had encountered fatigue cracks on spar caps in bombers and 
transport aircraft. Hie Germans had undertaken an experimental investigation into the fatigue strength of 
spars. Hie spur cap failures were not the only troubles: wing skin cracks were reported on British bombers 
mid landing gear cracks on US fighters. 

On the other hand, German research workers had carried out an extensive test series on end fittings of 
tubular struts at the Deutsche Versuchsanstalt Luftfahrtforschung (DVL) in 1938. 

After the war, fatigue failures on wing spars persuaded the British industry of the existence of a problem 
with wings. However, fatigue testing of, prototype wings was restricted to the simulation of gust-induced 
alternating loads since the cruise equilibrium forces applied once per flight were supposed to exert a negligible 
effect similar to that of the pressurization loads with regard to the fuselage. 

In France, the aircraft of that time had not yet had sufficient operating time to exhibit cracks that could 
lie connected unquestionably with fatigue. Most of the engineers in the Aeronautical Industry and Government 
Services believed that designing airframes on the basis of specified static loads was enough to rule out any 
risk of fatigue failure as fatigue failure was considered to ho duo to a large number of load cycles. In short, 
one did not hoi love in the possibility of fatigue cracking occurring under a small number of cycles (100 to 
1000), on account of the loads encountered in service. Hie appearance of fatigue failures in this range differs 
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but little from that of static ruptures and no discrimination could be made between them. Moreover, the only 
smooth-specimen fatigue tests that were available then did not show any significant lowering of strength from 
a single static load to a thousand repetitions of the load. Towards 1952 the French Aeronautical Research 
Services removed the matter from their working programme. 

In Great Britain, although the problem was dealt with experimentally by the Royal Aircraft Establishment of 
Farnborough for military aircraft, Tyo2 could write in April 1952 that for the previous five years various 
learned bodies had been arguing whether fatigue was a serious problem or a joke in the case of aircraft struc¬ 
tures, and that any further discussion had become useless the day when, in Autumn 1951, a British civil aircraft, 
believed to be free from any predisposition to fatigue, had a fatal accident. 

The two accidents of the Comet I, due to fatigue failure of the fuselage under 3000 to 4000 pressurization 
cycles, as well as other accidents or incidents on military and civil aircraft made it clear, then, that the 
range in which fatigue causes failure or a severe reduction in static strength extends from a few score of 
cycles to several millions of cycles for the manoeuvre and gust load effects on the aircraft. Nowadays sub¬ 
stantiation of the fatigue strength is an important part of civil certification prior to the introduction into 
service of new types of aircraft. 

Since 1939 the problem has become more acute for several reasons: 

(i) The design load factors for transport aircraft have been reduced, hence a relative greater importance 
of gust loads and a general decrease in the weight and strength of structures. 

(ii) The daily operation time of transport aircraft (presently up to 12 hours) and their total lifetime 
(presently from 20,000 to more than 60,000 hours) have been increased. 

(iii) Alloys with a high static strength but a moderate fatigue strength in the presence of notches are 
being used. 

(iv) Tbe duration of flights has been shortened, which implies a larger number of flights for the same 
period of time in hours. 

(v) As far as military aircraft are concerned, there is an increase of the mean service load factors as a 
result of the use of anti-g clothing; high-speed flights in the most turbulent region of the atmosphere 
near the ground lead to a further increase of the number of high loads which are significant in 
fatigue. 

It is considered that for military aircraft and missiles the fatigue problem begins at a few scores of load 
cycles. There are two further aspects of this problem at the present time: 

(a) hot fatigue, 

(b) audio-frequency vibrations (acoustic fatigue). 

Let us return to the general aspect of the matter. It is desirable that no local fatigue failure should 
occur during the life of a structure. If the structure is to be a lightweight one, experience shows that some 
cracks which appear progressively during ground inspections on aircraft in service must necessarily be tolerated. 
Indeed, these inspections, which are carried out on a fairly extensive basis during general overhaul strippings, 
are restricted to vital components and to known sensitive points during the periodic checks. In practice, the 
development of repairable cracks is accepted on minor components. This leads to the following questions: 

1. What extent of crack growth may be tolerated before a repair that requires aircraft grounding is carried 
out? 

2. Should one repair a crack in order to stop its development, or check it frequently so as to determine its 
growth rate? Ibis is important with respect to the preceding question. 

3. What kind of laboratory test will allow a quantitative assessment of the repair? 

4. What should be the time between inspections for checking known sensitive points? 

Wien dealing with these problems of maintenance, due account must be taken of the technical data available 
from tests and from the behaviour of similar structures; in addition, the financial aspects of the operation and 
maintenance might be a reason to hasten or postpone repairs on non-vital components. 

As'far as the vital attachments are concerned, it is sometimes difficult to achieve a design of absolute 
safety because of weight or space restrictions; therefore the tendency is to increase the number of attachments 
and to diversify the possible stress paths so that a localized partial failure taking place between two inspec¬ 
tions, which will surely permit detecting it, still leaves the aircraft with a sufficient probability of sur¬ 
vival under the rare high loads encountered in service. The structure is then called “fail-safe". 

The term “fail-safe” is associated with a specific structure concept wherein the progress of damage remains 
confined to a small portion of a vital component or attachment during the time required for its detection. This 
period of time will be short for visible cracks in the outer skin and long for inner cracks hidden in assembled 
components; even in the case of hidden components the time required for detection may be shortened if a crack 
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is expected in a Riven area and if inspection means such as X-rays and ultrasonic waves are used in the area 
concerned, that is, if the existence and location of the crack may be assumed from information collected on 
other aircraft of the sanie type. 

Parallel loading of several components does not suffice to obtain the fail-safe condition, If several 
identical components are subjected to an overall external load producing the sume stresses in each one of them, 
failure of the first increases the stresses in its close neighbours and all components will break one after 
the other within a rather short time. At the beginning the "stand-by" components must be subjected only to low 
stresses in the areas where failure of the first component will transfer the load, while the other areas may be 
highly stressed by the primary functions of those components. The structure of uniform strength which is con¬ 
sidered ideal by the stressman cannot be fail-safe. 

Whenever introduction of the fail-safe concept does not result in an undue weight increase of the structure, 
it is advisable to resort to it. Many accidents have been avoided and many causes of failure determined thanks 
to the existence of several stress paths. It should also be pointed out that this concept provides protection 
against causes of local failure other than fatigue. Fail safe structures enable us to avoid a serious accident 
due to a local failure and permit the introduction of modifications to the structure concerned. This pro¬ 
cedure will lead to a better design of structures with the same local characteristics. However, the importance 
of the concept implies that its application must not have just a formal appearance of making the structure fail 
safe: components which are completely hidden in an assembly do not contribute to safety if their failure cannot 
bo suspected and detected; dividing a strong component into two elements of lower overall strength is a poor 
alternative. 

We believe that it is necessary to improve and check the quality and that a detailed quality control can 
supplement the fail-safe condition or be substituted for it in cases where the fail-safe concept requires too 
much weight. When working out the design, setting up detail drawings and defining treatment and production 
processes, the engineer should give serious consideration to the problem of fatigue as well as to other causes 
of damage such as brittleness in the short transverse direction, stress-corrosion, intergranular corrosion, 
weld defects, residual tensile stresses due to grinding, machining defects, decarburization of treated steels, 
etc. Partial tests should be carried out so that a choice can be made between various shapes, methods of 
assembling, materials, fabrication processes and anti-corrosion treatments. 

Sometimes quality involves no expenses: it only takes common sense to avoid sharp internal angles by using 
fillets, to blunt the edges of sharp external angles, to eliminate eccentricities in assemblies, to design 
the shapes of structural components with continuous cross-sectional development, etc. In other cases quality 
is expensive, so the resultant weight profit should be compared with its price; it is thus possible to cancel 
out detrimental implications of surface decarburization of steels by machining the entire component after it 
has been heat-treated or by using oversized rough-die-forged or rough-heat-treated areas. 

Fabrication processes mist be checked at every stage, from the production of material to the final dimen¬ 
sional inspection. At every stage the measurable parameters of each operation must remain constant (quality 
control). Furthermore, as visual inspection of the defects and dimensional measurements lead to rejections at 
every stage, it is most desirable that parts likely to be rejected at final inspection should be scrapped as 
soon as possible. In the case of mass production (propellor blades, helicopter rotor blades, turbine blades, 
etc.) a sample should bo taken from time to time and subjected to destructive testing; statistical control of 
the quality of fabrication can be achieved by checking the constancy of the mean value and the scatter of the 
results. Quality control raises the question of the criteria to be considered for concessions from initial 
specifications. 

When dealing with drawings, fabrication processes, quality control, final inspection or concessions, the 
engineer in charge must be aware of the final aim, of the interactions between the causes of defects, as well 
as of the effects of the means and remedies. The struggle for good fatigue strength is an art rather than a 
quantitative science. In this struggle the non-specialized engineer is bewildered by the whimsical appearance 
of experimental facts. He wants a guide for reasoning. Some qualitative explanations will therefore be given 
in the following chapters so that he should not feel confused any more when confronted with the problem. 

First some aspects of the general problem should be emphasized. Proper designing of a structure with good 
static strength would be difficult if a thorough experience did not provide us with adequate simplifying 
assumptions and with allowable stress values calculated from test results on the basis of these assumptions. 
As soon as sufficient experience of fatigue behaviour from predictions and results is available, the engineer 
will have no more difficulties with repeated loads than with static loads. To gain this experience many test 
results on joints are needed and for this reason a large number of results will be quoted and commented on. 

Certain parts may bo judged adequate for fatigue on the basis of a rough comparison with known results. On 
conventional riveted or bolted structures this will be the case for finite life (103 N < 105) with components 
that have low stress concentrations (KT £ 3) and can sustain a static load equal to five times the repeated 
load (a factor of 3 will often yield good results but this should be checked by tests on real parts). 

From the experimental point of view the behaviour of components subjected to fatigue in service or in labora¬ 
tory tests shows two embarrassing features: life to failure is very scattered, and cracking always starts at a 
stress concentration point where there is a defect due to the material or to marking, machining, etc. One 
could be tempted to link up the scatter with such defects and conclude that either all defects must be elimin¬ 
ated or that fatigue life cannot be predicted if those defects and their probability of existence are unknown. 
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In fact, defects often happen to be somewhat weaker points whereby the onset of cracking is located; in the 
absence of such defects detected by cracks, cracking would have begun a little later but final rupture would 
not have been delayed since the crack propagation rate is independent of the initial defects. Therefore, 
serious defects, e.g. unduly sharp geometrical notches, punched marks, segregation and inclusions in the planes 
perpendicular to tensile stresses, should be eliminated. Minor faults such as machining scratches can be 
tolerated and one should not be alarmed about them, provided a non-sensitive material is selected. 

Scatter raises a psychological problem: is it possible for engineers to think in terms of probabilities? In 
the past, scatter was included in the margin of ignorance, which is what a safety factor really is. If the 
factor of safety must be reduced to save weight or increased as a result of new requirements, the scatter that 
still exists is sometimes the cause of unpredicted failures. Any repeated physical experiment yields a series 
of different measurements with a mean value and some scattered results below or above this mean value. Scien¬ 
tific prediction of the strength should include the probability of obtaining a stipulated result. The result 
will be satisfactory if the probability of failure is sufficiently low. A probability of accident of 10“fl will 
prevent none of us from occasionally going across the street outside the pedestrian crossings. Fatigue experi¬ 
ments with a dozen specimens show ratios of the highest to the smallest life that range from 2 to 10 for a given 
load. If the number of cycles could be imposed at will and the load level were obtained from the test, it would 
be seen that the scatter of the fatigue load is not much greater than that of the static rupture load, at least 
in the finite-life range (103^N^ 105) with regard to joints in aircraft structures. In laboratory tests, 
scatter is considerable for smooth specimens, moderate for notched specimens and joints, and small for assemblies 
with a large number of joints. 

There is also scatter in the loads encountered in service; these loads should be given together with their 
probability of occurrence. In the static strength computations for aircraft structures this fact is masked by 
the application of design regulations where fixed values are specified for the loads. As the regulations are 
subject to revision, these fixed values vary in the course of time, due account being taken of the operational 
data concerning the frequency or rarity of service incidents which throw doubt on some of the regulatory pro¬ 
visions and the loads stipulated therein. In the future, fatigue loads may be defined on a fixed basis if 
recording of the vertical accelerations sustained by regular service aircraft provides some means of obtaining 
adequate load statistics. 

The complexity of fatigue problems results as much from their specific nature as from the fact that they 
appear when practical reasons call for more accurate designing and less structural weight. Lightweight structures 
are compulsory when the margin for the aircraft operating range is small, since any increase in structural 
weight entails a corresponding increase in fuel weight. In the case of fighters, for which the operational 
safety depends on the manoeuvrability, an aircraft which is a little too light from the point of view of mech¬ 
anical strength may prove safer. Certain weight and space requirements may lead to the use of ultra-high ten¬ 
sile steels treated to an ultimate tensile strength of 180 daN/mm2 (260,000 lb/in2)*. Now such steels offer the 
advantage of a high static strength in the presence of moderate geometrical notches (up to 300 daN/mm2 for a 
notched cylindrical specimen having a circumferential groove with KT = 3) but have the disadvantage of a very 
low strength in the presence of sharp notches or cracks. This has two implications: 

First, one should avoid: 

1. Sharp geometrical notches, including threads, unless special precautions are taken; 

2. High residual tensile stresses, therefore no machining by grinding should take place and no electro- 
lytically deposited protective coatings should be used unless shot peening is carried out before; 

3. Internal notches in the form of inclusions, therefore vacuum casting and remelting should he used to 
prevent oxide inclusions; 

4. Forging defects such as laps and surface decarburization, therefore the work should be completed by 
general machining. If treatment furnaces with infra-red vacuum heating for austenizing and cold argon 
quenching are used, the machining may be carried out prior to the treatment; 

5. Generally speaking, all defects that may be tolerated for the same steel treated to 120 daN/mm2 (174,000 
lb/in2). 

An acceptable result will be obtained if quality control is exercised at every production stage of the metal - 
forging, rough machining (close to the final size), heat treatments, finish machining, anti-corrosive protection, 
assembly of parts - and if systematic checking is carried out in service. It is because of new problems of this 
kind that the overall project managers (both the design office and the production methods department) must check 
the work of each specialist and each sub-contractor. 

Secondly, with high-tensile steels, the static test to failure will be less instructive than the fatigue test. 
For components with moderate design notches (KT ^ 3) , the ratios of net tensile strength to ultimate strength 
of smooth specimens will show similar values for, let us say, 4340 steel treated to C7ult = no daN/mm2 (160,000 
lb/in2) or to 180 daN/mm2 (270,000 lb/in2); thus, the ratios of the static strength substantiated by tests on 
new components to the predicted strength will show comparable values in both cases. On the contrary, for 

* In the new international system of metric units the Newton N gives an acceleration of 1 m/s2 for a mass of 1 kg; 1 daN = 
1.02 kg weight, l daN/mm2 = 1.02 kg.w/mm2 = 1450 lb/in2. 



service components with sharp surface scratches or small fatigue cracks, the net static strength of 110 daN/mm2 
stool will be reduced but little, while that of 180 daN/mm2 steel will be seriously lessened. Therefore, In 
the case of 180 daN/mm2 steel, static tests on new components will yield very poor information on their service 
behaviour. 

All this is complicated by the fact that the loads likely to fatigue the structure in service are not always 
easy to predict and are sometimes only known after systematic and even statistical measurements have been 
carried out on a prototype aircraft or on the first production aircraft; this applies especially to the gust 
loads on the tail unit and to the taxying loads on the landing gear, 

Hie design regulations, which specify the static loads that an aircraft must withstand, have so evolved 
that the regulatory limit loads correspond roughly to a mean frequency of occurrence of once in the life of the 
aircraft. 'Hie ultimate loads to be taken into consideration for static failure are obtained by multiplying the 
limit loads by 1.5; the probability of occurrence of these loads is extremely low. In fact, according to 
Taylor3, the service loads may be related to two different typos of statistics: on the one hand, statistics of 
loads of moderate levels and of large populations, responsible for causing fatigue damage, and, on the other 
hand, statistics of rare and accidental loads which dictate the static strength of the aircraft. 

Similarly, as far as the allowable loads are concerned, there seems to be an ordinary scatter due to the 
statistics of large populations and, on the other hand, a much greater scatter due to very rare circumstances 
or to very detrimental fabrication defects that have not been detected during inspection. For instance, labora¬ 
tory fatigue tests often show that ground high-tensile steel specimens have an excellent strength. There are, 
however, very rare cases where the strength is reduced by half for one batch of specimens; investigation after 
cross-sectioning thus reveals that the steel may be “burnt" by the grinding operation. Such defects are 
difficult to detect by current inspection means and the conclusion is that grinding of high-tensile steels must 
ho avoided. Fatigue tests may yield excellent results for some hatches, yet components of the other batches 
muy well fail in service. 

Because of these rare and severe statistical populations it is very difficult to make strength predictions 
and the problems encountered are more of a qualitative than of a quantitative nature. A good knowledge is 
required of all the factors governing the service strength, of the way they are linked with one another, and of 
their interactions and detrimental effects in each specific case. It is not enough that several specialists 
should each know some part of the problem; the design offices, the production engineering departments and the 
after-sales services must have an overall knowledge so that efficient general checking may be superimposed on 
the systematic survey of the work of each specialist. 

1.1.4 Working Method and .Mode of Writing 

Hie foregoing general comment emphasizes the close interrelation of the various aspects of structural strength 
problems and the difficulty of classifying them in a coherent way. No definite choice can be made between the 
analytical and the synthetical method of presentation. Each of the following chapters deals with one subject 
but also mentions some topics that are discussed in detail in other chapters. Some subjects are examined several 
times so that every chapter may he read separately; the study of the details should not be dissociated from a 
comprehensive view: at no time should the investigation of a tree hide the forest. 

In 1050 Dryden, Rhode and Kuhn4 underlined the inability of the engineer to understand the physical nature 
of fatigue and to make a rational use of the largo amount of published results. They insisted on the necessity 
of obtaining some practical data on the fatigue strength of airframes and also some guides for the interpreta¬ 
tion of the results. 

At that time the writer was engaged in a study of documents which resulted in a synthetical review on the 
plastic deformation anti fatigue of metals5, written at the Office National d'Etudes et de Recherches Ae'ronau- 
tiques de Paris (ONERA) in 1952 and circulated in 1963. In this work as well as in later work an attempt was 
made to formulate some assumptions that would account for all the known facts. Dealing with published 
information us raw material, a first set of documents was used to evolve some assumptions and other sets of 
documents to check or amend these assumptions. Our investigations always include a list of references for the 
facts and opinions selected from the scientific and technical literature. In some cases, however, our conclu¬ 
sions are different or loss conservative than those of the authors quoted; sometimes we are led to make a choice 
between controversial views or to give our own opinion. This method of working is a little risky but it is 
Justified by the necessity of providing the engineer with provisional rules as guides for immediate action or 
for the selection of solutions to be checked experimentally. 

More recently the same practical necessities led us to a documentary survey on creep and corrosion. In the 
past, aluminium-copper-zinc alloys, for instance, wore yielding good results in laboratory fatigue tests while 
showing a very poor behaviour in actual service. Hiis situation resulted in a controversy between metallurgists 
and manufacturers, who were sometimes accused of not being able to design or construct; there was some truth 
in that opinion but it is now understood that the set-backs were partly due to the static properties of cracked 
components and above all to the interactions between fatigue and service corrosion. For the same alloy, short- 
duration stress-corrosion tests under laboratory conditions did not show a sensitivity differing from that of 
other alloys. However, long-duration tests in natural sea or industrial environment led to a change in the 
classification and showed that the laboratories were in the wrong although the users were referring to inappro¬ 
priate reasons when giving up the alloy concerned. For tho 7075 aluminium alloy (US) a tempering treatment, 
termed T73, is at present suggested by ALCOA; it solves the problem for forged parts but reduces the static 
strength by 10%. 
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If knowledge were conveyed only on the basis of unquestionable certainty, the physical science would never 
have progressed, as each generation gathers previous experimental data but changes the concepts of the pre¬ 
ceding generation. Similarly, if only the ideas of the specialists were considered here and if only the points 
of general agreement were kept, the subject material left would sometimes be hardly usable for synthetical 
purposes. One could, of course, trust the specialists and neglect the apparent contradictions, the intermediate 
fields not covered by the various specialties, and the possible interactions. One could also restrict the 
survey to the natural history of the facts or do nothing. 

Bo, if this work manages to assist people in getting a clearer understanding of the problem as a whole, des¬ 
pite the reservations it will give rise to, its aim will be achieved. It would be eventually agreeable to the 
writer to correct possible errors and thus supplement or amend his knowledge; this polishing may be accomplished 
by specialists if they are aware of the various problems facing the design engineers, for whom this work has been 
written. 

The following parts of this chapter discuss the concepts required for complementing the present teaching of 
‘‘Strength of Materials" with regard to fatigue and for laying the ground work for a subsequent study in greater 
depth. 

Note: This work is partially a translation from previous French notes where figures in US or British units 
had been converted into metric units. Here the writer has retained international metric units and 
indicated figures in British units between brackets. In some cases the original British figures 
could not be traced back; hence some of the figures placed in brackets were computed through a double 
conversion which may have led to errors of about 2%. 

1.2 FATIGUE NOTATIONS 

The fatigue loading is defined by a number n* of successive load applications and by the magnitude F , the 
nature (tension, shear, bending, torsion) and the variation (alternating or with a static component constantly 
applied) of the load. F is either a force or a set of forces and couples varying simultaneously. ' For a sinu¬ 
soidal variation we may write: 

Fmean + Fa sln 

where FBean is the steady mean component and Fa the superimposed alternating component. For frequencies 
ranging from few cycles per minute to 12,000 cpm (200 Hz) it is assumed that the frequency exerts a negligible 
effect on the fatigue of engineering metals at room temperature. This assumption does not hold true in the case 
of high temperatures, corrosion, or very low and very high frequencies. 

In the following we shall use the notation: 

F = F ip rmean ra 

and (see Figure l, l) 

Ftnax “ Fmean + Fa Fmin = Fmean “ Fa 

In order to retain only one variable for measuring the magnitude, F is sometimes defined by its greatest 
value, Fbbx , and by the ratio R : 

R = min F - ‘mean 

max Fmean + Fa 

hence 

1 - R 
F, = - F, max mean 

1 + R 
2 Fmax 

lhe mean load is sometimes taken as a reference and the ratio 

Fa A = 
mean 

is used. 

If the stresses can be calculated, we may also write 

17 = ‘Wn ± °a ’ T 

where is positive in tension. 

T ± T mean a 

n denotes the applied number of cycles while N is the number of cycles to failure. 

Utdâx íím c* 

28¾¾¾¾¾ 
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If carried out with a given strain as in Coffin's6 tests, the loading will be defined by 

e = CMean * £a ' y.aan * 

depending on the type of strain (axial or shear), c ■ean being positive in the case of elongation. 

In the finite-life range (N < 10s) and in order to obtain dimensionless quantities for comparing the fatigue 
strengths of different components, we shall relate the fatigue strength to the static strength, as did Locati. 
If P. ult. is the load that causes static fracture and F the fatigue failure load after N cycles, we may 
define a dimensionless coefficient as follows: 

= ± Üjl 

ult. ult. ult. 
= õ ± $ nnean a * 

$N is a function of the number of cycles N to failure. If F is not the load sustained but the load applied, 
we shall use the notation $n , The symbol $n denotes the load applied during n cycles and the load to 
failure after N cycles. If the theoretical static strength defined by is considered, we propose to 
take 

= 
'ult. 

However, it must be emphasized that $ means no more than its two components F and Ful^. It has only a 
full meaning in cases where the static rupture without buckling and the fatigue failure affect the same part 
subjected to stresses of the same type. 

Hie following factors have also been used for a long time: 

Stress Concentration Factor, KT : 

If a , calculated in accordance with the theory of elasticity, is the largest stress at a notch and crnoa)( 
the nominal stress in the notched cross-section, calculated by the elementary mechanics of materials, the stress 
concentration is defined by 

1 V nos. 

In Germany the notation used is , xn fact, KT does not define the stress field in the neighbourhood of 
the largest stress and o-noa remains rather subjective. The stress crnQB> must be clearly defined since 
researchers and this book refer crnoBL to the net section area while designers often work with a o-B0||# 
referred to the gross section area where holes are disregarded. KT is only well defined for simple specimens. 

Fatigue Notch Factor, Kp : 

Kp is the ratio of the fatigue rupture stress of a smooth specimen at N cycles to the nominal fatigue 
rupture stress of a notched component. This factor varies with N , with Kj , with the stress gradient, with 
the surface-hardened state at the root of the notch, and with the material and its mechanical and thermal 
history. 

The notation for Kp(N) in Germany is , 

Notch Sensitivity Factor q : 

This factor is defined by 

and its variation is 0 q ^ 1 
is T) . 

q = (Kp - 1)/(KT - 1) 

It depends on the same parameters as Kp ; the notation for q in Germany 

Plastic adjustment of a material subjected to an increasing static load above the yield strength results in 
a levelling of the stress concentrations. Consequently, it has been possible to carry out static calculations 
by neglecting the stress concentrations which, according to the theory of elasticity, appear in the vicinity of 
discontinuities (holes, fillets, shoulder fillets, etc.) for stresses below the yield strength of the material. 
The existence of the plastic flow justifies most of the simplifying assumptions used by the engineers for static 
failure calculations. 

With repeated or alternating fatigue loads the adjusting effect still exists but is too small to allow the 
usual simplifying assumptions. In the past it was hoped that the fatigue strength of notched components could 
be assessed by determining the maximum stresses in accordance with the theory of elasticity and comparing them 
with the allowable stresses derived from fatigue tests on smooth specimens. 

In the past we have used the symbol 
with the shear strain. 

instead of $ but we have now adopted Locati's notation so as to avoid confusion 

. 

. 
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In fact, it appeared that the physical reality was between the two extremes of total adjustment assumed for 
certain static calculations and of perfect elasticity assumed for the second method of calculation. For a long 
time, however, the fatigue strength of the smooth specimen was still taken as a reference for the evaluation of 
the detrimental effect of notches. Numerous tests were thus performed on smooth specimens in the fallacious 
hope of establishing the fatigue strength of the materials used. Most of these tests were of the rotating- 
bonding type. 

In our opinion, the strength of smooth specimens is a poor reference for the design of notched components; 
rotating-bonding tests on specimens of equal strength show that this reference is sometimes very bad. Indeed, 
certain steels subjected to alternating stress at a frequency as low as 25 Hz (Schenck pulsator) and certain ’ 
light alloys tested at 150 Hz (Amsler Vibrophore) become hot as a result of internal damping. Tbe test takes 
place at a temperature which depends on the balance between the heat added and the losses by conductivity. For 
smooth specimens of equal strength in which a large volume of material is stressed, the temperature is high 
enough to make the steels turn blue, whereby the result is seriously altered. On the contrary, in waisted and, 
a fortiori, notched specimens the small volume of material subject to high stress causes the heat to be increased 
only by a small amount which is easily dissipated; the test is performed at room temperature. 

For this reason, and because the design offices are able to carry out static strength calculations fairly 
well, wo shall, together with other modern authors, take the static strength of a component as a reference for 
the fatigue strength, thus replacing Kp by , in the range 10 s . 

The fatigue strength measured on smooth specimens is, however, still valuable since it corresponds to the 
limit which the strength of components with well-designed joints tends to approach. It should be pointed out 
that if the low fatigue strengths of some mechanical parts are sometimes due to errors in designs or drawings 
(o.g. sharp angles), the fact remains that joints will exhibit severe stress concentrations as long as no better 
fastening methods than rivets or bolts are used. A remedy to this consists in the use of locally oversized 
joints. For example, there are three possibilities for sheets with stringers: 

(a) Increasing the thickness locally with bonded reinforcements; this solution is used on the Fokker Friend¬ 
ship aircraft and for grip-ends of specimens held in the jaws of testing machines; 

(b) Leaving additional local thicknesses in the case of integral-stringer plates made by milling or chemical 
milling from thick plate material; 

(c) Reinforcing the stringers locally. 

1.3 ASPECT OF FATIGUE FRACTURES 

On cylindrical parts in alternating tension-compressif . or in fluctuating tension, cracking originates on the 
outer surface from scratches or surface defects, except when severe internal flaws such as inclusions result in 
internal weak points. In this respect, fatigue revenía defects which a cross-section made at random would be 
unlikely to detect. In the absence of such defects, cracking starts at the surface. 

We shall see that the development of fatigue before cracking is made possible or induced by microscopic 
plastic strains in metals. Plastic deformation of internal crystals is hindered by neighbouring crystals, while 
surface crystals have a free side and therefore yield more readily, if there are sharp edges on the contour of 
a specimen, the crystals located at the edges are even more subject to yielding and cracking will start from 
these edges; so it is advisable to blunt edges with a radius greater than the mean diameter of the grain 
(crystal) of the metal. 

Hie fatigue crack grows from an initial point in width and depth as its front sweeps across the cross-section 
of the component, sometimes joining other fronts originating from other weak points. Finally the remaining 
section breaks statically during the last load cycle (Fig.1.2). 

If rupture occurs in service, the interruptions in the operation of the machine or equipment will result in 
tide marks corresponding with stationary positions of the crack front during crack propagation. In laboratory 
tests with continuous operation of the testing machine these marks are too fine to be always visible, but 
vaguely radiating ripples may show the crack initiation point or points. 

In fatigue tests at low stress and with a large number of cycles, the texture of the fatigue cracking area 
is substantially different from that of the final static fractured area; it is thus possible to identify a 
fatigue fracture, to measure the statically fractured area, and to determine the static fracture stress of a 
component containing a fatigue crack. 

nth comparatively high stresses aaci a low number of load cycles, the plastic development in fatigue differs 
little from the plastic development prior to and during crack propagation in static tests and the appearances of 
the two fractured areas are very similar. J 

In some cases where the appearance of the fracture indicates static failure, caution is recommended since 
fracture might be caused either by static loading (N = \) or by fatigue loading at high stresses (2 <: N 100). 
If the investigation is not carried out by an experienced specialist, there may be uncertainty in the range 
*.. 0ne must then discuss the probabilities of loadings likely to cause either static or fatigue 100 < N < 105 
failure. 

..... . 

, 
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It should be noted that a slight necking (localized reduction in the cross-section area) does not prove that 
at c rupture as occurred. Indeed, it is found that fluctuating tensile loading (with a fflean sïatic cognent) 

direction'of the^tatic^éanStress. ^ later alten,atlnB reVerSed StreSSeS “ - ‘*>e 

tension!<'rnatinB bendinR the front of the orack Pr°PaK“t^ in substantially the same way as in alternating 

nr thf "aXl"Um StreSS 18 always l0Cated at the iot^^ction of the surface of the component 
enH« Í ï h ‘ crack front- as in the previous cases, but since the development of fatigue begins on the 
.... c°ntour, the crack front will extend more rapidly over the surface than in depth and will tend to have a 

hi ovTÍ TVa‘rr!: assuming “h elliptic Shape around the final static rupture area. Peripheral propagation will 
.be even faster if the component has a circumferential notch and if the static rupture area is internal; the 
crack front will be more concentric if the load is high (Fig. 1.3), 

If a shaft loaded in rotating-bending contains a hole in the direction of its diameter, the edge of the hole 
is the seat of a stress concentration and its sharp angle will be a potential crack starter. Blunting the 
angle (chamfering) will delay the cracking. 

In alternating torsion cracks are substantially perpendicular to the axis in ductile metals. In hard and 

orr„ík f ' are lnollned at 45° t0 the a](is- If the shaft has a circumferential notch, the 
crack follows the root of the notch and extends in the direction of the cross-section; in hard and brittle 
metals it tends to incline in depth from several points and shows facets. 

As will be explained in Chapter II, it is believed that the development of fatigue prior to cracking is 
governed by plastic shear strains which produce highly localized tensile stresses near the barriers to plastic 
slip. These heavily stressed areas are roughly aligned along the shear planes perpendicular or parallel to the 
axis. Rupture would then be conditioned by the localized tensile stresses, which are the sum of the mean 
principal stresses inclined at 45° on the axis and the previously mentioned stresses due to shear and Induced by 

deVel°P“nt ln iatlg,Je' plasti0 development is considerable in ductile metals and much less in 
brittle metals, which accounts for the difference in behaviour, 

In mechanical parts the crack plane is often perpendicular to the lines of forces of the principal tensile 

»ÎmsT' (.Thas,1in thetcase of a sh0“ldered shaft (Fig. 1.4) subjected to tension or rotating-bending, fracture 
exhibits atypical cup shape. For any component fractured or cracked in service, the direction of the princioal 

deêi^edTT8 Th be 1"ferred irm the dlrectlon of cracking. Thus, in a wing-to-fuselage attachment fitting 
designed to absorb drag, the unusual direction of a crack as compared to the calculated stresses led to the 
conclusion that the attachment fitting also took up a certain amount of lift; since the lift is equal to about 
ten times the drag the parasitic lift stresses were locally greater than the drag stresses: forces follow the 
path they can and do not necessarily travel along lines that are easy to calculate. In the cane quoted, the 
phenomenon was checked by a static test including measurement of the local stresses. It should also be pointed 
out that any investipntion of cracks merely results in presumptions that need to be checked. The study of 
fractures may be facilitated by a catalogue such as that issued by the RAE7. 

1.4 WOHLER cr-N CURVE 

A German mining engineer, Albert, two French engineers, Harcoux and Amoux8, and a British engineer McDonnell 
were the first to discover the "fatigue" phenomenon, thus termed by Poncelet, Wöhler carried out the first 
systematic laboratory experiments in the 1860s. A method of presenting test results was named after him' it 
consists in plotting the common logarithm of the number N of load applications to failure on the X-axis and 
the load F on the Y-axis. An F-N curve is thus obtained. Instead of the load F , one may also plot the 

wldelyVed to denote^oiina'l'stLs.1" ^ ^ ^ ^ CUrVe 18 Called c“rVe" b~ the “ 

Figures 15 and 1.6, from a paper by Cazaud’, give examples of this method of presentation. Points with an 
arrow indicate that the test concerned was stopped without failure of the specimen. Annealed mild steel has a 

faÍ ÍU? 1ín,lt at ab0Ut ,10 cycles- A Rpecimcn assiming the form of a body of revolution as 
illustrated in Figure 1.7 is termed misted specimen. 

Previous test results have shown that the strength is quite sensitive to the shape and to the surface condi- 

the"cylindrical Specimen"16 specimen, although containing a stress concentration, is more resistant than 

atari íh, that thl«^Ich seems paradoxical, is duo to lesser heating of the waisted specimen 
since the volume of metal subjected to high stresses is comparatively smaller and the temperature of the metal 
during testing is more moderate. At a higher test rate (9,500 c/m) a change occurs towards to8 in the relative 
strengths of the cylindrical and waisted specimens. It seems that at high stresses the temperatures of both 
types of specimens, which are above the temperature of the test performed at 2,475 c/m, exceed the level that 
causes a great variation in strength (between 100° and 200“C), thus improving the behaviour of both specimens' 
on the contrary, the previously mentioned discrepancy remains at lower stresses. Although anomalies of this 
kind may be interpreted in other ways, it should be noted that tests conducted on specimens of equal strength 
sometimes have the disadvantage of heating effects such that actually the strength of the material is measured 
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ut an unknown test tempernture. Hie data obtained therefore cannot he used for doslanllIR mechanical comnononln 

o^discbssloT8 U 0r dlffCrent COndltlDnS a"d th°y 1,r°Vidn at b0!it ro"Bh «»timatos that may he used an basis 

tlor /atlfhUa iK f'6.81!'!“8 bDl°W W,'lch no fulluru 0001,rB' iwcsnoctlvo of the numher of load applica- 
nn !’xth f Bt0e1, it correHix,nds t0 N ranging from io6 to io7. Fbr tho Amoricmi 75 S-Td light 

oy (A! + 5.5% ai + 2.5% Mg + 1.5% Cu +,.) Oborg10 found the fatigue limit after io7 cycles and conducted 

Si5er ïh ■+ ° 10 CyT ln °rdcr t0 cheuk this P(,,nt Howeyer, miny Uboratorî „oopïe con- 
aider that aluminium alloys have no fatigue limit and they accept the arbitrary definition nronosod hv Temnlin* 

limited life ^ hlKh V“1U0 ^ ” ' WhlCh ‘n I,rnl!tl00 Hino° “H onglneorinrstricturM havo°a 

For very small values of N all <r-N curves contain an initial horizontal portion that goes through the 
’Ult. corresponding to rapture under a static load. Then we have tho finite-life range 

point N = i and a- - a. 

a ïÂÆÂrr ~ 
ri *r:1: ,i" r-sr;: 

in the finite-life range close to static rupture (here N = i), one may consider the functions 

e-tt(N-l)1 or log log = log(a log e) + b log(N-l) 

<1* = e"u(l°* N)b or log log ^ = iog(a log e) + log lag N 

results ZVolT 1' ^ ^ ^ ^ 
(0.69/1000 daN/mm2) " the Cont,,Et proS8Urc theory) measured in lb/in2 

fatigue plirV^;rri0arLfrsdomTaSarti„:-^ and the various detectable stages of the 
aircraft fuselage and a lower wing spar cap Log log i/i and68/ rfhUlÍb SteCl Jo,nt locutt’d between an rs “r rr.r f-r1 ss. if 
to check the previous estimate^°^eS ^ ^°1818 re,,reSent 8 8CCond tcst 8erlcs »^formed at = 0.563 

Of cycles ««trihutioa .aw of the number 

number of tests at an appC“te load íeveí tïbuïï» LLed 8trUCt“r<!1C0Uld bc as8C88l!'1 f‘™ 8 «‘11 
permit the assumption of a normal log log N law in other enw^ Y0™“! í°e N l8*: experimental results also 
N the load scatter is normal. “ " Ca8eS’ In i80t' U 8p|,C8rs tlmt for a given value of 

»..UM... I ..d . ..II," .uf, v . V“d"' "“■“-•"■■'■fl-'“»" « . .. infinit** 
smaller than x - ks . fr0,n n obaorvations* »> the probability of x 

x-™: tbe -Y8“88 pP h -ch that the estimated 
probability taken from the large population and ?hK Y,? . ^ !?Uul to tho V8l«° of * <>f the same 
and taken equal to 0.9 by Kennedy. If n is the number l/aiuIiabíTresUns!’ CnnC<l COI!Îficimt °f confiance 

= Sx2-4(¾)2 

n - i 
k is given in Table 1.1. 

¡.vät/viL.-J-..- j.... L . 
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Values of k in tlie estiniato \ • ks of \ 
Midi a piolmliility i> for x < x - ks and Midi a 

coefficient of confidence of «.9, after Kennedy 



Figure 1.11 

TABLE 1.2 

Values of p ami q for notched specimens 

Type of loading Type of specimen P q 

Tension or compression Flat 

Cylindrical 

1.32 

1 

2 

2 

Bending Flat 

Cylindrical 

0.825 

0.715 

2 

2 

Torsion Cylindrical 0.365 1 

' • . 

' ., i’. . .... ...: .,, , ,..-..1:.. 
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'lilis table could be used directly if an adequate number of experimental points per load level were available. 
This is rarely the case; it is therefore necessary to use all the points known and, for this purpose, to assume 
that the dispersion in the X-direction on the Wohler curve, here the log log N , is independent of the load. 
On the basis of this assumption,the mean line is plotted us well as possible across the m experimental points, 
then the mean s2 of the sum of the squares of the deviation on the X-axis with respect to the straight line 
is calculated: 

s¿ = 
£e2 

m-2 

and wo take n = m - 1 to use Table 1.1. 
mean-square deviation on the X-axis from the moan 

If we refer to the black points in Figure 1.10, the root¬ 
line is s = ij* . For n = 6 - 1 = 5 and p = o.001 , the 

table gives k - 5.G7 , hence ks = . By shifting the mean line by k^ towards the low numbers of cycles, 
we obtain a dotted line such that the probability of encountering worse results because of scatter is reduced 
to 0 001, the second series of tests at the level = 0.563 resulted in a better knowledge of the resistance 
to high loads corresponding to the maximum service load of the aircraft. We shall see in a later chapter what 
practical conclusions can be drawn from such a calculation, which is of course a rough one. 

Fatigue strength depends upon many factors. We shall first describe the effect of mechanical factors: 

stress concentrations 

- mean static stress 

- method of machining 

for some materials used in the aircraft industry. 

1.5 STRESS CONCENTRATIONS 

The stress concentration factor KT is the ratio between the largest stress due to a change in shape and 
the nominal stress calculated by the elementary mechanics of materials. It is interesting to know the orders 
of magnitude of KT in joints and components: 

Spot-welded sheet joints kt ~ 20 

Riveted sheet joints jq 

Bolted lap joints 6 to 15 

Lugs, pin-loaded holes 2 to 10 

Plates with free holes 2 to 3 

V-grooves with sharp roots • 5 to 20 

V-grooves with rounded roots 1,3 to 8 

Screw threads not subjected to direct loading 3 to 6 

Screw threads engaged in nuts 5 to 12 

Fillets i.i to 4 

Tiie fatigue notch factor Kp may be about as large as the theoretical factor KT ; on the other hand, it 
may bo as small ns 1/5 or 1/10 of KT . For the same value of KT and geometrically similar specimens,’Kuhn 
has pointed out that Kp decreases when the absolute size of the specimen increases. 
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Sometimes, one speaks of the “equivalent factor 
have n KT-value of about 4. This means solely that^ts S-N 

Kt” of a structure; for instance, an airframe is said to 
f.f - imt , . . . ; -L---.- curve* which is unknown, is about the same as 

l f n°tchcd si)GCimens with KT = 4 , taken as reference basis. The equivalent factor KT is only 
useful if the reference basis is clearly defined. For a long time many specialists in airframe structures 
referred to test results obtained on small specimens by the Battelle Memorial Institute and published in the 
NACA Technical Notes Nos.2324, 2389, 2390 and 2639. Such results should be considered only for interpolation 
in connection with test results found on actual components or structures. 

calculations of KT such as carried out by Neuber14, two extreme cases are often used for bracketing the 
case: the “shallow notch" and the “deep notch". A circumferential V-groove on the surface of a cylindrical 

or two edge grooves on a flat specimen are defined by the dimensions d.D.r and u of the Figure 1 n 

is s plotted to the scale of Figure 1.10. 

itfi. 

Má 
’ vJsüawKÄ1* 

.••i 
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Neuber’s formulae are rather complicated. Hottenrott15 has proposed a good simplified approximation: 

■It» = pKp + 1 with Kp = ij- 1 

for the deep notch and 

vTq = qKn + 1 with k- = i/o 
for the shallow notch; p and q are numerical factors which depend on the type of loading and on the stress 
state, the stress state being biaxial in flat specimens and triaxial in cylindrical specimens. The angle oj 
has little effect for 0 < oj < 60° . The notch is shallow if D is close to d , and deep if the ratio D/d 
is large. Actual notches correspond to intermediate cases and K* is obtained through Neuber’s interpolation 
formulae* 

Kqi = 1 + |f—+ _i 
vKp-1»2 <Kt«- i) 

and 

Km = 1 + 

Æ/p![Ë + H2+1/qfir)} 
Hie factors p and q are given in Table 1. 2. 

Flat specimens having a hole are sometimes used. Howland16 has studied the circular hole of diameter d 
drilled in a bar of width D , between d = 0 and d/D = o.5 ; Weber17 has found KT = 2 for the limit case 

D . We have 

d/d o 

K 

0.1 0.2 0.3 0.4 0.5 1 

X 3 2.7 2.5 2.35 2.25 2.17 2 

The elliptic hole in an infinite plate subjected to tension allows the variation of KT from 1 to 
high value: a very 

where a and b are the semi-axes of the ellipse, “a" being perpendicular to the load. 

Scale Effect and Stress Gradient 

We shall see later that for various reasons the state of the material at the surface and down to a certain 
depth is quite different from that of the material located at a great depth. In particular, the free surface 
causes the resistance to plastic strains at the surface to be lower for a material that has been work-hardened; 
the deeper grains exert a supporting effect which is large if the stress gradient in the direction of the depth 
is small. Surface hardening can produce the opposite effect. For these reasons the notch factor KT does not 
suffice to define the stress state that is responsible for the development of fatigue before cracking. Further¬ 
more we must also consider the gradient in depth of the largest tensile stress parallel to the free surface. 
For circular and elliptic holes as well as for Neuber's deep notches, calculation of the gradient with Neuber’s 
expressions for the stresses yields 

r = -( non. iT k , 

where r is the local notch radius and k a factor having the following values: 

Tension, circular hole 

Tension, elliptic hole 

k = 7/3 

k = 3 + 4/(a/r) 

1 + a/(a/r) 

Tension, deep notch 

Bending, deep notch 

k = 1 

k = 2(1 + r/h) , 

h being the thickness at the root of the notch. 

Another interpolation is suggested by Dixcn38. 

Vil 
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For ft smooth specimen in bending 

2 
f °noDi. 

where h is the depth of the beam. 

It is seen that the smooth bend specimen cannot be compared with a smooth tension specimen. The use of the 
radius or of the half-thickness to define the stress gradient provides a first explanation of the scale effect, 

For stressas above the fatigue limit the duration of cracking is approximately equal to half the life to 
failure and tho crack may bo considered equivalent to a very sharp notch. We shall show in another chapter 
that tho stress distribution around the crack tip is also conditioned by the absolute size and exhibits a scale 
effect. Generally, the strength decreases with increasing size. 

Some lie suits of Tests on Notched Specimens 

As a rule, if we change over from smooth specimens to notched specimens, the Wohler curve is lowered and 
moves to the left since the finite-life range begins earlier for notched specimens. Figure 1,12, relating to 
sheets made of aluminium-copper (24 S-T3) or aluminium-zinc (75 S-T6) alloys, is typical of airframes. On 
smooth specimens, the fatigue strength is reduced to half the static strength ($= 0.5) for N = 105 , whereas 
the same decrease is found on notched specimens for N = io2 . At 107 we have $ = 0.25 for smooth specimens 
and ‘l* = 0.08 for notched specimens. 

For steels there is a fairly close correlation between the fatigue strength of smooth specimens and the 
ultimate static strength. The fatigue limit (N 106) is between 0.4 and 0.5 crult . ihe solid 
curves in Figure 1. 13 show that this correlation is also observed for small specimens in the finite-life range, 
so it is desirable to use high-tensile steels. Tho situation is somewhat different with notched specimens. 
For N 105 the best steol in fatigue is the same as that which is considered best with regard to static 
strength. For N = io3 , however, steel treated to 134 daN/mm2 (190,000 lb/in2) sustains 100 daN/mmz (143,000 
lb/in2) in fatigue while the same steel treated to 198 daN/mm2 (280,000 lb/in2) only sustains 86 daN/mm2 
(124,000 lb/in2). In Figure 1.13 the fatigue strength is referred to the static strength; thus, the 
difference is even more apparent. This method of presentation is justified by the fact that high tensile steels 
arc used to reduce the size of components. In addition, it should be noted that ultra-high tensile steels are 
very sensitive to embrittlement by absorbed hydrogen, especially after inappropriate cadmium-plating, and are 
thus liable to break spontaneously during machining or in service, They are also sensitive to nickel- or 
chromium-plating. They should be used with great care and a close check of the treatments and machining opera¬ 
tions is recommended. Concerning the treatment of steels, the static strength should not exceed 120 daN/mm2 
(170,000 lb/in2) if this is consistent with the objective of the design. 

Figure 1.14, from Oberg and Trapp21, illustrates the effect of the direction of loading compared to the 
direction of extrusion for extruded 14 S-T aluminium alloy sections. Roughly speaking, the fatigue strength 
varies in the same way as the static strength. In practice, if a component is sound, the fatigue strengths in 
the longitudinal and transverse directions are very similar. For components containing inclusions, however, 
the strength in the transverse direction may be rather low. In components made from thick plate material and 
subjected to tension in the direction of the thickness (short transverse direction) the fatigue strength may be 
very low, as may be the residual static strength after cracking. 

In 1948 Russell, Jackson, Grover and Beaver22 published a very comprehensive study on the strength of 24 S-T 
and 75 S-T sheets. The first tests on smooth specimens and small specimens with holes subjected to repeated 
tension showed (Fig. 1.15) the detrimental effect of cladding which is considerable for smooth specimens but 
negligible for specimens containing holes. For the latter, aluminium cladding is even beneficial if the number 
of cycles is less than 105. We believe that in actual joints where the notches are more severe cladding does 
not reduce much the fatigue strength obtained in laboratory tests. A fortiori, cladding is recommended for 
operational aircraft and structures subject to atmospheric corrosion since it delays corrosion and thus improves 
the fatigue strength. Besides, the same authors23 showed that surface scratches, which arc unavoidable on sheets, 
have a small effect on the fatigue strength provided tho cladding layer is not broken, 

The stress concentration factor KT is only a rough reference for the notch sensitivity in fatigue. In 
effect, with simple geometric notches, Kp(< KT) varies with the number of cycles and can double if N is 
increased from 1011 to io7 cycles. With pin-loaded holes, fretting (wear, contact alteration, corrosion) appears 
and, if KT = 3 , Kp may vary from 1.4 at 10“ cycles to 8 at 107 cycles, the values at 107 cycles ranging from 
4 to 8, according to tests on 2024 aluminium alloy (Ref. 24). 

1.6 i:m:cT 01* static mkan strkss and rksimjai. stresses 

A steady moan stress is detrimental in tension and beneficial in compression. Very few data on repeated 
compression tests are available. Nowmark and other authors25 produce a Wohler curve for repeated compression 
of waisted 24 S-T alloy specimens having the following properties: 
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Compressive yield stress tr0 l = 34 daN/mm2(48,500 lb/in2) 

Fatigue at 106 cyclesj 

29 

repeated tension cra = crm = 17 daN/mm2 (24,250 lb/in2) 

tension-compression = 0, cru = is daN/mm? (25,500 lb/in2) 

repeated compression £7 = cr a m 23 daN/mm2 (32,600 lb/in2) 

^H^nVh ^086 r®S“U® af° C0l"p“red with those of Roference 23 for smooth specimens made from 24 S-T bare 
material and having substantially the same fatigue limit in repeated tension. 

Figure 1 17 shows the Wohler curves obtained by Luthander and Wallgren26»2* for smooth specimens and SDecimens 
containing holes, made from clad 2024 aluminium alloy material, 1.2 mm (0.047 in.) thick. The results are also 

is°reDresent«Mn h'/8 ^ T"8 °f ^ S0“called Goocùnfin where the maximum cyclic load versus mean load 
is represented in dimensionless co-ordinates for a specified number of cycles to failure. The inclined line AB 
ï dw! T of 2 corresponds to = ; Us intersections with the curves for constant va u of N 
indicate the points for repeated tension. OI " 

hptn" i V < ür reSUltS are giVCn ln th0 f0nn 0f a Smith dia«rm' thl! alternating load 
Fr™ thí « °n f Bnd the moan load on the X-a)lis- maximum load corresponds to the 45°-line 
Ind n ï h dfiBUr?S Can 6 Scen that there ls a detrimental effect of the mean tension load on both smooth 
“d "°‘Ch0d specin,™f However, for notched specimens, this effect remains constant above a certain value of 

mean stress. This is due to the fact that the actual mean stress at the root of the notch decreases more 
api ly in fatigue if it is large, as the alternating stress tends to favour localized flow under the effect of 

eÏSnf^te^ ^ ^ ^ Heterogeneoufgra^nV“^ 

Although not easily detectable, residual stresses in a component not subjected to a load act like mean 
causps^lpraduced by exbe™al loading. If a notched component is subjected to an external tensile load which 
causes plastic strain at the root cf the notch while the rest of the material remains in the elastic range 

"r "lg„mTorPTT? Sb0" that- after removal of the load, compressive residual stresses are found in á 
small volume of material at the notch, which are balanced by low tensile stresses in the rest of the material 
As demons ra ed by Kepert and Payne-, static preloading up to 85% cf the ultimate flight load can mnU p y y 
four the fatigue life of an aircraft structure. This beneficial effect is one reason why such m“h"ds of 
improvement as shot-peening, vapor-blast and rolling, which we shall examine later, are used. 

Í rChln* S 7SSe! are dUe t0 oontraotlon during cooling, to volumetric expansion during phase 
changes, or to a non-uniform temperature distribution during cooling. At the beginning of cooling, the surface 

Since the^oïe f COntraCt!!d and is sublected t0 te"sl°n while compressing the core hydrostatically 
With father co^in tw17 COmpresaible' tbe tcnsi°n-loaded external surface yields as a result of plastic flow, 
t 5? cooling, the core contracts and compresses the hardened surface elastically. Finally the surface 

urin?: ,1 rrr0n the COre t0 tensl™- If the undergoes a crystalline phas; chan ë 
during cooling this phase change may cause expansion, like the y-a transformation of steels The effect of 

dîëëëëëë" f th trnSfr“ti0n ls °PP0Site t0 that of tl,ern,al contraction. Ihe final result is, then the 
thf ë if í the i“ pheno"ena and depends on the rate °f cooling, the temperature of the y-a transforaation 
the soaking temperature and the temperature of the quenching bath. Generally, surface compression will be 

thëmal c^ITh n StertelS and SUrfaCe tenSi°n ln hiBh-carbon steels- Oeing the quenching of aluminium alloys thermal contraction produces compressive residual stresses at the surface. 

Arc or torch welding produces tensile residual stresses in the neighbourhood of the weld line. 

St™l7íh"f “r COrei:e resldual stresses if tbe reducti“” ia «oa is small and tensile residual stresses if the reduction in area is significant (Biihler and Buchholtz29). 

Grinding produces tensile residual stresses. Work-hardening by roiling or shot-peeninc gives surface com¬ 
pression, The same applies to induction quenching, case-hardening and nitriding, 

resiriëëw5' 3Peakl!’B, aU fabrlcation processes, heat treatments, cold-working and machining operations produce 
ë! îd f! ! _ h°feJBlUes are Hnlited by plastlc now or rupture of the material. Details and figurës are 

,.-. . ^ it “ ’--- may uaustj xaiiure oi tne components during 
machining (if too much of the tension-loaded material is removed, the remainder may break under the thruët of 
the compression-loaded material) or during storage if the residual tensile stress approachës thVultimatë stress 

fëë^ëëi^ëëtënëër therefDre be "aCMned bef°re ,1UenChinB Wlth °nly B SmaU ™°ant Pf “tori“! left ' 

to “Otala are an sotrop crystalline grain structures with variable orientations from grain to grain. Owing 
see ëë aad,plast1° anisotropy, mean stresses on the gross scale resolve, at the scale of the grain into 
econd-order stresses which are assumed to be uniform on each grain and varying from grain to grain, ihc elastic 

>^mrüPM/0Vr0n 18 SU°Í th^ ^he m,,dulUS 0f alaaticity ranges from 29,000 daN/mm2 (41 5 x io6 lb/in2) to 
13,500 daN/mm2 ( 9.4 x 10« lb/in2) depending on the direction of the load in the crystalline lattice Evlë in 
the absence of stresses of the first order, the mechanism of plastic deformation followed by an elastic return 
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may leave residual stresses of the second order. Investigating residual stresses of the second order after 
extrusion through broadening of the X-ray diffraction rings, Megaw and Stokes31 found for various metals: 

Fe Ni Cu Ag Aí Pb 

Jresidual' daN/mm: 

ult. tension 

58 

30 - 80 

53 

35 - 120 

23 

23 - 47 

22 

28 - 36 

0.7 

1.2 - 2. 1 

In each grain there are slight variations in the crystalline orientation and structural defects in the lattice 
which induce stresses of the third order that cannot be measured, even indirectly. 

Residual stresses change during fatigue. According to Rosenthal and Sines32 for the 61 S-T aluminium alloy, 
static preloads equal to 80¾ of the conventional yield strength, i.e. 50% of the ultimate load, induce stresses 
that amount to 40% of the yield stress in notched (KT = 2.5) specimens subjected to alternating-bending, 
whereby the fatigue limit is improved by 33% at 107 cycles. After fatigue loading these residual stresses are 
still equal to 34% of the yield stress. Moore33 has studied the effect of fatigue on the residual stresses due 
to shot-peening and showed that these stresses decrease rapidly if the alternating stress is high. . Studying 
the effect of rotating-bending at +34 daN/mm2 (48,500 lb/in2) during 970,000 cycles on steel containing 0.36% 
of carbon and water-quenched at 600°C, Bühler and Buchholtz34 found that the longitudinal residual compressive 
stress was lowered from 27 daN/mm2 (38,500 lb/in2) to practically zero. Schulz and Buchholtz have reported 
that fatigue can generate residual compressive stresses in specimens that were originally free of such stresses. 

The importance of residual stresses involves two consequences for fatigue testing: 

1. Static tests under high loads must not be performed on structures that will be subjected to fatigue tests. 
The only exceptions are cases where the static preload is applied to actual components at the beginning 

of the operational life or during manufacture. 

2 Since the residual stresses in actual components differ from those in specimens, the substantiation of a 
design can only be effected by direct fatigue testing on actual components. Tests on notched specimens 
or typical fittings are an idealization of tests on actual fittings and, consequently, they only permit 
interpolation or slight extrapolation on the basis of a limited number of tests on actual components. 

From the point of view of manufacture, an effort should be made to reduce the residual tensile stresses, 
which are always detrimental. In the case of steel, stresses of the second order (on the scale of the grain) 
are lowered by prolonged heating at 100°C (212°F); stresses of the third order (on the scale of the precipitate), 
which are more stable, disappear at about 300°C (572°F), whilst stresses of the first order (on the gross scale) 
disappear only at high temperature. A relaxation treatment after tempering performed at the highest temperature 
consistent with the preservation of the as-tempered properties can be profitable, 
should be eliminated by a complete quenching and tempering heat treatment. 

Stresses due to welding 

We shall later examine in detail all the methods of improvement which produce residual compressive stresses. 

The development of residual stresses during fatigue probably accounts for the "understressing” and “coaxing" 
phenomena. "UnderstressinR" is an increase of the fatigue limit through exposure of the specimen to alternating 
stress below the fatigue limit during a sufficiently high number of load cycles. The residual tensile and com¬ 
pressive stresses are reduced and, if the surface is subjected to tensile stress, subsequent fatigue loading 
above the previous fatigue limit may cause no failure. In Figure 1.25, from Kommers3*, the increase of the 
fatigue limit of cast iron under a stress slightly below the original fatigue limit is plotted against the 
number of cycles. We have drawn a dotted line to illustrate the assumed development of the residual stresses. 
For the cast iron tested, the improvement was independent of the understressing stress below 5.6 daN/mm2. From 

5.6 to 6.4 daN/mm2 the improvement increased linearly from 16 to 31%. 

The improvement is greater if the understessing stress approaches the fatigue limit. It is advisable to 
increase this understressing stress with the new fatigue limit. It is actually found that the fatigue limit 
can be raised by this process, called coaxing, Figure 1.26i after Kommers, shows a result for annealed iron. 
For carbon steel with a yield strength equal to 43 daN/mm2 (62,000 lb/in2), Bennett37 managed to increase the 
fatigue limit from 35 to 42 daN/mm2 by the coaxing method. 

The term "overstress¿ng”is used to define a decrease of the fatigue limit after initial fatigue loading at 
a higher level. We shall see later that on work-hardened engineering steels and notched components any loading 
at a high level produces an improvement over a small number of cycles but has, then, a damaging effect if the 
number of cycles is increased. A slight improvement by overstrossing is sometimes observed in smooth specimens 
and some authors have stated that overstressing produces an effect of undorstressing! Tbc analysis of damage 
caused by fatigue loading at various levels will be the subject of a later chapter. 
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CII/tl>Ti:K II 

PLASTIC STHAIN IN MKTALS 

Plasticity is thu iiroiicnsity of u [iuforniublü bucl.v to roltiiu an imposud shapo after the removal of the loud 
that caused the deformation. At room temperature loud has very little elasticity and may lie considered to he a 
plastic metal. Elasticity describes the immediate and complete return to the original shape after removal of 
the load. Viscosity measures the resistance to deformation the strain rate of which is proportional to the 
magnitude of the applied load. If a material includes viscous elements working in parallel with certain elastic 
elements, deformation decreases asymptotically with time after unloading. In viscoelastic materials such as 
nylon, this elastic after-effect may ho significant with respect to the elastic deformation. 

In metals, the application of loads at a high enough temperature first causes instantaneous elastic strain 
and a certain amount of plastic strain; at higher loads, continuous flow called creep is obtained. In some 
cases creep deformation has a small after-effect once the load is removed. Unlike metals, plastics are only 
plastic during manufacture; they arc viscoelastic in the service condition and exhibit a large elastic after¬ 
effect resulting in strain recovery, 

The material of this chapter is derived to a great extent from previous work1»2. Our basic approach includes 
one observation and one assumption. First, there arc striking analogies for mechanical engineers in the mech¬ 
anical behaviour, under appropriate conditions of temperature and time, of components made from such dissimilar 
materials as metals and plastics. 

Among the analogies wo find: the variation of the static stress-strain curve with test temperature and strain 
rate; the existence of a fatigue fracture mode and the improving effect of superimposed compressive stresses; 
the Bauschinger effect; the process of plastic flow and delayed elasticity (strain recovery); relaxation, etc. 
These macroscopic analogies between the behaviour of metals and that of plastics are not always apparent because 
certain effects are too small to be reported by the experimental moans used and also because the loads may 
sometimes induce phase changes. 

The occurrence of common phenomena on any scale of observation con only result from common elementary causes 
on a finer scale. Now the internal arrangements or structures of metals and plastics differ on each scale of 
observation. Metals are made up of crystallized grains in which the atomic array is a short-range and long-range 
pattern within a regular crystalline network; plastics exhibit statistical disorder on a microscopic scale, and 
on orderly local arrangement is suspected to exist over the range of neighbouring molecules. The types of 
atomic or molecular bonding in both cases arc different. 

Vie only points in common between metals and olastics are the existence of thermal agitation and metastable 
atomic or molecular configurations which may become unstable at high temperature or under external loads applied 
to a specimen for a long enough time. 

We must therefore examine in what way external loads and heating can change the atomic or molecular arrange¬ 
ment and affect its stability. 

Secondly, besides the conventional assumption regarding the plastic fracture of metals (increase of resistance 
to slip and decrease of resistance to cleavage as a result of the atomic disorder due to plastic deformation), 
we may formulate an additional hypothesis concerning a distribution mode of internal resistance to external 
loads over domains which decrease in size and number in the course of the deformation and during the time of 
loading. Consider the rupture of a stranded cable: the weakest wire breaks first; the load is then transferred 
to the other wires, of which each breaks in its turn, and so on until complete fracture occurs. We also assume 
that the diversification in stiffness and stability of metastable atomic or molecular configurations is increased 
by the load, which causes some areas to return to the original order (recovery) or to be arranged in a new order 
(polygonization and recrystallization of metals); thus the difference in state and hence in stress between the 
various areas is increased. Ibis assumption is based on the known features of stress-strain loop adjustments 
and on the existence of the Bauschinger effect. 

In simpler words, our assumption is that plastic development in metals before cracking causes a change in the 
relative plastic stiffnesses of neighbouring small regions, even though the average stiffness increases, which 
results in the transfer of a portion of the external loads to smaller areas likely to break. 
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'4.1 HOltK*IIAHDKNINfí AMI KKCOVKUV 

Co id-work in« of motnl» nml Mm Hulwotnionl hurcloniiiR offoct nro aoinotiinos oonfusod undor Mio tonn “work- 
ImrdcniriK". 11m torm of wark-httnlvniim11 «oimrnlly inillciitoa u roduoklon in Mio o ross-sec tlomil «ron of 
drawn rods or n reduction in tlm thickness of cold-rollud slioots. In Mio followin«, wo sluill say that compononts 
aro wurk-liardoiiüil hv cold-work ln« und that the rosiiltmit uwk-luirdtinini' may ho roprosontod by tho hmltwss of 
tho motnl. Hardness 1» one of the measurahlo properties of work-lmidoniiiß hut it will ho seen that tho Imrdonod 
condition is not completo'y defined by hardness. Fnrtlionnoro we shall sue that struininn of a cohi-uvrkvd 
cimfnmmt cun lower its liuniness. 

Investipation of continuous strain in« at constant load, called creep, shows that deformation at constant 
speed may achieve a balance between the creation of now lattice distortions, which hardens the metal, and the 
partial recovery of an orderly lattice, which favours plastic flow. 

It muy therefore he ussumeil t/mi strnininfi has two simultaneous effects: the creatiun of obstacles to further 
strain ami the iltsa/i/iearnnce of firvexist ing obstacles. 

'4.1.1 Slip, llisldcatloiis, Struclural Defects 

Hie structure of a machine describes the arrangement of its components; similarly, the structure of a metal, 
also called triture, covers the nature, size and orientation of the elementary crystals or grams, of which it 
is made up. In some cases, orderly domains of slightly differing orientation are observed in a grain; they are 
known as mosutc domains or crystallites. The structure of an elementary crystal, grain or crystallite, is 
typified by the relative arrangement of its atoms or molecules. Tills pattern exhibits an order which is res¬ 
ponsible for the elastic properties under hydrostatic pressure and for the plastic flow undor shear stress. 
Departures from a perfect order account for the resistance to plastic flow. 

Crystals are characterized by a regular stacking of three-dimensional unit colls forming a space lattice, the 
corners, faces or centroids of which are occupied by atoms or molecules. Atoms are subject to vibrations of 
thermal agitation and their mean positions correspond to a state of equilibrium between the attractive and 
repulsive interatomic forces. If we consider two atoms which are a distance r apart, tho mutual central 
force, f , varies with r ns shown on tho graph in Figure 2.1. Tills force is equal to zero at tho equilibrium 
position, r0 , has a maximum value at M for a spacing r(j and then tends to zero if r tends to infinity. 
If the curve of f(r) is replaced by its tangent at r0 , we obtain f = k. (r - r0) , where k represents a 
modulus of elasticity. If the extension exceeds tho critical value r(j , the force required to retain the 
equilibrium decreases and instability causes tho separation or decohesion of the atoms. On the other hand, tho 
fact that atoms approach one another Implies repulsive forces which increase more rapidly than tho distance 
decreases. 

Cleavage or docoheslon is the separation of two parts of a crystal through a displacement perpendicular to 
a plane of the crystalline lattice. Because of the yield phenomenon this typo of fracture occurs in metals only 
on a microscopic scale and cannot lie measured. Very rough assessment shows that cleavage stresses would be of 
the same order of magnitude as the modulus of elasticity, i.o. several thousands of dccnNcwtons per square 
millimeter. In fact, we know from practical experience that some fracture stresses are a hundred times lower 
after plastic deformation which may sometimes be considerable. 

To explain this contradiction a theory duo to Griffith11 was first used. Griffith assumed the existence of 
microcracks which increased in size if the potential energy of the system was lessened by this increase. Beyond 
point M (Fig. 2.1), the force between atoms located on both sides of the crack decreases ns their spacing 
increases; conversely, the forces between neighbouring atoms located on tho same side of tho crack increase with 
deformation. By equating to zero tho variation of tho sum of the surface energy and strain energy, we may obtain 
a relation between the applied stress and the critical crack size for which equilibrium is no longer possible 
and fracture occurs. This theory has boon checked by Griffith for glass and by Joffe5 for a large number of 
amorphous and brittle materials. 

The first attempts to apply Griffith’s theory to tho fracture of metals were unsuccessful, due to tho fact 
that yielding allows large local deformations to take place through a process In which the variation of tho 
relative atomic spacing is not involved. It will be seen in a later chapter that by taking tho yield phenomenon 
into account it becomes possible to extend Griffith’s theory to fairly brittle metals. 

Yielding in metals has been studied in single crystals by many researchers. The main experimental facts may 
he found in the work of Schmid and Boas6 as well as in a paper by Gough7. To sum up, let us consider a crystal 
which, like magnesium, has only one family of parallel slip planes cutting a cylindrical bar into slices (Fig. 
2.2). In axial tension the slices slip past each other in a direction contained in tho slip plane, which allows 
an overall deformation of the bar without any significant disturbance of tho atomic lattice. Thu mechanism of 
slip is illustrated in Figure 2.3: shear strain is first an elastic strain and corresponds to slight angular 
displacements; It ends with the atomic planes slipping past each other and a new stable equilibrium position, 
different from the initial position, Is obtained. According to evaluations, the forces required for tho rela¬ 
tive overall slip of the two halves of a crystal would involve considerable stresses which arc inconsistent with 
the very low slip stress values observed in single crystals. 

Tbis inconsistency disappears if we use tho concept of dislocations of Prnndtl und Döblinger”. Tills concept 
was utilized by G. I.Taylor9, Orowan10 and Pol anyi11 to explain plastic strain in crystals. Its geometrical 
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description has been evolved by J.M.Burgers 12. The edge dislocation (Burger's first type) is illustrated in 
Figure 2.4(a). At a point A of an initially perfect crystal the application of external shear forces F 
causes slip of one atomic distance. Hi is slip is stopped in the vicinity of point B , l.e. the centre of the 
dislocation, where the upper half-plane of the figure contains one row of atoms more than the lower half-plane. 
Around B the atomic distances are modified and the crystal planes are curved, the upper half of the crystal 
being locally in compression whereas the lower half is subject to tension. 

If at A and C the crystal lattice has two free edges, it remains perfect after passage of the dislocation, 
except for two misalignments at A and C . If C is located on a crystal boundary (Fig. 2.4(b)), the disloca¬ 
tion strikes this boundary. If A and C are crystal boundaries, two cases may be considered: 

1. A dislocation already existed at one of the boundaries and it moves across the crystal to strike the other 
boundary. 

2. Two dislocations of opposite sign (Fig. 2.4(c)) originate at the same point, between A and C 
gate in opposite directions and strike the boundaries at A and C . 

they propa- 

The second case is a simple and credible assumption on the formation of new dislocations in crystals More 
complex assumptions have bean formulated by Frauck and Uoad‘a, In edee dislocations, the axis passing through 

tions POrpendicUlar t0 the plane of the figure and a11 Planes perpendicular to the axis show the same disloca- 

This is not the case with screw dislocations (Burger's second typo) shown in perspective in Figure 2.5(a). 
Ulis type of dislocation connects edge dislocations when propagation of the latter is impeded or in the case of 
non-uniform shear; nixed dislocations are thus obtained (Fig. 2, 5(h)). 

Dislocations are mobile along the slip planes and slip is caused by their displacement. In an Initially 
regular crystal it appears as a first approximation that the variation of internal energy due to motion of a 
dislocation is equal to zero. In fact, the dislocation originates in an external force which is sufficiently 
great to force some atoms from one equilibrium position to another. Under higher loads, the dislocation 
traverses the crystal in an accelerated motion which is restrained only through dissipation of the vibration 
energy of atoms located on its trajectory and set in motion by its passage in the glide plane and the neigh¬ 
bouring planes. B 

Since motion of a dislocation takes place through relays of atomic vibrations, it can be deflected or reflec¬ 
ted by insuperable obstacles or crystal boundaries, thus generating other dislocations on other planes or dis¬ 
locations of a higher order on the same plane. It is assumed by Burgers12 that grain boundaries comprise 
dislocations as illustrated on the diagrams of Figure 2.6. 

It a pure or impure monocrystallino or polycrystallino metal is subjected to an imposed plastic deformation 
it exerts a reaction force which increases with deformation up to a limit corresponding to flow under constant 
stress. To achieve large deformations high loads are required. Tills implies the existence of obstacles to the 

thiÍTsXün1’“8? 1,0lyc/fta;line materlals Bruin boundaries are harriers which arc hard to overcome; 
this also aPPlie» to inclusions of foreign bodies. In such cases there is a dislocation pilo-up against every 
obstacle, which accounts for the resistance increasing with the imposed plastic deformation. Dislocations 

nKo õ o 0)n!i“C lBtUc° ,llstortioas an|l handing of the crystalline planes in front of the 
obstacle (Fig. 7). Kith increasing number of dislocations, the curvature increases and Induces elastic 
deformation of the lattice at larger distances from the obstacle while Increasing the resistance to subsequent 
plastic strain. It creates slip lamellae which we shall examine in the next paragraph. 

The formution of obstacles to the dislocation movement can be Imagined oven in initially perfect crystals 
fho?"“?« *? ' jBurgers . if two dislocations of opposite sign move together on neighbouring parallel planes 
their elastic Interaction may impede the displacement (Fig.2.8) and the dislocations will form a knot (Fig 0 9) 
liable to result in localized lattice rotation. (fit.-.») 

of ÍSê üSMr 0r T "Cl,!',,)0Uring Bt™s ,n the nt0"lc 1« referred to as a vacancy. Disturbance 
ni* ? ?r0U!!?,B VBCB,,CÏ Bppoi,rs as ehstnclo to the dislocation movement. Some vacancies arc 
P 0 existing in crystals while others result from dislocation displacements. Thus, if two dislocations of 

nniüt1 n ShÜ \rr 0V?° P0ÍBhl,ol¡ring '’'“"es. the buttressing in Figure 2.8 can he replaced by a vacancy if 
s M f below point A . Under the action of internal stresses and thermal agitation, the vacancies may 
be displaced by local diffusion atom by atom; self-diffusion is favoured by thermal agitation ns well ns by the 
disturbance duo to the passage of dislocations. 

Edge dislocations can avoid barriers through motion of the extra row of atoms perpendicular to the slip 

tnnfMne^tn sen rnt i ^ shlft»,,! ls l>ro",ot':(l hy tensile stresses parallel to the direction of slip and 
tend ng to separate the atoms above point B (Fig.2.8); if the stress gradient is such that the atoms below B 

BPB ” S m” BW îï0Se “ ’0V,! B 111 tonsl°"' 11 ls understood that point B can ho moved upwards by single 
atomic steps while creating a vacancy in the atomic row, 

Obstacles can also bo bypassed by múltiplo slip along slip planes having the same slip direction. Finally 

ing^^bstlclt thiHs knowi'afe^x“;,;!'™ ^ t0 I‘n0t"0r mC“',S °f tW° SCreW "a-aa"d' 
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Plfi.2.1 Movements of compact layers in the face-centered cubic crystal. Prom Barrett15 
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Motion-pictures taken by P.B.Hirsch1“ with an electron microscope show the dislocation movement in various 
metals. A sheet 0.1 mm in thickness is reduced to 1000 X (0.1 /un) by clcctro-polishing, Motion of the dis¬ 
locations is obtained by local heating which generates high tensile stresses in the area observed (n few //m 
in diameter). Electrons are diffracted by the atoms of the lattice; the atoms near the dislocation aro expelled 
from their regular equilibrium positions and produce an irregular diffraction involving n chungo in intensity 
of the electron picture, whereby observation becomes possible. Observation shows the existence of dislocations 
in groin boundaries and the displacement of dislocations by successive leaps. It also reveals the cancelling 
of two dislocations of opposite sign and the generation of dislocation knots. Today the dislocation is no 
longer a mere concept but a fact that can be observed. 

The sumo method is used to observe dislocations that are locked in thin slices cut from specimens previously 
subjected to external forces or thermal stresses. Tlic surface density of locked dislocations and its variation 
in the different crystal areas can also ho measured this way. Similarly, the average density of dislocations 
and vacancies may bo measured by the electrical resistivity, which increases linearly with this density. 

According to Barrett15, there are other faults resulting from deformation, such ns smelting faults in close- 
packed crystal structures. In those structures the A atoms are closely grouped on one plane at tho nodes of a 
Plano hexagonal lattice, formed by equilateral triangles (Fig.2.10). A similar layer H is stacked in half of 
tho holes left by layer A . In tho same way, a layer C Is placed on layer B . If tho C atoms are located 
just above the unoccupied holes of layer A , a fnce-ccntcrod cubic structure is obtained. If the B atoms are 
located just above the A atoms, a hexagonal cluse-pucked structure Is obtained (Figure 2.11 illustrates the 
60°-angle rhombohedron in a face-centered cubic cell). Slip takes place through tho relative displacement of 
two atomic layers. In Figure 2.12, tho type of displacement required to achieve slip in the faco-centored cubic 
system is shown. Wien slip ends, the atoms, returning to their equilibrium positions, will have tho choice 
between two bedding systems in the holes of the lowest layer. If tho position indicated in Figure 2.12(a) is 
used, tho displacements will not preserve tho structure continuity and will result In a stacking fault constitu¬ 
ting a slip harrier on pianos transverse to those which have just been operative. 

Two crystals uro said to be in a twin position if their orientations are different while their Junction may 
he achieved without dislocations, nils would he the case with the close-packed arrangement if a crystal with 
the sequence ABC, ABC. ABC was contiguous to a crystal BAC, BAG,.. 

Cottrell17 has shown that the intersection of dislocations on several sets of slip planes in tho face- 
centered cubic lattice can create stacking faults by which the dislocations are pinned down, nils has been 
checked by Hirsch1“ with an electron microscope. 

Inclusions of foreign bodies also offer impedance to dislocation propagation. Inclusions resulting from 
precipitation during the cooling of a supers titrated solid solution are either coherent or incoherent with the 
matrix. Tho difference between an ordinary precipitate and a coherent precipitate is illustrated in Figures 
2.13 and 2.14. According to Averbach18, coherent precipitates disturb the matrix over a greater range and * 
result in more efficient hardening than ordinary precipitates. 

On a smaller scale, solute foreign atoms disturb the matrix and also impede dislocation movement. Substituted 
atoms, located at the lattice sites in place of some atoms of the matrix, are similar to coherent precipitates 
and very efficient if their positions correspond to an orderly array; interstitial atoms, located in tho unit 
ce s of the matrix, are also more efficient if they are suitably arranged and occupy comparable positions in 
neighbouring unit colls: a regular arrangement makes the atomic positions in tho lattice more stable. 

Hie preceding pages are based on a review of documents published before 1D53. In 105G, Friedel97 issued a 
detailed monograph on dislocations. Reference to more recent investigations will be found in tho work of 
McLean and Kennedy89. Hie present trend of specialists is to evolve a quantitative theory associating the 
stress state with dislocation movement, vacancy migration, microcracks generation and stability of microcracks 
in stress fields, -nie final objective is to attain n quantitative theory of strain and rupture in metals. This 
objective is not yet in view; consequently we shall restrict ourselves to a simplified qualitative statement of 
well-known facts solely with tho aim of showing their general link-up. However, theories based on statistical 
mechanics and involving elementary facts for which the probabilities of occurrence are assumed to be statistic¬ 
ally independent have proved fairly successful for creep strain or diffusion studies where menu effects are 
itivnl vori. 

2*1.2 ¿¡HP Planes, Lamellae and Slip Hands 

In cubic metals a slip plane is defined by its intercepts on the three rectangular axes of the cube, the 
numbers being enclosed In parentheses; for example, the plane xOy will he designated by (110). Tho slip direc¬ 
tion is specified by tho direction indices, the numbers being placed In brackets; for example, one of the 
largest diagonals of the cube will bo [in]. 

Slip in crystals has boon studied by Joffe5 for rocksalt, by Schmid am! Boas6 for single crystals, by Gough7 
for metals, by Nyo for silver chloride, and by many other researchers. Tho transparency and birefringence of 
si ver chloride have permitted photoolastic investigation of the slip phenomenon. 'Ihe slip planes in opaque 
metal crystals are identified by the markings they leave on the surface of the test specimen. Such markings are 
revealed by etching with a selective reagent which removes the distorted areas of the lattice. Examination with 
an optical microscope shows thick linos called slip bands', in grazing illumination they look like* stops. 
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(a) SMALL DEFORMATIONS (b) LARGE DEFORMATIONS 

Fili. 2.15 Slip bands 

(a ) UNDEFORMED 

CRYSTAL 
(b) DEFORMATION 

BY TWINNING 
(C) DEFORMATION 

BY SLIP 

Fin.2.10 Dofornuition by twinning or slip 
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InvcstiRating n replica from an aluniinium specimen with mi electron microscope, Hoidonroich and Shockley20 
showed that each slip hand, of about 2,000 Ä in width (1 Â - io"8cm), could bo resolved into smaller stops, 
slip lamellae, of 200 A, as illustrated in Figure 2.15. 

i. o. 

Slip is evidenced by the occurrence of slip hands and twins, the lattice of which is still regular although 
distorted. Twins are local symmetrical reversals of the lattice (see Figure 2.1G). Like the various grains of 
a metal, they are detected by a change in the reflective power of the surface which depends on the orientation 
of the lattice and on the angle of the grazing light beam. 

In 19G3, Gough7 made a survey of the physical rosoarch work carried out on slip and twinning under static and 
fatigue loads. Permanent deformation in metal crystals is duo to slip in a direction that always coincides with 
one of the crystallographic axes of maximum atomic density. The slip plane is always close to a plane of high 
atomic density but not necessarily to that of the highest density. Slip occurs when the shear stress component 
in the slip direction reaches a limiting value, which varies with the different crystallographic planes. Slip 
planes and crystal orientations are identified by the position of the Lane spots on the X-ray reflection diagrams. 

Simultaneous slip is often found on different planes. In the body-centered cubic lattice of iron, for 
example, the slip planes (110), (112) and (113) contribute to slip in one of the [ill] directions, nie slip 
lines are rectilinear in the [ill] direction and wavy in a transverse direction, as reported by Taylor and Elam21. 
Calm's22 view is that the face-centered cubic lattice of aluminium exhibits simultaneous slip on the (111) and 
(111) planes in the same [lio] direction. It may be recalled that a dash over a number designates a negative 
value: 1 = -1. 

When two or three slip directions are subject to neighbouring shear stresses, simultaneous slip may bo found 
in several directions. The slip lines will then form a regular array. Slip is a local phenomenon: in torsion, 
a single crystal can show slip along different planes at different points without disruption of the crystal 
coherence. Slip generates lattice distortions liable to impede subsequent slip along the same slip plane or 
along another set of planes, whereby a general hardening of the crystal is obtained. 

The density of slip lines increases during deformation. To explain the shape of the stress-strain curve, 
reference has been mude (see Volley23) to a statistical distribution of the resistance to slip on the different 
planes. This assumption does not account for the experimental periodicity between slip bands. We have made a 
basic assumption which we shall use in later chapters: “Slip on a plane creates lattice distortions in this 
plane and diminishes pre-existing distortions in neighbouring planes." 

The first part of the proposition is obvious, since the word “plane" does not designate one single plane but 
a set of very close planes where dislocation knots may be created according to the mechanism suggested by 
Burgers12. The second part of the proposition is based on the nature of the dislocation movement, which is 
propagated by local changes of the average atomic positions: this propagation takes place by leaps, from one 
atom to the next, each leap being equivalent to an impact energizing the neighbouring atoms. Passage of a dis¬ 
location results in the thermal agitation being increased locally. The heat produced is diffused on each side 
of the slip plane and favours slip on more remote planes which are unaffected by the geometrical disturbance 
caused by slip along the first plane. 

Figure 2.17 illustrates this point and offers an explanation for the formation and periodicity of slip 
lamellae, the periodicity being imposed by the radius of action of localized distortions along a slip plane. 
Experience shows that the number of lamellae per slip band is limited and that the width and spacing of slip 
bands do not exhibit the statistical scatter required if slip is to bo considered as restricted to initially 
weak planes. Some interdependence must therefore be assumed between slip planes. Wo have seen that slip causes 
bending of the lamellae: this bending is impeded by the elastic resistance of the neighbouring lattice and 
induces resistance to plastic deformation. The next slip band will form at a weak point so far from the first 
band that the induced resistance is negligible. These concepts are in conformity with the work of Yamaguchi24 
and with Brown's theory25. 

In single crystals, slip along a set of parallel planes starts at a given initial value of the resolved shear 
stress along these planes; slip generates lattice distortions opposing subsequent slip which can only take place 
with greater stress values. The number of active planes decreases constantly and the stress required to initiate 
slip is raised: this corresponds to Stage I, for which the a-e curve is concave towards the cr-nxis; the rate 
of hardening do/de increases with e , Sometimes slip becomes easier on planes initially more resistant to 
slip or less favourably oriented than the first sot of planes; multiple slip is then encountered along several 
sots of planes with a common direction. With increasing load the hardening rate tends towards a maximum and the 
cr-e curve exhibits a point of inflexion (Stage II). If the test is carried out under still higher loads, the 
various sets of slip planes are pinned down at certain points but there remains the possibility of bypassing 
those points by means of screw dislocations, allowing shifts from one plane to a parallel one; this operation is 
known as cross-slip. The hardening rate dcr/de is reduced (Stage III) until the maximum rupture stress is 
reached. 

Multiple slip and cross-slip are common in single crystals of crystallized body-centered cubic metals such 
as a-iron (ferrite), molybdenum, tungsten and tantalum. In polycrystals of such metals, Stage I only exists for 
those grains with a privileged orientation. In single crystals of face-centered cubic metals such as /-iron 
(austenite), aluminium and nickel, cross-slip is difficult and Stages I and II are encountered. Only hexagonal 
metals have on easy glide plane and little cross-slip is found: in polycrystals, Stage III corresponds mainly 
with the formation of twins at the grain boundaries. 
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Pig.2.18 Bauschinger effect, 
from Kuntze and Sachs27 

Pig.2.19 Pre-compression effect on the yield 
stresses of aluminium alloy in tensile test. 

From Kuntze and Sachs27 
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In englnoorlng alloys with fino precipitates soatterod in a matrix, cross-slip and dislocation climb are ihn 
common ways of achieving large deformation at elevated temperatures. dislocation climb aie the 

2,1.3 me Hnuschinger Effect and Similar Processes 

ms, first tQ Sh0W thttt thG tcnsilt! stress is decreased as a result of previous com- 
I ssive loading and that under alternating loading the loop varies with repeated loading and unloading. 

Hie first aspect has been studied more recently by Kuntzo and Sachs” (Figures 2.18 and 2,19). 

stnünü!r'0WHl!8;,th0 dotto(|-llnc.t:urve represents the result of a tensile test without compressive pro- 
stiaining. With prev ous compression the slip resistance is lower for low loads and higher for high loads HUs 
Slin Wlth thc assumptions made in the preceding paragraph: compressive plastic deformation occurs by 

nt e sinn il" Í "05 and thB h0at (liffUSt!d r0duC0S S™G distortions on neighbouring planes. Zer sutec 
QULnt tension slip becomes easier along these pianos, which accounts for the lowering of the proportional limit 

RnCreaSlnß ^of°rn,ation new distortions are created which add to those existing that were stable enough to 
es s recovery during compression. Ihe average stability of distortions thus is greater than i, he to si 

test without precomprossion and the metal will yield less under high stresses. In the case of largo previous 
compression, the weak slip planes are less numerous and the Bauschinger effect is less evident In technical 

a T sUr„e'r ° D,'ra "“-s01- a change In the yield strength n per ne a n 
maximum8 ff P^ ln UlC case of ’^e deformations. In Figure 2 îs a 
maximum effect is shown for aluminium alloy subjected to 0.6% pro-compression. 

Karpof20 has carried out compression tests on copper at strain rates 
1 1 rMunrl Utr n __•_ i. _ . . ... Vi of 0.02, 1 and 2,000% per sec., 

srosrp 3í™¡r 
öwer ra e, recovery takes place and the strain-stress curves approach a common limit. 

These facts as well as others reported by Bolehanina*» suggest that plastic strain-hardening is the result 
of a competition between simultaneous hardening and recovery 

the low-frequency range' ^ * ° 0thC' hand' PlaSti° W°rl< 18 th° ”aln |)Ilrt of damping under fatigue loading in 

resulting fro* the latter and is likely to favour plZtZJlZ and"c^elí^ "" l,ardeninS 
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In ennoluslen, thu Honorai law of auch plica,mi,ma Is ns fellows: 

Vwre is a specific statistical ilistriliulian of /¡camelries ami stabilities of atomic lattice distortion* fn 

Wo shall find furthor evidence for this postulate in the study of creep. 

2.2 STABILITY OF ATOMIC LATTICH DISTORTIONS 

2.2.1 Energy Barriers, BeformaMon Bunds 
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Piß.2.25 Undulated slip lines, sketch 
from Piß.70 in Laurentu3 

Fig.2.20 Band lines, sketch from 
Fig.OD in Laurent143 
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30%, i. o. largo strains similar to tiloso attainod in static rupture tosts. Por ele formations of the order of 
7%, the slip lines were rectilinear in the [lio] direction of slip. For larger deformations, between 15 and 20%, 
the slip linos exhibited waves in the slip direction. 

Such waves, ns shown schematically in Figure 2.24, line up along surfaces which arc parallel to the (11Q) 
plane. Traces loft by those surfaces on the surface of the specimen are revealed by superficial waves which 
are the most apparent aspect of deformation bands. The lattice in deformation bands rotates by an angle 0 
increasing with the extension of the specimen. Hie spacing of the deformation hands remains unchanged as the 
extension increases, except for the very rare occurrence of now bands between the main bands. 

Deformation bands are substantially rectilinear in the case of small extensions but become more irregular 
for extensions of about 20%. They appear at room temperature and up to 400°C. Discussing the results, Calm 
gives this explanation for the increase of curvature in deformation hands: “Once well started, the bund acts 
as a highly efficient dislocation trap, as may bo appreciated from the fact that many of the slip lines in a 
bund are discontinuous. The efficiency of a band in this respect increases with its curvature; this is probably 
why a few bands develop strongly, while the majority remain very weak''. Deformation hands correspond to slip 
which may originate in a heterogeneous distribution of impurities or of fine mosaic lamellae suspected by 
Crussard and Guinier,,? in all metals. The planes of such lamellae are parallel to the (100) plane for cubic 
metals, the lamellae being thus cut by the slip plane. 

For still larger extensions, between 25 and 30%, Calm observed cross-slip in deformation hands which ho 
associates with polyganizatian resulting in the creation of crystallites by arrangement of the dislocations 
along surfaces that confine regular domains with a new lattice orientation. Annealing at 450°C produces 
observable crystallites in deformation bands. 

In bis thesis, Laurent'13, studying fatigue in aluminium, found specific features which we can compare with 
the phenomena observed by Calm in static strain (de/dt = 1% por sec.) and by Wilms and Wood"4 in creep. The 
latter had developed a cellular appearance in the specimen surface by slow deformation of 10% at 250°C, the 
cellular structure corresponding to a fairly advanced polygonization of deformation bands (XCIV plate, Figure 
2 of 44). Laurent conducted alternating torsion tests at 100 c/s on specimens of refined aluminium that had 
been rolled to final thickness, machined and then annealed for 12 hours at G00uC. 

The fatigue tost was carried out with on imposed strain so that, owing to work-hardening, the stress increased 
with the number of cycles until crack initiation and then decreased during the final stage. Tliu result of these 
conditions was an increase in the duration of crack development. Thu specimens were electro-polished before 
the fatigue test and microscopic examination during fatigue was made without preliminary etching. 

Assuming perfect elasticity, the imposed strains were converted by calculation into fictitious shear stresses. 
Tlic following results, whore r is the torsion shearing stress expressed in daN/mm2* , were obtained: 

With T : 10,44 , 0.53 or 0.G3 daN/mm2 for 3.106 cycles, no slip lines were observed. 

With t = 10.73 daN/mm2 , a few parallel slip linos which did not cross the grain boundaries were obtained. 

With r = ±1.06 daN/mm2 , the grain boundaries were revealed by numerous slip bands; some crystals had under¬ 
gone slip along two sots of planes. 

With r = I5 daN/mm2 , surface changes were observed during fatigue. A largo number of slip bands appeared 
at 5,500 cycles. After 45,000 cycles some grains had been partially dislodged as a result of changes in level 
at the grain boundaries (the specimen used had only one grain in the direction of the thickness). Some grooves 
also appeared inside the grains. The dislodging process and some surface undulations developed ns the number 
of cycles increased. After 280,000 cycles, a large number of transgranular cracks showing no apparent connection 
with undulations or grain dislodging were ouserved. 

With t = ±12.2 daN/mm2 and after 18,000 cycles, the surface undulations wore more dense ami exhibited a 
cellular structure (Figure GO from Laurent) which we can compare with that obtained by Wilms and Wood under slow 
creep straining at 250°C (Figuro 2, pinto XCIV of 44). It is believed that the surface undulations observed in 
fatigue by Laurent are similar to Cairn's static deformation bands and that the cellular appearance and the dis¬ 
lodging of grains correspond respectively to polygonization and to micro-slip of grain boundaries as observed 
by Garrod, Suitor and Wood45 - a subject which will bo examined later. 

2.2.2 Diversification of Plastic Stiffness on Slip Planes 

For annealed aluminium, Laurent 43 found an interesting feature. At the beginning of the tests, slip lines 
were always rectilinear. With increasing number of cycles, they exhibited a wavy appearance (see Figure 2.25) 
ns in Calm's static tests, which implies surface changes in level. This was followed by development of marked 
undulations typical of deformation bands. Figure 2.26, corresponding to low nltorimting bending stress, shows 
the first visible stage of slip lino formation lending to the creation of deformation bands; regions of higher 
slip density are apparent along the slip lines. This seems to suggest the existence of lattice recovery duo to 
alternating dislocation movement at some points on a slip plane and of lattice hardening at others. 

• 1 dnN = 10/0.8 kg-weielit, 1 diiN/mm2 = 1450 lb/in2, 10UU lb/in2 = o.GD dnN/mm? . 
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'lilis interpretation is supported by a report of Forsyth and Stubbington46. In an aluminium alloy containing 
4% of copper in metastable solution, those authors obtained cracks along slip lines with surface defects which 
an electron microscope examination identified as “extrusions” of fairly soft metal through the surface under 
the effect of pressure exerted by the surrounding harder metal. Such extrusions occur from place to place along 
slip lines and seem to correspond to an alternation of areas softened by recovery and hardened areas. As 
Forsyth puts it, “the process by which soft points cmi be generated under cyclic stress appears to be the funda¬ 
mental cause of fatigue”. A sketch derived from a photograph by Forsyth is given in Figure 2.27. 

According to McLean07, cold-worked metals exhibit cellular arrangements of dislocations with a high density 
inside the walls of the cells, which implies that some regions are more rigid than others. 

Hiese observations permit the following assumptions: 

Recovery during loading and the simultaneous hardening process land to a selection of the more stable atomic 
lattice distortions and may cause greater diversification in the geometrical distribution of the stability of 
slip barriers. 

Certain distorted areas are thus overs tressed by the applied stresses, either because their stiffness has been 
increased by hardening or because less stable distortions have been cancelled elsewhere by recovery. 

2.2.3 The Cottrel't Effect, Stabilization by Impurities 

Very pure metals are soft and the hardening produced by strain disappears within a short time. Thus, very 
pure (99.9986%) aluminium recovers spontaneously at room temperature through recrystallization immediately after 
deformation. According to Hutchison'*7, deformation should take place at the temperature of liquid air and be 
maintained at this temperature if a lasting work-hardening effect is tò be obtained. Conversely, recovery of 
less pure aluminium after work-hardening requires higher temperatures: 100°C for 99.997% aluminium and 200°C for 
99.995% and 99.99% aluminium. 

In the case of iron, low solute carbon and nitrogen contents of the order of 0.001% have a considerable 
stabilizing effect; solute carbon contents above 0.005% are responsible for the typical upper and lower yield 
points in the stress-strain curve of iron and low-carbon steels48. In Figure 2.28, from Wood and Clark40, the 
stress-strain curves are plotted: (a) for annealed steel containing 0.12% of carbon; (b) for the same steel 
decarburized by exposure for one hour to wet hydrogen at 930°C; (c) for decarburized 0.004% carbon steel; and 
(d), for nitrided 0.014% nitrogen steel. 

It is well-known that grain boundaries and operative slip planes contain more solute atoms than the rest of 
the metal. During cooling of a solid solution, precipitates appear first in these regions. Lacomhe49 has shown 
that after recrystallization of aluminium the boundaries of the pre-existing grains are still apparent in the 
new ones, which suggests the presence of impurities in the former boundaries. 

Cottrell50 assumed the existence of a cloud of solute atoms around each dislocation centre and the sweeping 
along of this cloud during the dislocation movement. We have seen that each dislocation comprises a region 
subject to tension and another subject to compression. Deformation promotes interstitial migration of solute 
atoms - originally distributed throughout the metal - to vacancies in the lattice; interstitial diffusion is 
also supposed to be responsible for the drift of solute atoms caused by dislocation movements. 

In plastic strain, slip lines pass'grain boundaries with difficulty. Hie boundaries, which are quite stable 
in impure metals, show less stability in purified metals, which results in a lower resistance to slip. 

Iff? consider that the stability of lattice distortions as slip barriers is increased by solute foreign atoms 
settling in their vacancies as a result of dislocation movements. 

During dislocation propagation, local thermal agitation caused in every atom by the passage of the dislocation 
produces, of course, the same effect as an increase in temperature, since it favours the displacement of foreign 
atoms carried along by tho dislocation movement (“drainage”). When a dislocation with its cloud of foreign 
atoms strikes a barrier, the migration of foreign atoms to vacancies in the barrier is caused by the action of 
mechanical and thermal agitation and is more completo if tho dislocation remains longer on the barrier. 

Hiis seems to be confirmed by an experiment conducted by Holden and Kunz51 on a single iron crystal containing 
approximately 0.005% of carbon in solid solution. Under small loads the cr-e curve is at first concave towards 
the positive values of cr , which shows that at tho beginning the hardening effect develops more rapidly than 
recovery. This trend vanishes at higher stress. If the test is discontinued and the metal allowed to rest 
(Fig. 2.29), the solute carbon atoms “drained” by the dislocations and anchored in the vicinity of the lattice 
distortions have the time to diffuse into the vacancies in a more stable arrangement, which results in the 
obtaining of the upper yield point as well as tho horizontal lino typical of the cr-e curves for low carbon 
steels. 

This interpretation is supported by another result obtained by the same authors, illustrated in Figure 2.30. 
For a given time of agoing after deformation, hardening duo to the carbon arrangement in slip barriers is 
greater when ageing takes place under stress, that is, when the dislocations with their clouds of foreign atoms 
remain anchored in the immediate neighbourhood of slip barriers for a longer time. 
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At muderatoly elovutod tcmporaturos, for which thoiuiul agitation proves loss efficient than mechanical 
agitation duo to the passage of dislocations, the time-dependence of the "drainage" of foreign atoms by dis¬ 
locations is comparatively less significant. The rate of propagation of dislocations by successive leaps from 
one obstacle to another varies with the stress hut depends little on the rate of plastic strain, de/dt , as 
long as It is of moderately high value. This explains why fatigue strength at room temperature is littld 
affected by the rate of loading but is governed by the number of cycles, i.e., by the forward and backward 
motion of dislocations. Thermal agitation only compares with mechanical agitation at elevated temperatures, 
the units of time being the cycle at low and normal temperatures, the cycle and the second at intermediate 
temperatures, and only the second at elevated temperatures, at which fatigue Is supplanted by creep. 

In conclusion, </»*• stabilization of slip barriers by the settlement of solution atoms '‘drained“ by dislocation 
movements depends but little on thermal agitation; it is essentially influenced by dislocation movements under 
the action of external loui/s. 

•¿. 2.4 Itesiduul Stresses and Strains 

When a metal is so hard that plastic strain becomes impossible, the resistance to strain originates in the 
forces existing between neighbouring atoms. On an observation field of size above the atomic, stress is des¬ 
cribed ns the quotient of the resultant of interatomic forces applied to a facet and the surface area of this 
facet. The conventional stress concept vanishes on a small observation field, leaving only interatomic forces. 
Technically speaking, stress is determined by applying a known force to a part of appropriate shape and of 
known cross-sectional area, and by computing the force/cross-soction quotient. 

On a smaller scale and for a cross-section of complex shape, Hooke’s proportional stress-strain relation is 
assumed to be true and strain is measured on a standard length at the surface of the component. X-rays on the 
scale of the crystalline grain are used to measure the mean variation of the unit cell, i.e., the spacing of 
the lattice planes, and, hence, the mean strain from which the mean stress considered by the stressman is 
derived by means of Hooke's law. 

Since stress can never be measured, the concept could bo eliminated from the mechanics involved. However, 
stresses are forces and are governed by the simple conditions of static equilibrium in mechanics and easy compu¬ 
tation Is therefore possible, llio term "stress" is often used when the quantities observed are in fact strains. 

Applied stresses are those which are necessary and sufficient to counterbalance external loads; they are 
distinguished here from self-balanced residual stresses which exist in the absence of external loads. The 
formation of precipitates or local changes in the metallurgical phase may cause expansion or contraction inducing 
residual stresses. Hie anchoring of dislocations after plastic deformation leaves stresses near the slip 
barriers. 

On the scale of mechanical parts, non-homogeneous cooling produces residual stresses. The mechanism of this 
process was studied by Portevin52 as early ns 1918. At the onset of cooling, the surface of a component tends 
to contract and is subjected to tension while compressing the core slightly. Since the core is not very com¬ 
pressible, the external surface subjected to tension yields by plastic flow. At lower temperatures the core 
shrinks in Its turn while compressing the hardened, now elastic surface layer. Finally, the surface is in 
compression and the core in tension. 

In the case of metals undergoing a crystal transformation during cooling, the phase change may cause expan¬ 
sion as with the >-a transition of steels. The reverse effect of thermal contraction follows and the final 
result represents the difference between the two effects, lilis result depends on the rate of cooling, the 
y-d transformation point, the temperature before quenching and the quenching bath temperature. In general, 
the surface stresses are found to be compressive for low carbon steels and tensile for high carbon steels, since 
martensite forms at a lower temperature. 

Surface stress has been the subject of numerous investigations, the earliest and most important of which are 
reviewed by llorger53. Loading of ductile metals and alloys above the yield point, assuming a non-uniform stress 
distribution, gives rise to residual stresses of the first order duo to elastic return during unloading. 

Metals are assemblies of anisotropic crystalline grains with orientations varying from one grain to the next. 
Because of elastic and plastic anisotropy, stresses of the first order, i.o., stresses observed on the scale of 
components in metals that are supposed to he homogeneous and isotropic, resolve themselves - on the scale of the 
grain -into stresses of the second order which are considered uniform in a given grain and variable from one 
grain to the next. Anisotropy exists even in crystals of the cubic system. For instance, the elastic modulus 
of iron Is 20.000 daN/mnr in the [ill] direction, i.o., a diagonal of the cube, and 13,500 dnN/mm2 in the [l00] 
direction of the cube edge. Even in the absence of moan stresses of the first order, there are residual stresses 
of the second order due to a plastic strain process which Is followed by an clastic return, as mentioned 
previously. 

Wood and Dewsnnp*4 have studied specimens of 99.99% aluminium, pure iron and commercial Iron of various grain 
sizes, using X-rays. The residual stresses measured in each grain showed considerable scatter and were sometimes 
of the order of magnitude of the applied stresses. According to Wilson65, residual stresses in grains reach 
the yield point in the case of steel. Rosenthal56 suggests a Gaussian distribution of such stresses. It is 
suggested by Paterson and Orownn57, along with Hutchison“7 and the abovementioned authors, that broadening of 

■ ----.. -—-.-.-.... ^ 



. 
,.., ,.,,.,,, ,.i,a ‘t!HiV 

55 

Pig.2.31 Curves of broadening 
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the rings in tho X-ray diagrams is caused by residual stresses on the scale of the grain. In Figure 2,31, the 
variation in width of the ring as a function of strain is plotted for copper at two test temperatures. 
The lino width does not tend towards a constant value and the curves simply flatten with increasing deformation, 
us stress-strain curves do. In the case of a temperature change during deformation, the system approaches a 
state corresponding to the new temperature, which is another substantiation of the conclusions stated in 
paragraph 2,1.3. 

Mogaw and Stokes59, investigating draw-induced residual stresses in various materials by means of the broad¬ 
ening of the X-ray rings, have obtained the fallowing results: 

Met a l Fe Ni Cu Ag AL Pb 

Stress calculated from width 
of rings, in dnN/mm?* 58 53 23 22 

Tensile strength, in daN/mm2* 30-80 35-120 23-47 28-36 

3 0.7 

2-2.1 

On tho whole, tho residual stresses of the second order on the scale of the grain are comparable in magnitude 
to tho applied stresses of the first order on the geometrical scale. 

We have no knowledge about stresses of the third order on a scale ranging from a few atomic distances to the 
size of mosaic domains. Paterson and Orowan57 believe that such stresses contribute but little to the ring 
broadening. First, the total volume of regions around tho dislocations is small compared with that of the 
specimen: moreover, coherent regions subject to such stresses extend only over a few atomic distances. High 
"stresses" around dislocations would only contribute to the background density of X-ray diagrams. If other 
factors, such as impurities and thermal agitation, could be eliminated, the background density would be a measure 
of tho dislocation density in the metal. More recently, a method of measuring the dislocation density with an 
electron microscope has been evolved and it appears that plastic strain is proportional to the density of dis¬ 
locations (see References 94 and 95). 

2.3 HOT RECOVERY AND RECRYSTALLIZATION 

The cold-worked state of metals is unstable and residual stresses tend to decrease. Work-hardening causes 
a change in the physical properties of metals: hardness, yield strength and ultimate tensile strength are 
increased; electrical conductivity and density are decreased: thermal expansion and compressibility are 
increased, and corrosion sensitivity is modified. Heating of work-hardened metals reduces the lattice distor¬ 
tions as it changes the physical properties, leading to recovery of the characteristics that existed prior to 
work-hardening. Along with Mehl60, we distinguish three possible processes during annealing: 

1. Recovery with no change in the grain structure. 

2. Recrystallization: formation and growth of new grains extending throughout the work-hardened structure. 

3. Further growth of new grains after complete recrystallization. 

Tbese processes depend also on the amount of and the stability of lattice distortions. The stability of 
work-hardening can be measured by tho time and temperature of recovery. Recovery is the return to the condition 
that existed before work-hardening; it may be described as follows1: 

After cold-rolling, the grains of the hardened metal present small distorted regions which correspond to very 
high stresses or atomic forces; large regions such as grains or sub-grains undergo elastic deformation and are 
subject to mean residual stresses which can only be reduced by plastic slip or by the formation of a new 
crystalline network. Displacements by which a new configuration of lowest potential energy can be obtained are 
slowed down or impeded by solute impurities and inclusions which have a stabilizing effect on distortions. 

At appropriate temperatures, thermal agitation eliminates certain small and unstable distortions such as dis¬ 
locations of opposite sign distributed on the slip planes. Hie remaining distortions are then overstressed by 
unrelieved residual stresses which lessen their stability. Some of the overstressed distortions start yielding 
and a sudden motion of the released dislocations takes place, causing a portion of the potential energy to be 
transformed into vibration energy. 

TTiis additional atomic agitation favours the disappearance of other distortions which yield in their turn 
while reducing the mean thrust due to residual stresses. Local thrusts decrease with the mean thrust but 
increase as the number of plastic slip barriers decrease. This process ceases as soon as the local thrusts are 
too low to overcome the stability of the remaining slip barriers; it is promoted by residual stresses and 
initiated by thermal agitation. 

' 1 decaNewton = 10/9.8 kg-weight, I UuN/nin2 = 1450 lb/in2. 
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Grain boundaries are the most stable barriers and can only be overcome by rearrangements of the lattice under 
action both of high residual stresses and elevated temperatures which reduce the stability of grain boundaries 
and allow them to move (recrystallization). With moderate work-hardening and temperature, recovery without 
recrystallization can be obtained. 

Sudden displacements or avalanches of dislocations have been demonstrated by Rusch61, repeating Kaiser's62 
experiments for steel. He detected and measured by means of a microphone the intensity and frequency of sounds 
which were produced by internal movements in the metal during the tensile test. The main results are as 
follows: 

1. lhe intensity of the noise is some orders of magnitude below the lower limit of audibility but the fre¬ 
quencies lie beyond the upper limit. 

2. The frequencies and amplitudes increase with the applied stress. 

3. The intensity of the noise is higher under a first loading. 

4. Under further loading, it remains low as long as the previously applied stress is not exceeded. (This was 
used by Rusch to determine the largest previous loading applied to mild steel bars from reinforced con¬ 
crete structures.) 

In a review of recrystallization studies, W.G.Burgers63 wonders whether recovery and recrystallization are 
two different and successive phenomena or whether recovery is recrystallization on such a fine scale that there 
is no longer any reason to discriminate between them. 

Averbach64 has stated that recovery is similar to recrystallization in that it already implies the formation 
of small orderly domains. Kuhlman, Masing and Raffelsieper65 have studied recovery in crystals subject to shear 
and demonstrated that it is favoured by shear stresses. Cahn22 has found that very low stresses applied during 
annealing of aluminium promote the formation of crystallites in polygonized deformation bands. Polygon iza lion 
is a process of transformation of a crystalline lattice, bent by distributed dislocations, into a polygonal 
structure in which regular lattice regions are separated by domains of high dislocation concentration. 
Crussard66 considers that this phenomenon corresponds to an "in-situ recrystallization,,. Polygonization would 
be the intermediate stage between recovery and recrystallization. 

We may now sum up the essential features of the known facts about recrystallization. After cold-work followed 
by prolonged heating at a high enough temperature, nuclei of new grains appear in the distorted lattice regions, 
i.e., at grain boundaries, on slip lines, in deformation bands and on planes of twinning. Mehl6Van Arkel57 
and Van Liempt68 stated around 1930 that the growth of a lattice region takes place at the expense of its 
neighbourhood if the region concerned is more stable, that is, less deformed than neighbouring regions, and they 
supposed that initially deformed blocks constituting potential nuclei are relieved by heat treatment which changes 
them into real nuclei likely to grow. 

After complete recrystallization, subsequent overdevelopment of one of the new grains is sometimes observed 
at the expense of others, as has been reported by Mehl60, Calvet, Buckles and Changarnier69. In 1952, Beck70 
suggested that conventional recrystallization results from overdevelopment of one of the crystal sub-grains, 
these being obtained by in-situ recrystallization or polygonization. Recovery would first correspond to an 
orderly array of distortions inside the sub-grains and then to their growth. This process would eliminate the 
old concept of recrystallization originating in mysterious nuclei and Beck asked the question: do metals 
recrystallize? 

It seems difficult to distinguish very different mechanisms here. Recovery, which leaves sub-grains while 
destroying finer structures, Crussard's in-situ recrystallization, which destroys some sub-grains while res¬ 
pecting the grain structure, conventional recrystallization, where sub-grains grow to such an extent that the 
former grain structure disappears, and the overdevelopment of grains into new recrystallized structures, all 
these processes exhibit similar characteristics. We believe that the mechanism is the same and that it is the 
order of magnitude that is different. We think that the mechanism is controlled by the relative stability of 
lattice distortions and that atom movements are generated at various temperatures and rates, depending on the 
case. From the preceding, the recovery and recrystallization process may be imagined as follows: 

After cold-work, the metal presents the following lattice imperfections, in a decreasing order of stability 
and size: grain boundaries, deformation bands producing a cellular structure in grains, slip bands creating a 
finer structure, slip lamellae and distributed dislocations. 

As soon as work-hardening is completed, some distributed dislocations migrate as a result of thermal agitation 
and cancel out in pairs if they are of opposite sign. This first recovery cannot cause any change in the mech¬ 
anical properties tjiat could be measured by plastic strain, as plastic strain recreates in its first stage all 
the destroyed dislocations. It can be inferred from an increased electrical conductivity60»96 (see Figure 2.32). 

The cancelling of dislocations that can be neutralized results in dislocation clusters or very slightly 
curved deformation bands being overstressed by mean residual stresses in the grains and diminishes the relative 
stability of such slip barriers. Some of these yield through an avalanche reaction and localized mechanical 
shocks favour the migration of dislocations to more stable obstacles. TTie fine cellular structure of slip 
lamellae is thus eliminated and the remaining structure is that defined by the deformation bands. 

. 
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During tho next stage, the deformation bands are overstressed and disappear if they are of low stability, 
the dislocations being rearranged by polygonization into small regular domains; if they exhibit greater 
stability, crystallites form in less stable regions inside the bunds. Stresses are then considerably reduced 
as shown by tho overall strain of a thin sheet initially rolled on a mandrel (PÍg.2.32);, the mechanical proper- 
fir» g n ><n U f { 1 1 I, f f nn 4' n 4 it 4-U n .. i „ l. 1 „ „I_j_t 1_ J 1 _ 1 j .L.1 < " ' ’ ' 11()/. l'/ li J li\¡ .1 H'I ' I. .1 . : : ties are still unaffected since the more stable obstacles, i.o.f grain anií siib-gräin boundaries, remain up to 
that moment and hence nothing is visible in the optical microscope, Tliis process may be termed recrystallization 
incuba Lion, 

Hardness varies but little, as shown in Figure 2.32 for iron, as long as recrystallization is not initiated; 
indeed, tho large deformation achieved in tho hardness test re-creates many distortions eliminated by annealing. 
Resistivity implies the existence of distortions irrespective bf their stability and decreases continuously 
with tho annealing temperature (see Chapter V, Section 5.Í.5). The mechanical recovery of cold-bent thin sheets 
implies overall elastic strains due to the relaxation of mean stressés in the hardest outer fibres of the 
specimen. 

If the temperature is high enough for recrystallization to occur, the residual stresses are low but increased 
thermal agitation causes their effect on stability to be significant. According to Rathenau and Custers71, 
residual stresses that persist in non-recrystallizod regions may strain and further work-harden the new grains; 
tho grains formed towards tho end are less deformed and are likely to grow at the expense of others. 

Hie toDiporature of recrystallization depends on the degree of work-hardening, If the temperature is raised, 
tho general stability of slip barriers decreases, the potential energy threshold for the appearance of nuclei 
(onset of local polygonization) drops and recrystallization becomes easier. Hie temperature of recrystallization 
increases with the stability of the distortions, which explains why pure metals recrystallize at moderately 
elevated temperatures. 

For hot-worked low-carbon steel, Figure 2.33(a) shows the degree of deformation at the temperature of hot- 
working necessary for rocrystallization to start at this temperature. According to Mehl60, diagrams for deforma¬ 
tion at room temperature and recrystallization at elevated temperature differ only in degree and have the same 
general form for all metals and alloys. On the left and below these curves no recrystallization occurs but only 
recovery. 

For mild steel samples cold-deformed then heated at 950°C, Figure 2.33(b) illustrates the sharp onset of 
rocrystallization for a critical degree of cold-working corresponding to a sudden grow of grains of a large size; 
below this threshold of deformation, recrystallization does not take place. 

Except for crystal phase changes, a temperature may be found at which the former sub-grains that have 
recovered will be in the situation of sub-grains formed by previous work-hardening; the critical degree of work¬ 
hardening will ho low since the rocrystallization nuclei are probably regular lattice regions which grow at the 
expense of more distorted neighbouring regions. The number of nuclei increases with the degree of work- 
hardening: now grains will be scarcer, and therefore larger, as the degree of critical work-hardening is 
approached, as long as secondary recrystallization does not occur. 

According to Mehl60, the tendency to recrystallize is reduced if siraintng has been successive, i,e., 
result of loadings of different types or of successive stress reversals. 

the 

In the first case, i.e., successive static loadings of different types, for example torsion followed by 
tension, different slip planes are involved, this resulting in the creation of a network of anchored dislocations 
along each set of planes, and leading to more efficient hardening. Dislocations are more stable, therefore 
recovery and polygonization will be slower. In the case of alternating loading, the stability of distortions 
increases through the progressive elimination of less stable distortions and the creation of new distortions 
which are more stable. 

Impurities in solid solution and finely divided non-miscible impurities slow down the slip and impede the 
preliminary process of recovery and nucléation (or polygonization). After nucléation, according to Mehl, solute 
impurities have little effect on the growth of grains whereas non-miscible impurities exert a marked influence. 
We assume that stabilization of the dislocations by solute foreign atoms decelerates the rapid movements that 
give rise to nuclei, but that slow dislocation diffusion allows the new grains to grow slowly. Conversely, non- 
miscible impurities cannot diffuse and constitute blocks which slow down both recovery and recrystallization. 

2.4 DEFORMATION ANO METALLURGICAL TRANSFORMATIONS 

The preceding statements on questions related to the physics of metals involve concepts which are likely to 
bo easily understood by mechanical engineers although they are more familiar to metallurgists. We must now 
consider tho metallurgical transformations brought about by heat treatment, in association with the effect of 
deformations occurring during fabrication and service. 

2.4.1 Precipitation, Ageing, Structural Hardening 

Some alloys are prepared for use by a heat treatment that gives high strength by precipitation of one or more 
constituents. The treatment includes heating to a sufficiently elevated temperature to enable one of the con¬ 
stituents to go into solid solution: for example, 500°C for aluminium alloy containing 4% Cu, 0.5%Mn, 0.3% Si. 

- 
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Water-Quenching then produces a solid solution in a metastable state. Owing to thermal agitation the copper 
atoms distributed in the aluminium matrix diffuse and are arranged along (100) planes; these clusters are likely 
to grow during subsequent tempering. 

According to Guinier73 and Preston74, one of the first phases of this process is the formation of a precipi¬ 
tate, as a result oí quenching stresses, in the form of very thin platelets at the grain boundaries and along 
the slip planes. The precipitate, 01 , which cannot be observed with the optical microscope but which is 
revealed by X-ray patterns, is coherent with the matrix. In other words, it subjects the unit cell of the 
matrix to such strains that the transition from the lattice of the matrix to that of the precipitate is con¬ 
tinuous, as shown in Figure 2.14. Ibis implies that precipitates must be of small size, as their growth is 
conducive to matrix deformations capable of generating vacancies, with a resulting loss of coherency between 
the lattice of the matrix and that of the precipitates. Beyond a certain critical size the conditions are 
favourable for the formation of stable Cu A¿2 precipitates at the expense of coherent precipitates, the diffusion 
being promoted by a local opening of the matrix cells10. Hardening of aluminium alloy after quenching corres¬ 
ponds to the formation of invisible transition precipitates; it is favoured by tempering at 100°C. Tempering 
at 150°C produces softening due to the loss of coherency and to the formation of Cu Als precipitate. 

The same type of transformation is encountered in Aí-Mg-Si alloys, where Mg2 Si is the constituent responsible 
for structural /»arr/ening. After quenching, the solute atoms diffuse and gather in rows likely to be developed 
by tempering in the range of 200°C to 250°C. The Mg2 Si precipitate forms at 300°C. Many binary and ternary 
alloys exhibit the same characteristics. 

Aluminium alloys containing 4% Cu, such as 2014 and 2024, are used in the quenched and aged condition. After 
quenching, the metal is very soft and can withstand large shaping, stamping or drawing deformations in fabrica¬ 
tion. The alloys then hanlerç by natural ageing at room temperature. The 7075 aluminium alloy, which contains 
zinc, and the preceding aihmiriitim ailpy^ may be subjected to a quenching heat treatment followed by tempering 
in the range of 150°C to 200°C: this is called artificial ageing, 

Work-hardening after quenching exerts a considerable influence on ageing. Ageing is accelerated and the 
ductility may suffer. Cold-work may favour subsequent recrystallization during service at elevated temperature. 
It may also promote the appearance of large precipitates through loss of coherency and through the coalescence- 
of transition precipitates (overageing) with a consequent softening of the matrix. If deformation is required 
it should be applied immediately after quenching and carefully controlled. Overageing can occur at elevated 
temperature with or without simultaneous externai loading. The following may then be assumed. 

Dislocation movements during deformation under load or during recovery favour the interstitial diffusion of 
solute foreign atoms to slip planes and, within the slip planes, to slip barriers. 

In addition, dynamic shocks due to disturbance of the equilibrium of certain slip barriers under the thrust 
exerted by the applied or residual stresses may cause a brief local increase in temperature in these super¬ 
saturated regions, thus promoting a new atomic arrangement. Ihe steps in the stress-strain curves of commercial 
aluminium and aluminium alloys tested at appropriate temperatures have been attributed by Kawai76 to an altera¬ 
tion of structural hardening and slip. Hanstock77 has studied the structural hardening of British HR 56-2% Cu 
alloy under vibration and fatigue conditions. He concluded as follows: "The preliminary effect of vibration on 
solution heat-treated and quenched alloy is shown to be equivalent to an acceleration of the process of natural 
ageing. Prolonged vibration causes the precipitation process to continue. Thus, if the alloy is brought to a 
condition in which it has high strength by vibration, natural ageing or elevated-temperature ageing, further 
vibration causes growth and coalescence of precipitation centres, leading to an increase of the strain- 
concentration factor and consequently a decrease in strength." In fatigue tests at a constant stress amplitude, 
deformation first decreases during structural hardening, goes through a minimum and then increases, unlike 
AZ-Mg alloys containing 5% and 11% Mg, in which case the metal is continuously hardened by fatigue. 

Whenever a new alloy or a known alloy in a new temperature range is used, an experimental investigation of 
the influence of fabrication deformation on the mechanical behaviour should be carried out. 

2.4.2 Martensitic Transformation 

In carbon steel, martensite is a needle-shaped constituent which forms during low-temperature transformation 
of the solid solution of carbon in 7-iron, called austenite, into a-iron, called ferrite. In austenite, the 
solute carbon takes up interstitial positions in the face-centered cubic lattice. With slow cooling, precipi¬ 
tates of iron carbide called cement tie, are obtained, which are embedded in an a-iron matrix crystallized in the 
bocjy-centered cubic system and still containing some traces of dissolved carbon. The rhombohedral cementite 
unit cell contains 4 carbon atoms for 12 iron atoms, which corresponds to the chemical formula (Fe3C)4. 

Figure 2.34 shows the conventional diagram for the slow transformation of iron with various carbon contents 
For a Cj concentration, austenite is slowly transformed into ferrite by cooling to a temperature T, , the 
carbon content of the remaining austenite being increased. At 700°C, the carbon solubility in ferrite is 
approximately 0.025% compared with 10”7% at room temperature. The transformation point Tt drops with an 
increasing carbon content of austenite and, by cooling, the point (T,C) on the diagram is shifted towards point 
E, corresponding to a possible simultaneous existence of austenite, ferrite and cementite. For eutectoid steel, 
with c = 0.87% , transformation may take place at constant temperature at point E. For hyper-eutectoid steel, 
with c > o.87% , cementite forms and reduces the carbon content of austenite; ferrite forms rapidly at the 
temperature of point E. 
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Fig.2.34 Diagram of slow transformations in steels 



For eutectoid steel, an aggregate of alternating ferrite and cementite lamellae, called pearlite, Is found 
in each crystal when cooling has occurred at a moderately high rate. Cementite first forms in the distorted 
regions of austenite. According to Delbart and Ravery78, the stresses induced in austenite during cementite 
formation create new nuclei. The rate of nucléation and the rate of growth increase with decreasing tempera¬ 
ture, the increase of the former being mors rapid than that of the latter. Consequently, we believe that the 
formation of nuclei is partially due to the action of stresses while their growth is caused by carbon diffusion. 
At lower temperature, the stresses increase but the possible strains are smaller since stabilization is improved 
by lower thermal agitation. 

In effect, low thermal agitation allows diffusion of the carbon to vacancies whereas excessive thermal agita¬ 
tion tends to produce a uniform distribution of the dissolved carbon. Owing to this, the cementite lamellae 
which constitute pearlite are small if transformation takes place at low temperature. If cooling is sufficiently 
quick, the atomic migration hysteresis shifts the transformation lines of the diagram towards the lower tempera¬ 
tures. With a suitable cooling rate, carbon is unable to migrate to the grain boundaries in time and cementite 
forms in some crystalline planes while generating lamellar pearlite, 

If the temperature is kept below or near point E, lamellar pearlite coalesces and the cementite lamellae 
become globules; the metal is then in the softest state. More rapid cooling produces cementite crystals which 
cannot be resolved by the optical microscope and sorbite is obtained. “Soft" quenching results in even 
finer pearlite. During “hard" quenching, e.g. in water, cementite has no time to form and a metastable solid 
solution of carbon in a-iron, called martensite, is obtained. Ultra-rapid quenching, or hyperquenching, would 
maintain more of the initial solid solution of carbon in y-iron, i.e. austenite. 

As the y-a transformation and cementite precipitation both depend on the residual stresses and strains 
resulting from cooling, traces of residual austenite and of cementite are obtained by a treatment that produces 
lamellar pearlite. The variations in microstructure from one point to another are caused by the heterogeneity 
of stresses due to heat treatment and cooling strains. 

Ibe purpose of treatments is to modify an unfavourable structure and produce better mechanical properties. 
For instance, let us consider the normalizing treatment given to steel castings. Provided the amount of carbon 
present is sufficient, the properties may be improved by heating to an appropriate temperature in order to 
achieve a uniform distribution of the dissolved carbon; by quenching, to maintain the divided state of carbon; 
and by reheating to a moderately elevated temperature, called tempering, so as to produce the desired pearlitic 
structure. Small grains and a very fine carbide distribution are desired. 

According to Andrew79, transformation of the y solid solution in hyper-eutectoid steel is initiated by the 
formation of Fe3C aggregates of martensitic structure, the volume expansion of the y-a transformation being 
of the same order as that resulting from quenching which produces martensite. Quenching delays the formation 
of (Fe3C)4 cementite and preserves a substantial portion of austenite. Ageing at 100°C increases the martensite 
content at the expense of the residual austenite. Annealing at increasing temperatures up to 300°C promotes 
both the formation of martensite from austenite and the formation of cementite from martensite. 

The tempering process in steels is described as follows by Ballufi, Cohen and Averbach00: 

(a) After quenching, the matrix consists of martensite containing residual austenite. By heating to 20G°C, 
a high-carbon transition product which precipitates in martensite is obtained; the martensite contracts. 

(b) Between 205°C and 315°C, the residual austenite decomposes into bainite and the volume of steel increases. 

(c) Above 205°C, the first transition precipitate turns into cementite with an increase in volume. 

(d) Above 540°C, complex carbides form at the expense of cementite in certain alloy steels. 

The transformation of residual austenite to martensite is a very rapid phenomenon. Troiano and Greninger81, 
together with McReynolds02, indicate the following characteristics for the martensitic transformation of steel: 

1. No diffusion, no change in the chemical composition. 

2. Transformation begins at a given temperature, Mg , and does not develop at constant temperature; small 
volumes of the initial solid solution suddenly undergo a change in their crystalline structure and 
martensite plates appear. 

3. The amount transformed depends little on the cooling rate, but mainly on the chemical composition and the 
grain structure. 

4. Transformation is favoured by shear. 

5. Martensite is a metastable transition between the initial y solid solution, which is supersaturated and 
unstable, and the final phase, during which precipitates appear. 

6. Martensite forms in plates parallel to some crystallographic planes of the lattice and hardens the lattice. 

Many allays and even pure metal such as lithium exhibit a transformation of the martensitic type: Cu-Al 
alloys83, Fe-Ni alloys84, Cu-Zn alloys85, etc. 



McRoynolcls02 stntod: "Many studios uf tho lattice orientation relationship oí’ martensite to austenite have 
boon made an iron-carbon and iron-nickel alloys. Although they differ in detail, the proposed relations all 
lie rather close together and all were explained on the basis of single or double homogeneous shears of the 
lattice followed by dimensional readjustment. Recently, Barrett proposed that the lattice change could also 
be effected by a heterogeneous shear, possibly by passage of a group of dislocations along adjacent planes 
causing small shears of successive layers in various directions. M This would imply a relationship between slip 
deformation and martensitic transformation. 

McRoynolds concluded: "On the whole the present results do not support the hypotheses that transformation 
is u homogeneous shear or that it is effected by the action of shearing forces on a mechanically unstable 
lattice. It appears that slip and transformation are not alternative ways of yielding but are closely connected, 
since thermal transformation (by cooling) leads to yielding, and on the other hand deformation by stress results 
in isothermal transformation. If the lattice is violently deranged by slip, however, the displaced atoms fall 
into the more stable martensite structure. Furthermore, it is passible tha’; these forcibly deformed regions are 
largo enough to servo as nuclei which spread into larger martensite plates.*' 

During rapid cooling, austenite transforms spontaneously into martensite below the Ms temperature. Residual 
stresses increase during cooling and tend to relax by sudden plastic slip which favours the transformation. 
The Ms point would ho determined by the residual stresses, by their stability and by the atomic equilibrium 
between regions where the austenitic lattice is the least stable. Plastic deformation achieved at a temperature 
above Ms lowers the Ms point through stabilization of the slip barriers. 

Scheil8" found a dependence of the Ms temperature on the grain size and suggested that the limitations 
imposed by the grain boundaries on the growth of martensite plates partly determines Ms and also that the 
formation of the first plates subdivides the grains, whereby a further decrease in temperature is required to 
form additional plates. 

Plastic deformation under external loads promotes martensitic transformation. Tests carried out by McRoynolds 
yielded tho following results: 

1. “'Hie yield stress (for 0.02% plastic yield) begins to increase markedly with decreasing temperature and 
Is at n maximum just above Ms . As the temperature is decreased from just above Ms to just below Mg , 
the yield stress changes discontinuously from a maximum to a very low value.** It may be assumed that with 
complete transformation tho solid solution is replaced by large precipitates which harden tho lattice only 
little: on the other hand, incomplete transformation leaves coherent and finely divided transition 
precipitates. 

2. “Plastic deformation, at any temperature from below the Ms point to above the Md point (such that 
plastic strain occurs only by slip above Md), has a stabilizing effect on the remaining austenite such 
that the beginning of subsequent transformation by cooling is depressed as much as 20°C and the tempera¬ 
ture range over which transformation occurs is spread out.** 

I I 
French86, in 1933, studied the influence of quenching on the fatigue strength of steels. He pointed out the 

accélérât ing effect of alternating deformation on the transformation of residual austenite into martensite and 
tho beneficial influence of this transformation on the fatigue strength of steels: “It seems probable that the 
retention of austenite can operate through alteration in the stresses arising from martensitization, so as to 
reduce or eliminate real or pseudo cracks and so to improve the mechanical properties and especially the resist¬ 
ance to fatigue of the steel...** 

From the foregoing facts we may draw the following conclusions: 

(a) The martensitic transformation occurs at low temperature by cooling of a supersaturated solid solution; 
it takes place without diffusion and is favoured by plastic strain and shear stresses. It is found in 
many alloys, such as carbon steels, aluminium bronzes, tin bronzes, brassr,, etc. 

(b) After quenching und re-heating at increasing temperatures, transition precipitates which are coherent 
with the matrix are first formed, visible precipitation then occurs and finally - if the soluble 
element content is below tho saturation limit - the precipitates are dissolved. 

(c) The quite distinctive effect of plastic strain and shear may be explained on the basis of the following 
assumptions: 

The martensitic transformation under load takes place in the neighbourhood of slip barriers in over¬ 
stressed regions, these slip barriers being stable with respect to slip but unstable with respect to 
shear strain which causes lattice change. Residual stresses due to cooling and those due to previous 
work-hardening play the same role as external loads; their action is consistent with the assumptions 
laid down earlier in this chapter. 

(d) Ageing after quenching and after deformation is caused by the combined action of residual stresses and 
recovery which completes the transformation at the overstressed but stable points and produces local 
annealing at the overstressed but unstable points, where disturbance of the equilibrium generates localized 
mechanical shocks. This allows the following statement: 
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Alternating fatigue loading aida the mr lena i tic Irma format ion, which may modify the distribution 
of hard regions, concurrently with recovery and work-hardening, tfw volume expansion that accompanies 
the transformation may induce local compressive and tensile stresses, 

2,5 COMMON FEATURES AND DIFFERENCES IN STATIC AND 
FATIGUE FAILURES 

The quantitativo technical aspect of tho various types of failure will bo dealt with later. Here an attempt 
is made to show how identical processes of plastic deformation cun lead to qualitative differences in tho 
behaviour of metals with respect to the various types of failure, i.o. static failure, creep failure, and 
fatigue failure. 

2.5.1 Static Failure 

On a cylindrical iension specimen, tho presence of a free surface makes plastic deformation easier in peri¬ 
pheral regions, where tensile stresses are reduced and hardening slowed down, which implies that tho stress 
concentrations around slip barriers are lower in those regions than in tho core of the test piece. 

Consequently, damage before cracking is more advanced in the core of the specimen. If the test is continued, 
the microscopic cracks in the core join to produce a central crack (see Bluhm and Morissey75) in tho necked- 
down portion of the specimen corresponding to a reduction in area, the cylindrical form of specimen being 
unstable. The front of the central crack Is subj*cct to a high stress concentration; the latter relaxes shear 
on facets at 45° to the crack plane and at the same time generates microcracks which ar-3 developed by a further 
increase of the load; the same phenomenon is repeated on another facet perpendicular to the first and at 45° 
to the mean plane of the crack which remains perpendicular to the tensile axis. From a given crack size, the 
tensile stress increases sufficiently by diminution of the area in tension to cause almost instantaneous crack 
propagation and final fracture. 

High stresses favour a greater width of the last crack extension at 45° to the mean plane and result in a 
conical appearance of the fracture although the surface condition is still rough on a small s^-ale. Ihe con¬ 
ventional cup and cone fracture of ductile metals results. The cone shape may also be attributed to rapid 
adiabatic shear failure with a local increase in temperature. Indeed, Zener and Hollomon8* have shown that in 
impact punching of steel plates the deformation is localized on a thin cylinder where the existence of marten¬ 
site proves that there has been a significant increase in temperature followed by rapid cooling. Bevelled 
fracture may, however, appear in slow failure, as is sometimes the case before final fatigue fracture in thin 
sheets. 

Failure in torsion originates at the surface on a transverse plane perpendicular to the tensile axis and 
results from microcracks created by plastic shear strain. McLean87 explains this by the fact that during 
torsion the deformation of crystals causes their slip planes to be swept by the longitudinal plane of the 
specimen whereas the transverse plane remains stationary with respect to the grains. Another possible reason, 
is that the screw deformations of the generating lines of the specimen induce longitudinal elastic tensile 
stresses which are proportional to the square of the elastic shear strains and are balanced by compression of 
the core. 

Hydrostatic pressure, according to Bridgman50, enables large shearing strains to be obtained even with 
brittle materials such as marble and increases the amount of strain necessary to cause rupture of the metals; 
the initiation and joining of microcracks require greater plastic deformation leading to higher microscopic ’ 
stress concentrations. 

Hydrostatic tension is very difficult to achieve; a condition which is close to it is the state of triple 
tensile stress in the core of specimens severely notched by deep annular grooves. However, the detrimental 
effect of tension is opposed by and often cancelled out by the reduction in shear. If the metal is not very 
ductile, fracture may begin at the root of the notch, where shear is significant. Ibis question will be 
examined in more detail at the beginning of Chapter IV. 

Brittle fracture is not easy to define. For specialists in metallography, it means fracture with lack of 
cohesion perpendicular to a cleavage plane or to a grain boundary. On the scale of the specimen, it is fracture 
perpendicular to the direction of tensile stress, which involves no necking or 45° facets and originates at a 
surface defect or a surface stress concentration. In torsion, brittle fracture tends to be of helical form. 

Some authors state that brittle fracture is aided by the existence of an excessively small margin between 
the offset yield strength and the static rupture strength of metals. Ibis assertion is questionable for most 
of the engineering alloys, as we shall see in the following chapters. In fact, ductility, which is the property 
in contradistinction to brittleness, is measured by the elongation prior to failure or by the reduction in 
area defined as 2 = i - a/A0 , where A/A0 is the ratio of the fractured area to the initial cross-sectional 
area of the specimen. Brittleness is characterized by a small reduction in area and by a fracture propagated 
from a surface defect along a plane perpendicular to tensile stress. 



2.5,2 Cr o (‘p und Activation Klier «y 

Creep doformatian under constant stress increases with time; the static tost is one specific case of creep 
under high stress increasing over a very short period of time. At moderately elevated temperatures and during 
the first stage of creep at decreasing rate (primary creep), the mechanisms of deformation are the same for 
creep as for static testing: lattice distortions which relax by dislocation migration to the boundaries of sub- 
grains (polygonisation) are initially created by slip; at any moment the deformation involves new dislocations 
winch generate slip barriers, relieved by thermal agitation. If the strain rate is constant, as in secondary 
or steady•state creep, the creation of new slip barriers balances exactly the relaxation of those formed 
our Her. Ttio resulting sub-structure remains fairly constant through readjustment of its boundaries. A fine 
sub-structure forms at the grain boundaries and may exhibit apparent slip along these boundaries. 

Under largo deformations some grain boundaries are displaced by atomic diffusion, atom by atom; hence the 
shape of such grains is preserved despite large overall deformations. This second mechanism may prevail at 
elevated temperatures. 

Wien tile strain rate, de/dt , increases before final rupture during the so-called tertiary creep stage, 
cavities are found at the grain boundaries. Such cavities may join to form cracks under the influence of 
tensile stresses and final fracture is often intergranular, Depending on the metals and their initial condition, 
failure of a specimen is the result of largo elongation with a significant reduction in the cross-sectional 
area (ductile fracture) or the result of small elongation after formation of intergranular cavities by coales¬ 
cence of vacancies. 

• 

'Hie balance achieved during secondary creep between the creation of slip barriers and their disappearance by 
thermal agitation justifies the attempts made to characterize the stability of such obstacles to slip with res¬ 
pect to the effect of temperature. Dorn98 and other authors have shown that creep tests on metals such as 
aluminium alloys and copper obey the law 

e = f(te-^RT) , 

whore the activation energy Q is calculated to give the host adjustment if the absolute temperature T varies, 
e being the elongation per original unit length and t the time. 

However, some imperfections in the crystal lattice, such as solute foreign atoms, vacancies, anchored dis¬ 
locations, and so on, exhibit a temperature-dependent equilibrium concentration. If complete statistical dis¬ 
order in the space distribution of imperfections and statistical independence of the variations are assumed, 
Boltzmann’s statistical mechanics allow the expression of the equilibrium concentration c to be written as 
follows: 

c = Ae-W, 

where c is the mciui concentration per atom of the lattice, • 
U expressed in terms of electron volts, is the free formation energy of an imperfection, 
k = 1.371.10”16 erg/Kclvin degree, Is the Boltzmann’s constant, 
T the absolute temperature, 
A a coefficient close to unity, after Priedel97, 

•nie number of all imperfections contained in a molecule-gram, also referred to as mole, is 

C = ALe”(>/RT, 

where the thermal activation energy Q is expressed in cal.-g per mole, 
L = 6.06.1023 is Avogadro’s number (atoms per mole), 
R = kL = 1.08 cal.-g/degrec, is the gas constant (1,000 cal.-g per mole = 0.1135 eV/atom). 

In diffusion processes, if N is the number of particles per unit volume and BN/Bt the flow per unit 
surface along an x-direction, we have 

Bn b2n 

where the diffusion factor D is defined by 

D = fle-WT , 

B being independent of T and Q representing the diffusion activation energy. 

Kennedy89 suggests that the dislocation movement in aluminium crystals with no other defects involves 
Q = 3.4 kg-cnl/mole. Ibe formation of dislocation clusters by multiple slip corresponds to Q = 12 kg-cal/mole; 
wo have 23 kg-cal/molo for transverse slip, 27.9 kg-cal/mole for self-diffusion and 31 kg-cal/mole for recrystal- 
lizntion. All these processes occur by atomic steps and arc comparable to diffusion but with different activa¬ 
tion energy values. It is sometimes concluded that a mechanism of deformation may be operative when its activa¬ 
tion energy is compared with that of the macroscopic effect, e.g. elongation. 
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Hio activation energy far creep at high temperatures is close to that of self-diffusion but, according to 
Kennedy, this can be explained as much by grain boundary migration as by dislocation climb with vacancy diffusion 
At moderately elevated temperatures, other mechanisms take place in work-hardened engineering alloys since it 
is hardly likely that only one activation energy is involved. 

On the other hand, activation energy only measures the stability under thermal agitation. For mechanical 
deformation in general and creep in particular, stress plays a predominating part; the activation energy often 
decreases with increasing stress, Now stress varies from one crystal to another in polycrystalline metals, if 
one grain yields under high stress over an appropriate period of time at a temperature T , the load will bo 
transferred to the neighbouring grains whore the stress will increase, thus reducing the time required for these 
grains to yield in their turn as their activation energy is diminished. This phenomenon is apparent in carbon 
stool owing to stabilization by the carbon atom arrangement and it accounts for the almost instantaneous forma¬ 
tion of Luders lines caused by ar avalanche disappearance of slip barriers on all the grains. 

The same phenomenon takes place on a microscopic scale: some deformation barriers are stressed in parallel 
and deformation can only become significant when incubation by thermal agitation lias reduced some of them by 
overstressing the others, thus decreasing their activation energy. Ulis muy also bo expressed in the following 
terms: 

TJie asaumjition of statistical independence for similar occurrences has not been substantiated and Boltzmann 
statistics do not apply, 

The diffusion theories for creep are successful with metals of simple structure since the stability of 
deformation barriers becomes more homogeneous by the selective action of stress and deformation. They fail, 
however, with engineering alloys because of the heterogeneous stability of structure defects. 

To establish a quantitative theory, statistical distributions of the position and stability of slip barriers 
under the action of stress and thermal agitation should be assumed and measured. Moreover, statistical mech¬ 
anics should be developed with more complex assumptions than Boltzmann’s with respect to the probability of a 
given occurrence if a similar occurrence has taken place in the vicinity. The present work is confined to a 
qualitative description of the phenomena and to the statement of qualitative laws. 

2.5.3 Fatigue 

Fatigue loading is essentially characterized by the periodic reversal of stress. As under steady static 
loads, deformation conducive to damage results from plastic slip and microcracks form on the slip planes of 
grains, However, alternating dislocation motion has two consequences; 

(a) Obstacles created by slip are partially eliminated during each half-cycle; 

(b) Foreign atoms "drained” to slip barriers by the dislocation movement increase the stability of slip 
barriers that do not disappear at the beginning of fatigue. 

Reversal of the stress destroys obstacles of low stability and, by causing more diversification in the geo¬ 
metrical distribution of the plastic stiffness (hardening rate) of crystalline lattice distortions, it concen¬ 
trates the stress on small domains. 

Development before crack initiation is governed by plastic deformation, hence by shear. Slip, which in 
work-hardened engineering metals is small during the first cycles, increases at the beginning while destroying 
slip barriers on neighbouring planes. For stresses below the fatigue limit, the number of effective slip 
planes approaches a limit, as stated by Gough7. Large distortions are localized in the immediate vicinity of 
the fracture area. Plastic development in fatigue is rapid if the slip deformation due to shear is large; it 
governs the crack growth before each propagation of the crack front. 

Pre-cracking damage is associated with the plastic deformation of favourably oriented surface grains which 
exhibit a lower hardening rate, dr/dy . In addition, the surface includes geometrical irregularities 
resulting in stress concentrations. Thus cracking originates at the surface, unless there are large internal 
defects. 

Direct observations of the initiation of surface cracking have been carried out chiefly on pure metals or 
simple alloys specially manufactured for laboratory tests purposes. The publications of Gough7, Laurent43, 
Forsyth and Craig9 emphasize that cracks appear in slip bands and that slip bands contain regions of unequal 
resistance to plastic deformation. 

Forsyth's most recent investigation shows that, apart from crevices, there are other surface features such 
as extrusions, which suggests local irregularities in the resistance to glide at the surface of tho grains. 
Wood has made the assumption that reverse slip is responsible for these surface undulations. Alternating 
shear stresses applied to a pack of cards would give a similar effect if friction between tho cards was variable. 
It is possible that local tensile and compressive stresses are responsible for the formation of crevices and 
extrusions where the metal is softened by some plastic deformation mechanism. 

Forsyth93 has observed two stages in the development of cracks. During stage I, the cracks form at the 
surface on those crystallographic slip planes that are closest to tho maximum shear planes and they extend 
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Inwarda ln tho slip dirnctlcm. This typo of propagation often terminates at grain boundaries. Stage I is 
favoured by low stresses with slow crack propagation, and by corrosion. It follows on as a continuous process 
from tho initiation stage, and is governed by shear stresses. 

During stage II, crack propagation occurs along a mean plane perpendicular to the highest tensile stress. 
Fracturo reveals ridges or small parallel plateaus ploughed by grooves in tho direction of propagation and by 
striations perpendicular to this direction. Each striation indicates a stop of the crack front and each growth 
increment comprises a double deviation of tho crack in relation to its mean plane, Progress prior to the 
passage of tho crack front and In the immediate neighbourhood of the latter is governed by local shear. The 
propagation Itself Is controlled by the tensile stresses which are composed of the stresses on the geometrical 
scale and of local stress variations resulting from heterogeneous shear. TTie effect of geometrical stresses 
Is significant if the motul is brittle and if cleavage fracture predominates. Stage II may bo delayed by 
surface compressive stresses and favoured by mean tensile stresses as well as by high alternating stress levels. 
It Is tho common form of fatigue cracking observed in component failures. 

Final static fracture occurs when the cross-sectional area of the specimen is sufficiently reduced by tho 
crack. # 

If fatigue corresponds to an increasing diversification in plastic resistance to slip, or to a diminution of 
tho entropy, the action of heat must eliminate the influence of the load cycle as soon as thermal agitation is 
sufficiently high to prevent stabilization of tho deformation harriers. There is a range of high temperatures 
for each metal In which tho unit time for damage is no longer the cycle but the second. Creep behaviour under 
fluctuating stress with a permanent component is then obtained. 

‘¿.5.4 Cune I us ion 

Tlie aim was to highlight all aspects of the phenomena under review, and in particular to explore interactions. 
An attempt was then made to determine whether the Qualitative relationships so obtained were confirmed or 
invalidated by other phenomena which take place more rarely. The method is an overall investigation of statis¬ 
tical Qualitative nature of a large number of related phenomena, rather than the more usual study of a particular 
phenomenon. It involves, of necessity, assumptions that may sometimes seem Questionable to specialized 
researchers. 

In this field an engineer is faced with dispersed and occasionally contradictory statements of specialists, 
and with the scatter and apparent contradiction of the experimental fact. In the present state of the art, few 
valid predictions can bo made by formal computation because of the lack of scientific quantitative laws, and 
much progress might he made if the engineer could rid himself momentarily of every intellectual inhibition in 
connection with the physical mechanics of metals and related sciences or techniques. If he is convinced that 
formal rational fatigue analysis of structures cannot be achieved in the foreseable future, he must envisage 
technical testing with the best possible representation of those environmental parameters that qualitative 
analysis has indicated as significant. 

i 
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STATIC TESTS.OF SPECIMENS - CREEP 

Having studied in detail the mechanism of development towards failure in metals subjected to stresses 
inducing plastic strains, we shall now consider the mechanical behaviour of metals from a point of view that is 
closer to the technology of mechanical tests. We shall sometimes use the laws and assumptions set forth in 
Chapter II. We shall keep in mind the profound unity they reveal in the mechanical and thermal behaviour of 
metals. The classification of the type of loadings under headings such as static tests, creep tests, fatigue 
tests, is rather arbitrary. It will be seen that the study of fatigue strength at room temperature requires 
some knowledge of the specific features of static tests and that the study of hot fatigue must be preceded by a 
study of creep. 

3.1 TENSILE TESTS, HARDNESS TESTS, NOTCH-IMPACT TESTS 

The deformation and tensile rupture test can be carried out in two different ways. If it is performed with 
a test duration ranging from one second to one minute, and if the strain rate remains fairly constant, it is 
called a static tensile test, which yields a stress cr-strain e curve. If the load is kept constant and if 
the test duration is expressed in hours, it is a creep test, the result of which is a strain e-time t 
curve. At constant test temperature the resistance to plastic strain depends on the strain e , the strain rate 
e = de/dt and the time t , owing to strain-hardening and recovery as well as to various metallurgical trans¬ 
formations (recrystallization, precipitation, martensitic transformation) which have been examined in Chapter 
II. TTius we have 

cr = f(£,l, t,T) 

where T is the temperature of the specimen. 

Static tension corresponds to ê = constant and T = constant while creep implies cr = constant. The 
cr(e) and e(t) curves represent two complementary aspects of the same physical phenomenon and their character¬ 
istics result from the same elementary processes, except for the specific orders of magnitude of the temperature 
and strain rate of each test. Certain features of the curves are not typical and are due to the method of 
testing. This applies to the maximum of the stress-strain curves (Figures 3.1 and 3.2). In conventional tests 
the variation in length of a specimen between two reference marks is recorded as a function of the applied load. 
The maximum of the load values corresponds substantially to the preferential development of plastic flow in a 
given section of the specimen length where the cross-sectional area decreases rapidly to form a neck, The 
maximum is not apparent if the true stress, cr* = p/a , is plotted (Fig. 3.2) against the true strain, e* , 
such that 

-i: 
dZ 
J = loge(l/l0) , 

Assuming that the volume does not change during plastic deformation, we have 

AZ = A0Z0 and e* = loge(A0/A) , 

where A is the cross-sectional area of the specimen at the neck and A0 the initial value prior to the test. 

Acceptance test specifications use the following symbols to define the tensile test results: 

cry yield strength at 0.2 offset (which corresponds to a stress leaving a 0.2% strain after unloading); 

yield stress at n% residual strain (in France, n = 0,05%, 0.1% and 0.2% for metal qualification tests); 

ult. ultimate strength, Pmav/A. max' o 1 

permanent elongation after fracture, measured between two reference marks which are k/A0 apart from 
one another, k being specified by standards and ranging from 4 to 10, depending on the country and 
the product (8.16 in France for metals); 

= 100(1 - A/An) , reduction in area at the neck after fracture. 
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Pig. 3.1 Apparent cr-e curve Fig. 3..# True cl-€ curves of brass at different 
températures, Fron MacGregor1 

Ff g. 3.3 cr-e curves of coMon engineering netals at two different scales, fron Templin and Sturm2 

TABLE 3.1 
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Hie relation between true fracture strain and 2 is: 

75 

eult, ” l°BeCl/(l -2)] ~ 2 + -2? + -23 + .... , 
2 3 

so that ^ eSit. serves as a measure of the true fracture strain. 

Engineers are primarily interested in the deformation under maximum load which may contribute to plastic 
adjustment before necking. 2 is a measure of the ductility of the metal, which is of importance in cold¬ 
working and affects the residual static strength of cracked components. The yield stresses at 0.05%, 0.1% and 
0. 2% residual strain allow the bend of the stress-strain curve to be defined more accurately and provide a 
useful basis of comparison for buckling in the plastic range. 

Figure 3.3 shows some cr _ e curves for engineering metals. At the left, the curves for mild steel and 
silicon steel exhibit one or two local maximums followed by typical level portions. As seen in Section 2.2.3, 
this phenomenon results from the arrangement of solute carbon atoms in the crystalline lattice vacancies. 

The curves for steel and aluminium alloys start with a substantially linear section, the slope of which 
represents the modulus of elasticity, also called Young’s modulus. The proportional limit is the stress at 
which the curve starts to deviate from linearity. The true elastic limit is the highest stress for which there 
is no permanent residual deformation after removal of the load. Both limits are somewhat subjective since their 
values decrease as the accuracy of the measurements increases. 

In the case of steel, the first maximum represents the upper yield point, variable with the elasticity of 
the test set-up. The level defines the lower yield point, which constitutes a better physical constant although 
it is affected by the test rate (see Section 3.1.1); this yield point often approaches quite closely the yield 
strength at 0.2% offset. 

Roberts, Carruthers and Averbach3 have measured the residual plastic strain in various irons and steels as a 
function of the applied compressive stress. Measuring the permanent strain with an accuracy of 2 x 10‘6, they 
found a net elastic limit varying from 2/3 to 4/5 of the upper yield point. For pure iron or steel specimens 
containing free ferrite, the curve gradually rounds off between the elastic limit and the upper yield point. 
On the other hand, pearlitic steel test pieces exhibit steps in the same portion of the curve (Fig.3.4); no 
noticeable aftereffect has been found during checks. Hie heterogeneous structure of pearlite is revealed by the 
steps. In ferritic steels, previous deformation raises the upper yield point but lowers slightly the true 
elastic limit (similar to the Bauschinger effect). 

Hie proportional limit varies with the treatment and can be lower for quenched steel with no tempering than 
for quenched steel “softened” by tempering. Table 3.1 shows how the properties of a weldable alloy steel change 
with the tempering temperature4. Hie following comment can be made: 

1. There is no clear relation between the plastic strain properties of steel during static testing, and the 
fatigue limit. 

2. Hie material can be simultaneously hard for high stress (Rc hardness) and soft for low stress (small 
proportional limit). 

3. Hie fatigue limit can lie far above or below the proportional limit cr prop. 

4. There is normally a loose correlation between the static strength crult> and the fatigue limit crf , 

3.1.1 The Effect of the Test Rate 

The effect of the test rate on the cr - e curve varies to some extent with the material. It can affect the 
recovery of distributed dislocations, the polygonization of slip bands, recrystallization, the arrangement of 
solute foreign atoms, precipitation and martensitic transformation: Test rate influences temperature-dependent 
phenomena and its effect therefore changes with temperature. Figure 3.5 shows that the strain rate at room 
temperature and at the temperature of liquid air has little influence on the cr-e curve for values which are 
close to the range of the usual tensile test rates and for commercial US 2S-0 aluminium5. 

A significant effect of the test rate is found for temperatures at which creep occurs, as with SAE-1090 steel 
at 540°C (Fig.3.6), and for very high strain rate, as with annealed carbon steel (Fig.3.7). Steel is “harder” 
in rapid tests since it takes some time for the solute carbon atoms to be expelled by strain from the orderly 
positions they occupy in the iron lattice. Clark and Wood7 report comparable effects for SAE-4130 steel 
(0.13% C, 0.62% Ki, 0.47% Si, 0.81% Cr, 0.16% Mo), oil-quenched at 850°C and tempered 45 minutes at 350°C; the 
effect is quite distinct if the test duration is less than one-hundredth of a second. Stainless AISI-302 steel 
(0.15% C, 18% Cr, 8% Ni) exhibits a clearer effect (o0>2 increases by 20% for a loading period of less than 
five-hundredths of a second); this is partially due to the transformation of some austenite into martensite. On 
the other hand, no significant strain-rate effect is observed in 24 S-T and 75 S-T aluminium alloys for loading 
periods of more than 1/100 of a second. However, Heimerl and Manning105 have shown for 2024-T3 aluminium alloy 
a crul't> = 70,000 lb/in2 at conventional speed, 74,000 lb/in2 for about O.l sec. and 80,000 lb/in2 for a 
0.05 sec. test. 
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Fig.3.4 Conipression of 1.06% carbon pearlitic steel3. Pig.a.s Strain rate effect on permanent strain for 
Permanent discontinuous strain 2S-0 aluminium alloy, from Tietz and Dorn5 
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Fig.3.6 Stress-strain curves of 1090 steel at 540°C Fig. 3.7 cr-e curves of annealed carbon steel subjected 
for various strain rates, from Nadai and Manjoine6 to fast loadings, from Clark and Wood7 

Fig. 3.8 Temperature effect on aluminium crystals, Fig.3.9 Annealed austenitic stainless steel 
from Boas and Schmid8 (18 Cr-9 Ni) 
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Pig.3.10 Ultimate and yield tensile strengths at low temperatures, from Seigle and Brick 
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Pig.3.11 Ductility at low temperatures, from McAdam et al.® 
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Pig. 3.12 Effect of pre-strain in torsion on the tensile cr-e curve of mild steel 
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Fig.3.13 Effect of tensile pre-strain at 21°C on 
ductility, from Ripling and Baldwing13 

Fig.3.14 Predeformation effect at several test 
temperatures on the ductility of zinc,from Ref.13 
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Fig.3.15 Effects of temperature and test rate on the 
ductility of annealed zinc 
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steel, from Ewing14 
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3; 1. 2 The Effect of Temperature 

Figure 3.8, from Boas and Schmid8, illustrates the effect of temperature on the stress-strain curve of single 
aluminium crystals; it is representative of the behaviour of metals having a stable and homogeneous structure. 

Figure 3.9 shows the effect of martensitic transformation on the shape of stress-strain curves for stainless 
austenitic steel, unstable at low temperature9. 

Seigle and Brick10 have gathered data on the behaviour of engineering metals at low temperatures, 
variation of the fracture strength and of the 0.2% offset yield strength is plotted in Figure 3.10. 

Tile 

Figure 3.11 shows the variation of ductility for engineering metals subject to low temperatures. Ductility 
is defined here as the ratio A0/Ault^ of the initial cross-sectional area to that of the nock after fracture. 

All three ferrous metals exhibit a large decrease in ductility below -50°C. Carbon steels are very sensitive 
to low temperatures while the alloy steels used on aircraft structures behave well. 

Kalish and Dunkerley11 have demonstrated that ß-tin, of body-centered tetragonal structure, and tin-lead 
alloys with a low lead content are brittle below -120°C; at-200°C the strength and the reduction in area are low 
(o'uit. = 3*6 daN/mm2; 2= 6%); around -140°C, the strength passes through a maximum (crult = jq daN/mm2), which 
corresponds to a sudden increase of the reduction in area, up to X = ioo% . The reduction in area then remains 
constant and the strength decreases regularly to cr^ =1.2 daN/mm2 at +40°C. This phenomenon is attenuated 
if the lead content rises from 5 to 50%. Note that lead crystallizes in the face-centered cubic system like 
aluminium, copper, nickel, and alloys which are not very brittle in the cold condition, such as austenitic stools. 

In the case of iron, the increase in ductility with rising temperature may be explained by the arrangement 
of foreign atoms in the lattice distortions. Diffusion at very low temperatures is too weak for the solute 
atoms to be “drained1' by the dislocations but the arrangement of such atoms in the distortions is impeded by 
thermal agitation, so that instability reaches a maximum. 

3.1.3 The Pre-Straining Effect 

A systematic study of the effect of previous torsion on the tensile test of annealed mild steel has been made 
by Swift12. Previous torsion increases both the ultimate strength (Fig. 3,12) and the yield strength. The true 
fracture stress and the reduction in area change very little. The effect of torsion appears to he due to 
lattice distortions occurring on slip planes that are different from those involved in torsion. Hie true 
cr*-e* curves are parallel; previous torsion seems to raise the stability of plastic strain barriers without 
modifying the number and relative stability of the obstacles by which fracture is governed. Figure 3.13, from 
Ripling and Baldwing13, illustrates the effect of tensile pre-straining on the ductility of steel. At low 
temperatures, the ductility goes through a maximum if pre-straining reaches a iVitical value which is higher 
than the strain in the cold tensile test. At temperatures close to room température, the sum of pre-strain and 
fracture strain is, of course, constant. 

The existence of a critical pre-strain is more distinct for zinc, of hexagonal close-packed crystal structure. 
Ripling and Baldwing have studied the effect of test rate, temperature and pre-straining on the ductility of 
zinc (Figures 3.14 and 3.15). There is a critical pre-strain value below which ductility is not improved in the 
high temperature test; the temperature range for which ductility improves is shown to bo small for large pre¬ 
strains. We believe that this phenomenon is associated with some recrystallization or polygonization process 
(see Chapter II) and that the material remains brittle if no local recrystallization takes place or if it takes 
place too early in the tensile test. 

Ewing1,1 has investigated the effect of rest and ageing at 100aC on carbon steel. If, after a first loading 
and removal of the load, a tensile test 1, interrupted at A (Fig.3.16), is resumed immediately, the material is 
substantially elastic until the stress returns to that of point A (dotted curve). After a 10 minutes* yest at 
room temperature, curve 2 is obtained: the metal has become softer under low stress* and harder under high stress. 
This is equivalent to the Bauschinger effect of the second order mentioned in Section 2.1.3 for aluminium alloy; 
indeed, the first loading eliminates some obstacles to plastic strain while creating others that are more stable 
if the test is continued immediately; during the period of rest there is a recovery process which causes most 
of the new obstacles to disappear. If the metal is loaded again (curve 2), it exhibits less plastic stiffness 
and the deformations give rise to a large number of new slip barriers with lower internal stresses. A rest at 
100°C enables the carbon atoms to settle in the remaining obstacles, which become more stable. In this way, a 
harder metal is obtained (curve 3) until the stress is high enough to overcome the new slip barriers, the 
stability of which is more uniform. Curve 4 was obtained after further stressing and exposure to 100°C. This 
straining and recovery may be continued until the specimen exhibits brittle fracture for a stress value con¬ 
siderably in excess of the standard ultimate strength of the metal. 

The effect of cold-rolling and ageing after rolling on the cr-e 
Figures 3.17 and 3.18. 

curve of mild steel is illustrated in 

After deformation at temperatures between 150°C und 300°C or after heating in the range of 150°C to 300°C, 
the impact strength decreases at room temperature. Between 200°C and 300°C, the ductility is reduced (Fig.3.19), 
This phenomenon is called blue brittleness and can be encountered at lower temperatures after longer periods of 
heating. Ripling18 reports that titanium containing hydrogen exhibits a somewhat similar feature. We believe 
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Ho 
INITIAL FATIGUE TENSILE PROPERTIES 

i<T n íTppo)} ÍT* <Tult. A % 
0 0 o 27 30.7 58.2 26.2 
1 22 24 >. 10* 18.2 31 61.1 23.9 
2 23 200,000 28.9 32.6 6 0.4 23.8 
3 23 666,000 26.4 32 61.5 14.6 
4 23 932,000 + 23.2 32 61.5 18,8 
5 27 39,000 30.1 34.5 61.7 18.5 
6 27 160,000 +* 19 30 
7 22 48 X 10* 32 48 70.3 13.6 

NOTE: + SPECIMENS FRACTURED IN FATIGUEj 
* UNCOOLED specimen; 

THE OTHER SPECIMENS WERE COOLED; 
STRESSES ARE IN daN/mm*. 

Fig. 3.22 Effect of previous fatigue on the tensile properties of carbon steel 
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that It la yet another process involvlnB selection in the stability and in the number of slip barriers: the 
number decreases and the stability rises, producing higher local stresses In regions where microcracks appear 

prior to rupture. 

Polokowski19 assumes that the effect of cold-work varies with the type of steel and the type of deformation 

(tension, torsion, drawing,rolling). 

•me existence of a correlation between the yield strength and the free mean path of dislocations in ferrite 
has been demonstrated for annealed steel by Roberts, Carruthers and Averbach3 (Fig. 3.20). Hie free path would 
he defined in globular structure as the distance between precipitates, in pearlite as the average distance 
between pearlite particles, in ferrite as the average distance between inclusions and grain boundaries, measured 
by the method of Howard and Cohen20. Hiis correlation does not hold for pure iron, in which inclusions are too 

scarce. 

The characteristics observed during the tensile test are modified by fatigue. Bullen, Head and Wood21 have 
studied the behaviour of pure annealed copper. The results are reproduced in Figure 3.21. It is seen that 
initially annealed copper is strain-hardened by fatigue. 

The variations of hardness and cr-e curves in tension during axial tension-compression fatigue testing have 
been examined by Martinod22 on rolled 40mm diameter bars of XC 45 steel containing 0.47% C, 0.54% Mn and 0.22% 
Si in the as delivered condition. The cr-e curves for 6mm diameter x 60mm length specimens machined from 
14mm diameter x 140mm length specimens subjected to fatigue are plotted in Figure 3.22. If the fatigue specimens 
are cooled during the fatigue test, the yield strength and ultimate strength vary but little while the propor¬ 
tional limit, the bend of the cr-e curve and the length of its horizontal section are modified. If the speci¬ 
mens are not cooled, the temperature may reach 200°C and the static properties are considerably modified. 

Let us now consider the metallurgical effects of deformation. Apart from the obvious purpose of shaping a 
metal, hot-work is used to alter the structure, i.e., the size of grains and sub-grains, and the texture, i.e,, 
the elongation, flatness and orientation of grains. Crystal lattice distortions generated by hot-work are more 
stable in the cold condition than those obtained by cold-work. In alloys, the structure obtained by hot forging 
remains to some extent even after application of the heat treatment designed to dissolve the foreign atoms 
before quenching. Hot-work by -kneading» in the three directions produces good tensile properties with a 
texture that is less oriented, therefore less brittle in the short transverse direction. The improvement is texture tnuu in ivsb uihuliu, ■ j o i 
also due to compression which tends to close the microscopic voids, as is shown by Dixon s and Foley s com- 

• ■ • « n t J — — _ Ám ¿ n an n 1 *4 4 ^ t* fT 4 M flf O 1 O Q O ft wfl 4 fX 
also due to compression wnicn tenu» ia» mxuok me —, — — - — 
parative tests on the forging of carbon steel through rolling, conventional die forging or closed-die forging 
with final hydrostatic compression of the metal. In France, a good percent elongation at rupture in the direc¬ 
tion of thickness was obtained on plates of A-U4SG alloy (similar to American 2014) by kneading before final 
shaping and quenching. Cold-working of light alloys prior to solution treatment and quenching plays a role 
which is comparable to that of forging in the case of steels. It is sometimes used to initiate the forming 
operation, which is then continued after quenching and before artificial ageing, 

Cold-working of aluminium light alloys between quenching and artificial ageing leads to a preferential forma¬ 
tion of precipitates in dislocations and thereby increases the number of small stable precipitates which impede 
subsequent plastic slip. 

The American notations, commonly used in Western Europe for the treatment of light alloys are as follows: 

T 3 Solution treatment, quenching, 1% drawing. 
T 4 * " * natural ageing at room temperature. 

«T g « « « artificial hot ageing. 

T si « M "1% drawing and hot ageing. 

T 86 M " ” 6% " " " H 

The effect of treatment on the first portion of the cr-e curve for American 2024 alloy is indicated in 
Figure 3.23, from tests conducted by the supplier (ALCOA) on sheets. 

3.1.4 Hardness 

Hardness is a measure of the resistance opposed to the pressure of a rigid indenter. The latter has various 
shapes: a ball in the Brinell and Rockwell tests, a pyramid shape in the Vickers test. As for other plastic 
deformation processes, the rate of testing exerts an influence on the results; the time of loading is restricted 
to a few seconds in order to avoid creep. Consider the case of a spherical indenter. For a low value of the 
load P , the elastic strain is given by the Hertz formulae24. Under a high enough load, a permanent impression 
is obtained after unloading. With increasing loads, the material forced outward from the indentation tends to 
produce a growing ridge around the impression. In Figure 3.24, f is the indentation under load and the 
elastic reduction of the indentation after remova1 of the load. The elastic variation in diameter of the 
indentation is negligible25, so that radius a can be measured and used as reference for hardness. 

The Meyer hardness26 is defined as the ratio 

Hh = P/m2 

_._..-:_._,_.. -. ..:. .-_,_.■,:_:___. 



83 

Pig.3.23 Effect of heat treatment on the yield strength of 2024 aluminium alloy, from ALCOA 

( a ) deep impression ( b ) SHALLOW impression 

Pig.3.24 Hardness test impression 
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Radius a is a function of P and of the material, It is found that with increasing value of P , Hu 
passes through a maximum and we have M 

hm = H^a/r)"’2 , 

\\u and n being independent of the radius r of the ball27. Hh is equivalent to stress and a/r to plastic 
strain. There is some correlation between the Meyer hardness and the cr-e curve, Tabor28 has demonstrated 
that if the crtruo"6true curve is represented by the equation 

cr = ke1" , 

then the Meyer hardness can be expressed by 

H„ = ck(0.2 a/r)1" , 

c being a constant. Consequently plastic strain may be defined by and by n as well as by k and m . 

Brinell29 measured hardness in dividing P by the curved area of the impression; the pressure reaches a 
maximum with an increasing value of P ; Brinell selected the load and diameter of the ball so as to obtain a 
point near the maximum. A pyramid impression is used in the Vickers test. In the Rockwell test, the depth of 
the impression, d , is measured by means of a dial gauge, 

According to Holm and Shobert30, the Meyer hardness is associated with the depth, d , through the relation 

Hm = K(d/r)P . 

For annealed copper, we have K = 112 daN/mm2 and p = 0.085 . Some hardness curves for various conditions of 
copper are plotted in Figure 3.25 and 3.26; the latter also shows the influence of the time of loading. 

Provided that the duration of loading and the rate of penetration remain within close limits, hardness tests 
provide as good an indication of surface plasticity as do tensile tests for the bulk of the material. Hardness 
tests are non-destructive and may be repeated at neighbouring points. 

From conversion tables of the Metals Handbook28, approximate values for the ultimate strength of steel may be 
obtained by multiplying the Brinell number by 500 to express the strength in lb/in2 or by 0.35 to express it in 
daN/mm2. 

Sp'áth106 reports after Kiirth107 that there is a linear relationship between hardness and yield-strength 
variations in the case of a specimen cold-strained in tension. 

Several authors31»32*33»34 have tried to measure the surface residual stresses through their effects on the 
Hertzian limit of elasticity. Ibe latter is defined as the largest value of contact pressure under which 
permanent deformation does not yet take place. If P is the corresponding load and r the radius of the ball, 
the compressive stress is given by a Hertz formula: 

1 3/[3 / E \2 Pi 

P ” 7T V \l-v2) r2J ’ 
where v is the Poisson’s ratio. 

If there are equiaxial surface residual stresses ^ = ‘’’a * the stress state will be the sum of a hydrostatic 
compression tensor (cr.o-.cr) , producing no plastic strain, and fictitious surface compression p-cr, which must 
reach the limiting value p to allow the initiation of plastic strain. The Hertzian limit of elasticity will 
therefore be increased by the value of the equiaxial compressive stresses. Uniaxial surface residual compression 
does not modify the Hertzian limit of elasticity since slip can produce yielding in the perpendicular direction. 
On the contrary, uniaxial tension favours yielding in its own direction and lowers the Hertzian limit of 
elasticity. 

Hausseguy and Martinod34 have carried out tests to substantiate these assumptions. Measuring the depth of the 
residual ball penetration under increasing loads P to within 1/100, they obtained the fallowing results for 
various surface conditions of XC 45 steel (French steel containing 0.45% C) with a yield strength value of 25 
daN/mm2 (36,000 lb/in2): 

Lathe-machining followed by 0000 polishing p = 125 daN/mm2 . 

Lathe-machining, then electro-polishing p = 102 daN/mm2 . 

Thorough electro-polishing P = 97 daN/mm2 . 

On annealed XC 18 steel (similar to 1020 American steel) with a yield strength value of 17,5 daN/mm2 
(25,300 lb/in2), which had been lathe-machined and then 0000 polished, they found p = 97 daN/mm2 . For this 
steel, which was free of residual stresses, hardness varied with external axial loading, as illustrated by the 
results of Figure 3.27. The Hertzian limit of elasticity remains invariable under external axial compressive 
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HERTZIAN ELASTIC LIMIT 

FROM HAU5SEGUY 

Piß.3.27 Effect of an applied axial load on the 
Hertzian elastic limit and Brinell hardness 

Pig.3.28 Effect of soluble impurities in 
aluminium on cr-e curves 

Pig. 3.29 cr-6 curves of 99.99% purity aluminium for 
several magnitudes of grains,from Crussard and Jaoul36 

Pig.3.30 Creep and recovery of Cr-Mo-V steel 
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loading and Is diainiRhotl under axial tensile stress by the exact value of the applied stress. Brinell hard¬ 
ness Qeasurements yield results that are not ns clear. 

It should also be noted that the Hertzian limit of elasticity is determined by point measurements. Because 
of the high accuracy required, such tests are of no practical value. One of the previous methods32*33 may 
therefore be used, for example the variation of the electrical contact resistance between the ball and the bar 
considered33. 

3.1.5 Notch Impact St minili 

Tills property is measured by the energy loss of a pendular mass which strikes a notched bar and causes its 
rupture. The energy required for the impact fracture includes three components: (a) the energy due to plastic 
strain before cracking (which is influenced by the impact velocity, depending on the response of the material); 
(b) the energy duo to friction on the supports (which varies with the bend of the bar before cracking); (c) the 
brittle fracture energy. 

In France, the impact energy value of the Mesnager specimen, , has been measured under standard experi¬ 
mental conditions. There is no distinct correlation between the impact value and such useful properties as 
tfy, oult#, A%, 2% , the fatigue limit and the residual static strength of fatigue-cracked specimens. At 
best the* impact value measures the impact strength in the quite specific case of the test machine. 

After numerous attempts to compare test results for various shapes of specimens, the tendency is now to con¬ 
sider the impact energy value as a characteristic of little interest to the designer. 

Even ns a means of selecting the heat treatment for a given material, the use of notch impact specimens with 
a geometrical notch prolonged by a fatigue crack approximates to measuring the residual static strength of 
fatigue-cracked specimens. Such test bars are more brittle, their bend prior to fracture is smaller, and 
mainly brittle energy is measured. However, this type of measurement is only valuable if there is some correla¬ 
tion with the residual static strength of the cracked specimen. 

3.1. ti Notch Effect 

Geometrical notches with a moderately high concentration factor, KT , increase the net ultimate strength of 
a specimen, whereas very sharp notches may reduce it. Circumferential notches are likely to result in an 
improvement of up to 50%. The improvement is smaller and the weakening greater on thin sheets. This subject 
will lie discussed in more detail at the beginning of Chapter IV. 

3.2 CREEP 

Creep occurs when the strains and strengths under constant static loading are time-dependent. Deformation 
before fracture is liable to impair the use of the material or fracture may occur without appreciable deforma¬ 
tion, depending on the material and the temperature; ductile creep or brittle creep is therefore possible. 

The problem of creep first appeared on aircraft structures in refractory steel gas turbine blades and light 
alloy compressor blades, Recently, kinetic heating of supersonic transport aircraft skin panels has raised the 
same problem but with very small permissible deformations (less than 0.1%). In such cases, creep is associated 
with alternating loads with a steady component, and the actual problem of creep and hot fatigue implies com¬ 
paratively low allowable stresses if only creep is considered35. 

Slow static testing is a particular case of creep in which elongation always attains the limit value corres¬ 
ponding to the instantaneous stress value before any significant increase of the stress takes place; on the 
contrary, with high-rate testing (see Figure 3.35), elongation is delayed in relation to the limit value 
obtained in conventional testing. We shall first examine the aspects of plastic deformation common to both 
static testing and creep, and the apparent differences due to the time and temperature ranges considered. 

3.2.1 Straining in Crystals 

Crussard and Jnoul36, carrying out static tests on aluminium, iron, copper, zinc and magnesium, demonstrated 
the existence of two distinct ranges in the stress-plastic strain curve, which are governed by different 
equations: 

a-Q + Aem up to the e transition 

and cr = o¿ + Be"1 beyond ep . 

The transition is believed to be due to polygonization (dislocation arrangement generating sub-grains). Up to 
the transition, deformation is caused by slip with a dislocation pile-up against the grain boundaries. In 
Figure 3.28 some cr-e curves and the transition points are plotted. Figure 3.29 indicates that the plastic 
stiffness of high-purity 99.99% aluminium increases with the grain fineness while the transition elongation 
depends little on it. Jaoul37 has shown that this elongation is governed by the relation 
X is the proportion of solute foreign atoms. 

S = kx 
1/3 where 
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Gensaaer38, studying steels, found a good correlation between cr (i.e., the stress for 20% strain) and 
the exponent ■ in the relation 

^ = o-20(€/o.2)m . 

Fro« his results we obtain the expression 

1/» = 

^20 is a function that increases with the density of carbide precipitates. The effect of soluble addition 
elements such as nickel and chromium is that a greater carbide dispersion is introduced, the respective effects 
being additive: 1% Cr produces an effect similar to that of 0.22% Ni. 

Garrod, Suiter and Wood39 have shown by an electron-microscope study that there are three processes of plastic 
deformation for 99.99% aluminium. With 12% strain at room temperature, conventional lamellar slip which termin¬ 
ates at the grain boundaries is obtained. The second process takes place only at a higher temperature (300°C) 
and with a lower strain rate (0.17% per hour). It includes polygonization by which the grain is divided into 
cells. The third process begins at a still higher temperature (390°C) with a rate of 8% over 72 hours and 
exhibits slip substantially parallel to the grain boundaries. If the strain rate is very high (12% in 2Q sec.) 
at the same temperature (390°C), conventional intragranulaf slip is found again. 

At a sufficiently elevated temperature the slip barriers inside the grains disappear and plastic stiffness 
is provided by the disturbed regions of the grain boundaries. According to Lubahn40, Hanson and Wheeler have 
encountered slip in grains and at grain boundaries during the same creep test, the slip at tb$ boundaries 
occurring in the mid-period of the test during slow deformation and allowing spontaneous recovery Qf the strain- 
hardening inside the grains. 

Creep strength varies with the grain size, Above an “equi-cohesion” temperature, coarse grains are more 
resistant than fine grains (for a given strain rate). Similarly, for a given temperature, there is a transition 
strain rate below which coarse grains have greater strength41.42. At low temperatures and high strain rates, 
recrystallization or polygonization does not occur very much and fine grains show the advantage of a greater' 
density of boundaries which constitute slip barriers. At elevated temperatures and low strain rates, by which 
recrystallization is initiated, coarse grains are more resistant because intracrystalline hardening is more 
stable and less dense, thereby delaying recrystallization. Besides, previous work-hardening above the critical 
recrystallization level promotes recrystallization during creep and thus softens the material for subsequent 
creep strain42. Recrystallization, or at least polygonization, occurs during the creep of most metals and makes 
the effect of temperature, test rate and grain size more complex. 

For instance, coarse grains withstand creep fairly well if iptracrystalline hardening is stable. This result 
may be obtained by creating lattice distortions through rolling, by then eliminating the less stable distortions 
through fast annealing under controlled temperature and time conditions, and by finally creating new ones through 
another cold-rolling operation. On light aluminium alloy of the A-U2GN type (French alloy similar to English 
RR 58) such a process has produced grains that were three times larger with intermediate annealing than without 
it; the strength at 150°C for an elongation of 0.1% over 1,000 hours was found to be equal to 19 daN/mm2 with 
annealing but to only 12 daN/mm2 without annealing. If, however, sheets with fine grains or grains controlled 
by rolling and annealing are subjected to cold-work between the quenching and artificial ageing operations, the 
reduction in creep strength is more significant for fine grains. Thus, according to results from Sud-Aviation78, 
the stresses in A-U2GN required to obtain a 0.1% elongation over 100 hours at 175°C are as follows, expressed 
in daN/mm2: 

Quenching + 

Hot ageing 
6% drawing + 

Quenching and 
Hot ageing 

Quenching + 
'6% drawing 

+ Hot ageing 

Fine grains of 27¿¿ 

Controlled grains of 

16.5 

21 

16.5 

16.5 

11.5 

11.5 

It is seen that the creep strength is not dependent on the grain size alone. 

For pure aluminium subjected to fatigue at a temperature of 250°C and a rate of 1440 c/m, Daniels and Dorn76 
showed that fine grains (50 per mm2) and coarse grains (1 per mm2) had the same sub-grain size and fatigue 
strength at 10 cycles. This seems to give evidence that, in the hot condition, sub-grain boundaries are the 
most stable obstacles to plastic strain, whereas grain boundaries are unstable. 

For stainless steel and Inconel exposed to high temperatures, Robinson and Dorn77 observed that the creep 
strength depends little on the grain size but much on the annealing treatment; the grain size plays no part in 
hot fatigue. In the hot condition, the low plastic stability of grain boundaries implies transcrystalline 
fractures, except at the junction of three grains. 



lending and is diminished under axial tensile stress by the exact value of the applied stress. Brinell hard¬ 
ness measurements yield results that are not as clear. 

It should also he noted that the Hertzian limit of elasticity is determined by point measurements. Because 
of the high accuracy required, such tests arc of no practical value. One of the previous methods32*33 may 
therefore he used, for example the variation of the electrical contact resistance between the ball and the bar 
considered33. 

3.1.5 Notcli Impact Strength 

Tliis property is measured by the energy loss of a pendular mass which strikes a notched bar and causes its 
rupture. The energy required for the impact fracture includes three components: (a) the energy due to plastic 
strain before cracking (which is influenced by the impact velocity, depending on the response of the material); 
(b) the energy duo to friction on the supports (which varies with the bond of the bar before cracking); (c) the 
brittle fracture energy. 

In Prance, the impact energy value of the Mesnager specimen, , has been measured under standard experi¬ 
mental conditions. 'Hiere is no distinct correlation between the impact value and such useful properties as 
UV ault.• ^ . the fatigue limit of and the residual static strength of fatigue-cracked specimens. At 
best the impact value measures the impact strength in the quite specific case of the test machine. 

After numerous attempts to compare test results for various shapes of specimens, the tendency is now to con¬ 
sider the impact energy value as a characteristic of little interest to the designer. 

Even as a moans of selecting the heat treatment for a given material, the use of notch impact specimens with 
a geometrical notch prolonged by a fatigue crack approximates to measuring the residual static strength of 
fatigue-cracked specimens. Such tost bars are more brittle, their bend prior to fracture is smaller, and 
mainly brittle energy is measured. However, this type of measurement is only valuably I? there is some correia 
tion with the residual static strength of the cracked specimen. 

3.1.(1 Notch Effect 

T , increase the net ultimate strength of Geometrical notches with a moderately high concentration factor, K 
a specimen, whereas very sharp notches may reduce it. Circumferential notches are likely to result in an 
improvement of up to 50%. The improvement is smaller and the weakening greater on thin sheets. This subject 
will be discussed in more detail at the beginning of Chapter IV. 

3.2 CHEEP 

Creep occurs when the strains and strengths under constant static loading are time-dependent. Deformation 
before fracture is liable to impair the use of the material or fracture may occur without appreciable deforma¬ 
tion, depending on the material and the temperature; ductile creep or brittle creep is therefore possible, 

The problem of creep first appeared on aircraft structures in refractory steel gas turbine blades and light 
alloy compressor blades. Recently, kinetic heating of supersonic transport aircraft skin panels has raised the 
same problem but with very small permissible deformations (less than 0.1%). In such cases, creep is associated 
with alternating loads with a steady component, and the actual problem of creep and hot fatigue implies com¬ 
paratively low allowable stresses if only creep is considered35. 

Slow static testing is a particular case of creep in which elongation always attains the limit value corres¬ 
ponding to the instantaneous stress value before any significant increase of the stress takes place; on the 
contrary, with high-rate testing (see Figure 3.35), elongation is delayed in relation to the limit value 
obtained in conventional testing. We shall first examine the aspects of plastic deformation common to both 
static testing and creep, and the apparent differences duo to the time and temperature ranges considered. 

3.2.1 Straining in Crystals 

Crussard and Jaoul36, carrying out static tests on aluminium, iron, coppor, zinc and magnesium, demonstrated 
the existence of two distinct ranges in the stress-plastic strain curve, which are governed by different 
equations: 

and 

& - cr0 + Ae1" up to the ep transition 

a - o‘0 -I- Bem beyond ep . 

The transition is believed to be due to polygonizatian (dislocation arrangement generating sub-grains). Up to 
the transition, deformation is caused by slip with a dislocation pile-up against the grain boundaries. In 
Figure 3.28 some cr-e curves and the transition points arc plotted. Figure 3.29 indicates that the plastic 
stiffness of high-purity 09.99% aluminium increases with the grain fineness while the fransition elongation 
depends little on it. Jaoul37 has shown that this 
X is the proportion of solute foreign atoms. 

elongation is governed by the rolaLion 
s =k* 

i/a where 
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Gensamer38, studying steels, found a good correlation between u (i.e,, the stress for 20% strain) and 
the exponent m in the relation 

^ = o-2Q(c/0.2) 

From his results we obtain the expression 

1/m = 1,4 + V("S)- 
o-20 is a function that increases with the density of carbide precipitates. Ihe effect of soluble addition 
elements such as nickel and chromium is that a greater carbide dispersion is introduced, the respective effects 
being additive: 1% Cr produces an effect similar to that of 0,22% Ni. 

Garrod, Suiter and Wood39 have shown by an electron-microscope study that there are three processes of plastic 
deformation for 99.99% aluminium. With 12% strain at room temperature, conventional lamellar slip which termin¬ 
ates at the grain boundaries is obtained. The second process takes place only at a higher temperature (300°C) 
and with a lower strain rate (0,17% per hour). It includes polygonization by which the grain is divided into 
cells. The third process begins at a still higher temperature (390°C) with a rate of 8% over 72 hours and 
exhibits slip substantially parallel to the grain boundaries. If the strain rate is very high (12% in 20 sec.) 
at the same temperature (390°C), conventional intragranular slip is found again. 

At a sufficiently elevated temperature the slip barriers inside the grains disappear and plastic stiffness 
is provided by the disturbed regions of the grain boundaries. According to Lubahn40, Hanson and Wheeler have 
encountered slip in grains and at grain boundaries during the same creep test, the slip at the boundaries 
occurring in the mid-period of the test during slow deformation and allowing spontaneous recovery of the strain- 
hardening inside the grains. 

Creep strength varies with the grain size, Above an “equi-cohesion" temperature, coarse grains are more 
resistant than fine grains (for a given strain rate). Similarly, for a given temperature, there is a transition 
strain rate below which coarse grains have greater strength41*42. At low temperatures and high strain rates, 
recrystallization or polygonization does not occur very much and fine grains show the advantage of a greater 
density of boundaries which constitute slip barriers. At elevated temperatures and low strain rates, by which 
recrystallization is initiated, coarse grains are more resistant because intracrystalline hardening is more 
stable and less dense, thereby delaying recrystallization. Besides, previous work-hardening above the critical 
recrystallization level promotes recrystallization during creep and thus softens the material for subsequent 
creep strain42. Recrystallization, or at least polygonization, occurs during the creep of most metals and makes 
the effect of temperature, test rate and grain size more complex. 

For instance, coarse grains withstand creep fairly well if ijitracrystalline hardening is stable. This result 
may be obtained by creating lattice distortions through rolling, by then eliminating the less stable distortions 
through fast annealing under controlled temperature and time conditions, and by finally creating new ones through 
another cold-rolling operation. On light aluminium alloy of the A-U2GN type (French alloy similar to English 
RR 58) such a process has produced grains that were three times larger with intermediate annealing than without 

the strength at 150°C for an elongation of 0.1% over 1,000 hours was found to be equal to 19 daN/mmz with it 

annealing but to only 12 daN/mm2 without annealing. If, however, sheets with fine grains or grains controlled 
by rolling and annealing are subjected to cold-work between the quenching and artificial ageing operations, the 
reduction in creep strength is more significant for fine grains. Thus, according to results from Sud-Aviation78, 
the stresses in A-U2GN required to obtain a 0.1% elongation over 100 hours at 175°C are as follows, expressed 
in daN/mm2: 

Quenc/iing + 
Hot ageing 

6% drawing + 

Quenching and 
Hot ageing 

Quenching + 
6% drawing 

+ Hot ageing 

Fine grains of 27/a 

Controlled grains of 50/a 

16.5 

21 

16.5 

16.5 

11.5 

11. 5 

It is seen that the creep strength is not dependent on the grain size alone. 

For pure aluminium subjected to fatigue at a temperature of 250°C and a rate of 1440 c/m, Daniels and Dom78 
showed that fine grains (50 per mm2) and coarse grains (1 per mm2) had the same sub-grain size and fatigue 
strength at 105 cycles. This seems to give evidence that, in the hot condition, sub-grain boundaries are the 
most stable obstacles to plastic strain, whereas grain boundaries are unstable. 

For stainless steel and Inconel exposed to high temperatures, Robinson and Dorn77 observed that the creep 
strength depends little on the grain size but much on the annealing treatment; the grain size plays no part in 
hot fatigue. In the hot condition, the low plastic stability of grain boundaries implies transcrystalline 
fractures, except at the junction of three grains. 

§! 

. : ,... 

SitÜ 



88 

Pig. 3.31 Creep and recovery of copper 

1, 000 

Pig. 3.32 Creep of A-U2GN aluminium alloy 

Fig.3.33 Creep of lead Pig.3.34 Creep of lead on two different time scales 
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Plastic flow in creep and under small strains is also affected by delayed elasticity, or elastic after-effect, 
In Figure 3.30, the nature of this effect is illustrated after results obtained by Lubahn40 for the creep of 
quenched and tempered (685°C) Cr-Mo-V steel tested at 595°C. Upon removal of the load, deformation decreases 
slowly towards a limit. This phenomenon corresponds apparently to partial recovery which allows reversed slip 
to occur under the action of residual stresses. Figure 3.31, from Davis43, gives another example of elastic 
after-effect by unloading during the creep of pure annealed and 8%-drawn copper at room temperature. Elastic 
after-effect occurs frequently in creep tests and complicates the measurement of elongation, this being carried 
out with high accuracy after dismounting the specimen or with high sensitivity by means of continuous recording. 

3.2.2 Description of Creep 

When a tension specimen is subjected to a load which is hold constant, the following can be observed in 
measuring the elongation: 

(a) Up to a certain value of the load, elongation occurs upon loading and the residual elongation after 
unloading remains constant. 

(b) Under higher loads, up to a given value, permanent elongation increases with time and then reaches 
asymptotically a constant limiting value: creep is then transient and limited. 

still increases with time but the rate of flow u = de/dt 
umin = (de/dtJuiin . Considering the entire process, it may 

(c) Under still higher loads, the elongation e 
gradually decreases toward a minimum value 
be said that creep comprises a transient part, during which the creep rate diminishes regularly, and a 
steady-state part, of constant creep rate. As long as the transient component predominates, the creep 
obtained is called primary creep, It is followed by secondary creep, of constant rate. If the load is 
decreased to keep the stress constant on account of the reduction in cross-sectional area of the specimen, 
secondary creep often ends by fracture with no modification of the characteristic shape of its e-t 
curve. 

(d) Under still higher loads which are held constant, the true stress increases owing to the cross-sectional 
reduction, and the creep rate increases again after reaching a minimum; fracture is caused by necking. 
Tertiary creep is then obtained; it corresponds to mechanical instability or, in some fairly rare cases, 
to structural instability of the material. 

(e) Finally, under still higher loads, when creep occurs during the time-under-stress to failure, there is 
no difference between a creep test and a more or less rapid static test. 

In the case of A-U2GN aluminium alloy sheets, for which the creep test results44 at 130°C are reproduced in 
Figure 3.32, the test points show secondary creep and the onset of tertiary creep. The scatter of the measure¬ 
ments makes it difficult to decide whether the rate of steady-state creep is zero in the test with cr = 14.6 

daN/mm2. It is likely that no secondary creep and, a fortiori, no tertiary creep would take place in the stress 
range 5 daN/mm2 < cr < a daN/mm?, which is typical of the cruise flight of supersonic Mach-2 aircraft. In such 
cases, apart from a test designed to check this at 20,000 hours under the highest steady stress typical of 
cruise flight, all other tests should be stopped as soon as the creep rate is zero or impossible to measure. 
These tests would be used to investigate transient primary creep alone and could only be conducted by increasing 
the accuracy of measurement and by reducing the causes of scatter. 

An accuracy of 0.01¾ over a gauge length of 100 mm corresponds to an accuracy of measurement of 0.01 mm; it 
is difficult to obtain a better result with successive measurements requiring dismounting of the specimen. 
Provided the temperature is controlled to within iü.5°C, one could even measure to one micron and hence obtain 
an accuracy of 0.001% (10"5). We may recall that under the stresses likely to occur during cruise on supersonic 
Mach-2 aircraft, the elastic strains are of the order of 10’3; plastic strains of the order of 10"4 are negligible. 
However, to extrapolate a short-time test up to 20,000 hours, a good knowledge of the creep rate is required; 
with 1,000 hr-tests an accuracy of 10“5 is probably sufficient for extrapolation if some long-time tests have 
shown that extrapolation is allowed. 

Ripley45 considers that the scatter in creep tests is mainly due to temperature variations and to non-axial 
loads; if the temperature variation does not exceed ±0.2°C, an accuracy of 10"5 is reached with automatic con¬ 
tinuous recording of the elongation. 

A distinction must be made between accuracy and sensitivity. Both are involved in measurements effected 
after dismounting of the specimen. In continuous measurements, sensitivity may be good with very poor accuracy; 
in this case, it is at least possible to determine the shape of the curve and hence to estimate by extrapolation 
whether the strains remain negligible over 20,000 hours. 

In order to reduce the scatter and improve the absolute accuracy, we suggest that three creep tests be per¬ 
formed under supposedly identical conditions and that the mean curve be taken into account. 

The fast increase of strain in tertiary creep is often caused by an increase of true stress as a result of the 
reduction in cross-sectional area, if an apparatus is available for measuring the cross-section and setting the 
load so that stress be held constant, then tertiary creep disappears sometimes and curves of the type illustrated 
in Figure 3.33 are obtained. The use of a relation between true strain, true stress and time permits more 
accurate computations in the case of variable stress values. 
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Fig.3.36 Transient creep of lead 
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on f»nB^ïfCreeî If raih{if difíícu!t to deíine' as 8h0»n in P1«ure 3.34, where the creep of lead is represented 
n wo ifferent ti»e scales; the definition of secondary creep by an almost rectilinear curve is also a very 

subjective one. 

Secondary creep has been studied quite extensively for certain applications such as centrifugal compressor 
discs and blades .hich are subjected to the maximum allowable stresses consistent with no-failure conditions 
and with deformation conditions which permit reliable operation. For such applications creep limiting stresses 

ïnL < ffd "î1“11 C?rrespond t0 atrains of O'1* and 0" airframes, the conditions of secondary creep 
would exist in notches if plastic flow itself did not set limits to the stresses by reducing the stress con¬ 
centrations and by introducing residual stresses after removal of the load (these conditions are favourable 
from the point of view of fatigue). In this case, secondary creep will only occur in joints and will be related 
to the shear of rivets and the corresponding bearing stresses in sheets. 

Let us return to the description of creep. Primary creep is sometimes preceded by a period of very low creep 
representing a kind of delay in the establishment of primary creep. This delayed creen is illustrated in 
Figures 3.35(a) and (b) for annealed 0.19% carbon steel, from Wood and Clark46. 

In thé case of carbon steel this phenomenon is attributed to the arrangement of solute carbon atoms in the 
iron lattice. The same authors have observed a delay in decarburized iron. (C0.001%) . As to other 
materials (18-8 stainless steel, 7075 aluminium alloy), tests do not exhibit any delay, either because it is 
non-existent or because it is too small to be measured. 

Carreker, Leschen and Lubahn47 have studied delayed creep in lead, copper and 61 S-T aluminium alloy, 
results for lead are illustrated by Figures 3.36(a) and (b). 

Their 

An increase in stress causes a sharp increase in the creep rate which then rises asymtotically to a new sub¬ 
stantially constant value, somewhat higher than the first. A return to the first value of stress entails a 
deiay in creep; the creep rate then increases slowly to reach its first value. This has also been observed by 
Sherby, Trozera and Dorn48 (Figures 12 and 13 from the authors) in pure aluminium; they found a creep delay in 
2.1% magnesium aluminium alloy at a temperature of 327°C and under stresses ranging from 0.35 to 2.45 daN/mm2 
(Figures 12 and 13 from the authors). Delayed creep was also found by Shahinian and Achter49 in Cr-19 1% 
AJ-3.6% nickel alloy at 816°C under a stress of 5.6 daN/mm2: the creep rate, at first very low, passes’through a 

7 ^ ;3.37)' ^ r,te reach a “»f“ luring the s«* ereep test, "c./e 
I'!L7 h T'1 *\.?16°C Under ^82 d‘N/-! *ith a 8-35 - upeci.cn where« “ether 9 .. dia-eter 

specimen breaks when reaching the second maximum. In the cases mentioned previously, delayed creep seems to 
occur at temperatures well above the recrystallization temperature (lead recrystallizes at room temperature) 

eîC^if0ïi8te?1,*ühere the phenoBenon iB caU8ed by the arrangement of solute atoms. We see, then, that a piint 
o lection in the creep curve £ = f(t) does not necessarily originate from an undetected error öf measurement, 

it is very difficult to predict the localized shape of a creep curve for lack of elongation measurements at 
very short intervals. Thus, the acceleration of the creep rate at about 80 hr on curve II of Figure 3 37 would 
pass undetected with measurements carried out every 100 hr; we prefer continuously recorded measurements, 
imilarly, Figure 3.38, from Shahinian and Achter49, contains creep curves on two different time scales With 

measurements every 100 hr, the initial elongation proportional to time would not be apparent and a very*high 
initia! rate could be assumed, as is sometimes encountered (almost instantaneous plastic elongation upon 

3.2.3 Graphic Representations and Mathematical Approximations 
of Creep, Extrapolations 

6 ï accurate> the reprc8f!ntatloi' of cr«P •»«Id only t* . utter of convenience, 
triciert f 7" err0rs *nd’ slnce the range of ■«““«■entB often happen, to be rather res- 

,7,01 ?lottln*‘î® c/ecp results ““on »«wests a particular mean line and a kind of utheutical 
relationship leading to a method of extrapolation, 

The creep phenomena are associated with a relation 

e = f(o-,t,T) 
(1) 

between four physical Quantities: e = per.anent elongation: = applied stress: t = tine; T = absolute teapera- 

Two quantities can be plotted along the coordinate axes and an additional quantity on level curves. Instead 
of direct quantities, we may consider functions of these quantities, for example: 

log £ , log cr , log t , i/T . 

We may also consider groups of quantities as parameters, for example: 

t.e-k/T 

$(t,T) = . T(log t + C) 

t.T0 . 

—_—___ __ _ .--- --,- - .- -:____ —• -, - >1 .u RLP’J-LJ .r> l-Cf-irJjL-,. 
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Pig.3.37 Creep of nickel and nickel alloys 
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Pig. 3.38 Creep of nickel represented on two tine scales 

..-. ._..- - _:_ 



93 

for^Lnstance0 qUantitleS Cûn be held constant durin8 the test and for its graphie representation. We may have, 

T constant < 

& constant e = f(t) creep 

t ‘'constant” e = f(cr) stress-strain 
curve 

e constant 

e given : a- constant 

f(t) relaxation 

6, t 

log t 

log e, log t 

r°-, e 
log CT, log £ 

CT, log 6 

rcrt t 

O-, log t 

flog t, T 
t = f(T) time-temperature 

correspondence |log t¡ ,/T 

^(t,T) = f(cr) . 

For constant temperature and stress, Andrade41 proposes in the case of lead 

i = l0(i + A1/3)ekt , (2) 

which corresponds to primary creep for k = o or for a small value of t and to steady-state creep for 

u J ®uthor assUD,es that /0 and k are related to two different creep processes, ¿ being determined 
by plastic slip in the grains of the metal and k by relative displacements of the grains. 

C^eep ^ l0B e - log t representation is often used. Figure 3.39 shows the results of 

l^e?R o- índ Ï “ alUminim alloy sheet at 205°C' objected to tension at two successive stress 
leveis, cr1 and cr2 . For ^ > <r2 , delayed creep, as mentioned previously, is found under tr, . The first 
rectilinear portion of the curves is expressed by 2 

e = A.t1 (3) 

vnrim.a ff * a-1" Flgure 3-40' fTm the same author, the creep curves are plotted for the same material under 
various tensile stresses. Some scatter can be observed. For small elongations, e = A/t is verified by the 
rec 1 near portion with a slope of 0.5. When the slope exceeds 1, creep is certainly in the tertiary stage. 

infhlenrp0^8^00 ^ fult d0eS n0t depend °n the stress but some scatter. To define the influence of stress a- , Berkovits proposes the law 

e = A. tk Sh(cr/cro) , 
(4) 

where A = 6.8 • 10’5, k = 0. 5, crQ = 6.5 daN/mm2 . 

agreeÍenthwÍtí0rc - l/í5'0?0 ^ ^ 20’00° lb/ln' (13’8 daN/mra^ curvos arc in poor 
agreement with e - Vt ; for o- = 20,000 Ib/in* we would have e = At in the case of small strains. 

»nAWLr!ÎUrî ÎV? /t'Presentation with the work »f Davis43 on pure copper, annealed for l hr at 500°C 

Action 3 2 n The'crp “"“f 23'00° lb/ln? (16 daN/mm2) Prior tn ‘^ing (see Figure 3.31 of 

value of secondary creep, u^'. ^ ^ ^ tbe 

rain “ U1 e . 

^in = 2 Uj sh(cr/cr ) , 
(6) 

which is more suitable for the results of tests nerformpri »t 97*00 tho *,***,*.0.* 
which vary with the test temperature: 1 teStS per" at 235 C. The quantities cro and u, are constants 

= 11.020 - 15.8 T, expressed in lb/in2 

= 0.054 6^282^. 

(7) 

immâ'i 

(8) 
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Pig. 3.41 Creep of copper 
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As set forth in Chapter II, Section 2.5.2, the general form of the relation (fl) has boon proposed by many 
authors on the analogy of the rate u of chemical reactions: 

u = Ae^1, , (0) 

where the activation energy Q is expressed in calories per mole and R denotes the porfoct-gns constUilfc (suo 
Chapter II for numerical values). It is plotted by a straight line on a log u-l/T diagram, 

This law is encountered in the physics of metals whenever the process of the phenomenon is controlled by 
self-diffusion of the atoms of the matrix or by diffusion of foreign atoms and if only one typo of diffusion 
takes place. We have seen that three main types of processes occur in plastic strain: slip in grains, re¬ 
arrangement of grain boundaries and recrystallization. The first involves the diffusion of impurities which 
stabilize the slip barriers while the two others also include the diffusion of the atoms of the matrix from 
grain to grain. The law (8) is actually verified for secondary creep in Davis’s tests. 

We shall now check whether a similar law fits primary creep by using, after Davis, the values of e , i.e., 
the intersection of the asymptotes of the creep curves with the 6-axis at zero time; eo represents fairly well 
the whole process of transient creep (Pig.3.41). The expression 

■o = jo« e-3.00°/T e/5»750 (10) 

provides a good representation of the curves A, B, C and E in Figure 3.41 for temperatures of 80, 130, 165 and 
2350C, while curve D is an aberration. In comparing the expressions (8) and (10), it is seen that the activa¬ 
tion energy of primary creep is half that of secondary creep. We may conclude that a single temperature law 
cannot account for the whole process of transient and steady-state creep and a law based on steady-state creep 
docs not hold for transient creep, 

For the empirical analysis of transient creep, Davis has proposed 

o- = Kem(d/dt)m , 

hence e = Bt;n/(m+n) > 

with m = 0.71, n = 0.15 and K = 9.3* 107 for copper, t being expressed in hours and cr in lb/in2. 

(11) 

(12) 

This formula, where n/(m+n) = 0.175 , is to be compared with Andrade’s, where the exponent of t is 1/3, 
An expression such as (11) can be useful for creep buckling calculations. 

To cover both creep ranges, Davis has tried the formula suggested by Soderberg51: 

u = 2 u, sh(cr/cr ) -1-- , 
1 °'lth(at + ß)j 

sh(at + ß) 

(13) 

hence umin [sh(at -t /¾] 
T l0Ë°[—sh/3 } (14) 

with a - 1,12* 10"3 and /0 = 0.035 , t being expressed in hours. This function has been utilized by Davis 
for relaxation calculations which have been substantiated fairly well by tests. 

For the primary creep of 2024-T3 at 205oC, Berkovits50 has applied the law 

e = - + A tK sh(cr/cr0) (15) 

where A = 6.8*105, k - 0.5, t being expressed in hours. 

We propose the use of a rather general expression for both primary and secondary creep, considering merely 
the influence of time: 

€ = + eo th(t/c)k » (16) 

with k > o, umin and eQ as functions of stress and temperature. The first term corresponds to steady-state 
creep and the second to transient creep. For a small value of t , the second term becomes c (t/c)k , which 
is the most common expression for primary creep. In Figure 3.42 the forms of the function are^lotted'against 
several values of k ; 1/3 is suitable for lead, 0.5 for 2024-T3, 1 for nickel in Figure 3.38, and k > 2 for 
the delayed creep on curve I in Figure 3.37. 

Instead of discriminating between transient and steady-state creep, it may be assumed, after Graham52, that 
creep strain is the sum of strains due to various processes, the contribution of each being represented by 
expressions of the same algebraical form: 



Tlio effect of temperature is introduced by substituting for t 

$ = t(T| - T) (18) 

T| and being constants. Graham takes: * 

kj = 1/3 , k2 = 1 , k3 = k4 = 3 , 

with only one value for T[ and , which leads to the expression 

(19) 

where ‘l* = t(T' - T)'A . 

Ulis expression includes ten arbitrary constants: the term with $1/3 corresponds to Andrade's primary creep, 
the term with (t' to secondary creep, the term with Í3 to tertiary creep. If the experimental points are 
plotted on a log e - log 45 diagram, the expression which provides the best fit to the test results will yield 
a polygonal line with three rectilinear segments united by transition curves, the slopes of the segments being 
equal to 1/3, 1 and 3. Walles and Graham53 have applied these formulae to the creep of steels and Nimonic 100. 

Tlie parameter $ in the expression (19) provides the first example of a time-temperature relationship. For 
Nimonic 100, Walles and Graham53 indicate A = 20 but with T' > T , corresponding to T-log t curves at 
constant cr which are convex toward the log t axis, For concave curves, they suggest 

$ = t(T - T') 20 (20) 

with T' < T . 

Dorn54 has used the theoretical parameter of diffusion (see Equation (9)) 

$ = t.e-^RT (21) 

hence log t - (Q/RT). log e = constant 

and T(log t + D) = constant , (22) 

where D depends on the metal. This law has been proposed by Hollomon and Jaffe56 for the tempering of steel 
and later by Larson and Miller57 for creep. 

Manson and Haferd55 assume 

$ = (T - Ta)/(log t - log ta) , (23) 

where Ta and ta are constants in tests at cr constant, but dependent on cr , 

Sud-Aviation58 have taken 

t Tb = constant . (24) 

All these expressions, except (21), are empirical ones and should only be used to interpolate between test 
data or to provide orders of magnitude for designing the test and measuring means. The expression (21) only 
holds if the creep range considered is controlled by a single diffusion process. 

We have just reviewed a number of mathematical expressions suitable to describing the time, stress and 
temperature effect on permanent creep elongation. If test data are available for specific temperatures, times, 
stresses, metallurgical states and mechanical histories of a material, several expressions may often be found 
to provide curves that cross the scattered experimental points reasonably well. The selected expression may 
depend on the kind of representation used. An expression is sometimes chosen as reference and the deviations 
are supposed to result from a "structural" change of the material. 

Using the law 

o 

(25) 
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and = te”(ûH/RT) if T = Constant 

hence (Bf/M*) = (de/dt)e(AH/RT) = = P(cr,e) if Constant , 

Sherby, Trozera and Dorn40 have obtained a good correlation for the secondary creep of pure aluminium, aluminium 
alloy containing 0.1% of copper atoms, and aluminium alloy containing 2.1% of magnesium atoms. For high stresses 
they find 

P(cr,e) = s"(e). eB (26) 

and state that the function SH(e) characterizes the structural change during creep. For lower stresses 

F(o-,e) = S'iejo1 

their conclusion is still that S'(e) represents an almost constant structural parameter, 
proposed expressions are not quite appropriate to represent primary creep. 

(27) 

Apparently, the 

We believe that, oven in the case of materials which are simple and “stable”, i.e., such that simple exposure 
to the test temperature does not affect the results, and which are manufactured for the purpose of laboratory 
tests, the actual laws are too complex for a simple mathematical expression to cover the whole range of times, 
stresses and temperatures. This would probably be possible with a complex mathematical expression containing 
many arbitrary constants, as long as tests at constant stress and temperature are considered, especially as 
scatter justifies the ruling out of certain results which are not in accordance with the selected expression, 
this being unduly attributed to mere chance. Even if it is correct, such an expression will not be very useful 
since we are investigating loadings at variable stress and temperature in the low stress region where transient 
primary creep is prevailing and remains small enough to raise great difficulties of measurement. 

Mathematical expressions should only be used to interpolate on temperatures or to extrapolate on times over 
a temperature and stress range for which the extrapolation is justified by measurement. A distinction must, 
however, be made between extrapolation for data utilization, which is always hazardous, and legitimate extra¬ 
polation for defining a new test range or a material acceptance test. In the latter case, for example, it has 
been suggested that the creep test designed to determine the stress for 0.1% creep elongation over 10,000 hours 
at 130°C should be replaced by a 100-hr acceptance test at 175°C for RR-58 and A-U2GN aluminium alloys. This 
test is justified since its sole purpose is to check that the fabrication process is identical with that used 
for a similar batch of material delivered previously. It is relevant if the 0.1% elongation constitutes an 
adequate criterion or if a different value of elongation is conditioned in the same way by the fabrication 
parameters. 

Depending on the problems to be solved, three types of extrapolations may be considered: 

> t. 2 - uj at constant stress cr and temperature T (a) Predicting the elongation over a period of time 
the curve e = f(t) being known for time tl , This extrapolation is permissible if instant t. lies 
well within the constant-rate steady-state creep range. It is valid if long-duration tests at higher 
stress or temperature show that tertiary creep has not yet started. 

(b) Predicting the elongation over a given time t at constant temperature T and under a stress cr < o- 
the elongation being known for stresses equal to and above Cj over the same period of time. This 
extrapolation is less conservative than the former, but the strain may be estimated conservatively, 
using the empirical law with e(a//£To) , if applicable. On the contrary, extrapolation to higher stresses 
is never safe. 

T1 and t > t1 under a known stress cr r the elongation being known 
1 . This extrapolation is the most useful one since accelerated tests may be carried out 

(c) Predicting the elongation for T < 
for Tt and t 
on this basis. Yet, it is also the most questionable one and should only be used after some checks 
which would provide a measure of interpolation. The checks need not necessarily include a large number 

it is only necessary to cover the range of variation of cr . of stress values: 

In more complex cases of stresses and temperatures varying cyclically with time, extrapolations to the general 
stress and temperature level are even more risky and a check of the empirical laws at the boundaries of the 
investigated range is always recommended. 

3.2.4 Creep Life 

Tbe creep rupture life of ductile materials exhibits considerable scatter and is of little practical interest 
in view of the very large strains occurring prior to rupture; consideration is usually paid to the time to 
reach a specified value of strain. An example is given for thick A-U2GN (English RR-58) aluminium alloy plates, 
water-quenched at 538°C and aged for 24 hrs at 200°C, in Figure 3.43, from Sud-Aviation58, where the creep 
strengths with 0.2% strain are plotted for temperatures of 130°C, 150°C, 175°C and 200°C. 

Between 150°C and 200°C, the activation energy is 37,000 cal.-g per mole, while it amounts to 45,000 cal.-g 
in the range of 130°C to 150°C. Thus, the diffusion process differs at moderately elevated temperatures and at 
high temperatures. 
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In Figure 3.44, after Stroh , the variation of creep activation energy is plotted against temperature for 
aluminium alloy containing 3.2% of magnesium. Tlie deviation and scatter may be attributed to dislocations 
being anchored by solute Mg atoms. Ibis is associated with the existence of a level portion on the cr-e 
curve of the alloy. At very low temperatures the dislocations do not drain the solute atoms, the diffusion 
being too weak, whereas the diffusion at very high temperatures is such that the atoms may leave the disloca¬ 
tions. From these examples it follows that extrapolation is difficult and that a long-time test at moderately 
elevated temperatures cannot be replaced by an accelerated tost at high temperatures. 

Returning to A-U2GN and Figure 3.43, we may sum up the results by writing 

6 = f[te“«<T)/RTe<r/cr0] , (28) 

where cr0 = 5 daN/mtn2 . In view of the increase of Q(T) in the temperature range between 150°C and 130oC. 
4 4- 4o V\r\ 4-n A- 1 __t __...j ^ * • mb. _— 1 
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it is to be feared that lower values will be found toward 100aC, whereas a law assuming 

e = F[tTbea/Cro] 

would yield larger stress values; extrapolation must therefore be carried out carefully. 

On more brittle materials the tine to fracture may be assessed; it is a function of stress and is low for 
high stresses and high temperatures. In Figure 3.45, after Grant59, the times to fracture are given for S-590 
refractory alloy of the following percent composition: 20 Cr, 20 Ni, 20 Co, 4 W, 4 Mo, 4 Cb, 0.5 C, remainder 
Fe. 

Points A, B C and D divide two different types of strain and rupture. To the left, deformation occurs by 
plastic slip as in the cold condition and fracture is transcrystalline. To the right, deformation corresponds 
to grain boundary displacements and fracture is intercrystalline, typical of creep rupture. For a given test 
period, say 0.01 hour, there is an equicohesion temperature above which deformation and fracture corresponding 
to the behaviour at high temperature are obtained. 

The strengths of some plastic materials and of glass under static loads depend upon the time of loading. 
Figure 3.46, from Hsiao and Bauer60, is relative to polystyrene. Here, the influence of time is explained by 
the viscosity effect which allows progressive relaxation of some molecular chains, whereby others are over¬ 
stressed. 

3.2.5 The Effect of Pre-Strain 

Owing to its utilization for jet engine turbine blades, the American N-155 refractory alloy has been investi 
gated quite comprehensively at elevated temperatures. Frey, Freeman and White62, then Ewing and Freeman108 
have studied the dependence of hot creep properties on the temperature and degree of rolling. Cold rolling is 
the term employed for rolling at temperatures below recrystallization temperature. The material under review 
had the following composition: 0.13 C, 3.05 Mo, 1.5 Tu, 0.98 Cb, 0.14 N, remainder iron (about 33%). The 
treatment applied was: rolling of a square 33 cm ingot to a square 22 mm bar at a temperature between 1130°C 
and 1040°C, solution treatment for 1 hour at 1200°C, and water-quenching. The rolling operation was as follows 
127 mm diameter rollers; at room temperature, 8 alternate runs on each side pair; in the hot condition, heating 
to 11°C above the desired temperature for ½ hr, 15% reduction. 

In the above tests, recrystallization during hot rolling occurred at 1200°C and had not yet started at 
1120°C. In Figure 3.47(a) the effect of rolling at room temperature is plotted against the minimum rate of 
secondary creep. A reduction in area of 40% produces a hardening effect which is greater than critical hard¬ 
ening and favours recrystallization at 650°C. At the same test temperature, a reduction in area of 15% by hot 
rolling above 700°C promotes recrystallization under a stress of 35 daN/mm2 (Fig.3.47(b)). 

The authors have studied the effect of annealing for 1, 10, 100 and 1,000 hours after rolling, 
has no influence if the temperature is below recrystallization temperature. 

Annealing 

In light alloy aircraft structures, hardening due to cold forming usually takes place after quenching and 
before artificial ageing. Strain must be restricted if hot recrystallization is to be avoided. In some cases 
pre-forming is carried out upon annealing, followed by less heavy additional forming between quenching and 
artificial ageing, in order to obtain more stable distortions in the crystal lattice. 

In Figure 3.48, concerning A-U2GN plates at the four following conditions: 

A - Quenched from 538°C, aged 4 hr at 200°C, 

B - Quenched, 1.5% stretched, aged, 

C - " 6% " 

D“ H 6% " aged, 1.5% stretched, 

the creep elongations are indicated for 1,000 hours at 130°C. 

mm 
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Fig.3.47 Steady-state creep of N-155 alloy 

Fig. 3.48 Effect of drawing between quenching and ageing on the creep of A-U2GN aluminium alloy 

Fig. 3.49 Creep life of N-155 alloy 
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Here, an adverse effect of cold-stretching before or after artificial ageing is observed on the cMeo'^ 
strength. By contrast, cold-stretching improves the yield strength and ul-.imate strength in rapid co!¿ stal ic 
tests: in the case of A-U2GN, o-ult increases from 42 daN/mm2 (60,500 lb/in2) to 16 daN/mm2 and o-0 2î from 
35 to 39 daN/mm2 with 6% stretching performed between quenching and ageing6*’. Stretching decreases the residual 
quenching stresses and causes the precipitates to grow faster in dislocations which are anchored on the multiple 
slip planes of heavily deformed grains, thus increasing the low-temperature strength. At high temperature rind 
during creep, the precipitates continue to grow, the smaller ones coalesce and overageing takes piece, reducing 
plastic stiffness. 

The above phenomenon is common to artificially aged alloys and to alloys hardened by ageing, as is the case 
with 2.2% beryllium copper alloy, the 0.2% yield strength of which increases from 23 daN/mm2 after quenching to 
110 daN/mm2 after quenching and ageing and to 127 daN/mm2 (184,000 lb/in2) if cold-stretching is inserted 
between quenching and ageing65; cold stretching causes the proportional limit to increase from 35 daN/mm2 to 
70 daN/mm2 (100,000 lb/in2). 

3.2.6 Intermittent Creep 

Under repeated or fluctuating tensile stress, creep occurs if the elongation is only dependent on time, while 
fatigue occurs if the elongation is only dependent on the number of cycles. 

In 1955, NACA67 published a very comprehensive study of the correlation of the static, creep and fatigue 
properties of N-155 alloy at elevated temperatures. The static properties were as follows: 

Stresses are expressed in daN/mm2 (1 daN/mra2 = 1450 lb/in2) 

Temperature °uH °prop ^0.2% A% 2% 

540°C 

815°C 

93 

44 

32 

27 

37 

36 

44 

22 

41 

14 

Creep rupture is illustrated by the curves in Figure 3.49. Ultimate elongation was approximately 20% and 
did not depend on temperature; it tended to decrease under low stresses and over great lengths of time. 

If stress includes an alternating component, ultimate strength becomes smaller (10%). Creep strength based 
on mean stress decreases as the alternating stress increases, but it is less affected if the temperature is 
high and the time to rupture considerable. The impact on strain over a specified period of time is even less 
important. Apparently, load cycling causes no change in the development of creep. The strength under alterna¬ 
ting stress decreases less rapidly with temperature than the static strength or creep strength. Between 1,500 
and 3,600 c/m, the rate of fatigue loading has no effect on the strength obtained under alternating loading 
(the process involved is therefore fatigue) or on the creep life expressed in hours (thus, fatigue only occurs 
with a zero mean component). Ihe ratio time-to-cracking/total time-to-fracture for notched specimens subjected 
to alternating fatigue is larger at high temperature. In alternating fatigue, the influence of the surface 
condition is governed by the residual stresses and not by roughness, Heating, although prolonged, hardly changes 
the residual stresses which, however, disappear during the development of fatigue or creep and do not modify 
the strength at high temperature. 

Tbe situation is less complex for aluminium alloys in the hot condition. One may imagine an on-off variation 
of temperature within two limits (step variation). Tests conducted at the University of California and the 
Cornell Laboratory have led to the following findings60 69. 

(a) The creep strain and time-to-rupture of aluminium alloys are not affected by intermittent temperature 
application when compared with tests under constant loud and temperature conditions, considering the 
net time-under-stress at elevated temperature. 

(b) Creep is accelerated and fracture occurs more rapidly under Intermittent stressing at constant tempera¬ 
ture. 

(c) In the case of 2024-T3 below 2350C, the time-under-stress is the predominant factor in constant- 
temperature tests. Between 235°C and 315°C, recovery intervenes during every off-load period, whereby 
the strain is increased and the time to fracture reduced. Furthermore, overageing increases the recovery 
effect and at 600°C its influence is more significant on cyclically stressed specimens than on specimens 
subjected to constant stress. 

(d) In the case of 7075-T6 at 150°C, the off-load periods accelerate the development of creep (not time- 
under-stress) if the stress is high (33 daN/mm2 = 47,000 ll)/in2l. At 315°C, creep is increased under 
low stresses and over great lengths of time (effect of time at high temperature). 

It should also be noted60 that, when cyclic stressing reduces the ductility owing to its effect on a given 
phase change, the result is premature failure (as with N-155 stool at 730°C). 

' - •_í_,.. .....i_ _lli___ 
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Fic.3.51 Effect of rest and fatigue on the creep of 
lead, from Kennedy70 

Figure 3.52 Fig.3.53 Creep of lead, effect of rest and fatigue, 
from Kennedy70 

-i2< 



r 

103 

Total elongation under intermittent stressing is predicted by means of the equivalent-life-fraction 
expression: 

L = y^. 
Z^F.l 

(29) 

where tj = time under oj at the temperature Tj tpi = time under 
tion e or failure, in a creep test at constant stress cr and constant temperature T 

ctj at Tj to attain a given deforma- 

Hie prediction would be accurate if L = 1 was obtained. In fact, the assessment is often a rough one, 
except for Materials which are stable under the effect of temperature in the absence of stress. 

For lead subjected to fluctuating stress cr = <70 + crtt sinwt at 300 c/s, Kennedy70 has found the results 
plotted in Figure 3.50. The creep of lead is faster under cr = 75 12.5 daN/cm2 than under crQ = bo daN/cm2 
and the time to fracture much shorter. With o’= 75 43.5 daN/cm2 the strain rate passes through a maximum 
and elongation at fracture becomes quite significant. The strain rate and the elongation at fracture decrease 
if cr = 75 ±5 daN/cm2. Such circumstances make creep prediction impossible. 

In fact, for certain materials, load interruption or over-stressing can involve a considerable change in the 
behaviour which may be predicted on the basis of the above cumulative rule. 

In the fatigue of steel (Figure 2.21, after Bairstow), we have seen the net effect of alternating stress 
which favours the elongation due to mean stress. It therefore appears necessary to investigate the effect of 
vibration on creep strain, which depends on time, and on steady fatigue strain, which depends on the number of 
cycles. 

For 4% - copper aluminium alloy (Simmons and Cross72) subjected to repeated stress of 17.4 daN/mm2 = 25,000 
lb/in2 (1 minute under stress, 1 minute off-stress), the creep rate was 0.5§10“3% per hour, that is, 10’3 per 
hour of stressing instead of O.OSTO“3 per hour under a constantly applied stress. 

In other cases quoted by Kennedy71, various sequences of loading and resting either accelerate or delay 
creep: e.g. Ai-Zn-Mg73, Inconel74, steels, aluminium alloys, magnesium alloys, titanium alloys75. Ihe conclu¬ 
sion is that tests must be carried out for each specific case to determine the effect of load interruption or 
alternating load on creep. 

Kennedy’s71 studies on lead are of'little technical interest but, being systematic investigations, they have 
a great scientific significance. Their main purpose was to study the effect of periods of rest or of fatigue 
on creep. Figure 3.51 illustrates the loading sequence and some results are plotted in Figures 3.52 and 3.53. 

At the beginning of the test under constant load, curve I applies until the instant t = r according to the 
relation 

e = at 1/3 (30) 

After an off-load period p(cr = o) with or without vibration (cr = cr sin cut) , the test is resumed at the 
time 

Creep then follows the law 

t - t + p or t ' = 0 . 

e' = a't'1/3 . 

The metal becomes soft again, although less than at the beginning, and the degree of recovery is measured by 

a ;/a 

Prior to initial creep stressing, resting at room temperature has no relieving influence on the strain 
hardening due to fabrication. After creep initiation, the action of resting, that is, of thermal agitation 
alone, and the action of low alternating stressing are of the same nature. The degree of recovery rj increases 
regularly with timó: 

<0 % 0.1 + 0.01(1 + 27a)(p1/3 - 0.21'3) 
t/3, 

where cr^ is expressed in daN/cm2 and p in minutes. 

If, according to our assumption (Chapter II, Section 2.3), recovery consists in the progressive elimination 
of the less stable atomic lattice distortions under the joint action of residual stresses and thermal agitation 
as well as under mechanical fatigue shaking, it cannot be complete. If the time of resting is sufficiently 
long, Tj will approach an asymptotic maximum. As long as the alternating stresses cra are low enough to 
create no new stable lattice distortions under the effect of the creep stress cr , the tendency should remain 
the same. Figure 3.53 shows that,with cra £ 7.5 daN/mm2 , V passes through a maximum over a length of time 
pl and then fatigue generates hardening. Here we find an equivalent of the phenomenon examined in Section 
2.1.3: thermal agitation due to fatigue destroys the less stable distortions induced by previous work-hardening 

: 
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nhVnn^n by ne" dlstor«™s. the result being a softening effect followed by hardening This 

£ Po"ako2skil™30, n 40 “““ B"™P H5 T Brlne11 hardn°SS Variation durine static or fatigue tests obtained y t'oiaKowbki on work-hardened engineering metals. 

In the same tests, Kennedy also investigated the variation of recovery as a function of the time r of the 
first creep, assum ng a constant time of interruption p -- 70 min and various alternating stresses The maxi- 

first crleo isSrcdLodS tbe.aUcrnat)ne stress fr™ which “ originates are increased if the duration of the 

tortions which it has n , Î'S TTh 0Plni°n that CrUL'P reinforccK the stability of those lattice dis- 
evelos hli ,‘ r elln,lnated in the stage. Recovery develops with the number of vibration 
the metal ^ qUenCy- mainly concerns transient creep and stresses close to the yield strength of 

riaNW r,4 f"T alU,ninillnl an“y (similar t0 Fronch A-WSC) heated to go5°C, Manjoine” has found that under 19 4 

and tllt = rhou™" ^ = = 65 hodrs ' aad »"d- ± 1.95 daN/™* to = 4 2¾ 

On A-U2CN aluminium alloy at 175¾ tests conducted by Sud-Aviation80 show no difference over 100 hours between 
static creep under o- = 15.5 daN/mm* and creep with vibration (f = 330 Ibo'under rr - l H r a „/ 5 
This does not prove that the phenomenon will be absent at lower temperatures and higher stresses!’ a 

The same alloy has been used to test formula (26) in order to determine the effect of creep under 16 daN/mm* 

Mediated <m>en,buïasëlttlr n 40°C and I75°c' 1110 durations found were somewhat shorter than7 
predicted (70%). but scatter was considerable owing to an inaccurate temperature control. 

of ™¡2B3205 Zw lí6?!?' fTrd' Síarr- Wlseman and Dorn81 have re^starad a considerable increase 
4 riRÍw ^ Ln 1 h introducing an half-an-hour’s rest every two hours. Under a stress as low as 
j . .. ' _ ^in.Î the effect was ntill such that a load interruption of one hour every two hours pro- 

perlrësCy2o"c TsoCaÏdHg^c^th H aXlal ^ ^ ^ oI 24 S-T rolled ^ at three tem- 
.h i i ' ' , d 262 C' the frc(l“enw “f the alternating stress being 60 c/s. In Figure 3 54 it is 

fatigue At MooHthe 7™ the ^ natUre at 20°C ““ 150°C: the Process involved is hot 
recan thaï A = a l S " °5 / f°r a SpCClfled valde of N ^ typical of creep. It is relevant to 
a - n o« j ■ ■ ^or 0 A V 0.37 , ultimate elongation is approximately 20% typical of crppn iiHfh 

=r,;: ir: f 
rrinHtïevÎ°reg0lng “ T68’'5 °learly that the ^^ti™ of the time to a given strain or to fracture in 
dirert t fatißue“creeP n^er complex load and temperature conditions can only result from interpolation on 

E (22 Which vS Hp: °Lt e ;aW (29)i We may USe the «^valent-time concept with the Laíson-Smer parLter 
( Q. ( )), which varies with stress and is substantially representative of the activation energy: 

Q = 1.98T(log t + D) cal. g/mole . 

3.3 SIMULTANEOUS STRESSES - YIELDING 

“rr::,;::-1 r “ “mm « -aama “» «, 

3.3.1 Si^>lifying Assumptions of Plastic Yielding Theories 
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1. Hydrostatic compression or tension causes no plastic slip. 

2. Conversely, plastic slip develops under constant-volume conditions. 

3. Metals are statistically isotropic and isotropy remains after plastic deformation. 

‘1. liiere are identical strain-hardening states for different stress states around a point; in other words, 
the strain and distortion condition of a metal may be defined for subsequent loading ns a scalar quantity 
with regard to the stress-strain relations on a microscopic scale. 

Using axial compression, Bridgman11, 50 has demonstrated that steel increases in volume above the yield stress 
although the theory of elasticity predicts a reduction in volume. Practically, the assumptions 1 and 2 seem 
to hold in the vicinity of the yield point. 

Statistical isotropy means that the stress-strain curves are independent of the orientation of the external 
load. Bars and sheets subjected to heavy drawing or rolling exhibit the following characteristics: 

(a) liiere is a tendency toward a privileged mean orientation of the crystalline grain planes. 

(b) Grains undergo an overall elongation or flattening process. 

(c) The slip planes which appear in each grain prove more rigid in relation to subsequent sliding under 
further loading. 

(d) Prior plastic strain due to fabrication induces residual stresses whose location and mean orientation 
typify the work-hardening effect. 

Grain orientation anisotropy, (a), has some considerable implications on recrystallization but is unimportant 
In the mechanical range owing to the largo number of slip directions in cubic lattice metals such as iron and 
aluminium. 

Grain shape anisotropy, (b), plays a greater part because grain boundaries constitute very stable slip 
barriers and hardness is conditioned by their average distance. 

Anisotropies (c) and (d), which cannot be separated, represent mechanical anisotropy. 

Klinger and Sachs02 have conducted tensile and compressive tests in the longitudinal and transverse direc¬ 
tions - relative to the direction of rolling - on sheets of 24 S-T and 24 SR-T (24 S-T work-hardened by heavy 
cold-rolling). In each case the ultimate strengths in both directions were identical whereas the tensile yield 
strength was lower by 157«» and the compressive yield strength higher by 12% in the transverse direction, this 
corresponding to a Bauschinger effect. In the course of plastic deformation the tension or compression curves 
for both directions tended to join. Sachs83 has shown that ageing at 150-180°C reduces the difference between 
transverse and longitudinal directions. Consequently, the anisotropy of rolling, like that of static tension, 
appears to bo related to the Bauschinger effect, hence to the stability of slip barriers, and is more associated 
with the residual stresses and the microscopic distribution of the applied stresses than with a preferential 
orientation. Large strains cancel the effect of previous anisotropy and may restore a certain amount of iso¬ 
tropy at the onset of polygonization (see Section 2.3). 

We have previously supposed that plastic deformation is governed by shear, and is not affected by hydro¬ 
static pressure; whiie fracture depends on the local tensile stresses which are the sum of hydrostatic tension 
and stresses resulting from the transformation of mean shear stress to tensile (and compressive) stresses on 
the slip barriers. 

3.3.2 Invariants of the State of Stress and of the 
State of Strain 

Stute of Stress 

The state of stress around a point is defined by the three principal stresses 0^,0^,0-3 and by the directions 
of the corresponding principal axes. In a reference system aligned with the principal axes, the stress tensor is 
represented by a matrix T : 

0 0 s, 

which may be separated into a diagonal scalar matrix p representing the hydrostatic pressure tensor 

p = 1/3 (crl + cr2 + o-g) 

and n matrix s representing a deviator, such that 

p , s2 = cr2-p, s3 = cr3-p. 

L --- - '. .- .....-.-, ¡¿¡»LLtl 
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The tensor T is dependent on the invariants kpk2 and k3 , 

ki = -(°-i + ^ + S). 

k2 = (0-,^ + cr2o-3 + £^0-,) , 

k3 = . 

and satisfies the equation 

T3 + kj2 + k?T + k3 = 0 . 

With S = T- p and = -3p , the deviator S satisfies the equation 

2 
Sa + (kz - k2/3)S + ~ kJ - kikj/3 + k3 = 0 

¿ i 

TTie deviator includes only two invariants: 

k^a-k,, j3 - k1k!!/3--ka1-k3 . 

such that 

S3 = j0s + . 

Computation yields 

J2 = 3(^1 - ^z) Z/4 + (cr2 - o-3)2/4 + (cr3 _ 0^)2/4 , (31) 

where the quantities in parentheses are the maximum shear stresses 

T3 = (=-1 - =2)/2 , T2 = (cr2 - 0-3)/2 , T! = (0-3 - 0-3)/2 , 

whence 

J 2 = 3(=5 +=2+ i) , 

with 

ti+t2 + t3 = 0 

It is easy to give a simple geometrical interpretation of Jg and p by means of the components of the stress 
applied to a unit facet of 111-direction, the normal unit vector of which has the following column of components 

X = -f /3 

Ihe components of the force exerted on the facet are given by the column F = TX , the projection of which on 
X is X XF/XX and on the plane of the facet (1 - XX/XX)F = t . 

The square of the tangential stress magnitude is 

2 
tt = -(cr2 + 0-2 + cr2 - o-^ - 0-20-3 - crjrj = r( 2 

oct. (32) 

The square of the normal stress magnitude is nz = p2 

The tangential stress on the facet is called octahedral shear stress because the facets of normal 111 form 
an octahedron (Fig.3.55); it is expressed by 

roct. = 7 v'O'l + =2 + =3) - 

hence 1 2 
O Toct, 

• With the notations used here, if X is a matrix-column, X is the matrix-row which has the same elements, being the 
transposed matrix-row of the matrix-column; Xx is a scalar, Jff a square matrix and T the square matrix of the 
stress tensor101. 

V ,-,1.1. —i, V. , . -.i.K ./,-..,.1-,, íii-kí.as^ijjVi^k W. .. iw .. i -.V.-J,.. . . ■ ...... ■ _■ .... I :. 



In writing the invariant J3 = s¡s2s3 , we obtain 

8 

27 (Ti “T3)(T2 “Ti)(T3 -r2> 

“ 27i3Jl " ^ (2a2 “ “ Cr3)(2Cr3 “ - 
(33) 

Since Tl + + r3 = o , J? and J3 are functions of rl and r3 . 

Taking Tj + t3 = A and Tt - B , it follows that 

J2 = 2A2 +- B2 , 
27 

B(9A2 - B2) . 

If we put 

B T, - T 
M = - = — 

A T. + T 

3 _ 20-2 - (CT1 + 0-3) 

with A = (cTj - c72)/2 , we have 

1 
:(^1 - c'3) J3 = --(0-1-0-3)^(9-^) 

It can be demonstrated that the components of TQcfc are 

(3^ - cr2 - cr3)/3/3 , (2cr2 -0-3- 0^)/3/3 f and (2cr3 - cTj - 0-3)/3/3 , 

so that ^ is related to the direction of vector rQcU in the octahedral plane. Finally, J2 characterizes 
the magnitude of the resulting mean shear stress and j’ defines the direction thereof. 

State of Strain 

The state of strain is defined by the principal directions, which may differ from those of stress and by the 
three principal dilatations e1(e2 and e3 . The strain tensor is represented on the principal axes by the 
matrix 

D = = e + d = 

where e = (1/3)(Gj + e2 + e3) is the unit volume expansion and dt , d2 and d3 the components of the devia¬ 
tor d which depends only on the shearing strains. îhis deviator is dependent on the two invariants 

I;, = -(d,d2 + d2d3 + dgdi) 

and 

13 - d jd 2d 3 . 

Computation shows that the dilatation perpendicular to an octahedral facet is e = (1/3)(e1 + e2 + e3) . Hie 
largest shearing strain on the octahedral facet is 

^oct. - “ e2^2 * (€2 - ^3)2 * (e3 ~ 6l)2] (34) 

in a plane identified by the normal and a vector having the components 

2ei-€2-£3 2e2-£3 “S1 2£3~£l-e2 

where 

« 3/3 

2 r°ct- 

TTien we have 

oct, lo . 

_ . -.- j1 mm¡?¿& ã mm :,:,. ¿yr-ä -: j.. 
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Further we obtain 

Ia = i^3(261 " 62 - 63)(2e2 " 63 " ei>(2e3 " £l "* e?) 

Given - £3 » é2 is defined by 

,, -73-7, - 262-£3~€ 

and it follows that 

I2 “ - e3) (■4> I3 = (35) 

Stress-strain Relations 

In the elastic range we have 

Eéj = cr,- v(cr2 + o-3) 

E£2 = o-2 - 1^(0-3 + o-,) 

Ee3 = cr3 - 1-(0-, + o-j) 

whence 

Ee = p(l - 2^) , Eyoctt = 2(1 + v)Tocit 

and, with G = E/2(l + v), G7oct> = roct> ; the Lode coefficients /u. and vr are equal. 

(36) 

In the plastic range, if the metal is and remains isotropic, various conditions are used to define attainment 
of the yield stress. 

The Tresca condition reads as follows: 

o-j > o-2 > 0-3 • (^y ■ 
the maximum shearing stress reaches a certain limit value k . 

The von Mises condition is expressed by Jg = k2 , where k is the yield point in pure shear; it is also 
given by 

7-2 = ¿(Tj +T¡ + T¡) = r2ct< = |k2 (37) 

Instead of *roct< and 70Ct, . some authors use the so-called effective values of r and 7 which reduce to 
tensile stress and axial strain in standard tests designed to determine the strength and ductility of materials. 
With orl = ex, o-g = cr3 = 0, e2 = e3 = -vê , we obtain 

1 /2 
oct . = -^)2]'= —ï 

3 * J' ' 3 

2, 2/2 
Toot. = -/frei-ej)*] = —(1 + v)ë , 

whence 

5 = = ¿/fr^l - /2 
(38) 

e = 
2/2(1 + V) ocfc* /2(1 + V) 

/[^(ej - Êj)2] . (39) 
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With y = 0.5 (caso of plasticity), we obtain 

/2 
e * y/12(^ -ej)2] (40) 

Tliis is the expression used by several authors such as Davis and Parker84, Coffin102 and Steele103, 

Several researchers have carried out tests on tubes subjected to biaxial stresses through combined axial 
tension, pressure or torsion. For mild annealed steel, tests conducted by Davis and Parker84 at room tempera¬ 
ture and at -94°C on isotropic metals have shown good agreement of the ff-ë curves, except for true ultimate 
elongation and the corresponding stress, crultj varying from 73 to 94 daN/mm2. Previously, the agreement of 
the ã-e curves was found to bo very good by Davis104 for copper, except near fracture', in which case eult 
is equal to 0.68 lengthwise and to 0.27 circumferentially. Swift12 obtained fairly comparable curves for mild 
steel in tension and in torsion. 

Hie fact that a lower ultimate elongation is attained in the short transverse direction on a large number of 
engineering metals does not imply that the yield properties are poorer but that fracture occurs at a smaller 
elongation, the cr-e curve being, up to that point, close to the curve obtained in the longitudinal direction. 
In such cases, ultimate elongation is restricted by an internal notch effect. 

In creep, whether transient or secondary, there is also a relation 

Õ- - f(e, t, T) . (41) 

It is verified fairly well if the directions and ratios of the principal stresses vary little during straining, 
Wu85 using the stress-plastic strain relations 

ei + e2 + €3 = 0 , 

£l-e2 £2-£3 e3-ei 

Toct, = FOWt.) • 

was thus able to solve a number of problems of revolution (spherical membranes, rotating discs). 

•Sirain Energy 

It has been suggested that the octahedral stress be considered as a measure of the elastic shear energy. Hie 
total elastic energy in the unit volume of material is 

-[aï + a| + a^ - 2y(a1a2 + a2a3 + a^r,)] 

the hydrostatic compression energy is 

1 - 2v 2{crl + cr2 + a3\ _ 1 - 

E 2\ 3 

Subtracting, we obtain the elastic shear energy 

l + i/ 
U = -j- [cr2 + cr2 + O’2 - cr^ - cr^ - cr^J , (42) 

whence 

.. _1 + ^ , 31+v, 
u = IT 2(0i '£rJ) = ' 

On the other hand, w* h 

2(1 + V) 

oct. E oct. • 

oct. 
we may write Toct.d^oct. 

1 + V 

E oct. • 

ifcÍA •- K" 
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The buckling or instability of shape of compressed components includes n region of unstable elastic equil¬ 
ibrium whi'ch has been known since Euler for columns and has been extended to more complex components (see 
Timoshenko06). Under high stresses the process involved is yielding with regard to strength at room tempera¬ 
ture and creep with regard to strength at elevated temperature. 

At room temperature, buckling in the plastic range is governed by the stress-compressive strain curve above 
the proportional limit. The buckling load may be predicted by replacing the modulus of elasticity, E , in the 
theoretical relations of the elastic range by one of the fictitious moduli of elasticity: 

(i) the tangent modulus, E^ = dcr/de , 

(ii) the secant modulus, E = cr/e , 

r , which is obtained by assuming that the metal deforms according to (iii) the reduced Kármán modulus87, E 
the cr-e curve under increasing stress and remains elastic with the modulus E 
stress. For I-sections with concentrated flanges and webs of small thickness, 

2 Err/E 

1 + K/e 

for solid rectangular sections 

E„/E = 
[i+Aeje)]2 

we also have approximately 

Er/E = k 
E^E 

[l + (/k - l)/(Eff/E)]2 

with k = 3.6 for thin tubular sections88 and k = 3.8 for solid circular sections. 

(46) 

As shown by Shanley89, the buckling load calculated with Er represents the upper limit of the load that is 
actually held by a rectilinear column whereas the tangent modulus Eff defines the lower limit. Furthermore, 
owing to slight eccentricities likely to occur in practice, computation with the secant modulus or the tangent 
modulus are better verified by the facts. 

In the case of an initial eccentricity of the load or initial lateral deflection the column is stressed in 
bending-compression. If elasticity is assumed, there is an equilibrium deflection curve for each value of the 
load. In the plastic range above the proportional limit, there are two equilibrium deflection curves, a stable 
one and an unstable one, for each value of the load below the critical value92. At the critical load, the two 
deflection curves coincide and consequently stable equilibrium proves impossible. The critical load is a 
function of the initial eccentricity or lateral deflection and, conversely, for a given load there is a critical 
value of the initial eccentricity or deflection. 

At elevated temperature, the metal subjected to constant stress creeps and the deflection or eccentricity 
increases constantly until equilibrium becomes impossible. In 1952, Shanley and Higgins89 presented an 
excellent discussion of the problem. More recently, Freijs de Veubeke90 pointed out that the main effect of 
creep is to increase the initial eccentricities or deflections and that rapid buckling takes place when the 
deflection curve resulting from creep reaches a critical magnitude corresponding to instability under the 
applied load. This analysis of the problem remains an academic one if creep and final failure occur under the 
same load and temperature conditions. 

One may, however, consider the case where creep occurs at high temperature under small loads, thereby 
increasing the initial imperfections without buckling taking place, buckling occurring later at a lower tempera¬ 
ture under very high loads. Creep thus causes some damage which reduces the subsequent buckling load. 

¿wí .A.V.:,. .. r .... 
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Figure 3.57 Figure 3.58 

Fig.3.59 Stress-strain properties of Cr-Mo steel tubes in compression 
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M/Ph = (cr2 - a0)/2£7-0 = (e + y)/h (47) 

A = e2 - ei = -hy" . (48) 

Considering the small load eccentricities encountered in practice 
stresses, - o-Q = aQ - a 
value of o* .cr, and 
compression o-e 
to the value 

(1/500 > e/L > 1/1000) , the bending 
! , remain negligible in relation to o0 until cr0 increases. Up to a certain 

are increasing; their figurative points, (0^,e ) and (cr.e ) 
curve (Pig. 3. 57). Then the least stress (rl goes through a maximum o. 

cr„_ of o-„ . For o„ > cr„_ . the point 
. .. .. ...lur-im* 

are located on the 
lln which corresponds 

om 'o * *u* *0 > ^om * P°int (o'pCj) moves along a secant passing through (o-, 
and having a slope equal to the modulus of elasticity E (Fig.3.58). m 1 

From the assumption of Figure 3.57 and a cr-e curve of the metal (Fig.3.59). dimensionless bending moment 
curvature curves may be calculated for each value of A (Fig.3.60): 

F(0o.A) • 

We shall first use a method of approximate numerical integration and successive iterations suitable for the 
most complex cases of variable cross-section and built-in conditions. Consider a bar with hinged ends of 
length L (Fig. 3.56), compressed by a load P = Aí70 0f relative eccentricity e/L = 0.6/1000 . We shall 
assume a slenderness k = 2L/h = 30 and, for numerical computation, L = 200 mm, e = 0.12 mm 

Let us begin with cro = 40 daN/mm2 . In the elastic range the lateral deflection in the middle of the length 
of the bar is f = e(l - cos u)/cos u , with u = ivV^/E) . We obtain f = 0.031 mm and assume a parabolic 
deflection curve yÄ • v n • 

X = 0 20 40 60 

y0 = 0 0.0012 0.0050 0.0112 

80 100 mm 

0.0200 0.0310 mm 

The bending moment is proportional to e + y : 

G+y0 = 0.120 0.121 0.125 0.131 0.140 0.151 mm; 

here h = 13.33 mm and (cr2 - o-0)/2cr0 = (e + y)/13.33 : 

(^2 - ^0) 
——- = 0.009 0 0.009 1 0.0094 0.0098 0.0106 0.0114 . 

Owing to the very small values of (cr2 - 0^)/20- , we shall not use Figure 3.60 to calculate A , but the limit 
relation for <r2 close to cro : 

A = -hy» = - 2(0,2 = - 4°° ^ 
dcr/de E 2cro 

If % = 40 daN/mm2 , Figure 3.59 gives a0/Ecr = 4.5-10'3 , hence 103 y" = 1.35(cr2 - a0)/3cr . It follows 
that 

l°6yï = 12.1 12.2 12.6 13.2 14.3 15.4 . 

Taking into account the boundary conditions, y' = 0 at x = L/2 and y = o at x = o , approximate integra¬ 
tion by the trapeze method yields 

106y[ = 1319 1076 828 572 297 0 

l°6yi = 0 23950 42990 56990 65480 68450 

yl = 0 0.024 0.043 0.057 0.065 0.068 

By iteration, y6 and y7 differ by less than 1/100 and we have 

y = 0 0.035 0.064 0.085 0.098 0.103 mm . 

This deflection curve is of near-sinus form. The stresses in the middle of the length are 

“ 1-34, o-2 = 40.34, cr1 - 38.66 daN/mm2 . 

Repeating the calculation for increasing values of o-Q , we obtain 

•i 

.t 
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HG 

•10 

0. 103 

38. GG 

44 

0.200 

41.9 

45 

0.235 

42.6 

46 

0.273 

43.3 

47 

0.455 

42.9 

48 

0.730 

41.1 

riaN/mm? 

mm 

(laN/mm2 

Hio stress a¡ passes through u maxlmtim o- 43.3 for cr0 = 4c ; the assumption of the Figure 3.57 is then 
no longer satisfied. 

If we proceed with the same calculations for another moment-curvature plot on the basis of the assumption 
of Figure 3.58, using 

A = 
un 

we obtain 

a. = 40 

0.273 

43.3 

48 

0. 670 

42.3 

49 

1 

40.8 

dnN/mm 

mm 

daN/mm2 

For cro = 49 dnN/mm‘ * the stable equilibrium deflection curve is yj : 

X = 0 20 40 60 80 

= 0 0.32 0.59 0.81 0.95 

100 mm 

1 mm ; 

the unstable equilibrium deflection curve is y 

= 0 0.61 1.12 1.54 1.8 1.9 mm . 

In Figure 3.61 the variation of the deflection f in the middle of the length and that of the stresses cr cr 
are plotted as a function of cr 2 

With values of o-Q between 48 and 50 daN/mm2, the assumption of Figure 3.57 leads to the critical buckling 
value acri = 48.5 daN/mm2 , at which the stable and unstable deflection curves are identical. Hie assumption 
of Figure 3.58 results in = 49,5 daN/mm2 . If we suppose crlm = aQ , which is Harman's hypothesis for 
zero eccentricity, we have cr_ = 56 daN/mm2 , i.e., 15% above the critical value in the case of eccentricity. 
Substituting the tangent modulus for Harman’s reduced modulus Er , we obtain crcr( = 49.4 daN/mm 
(without eccentricity). 

It is seen that the introduction of the tangent modulus in buckling calculations is one way of offsetting 
the ignorance of eccentricity. 

Lot us now go into the case of zero eccentricity but with an initial deflection aQ in the middle of the 
hnr. To simplify computation, we shall assume initial and final deflection curves of sinusoidal form 

77X 
u = a0 sin — , 

u 

7TX 
y = f sin — 

L 

whence 
77X 

= —(77 i/Lsin — . 

For small values of the bending moment, the differential equation of the problem with the assumption of Figure 
3.57 is 

or 

v« + y> = -(hV4)y"E, 

y” + 
, 77X 

(4cr0/Eh2)a0 sin — 
L 

If y = f sin (77X/L) , we have 

f = 
v-'/v,, 

where cr* - 2A2 is the critical stress without eccentricity, calculated on the basis of the tangent 
modulus E^, . Here o* - 49.4 daN/mm2 for A. = 30 . Having an approximate value of deflection, we may proceed 

¿aàtÍÊÍ^ . ,. .. ,. ..... - ..._ 



117 

with a scries of iterations as in the former ccse. We may also use the Krnphic-collocation method. Equations 
(47) and (48) are as follows for the middle of the bar: 

2cr (49) 

and 

A = e2- el = (47/7\2)<f/h) . (50) 

On a (cr2 -0^)/20^ ^ F(cr0,A) plot, the value of f/h that satisfies Equations (49) and (50) will result 
from the intersection of the cro curve with the straight line of slope \2/4tt2 originating at point A = 0 , 
(o'g -^0)/2^0 = a/h . In Figures 3.GO (crl and cr2 increasing with crQ) and 3.62 (cr1 decreasing from 
am = ao * Karmán's hypothesis) examples of intersections are illustrated. Tlie c70-mark on the curve which is 
tangent to the straight line represents the critical buckling stress. In Figure 3. GO, for instance, the stable 
equilibrium deflection under a0 = 42 for A. = 30 and a0/h = 0.06 , here a/L = 4/1000 , corresponds to 
f/h = 0.09 , that is, fj = 0. 12 mm : the second intersection corresponds to an unstable equilibrium deflection, 
f2 = 0.285 mm . The critical stress is slightly less than 43 daN/mm2. From the same figure, the critical 
deflection may be determined for cr0 = 40 daN/mm2 and A. = 30 . A tangent of appropriate slope gives a0/h = 
0.1 , i.e., -0 critical = 1.33 mm. Tlie critical deflection under load equals the difference between the 
ordinate of the tangential point (0.25) and aQ/h = 0.1: f = 0.15 h = 2 mm . 

Calculations not reproduced here have shown that the foregoing method is applicable for an eccentricity e 
provided an equivalent initial deflection is assumed: 

e = 0.8 a . 

We may recall that in the elastic range near the buckling load we have 

e = a/4 = 0.785 a . 

It is interesting to know the load-axial strain curve of a column. If we use the preceding data and put e = 
0.12 mm, S being the longitudinal displacement and So the displacement resulting from the difference 
between arc and chord, 

S0/L = (77z/4) 
r + 2a„f 

for a sinus-like deflection curve, and 

s„/L = Ü 4 
3 L‘ 

for an eccentric parabolic deflection curve. 

In the latter case, computation yields: 

1,000 S/L = 

1,000 e 

1,000 S/L = 

44 

0. 235 

0.004 

3 

3.004 

46 

0.273 

0.005 

3.3 

3.305 

48 

0.670 

0.030 

3.7 

3.730 

49 

1 

0.067 

3.9 

3.967 

49 

1.9 

0.24 

3.9 

4.14 

48 

2.4 

0.39 

3.8 

4.19 

46 

3.7 

0.90 

3.7 

4.60 

44 daN/mm2 

4.3 mm 

1.23 

3.65 

4.88 

Figure 3.03 shows the variation of 1,000 S/L with cr ; if a longitudinal deformation is imposed, the stress 
increases, up to the critical value and then decreases fairly rapidly. 

On the other hand, elementary calculations for several cross-sectional bar shapes (thin tubes or concentrated 
flanges), using a cr-c curve madti up of two straight lines of slopes E and E' which intersect at o-= tre , 
have led us to moment-curvature plots, 

Mh/I(cr -<t ) = F(EA/(cr - cr )), 

that are identical for cro > cr^ , and to approximately corresponding plots for cr0 < cre , the correspondence 
being obtained by using a ficti tious initial deflection for the tube, 

(a/L)' = 0.7 a/L , 

as well as the plots established for concentrated flanges. 
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Figure 3.63 
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LEGEND : 1 . Annealed. 

2 - Affen 20,000 cycles of CTs + 5.2 daN/mm2 
5 ^ 25.000 it a « 

26,000 7. 2 

5 . Cold-drawn. 
6- After 6,0.00 cycles of 0's Í19. 6 
7 * 273,000 « « 
8 " 83,000 * 20.3 
9 '/ 317.000 « « 

Pig.3.65 Effect of fatigue on the compression stress-strain curves of annealed or cold-drawn copper 
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Pißuro a.G4 contains the results from tests carried out, in 1943, by the "Etablissement Ae'ronautique de 
Toulouse" on Cr-Mo steel tubes defined by the u-e curve of Figure 3.59. For comparison, the following 
theoretical curves have been plotted: 

(a) the Euler curve, tf/E = ti2/K2 , 

(b) the Kantian curve, a/Er = v2/K2 , 

(c) the curve calculated from the plots of Figure 3.GO and u/L = 1/1,000, (a/L)' = 0.7/1,000 . 

On the tubes tested, 0.7/1,000 £ a/L £ 2/1,000 was obtained, the mean value being 1/1,000. For A. = 30 , th 
calculated critical stress ranged from 48.5 to 5G daN/mm2 and the three values measured were between 49 and 53 
duN/mm2. We see that the experimental check is adequate and that the assumption of increasing stresses , 
although conservative, does not load to excessively low results. 

Before 1945, the British military regulations for the design of aircraft recommended the following values 
of eccentricity for tubes: 

(I L 
e =-1- - , 

40 G00 

l.o., for the above-mentioned tubes of d = 25 mm : 

e/L = 4.8/1,000 . 

il.4.2 Changes in Static cr-e Curves under the Effect 
of Mot Soaking, Creep or Fatigue 

Very few data are available concerning the changes in compressive curves under the effect of temperature, 
fatigue and creep. 

In rapid static tension of A-U4SG (French equivalent of U.S. 2014), 1.5 
the following values of ct|jU> and cr0>2 at room temperature93 : 

thick sheet, hot ageing gives 

Time of soaking, hours 

0 100 1,000 3,000 10,000 

1. T4 condition 

Soaking at 130°C, 

co .2 

46 4G 46.5 43 39.5 daN/mm2 

27 28 31 33.5 29 

150°C, cruU 

ao.2 

46 45 40 37 37 

27 28 29 26.5 26.5 

2. TG condition 

Soaking at 120°C, cr^ 

^0.2 

51 51 54 52.5 

37.5 42 40.5 

130°C, cruU 

a0.2 

51 53 52 4G 

37.5 41.5 38.5 33 

150°C, crult 

°0.2 

51 52 45 38 37 

37.5 42 35 34 22 

On the more stable A-U2GK, the changes are not detectable at 130°C and remain small at 150°C. We have no 
indication concerning the yield strength in compression. We do not know either how hot creep or fatigue 
modifies the stress-strain curve in compression. 

Polnkowski and Palchouduri94 have determined the variations of compression cr-e curves for various metals: 
copper, tin bronze (95-5), copper-nickel (80-20), nickel, 99% aluminium, manganese aluminium (1.2%), steel 
containing 0.2% C and 0.72% Ti (not agoing). Fatigue was applied with a vibrophore in alternating tension- 
compression. The <7-£ curve was measured up to 0.1% strain. Cold-working was performed by 20 to 40% drawing, 
depending on the metal. Some specimens had initially been annealed for half-on-hour, at 600°C for copper and 
750°C for nickel. In the cold-drawn condition, the specimens exhibited very little compression creep at room 
temperature and the limit strain under a given load was reached within a short time. 
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Pig. 3.66 Tensile and compressive cr-e curves of 2024-T3 aluminium alloy sheets 

l, hours 

Fig. 3.67 Tensile and compressive creep of 2024-T3 aluminium alloy sheets at 150°C, from Heimerl and Farquar 95 

Fig.3.68 Isochronous compression stress-strain curves of 2024-T3 sheets 
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Aftur futitiUü. tlj«ï specimens previously cold-worked (drawn) exhibited compression creep even under small 
loads; this process of creep was not yet terminated after one minute of loading. Figure 3.G5 shows the cr-e 
curves of copper, for which softening or hardening by fatigue is encountered again (see Chapter II, Section 

3). depending on whether the metal was initially work-hardened or annealed. Similar results wore found for 
the other metals investigated. The absence of heating was checked during the fatigue test, except for copper- 
nickel and steel, for which the test was interrupted from time to time. The effect of heating after drawing 
was examined it was negligible for copper-nickel (2 hours at 220°C) and steel (1 hour at 500°C) hut produced 
hardening in nickel and tin bronze (2 hours at 220UC). 

Such tests should also lie performed on aeronautical engineering metals as they might explain why buckling Is 
encountered in service or in fatigue testing under loads that are much smaller than those imposed on new 
structures during static tests under ultimate loads. 

It is to be feared that for metals initially work-hardened by rolling, drawing or forming, fatigue or hot 
creep has similar implications even if the metal is presumably stable during hot soaking. In the case of air¬ 
craft structures this problem is associated with buckling under a rapidly applied load (during 0.1 to 1 sec) 
after an operating duration which can be equal to the required service life, nils is the most significant aspect 
of the problems related to buckling, but it has never been studied thoroughly, possibly because of the stability 
of standard engineering metals at moderately elevated temperatures (between -30°C and +50°C in service). For 
conventional subsonic aircraft, the lowering of the critical buckling loads remains within the strength margin 
that corresponds to the factor of safety, unless exceptionally severe conditions are encountered. 

As regards supersonic aircraft structures which are subjeett to temperatures of 120°C to 150°C in the case 
of light alloys and to temperatures above 200°C in the case of titanium alloys, the buckling strength under 
manoeuvre or gust loads after creep and fatigue should be checked and compared with those of the metals employed 
on former cold aircraft. 

W.A.'A Hot Static und Creep Properties 

lloimorl and Farquar95 have studied the creep of US 7075-TO and 2024-T3 aluminium alloys in tension and com¬ 
pression over comparatively short lengths of time, ranging from 0.1 to 1,000 hours. To that end, 3.2 mm thick 
sheets wore stressed in the direction of rolling. The results wore as follows: 

For 7075-TG, the cr-e curves wore identical in tension and compression from room temperature to 315°C. 
Furthermore, in creep behaviour, there were no appreciable discrepancies in the 150 to 315°C region until 1% 
strains occurred. 

For 202‘1-T3, the cn-e curves in the range of room temperature to 190°C exhibited a lower yield strength in 
compression than in tension; owing to the Dauschinger effect, the metal is softer in compression (Fig.3.66). 
Conversely, at I50UC (Fig. 3.G7), the metal deforms more in tension than in compression. 

This may he accounted for by the elimination of some rather unstable slip barriers which result from the 
initial stretching of the sheets and disappear during compression loading (see Chapter II, Section 2.1.3). 
From 230 to 3150C, the cr-e and e-t curves are again identical in tension and compression, the prior mech¬ 
anical history being cancelled. The conclusion is that compression creep can greatly differ from tension 
creep and that iliroct tests should bo carried out for each metal. 

If a three-dimensional surface diagram representing the creep relationship cr - f(£,t) is cut by a set of 
planes defined by specified values of the time t , the set of the so-called isochronous stress-strain curves, 
plotted In Figure 3.G8 for 2024-T3 aluminium alloy, is obtained. They may be used to calculate the deflection 
curves of bars in bonding-compression with croop and thus to solve the problem of eccentric buckling under 
constant load Moreover, the same figure shows that the metal concerned has greater plasticity at the longer 
times. 

'Hie above data arc only given for reference purposes; the corresponding durations are too short to allow 
computation, unless laws of extrapolation are used, these being, however, likely to produce questionable 
results. Few test results are available for creep in compression. 

Some information is to he found in the work of Schlechte96 and Shanley89. 
Jahsman and Field97 and Hoff98»99. 

One may also refer to the work of 
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STATIC STRENGTH OF NOTCHED 
OR CRACKED COMPONENTS 

Although this chapter is mainly concerned with the residual static strength of simple fatigue-cracked struc¬ 
tural components,wo shall first examine the static strength of components containing various machined notches. 

4.1 STATIC STRENGTH OF COMPONENTS CONTAINING MACHINED NOTCHES 

Machined notches are often a necessary part of the design of a practical structure. They reduce but little, 
or even improve, the net static strength of standard engineering metals. However, some metals are sensitive to 
sharp notches and this becomes more apparent with increasing thickness. 

4.1.1 V-type Circumferential Notches 

V-type circumferential notches are less detrimental than side notches in thin sheets. Before 1940 the tensile 
strength of cylindrical specimens containing circumferential notches of constant root diameter was considered to 
be increasing with the outside diameter as a result of stress triaxiality and to tend toward a limiting value 

equal to the decohesion stress in static tension. 

Since 1940 SACHS and his collaborators have published results from systematic tests. DANA, AULT and SACHS1 
have studied the static strength, the transverse contraction in area and the fracture process of round speci¬ 
mens having a diameter d = 5.38 mm at the root of a 60° V-type groove, with a variable radius of curvature 

r and several d/D ratios. 

The results obtained show the same trend for the three light aluminium alloys investigated, 24 S-T, 24 S-T86 
and 75 S-T. Figure 4.1 gives the results for 24 S-T alloy (similar to French A-U4G1) re-solution-heat-treated 
after machining (soaking for 1 hour at 493± 5°C, quenching in water at room temperature, natural ageing^for 
to 5 days). The tensile properties for smooth 5.38 mm-diameter specimens were as follows: o-ult = 49 daN/mm; 

(70,000 lb/inz), cr, ult.true 
= 70 daN/rnm2 and 2% = 33 . The ductility was measured by the transverse contrac¬ 

tion in area at fracture; it was found to be decreasing with decreasing notch radius r 
percent notch depth. For a given value of the d/D ratio the apparent strength 

and with increasing 
and the true strength 

°ult.net true 
increase with the stress concentration factor and then decrease in the presence of sharp notches. 

For large notch radii, i.e., for stress concentration factors KT close to unity, the material is more resis¬ 
tant to plastic slip in the core of the specimen than near the notch root and is therefore subjected to higher 
tensile stresses.* Deep notches imply an increased triaxial stress state in the core and hence higher ultimate 
tensile stresses. If the notch depth remains constant, the stress at the root of the groove increases with de¬ 
creasing radius r until a crack starts simultaneously at the root of the groove and in the core of the specimen. 
With sharper notches cracking no longer occurs in the centre of the specimen and the strength decreases after 
reaching a maximum. For a constant ratio of radius r to notch depth t = (D-d)/2 , small notches prove more 
detrimental if the strength is related to the net section; however, the strength in relation to the section away 
from the notch is greater in the case of shallow notches and is at most equal to that of the unnotched, specimen: 
the load sustained is never increased by the notch but the load sustained by the core may be increased or de¬ 

creased by the extra material added to the core. 7] is the ratio net^notch^^ult.^unnotched* 

In Figure 4.2, from WEISS, SESSLER, PACKMAN and SACHS2, similar results are given for 4340 steel specimens 
subjected to different treatments. Figure 4.3, from the same authors, shows the quite distinct effect of dia¬ 
meter if the percent notch depth and the stress concentration factor KT are constant. The effect of stress 
gradient is seen : the gradient decreases with increasing diameter, plastic displacement takes place less 
readily at the root of the notch, and the apparent strength decreases. The effect of stress gradient or the 
effect of size can be explained by the fact that the lengths are to be measured on the scale of the grains, 
whose boundaries are stable obstacles to the development of plastic slip. If treated to have ultra-high static 
strength, 4340 steel is sensitive to sharp notches and its strength is considerably lowered in the case of large 

diameters. 

For a few years now, the “Etablissement Aeronautique de Toulouse“3 have been carrying out systematic static 
tests on smooth and notched specimens for investigations of axial tension and tension- compression fatigue 
strength. The specimens used are of the following dimensions: d = 7.98 ram , D = 14 mm , d/D - 0.57 and radii 

r varying with KT as follows: 

,3/2 
* 1 daN/rnm2 = 1,450 lb/in2, 1 daN/mm3/2 = 288 lb/in‘ 

* Sec the paper by RLUHM and MORISSEY00 on internal cracks. 
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Pig.4. X Static strength of 24 S-T aluminium alloy round notched specimens from results of Dana, Ault and Sachs1 
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Pig.4.3 Size effect after Weiss2 

aN= Gy mean net stress 
on minimum cross- 
section Ox, 

aQ 2 = yield stress. 

1.01 

Pig.4.5 Tensile stress distribution in a notched specimen, after Dixonw 



Static Strength of Notched Specimens Used in Fatigue Tests 
By The <4Rtahlissement Aeronautique de Toulouse” (R. A.T.) 

o-Q'2 = 8B (laN/mni2, crultj 

T-AOV titanium alloy in hors (Test Report MO-7334/2 dated August 19G5) 

= 91(132,000 Ih/in2), A% - 14.5, £% = 50: 

1.3 2.3 3.3 5 

V = 1.1 1.32 1.G4 1.64 1.G4 

K .j, = 1.035 

Among the above mentioned material for which small tost pieces were used, only 40 CDV 20 air-melted and 
treated to 200 daN/mm (290,000 Ib/in ) proves markedly weak for d/D = 0.57 and KT > 3.3. However, in view 
of the size effect observed on 4340 steel, the strength of severely notched thick specimens may well he sub¬ 
stantially less than that of smooth specimens. We know of a static tost in which a decrease in strength of 33% 
was caused by the superposition of stress concentrations due to holes on a landing gear made from 35 NCD 16 
steel which was treated to 180 daN/mm2(260,000 lb/in2). 

4.1.2 Thin Flat Specimens 

Consider flat specimens of width D having two rounded V-type edge notches of root radius r , with a net 
width d between the notch roots. Figure 4.4, after, WEISS and his co-authors2, shows a behaviour similar to 
that of round 4340 steel specimens. If a size effect due to stress gradient is taken into account, then the 
results are comparable to those given in the previous figures for round specimens, at least for K„. < 5 . The 
improvement is poor for KT > 5 owing to the fact that the reduction in area occurs mainly in the direction 
of thickness and is therefore less affected by the notch. Moreover, the beneficial effect is solely associated 
with stress biaxiality in the plane of the specimen, hence a greater decrease in strength is found for large 
values of K. T 

In Figure 4.5, from DIXON4, the successive boundaries of the region whore the yield strength is exceeded arc 
shown in relation to increasing load. The load is measured by means of the crN/cro g ratio of net stress to 
yield strength. The strains are measured by the photoelastic-coating method. The'yield strength is exceeded 
in the entire cross-sectional area of the specimen only if the average net stress is more than 1.28 times the 
yield strength. 

WEISS, SESSLER, GREWAL and CHAIT5, who measured the strains e, 
tion decreased from 0.5 e (in plasticity), 

.y and ex , showed that the lateral contrac- 
at the edge of the notch, to between 0 and 0.15 ey , at the 

centre of the specimen, for ARMCO iron in which Poisson's ratio is y = 0.25 . This implies stresses crx that 
are zero at the edge and may approach 0.25 cr at the centre; there is a lateral tension at the centre which 
reduces the octahedral shear stress responsible for plastic slip as well as for the process leading to failure. 
Fracture begins on sharp edges at the notch root and the strength may be increased by rounding off these edges. 

KAUFMAN, discussing a paper by HEYER24, produced some results which indicated that the strength of sharply 
notched specimens was largely dependent on thickness. The following test results were obtained on flat speci¬ 
mens of width w = 76.2 mm having two 12.7 mm-deep 60° V-type edge notches, with radii equal to or less than 
0.0127 mm : 

thicknesses in 

7075-T 651, in daN/mm: 
uit.net in 1000 2b/in2 

1.5 

36 

52 

3.2 

34 

49 

6.35 

24.3 

35 

7079-T 651, 
in daN/mm2 

ult.net in 1000 lb/in2 
35.5 

51 

33.2 

48 

20.8 

30 

Consequently, for notches of this sharpness, the behaviour observed is similar to that of fatigue-cracked speci¬ 
mens. 

4.1.3 Section Size Effect in Tension and Bending 

WEISS, SCHAEFFER and FEHLING , using ultra-high-strength H-ll Steel (Vascojot 1000), 2014-T6 and 7075-T6 
aluminium alloys and Plexiglas, made a comparative investigation of the effect of section size on the tensile 
and bend strength of smooth, notched and fatigue-cracked specimens. The designs of the tensile and bond speci¬ 
mens are illustrated in Figure 4.6. Tho test results for H-ll steel and Plexiglas are given in Figure 4.7. 

Smooth specimens of series S exhibited no size effect in the tensile test of H-ll steel but showed a marked 
effect in bending for both steel and Plexiglas. This effect is attributed by the authors to plastic flow which 
is considerable in bending for a large stress gradient, i.e., for a small section size. In other tests - not 
reproduced here - performed on 2014-T6 aluminium alloy, no section size effect was found in bending for thick¬ 
nesses of 10,8 to 50 mm, this being associated with the extensive plastic flow to failure that was observed in 
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Fig.4.8 Pattern of distributed cavi¬ 
ties, after Weiss et al.6 
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all specimens. Incidentally we note that for H-ll steel and 2014-T6 alloy the largest ratio between the nominal 
strengths in bending and in tension is approximately 3, which implies another cause in addition to yielding and 
may possibly bo related to some parasitic reactions of the supports resulting from large deflections in the 
bending tests. 

Specimens of series A were designed to have a constant stress concentration factor (KT = 6) and a constant 
relative stress gradient yr = 120/mm (root radius = 0.075 to 0.100 mm). Here. H-ll steel and Plexiglas showed 
no size effect. For the 2014-T6 and 7075-T6 aluminium alloys, however, an asymptotic decrease in strength of 
30¾ was observed from d = 7.5 mm to d = 20 mm , the relative notch depth being changed from 85 to 15% to per¬ 
mit constancy of KT and yr . This is ascribed by the authors to the effect of notch depth, as shown by 
SACHS1 (see Figure 4.1). 

T - « , the percent notch depth remained constant (d/D = 0.7) but the stress gradient de¬ in series B, with KT = 6 
creased with increasing diameter or thickness, The decrease in strength with diameter observed in bending and 
tension was comparatively large for H-ll steel, less for Plexiglas and still less for the two aluminium alloys. 
This unquestionable effect of stress gradient is not attributed to yielding but to the presence of inhomogenei¬ 
ties, such as inclusions or microcracks, as assumed by WEIBULL7 in his statistical theory of strength, in which 
the strength varies as V"1//rn , V being the volume of material subjected to stress and m an empiric coeffi¬ 
cient. 

In series C the notch root radius was very small (r < 0.025 mm), with a constant ratio d/D = a/h = 0.7. 
Consequently, the stress concentration factor KT increased with increasing size and relative gradient 
7r = 2 KT/r ; despite the beneficial effect of an increasing gradient, the increase of KT produced a ficti¬ 
tious size effect that was quite significant. For H-ll steel, however, it was demonstrated by the authors that 
the crN. kt product decreased as the volume of material subjected to stress increased. This supports the view 
that the oxide inclusions contained in the steel exert an influence. On the contrary, for Al 7075-T6 and 
2024-T6, crN.KT increased with increasing size, which is a beneficial effect of the increase of the relative 
gradient due to the fact that the grains near the surface exhibit greater plasticity. It was also observed by 
the authors that the slopes of the log versus log D curves are about - 0.7 for steel and tend toward 
0.5 for both alloys when D increases, whereas the GRIFFITH-IRWIN theory would yield - 0.5 for very sharp 
notches (see later in this chapter). IRWIN’S stress intensity factor, Kc , was computed by the authors. If 
the diameter increases, Kc decreases for H-ll steel, which, added to the large scatter of the test results, 
represents corroborative evidence for the effect caused by inclusions. Conversely, for 2014-T6 aluminium 
alloy, Kc increases with increasing diameter, owing to the effect of plasticity. 

It should be noted that the difference in behaviour of H-ll steel and standard 2014-T6 and 7075-T6 aluminium 
alloys may be reduced in practice since forgings and parts cat from thick plates are sometimes stressed in the 
short transverse direction which contains a large number öf flaws likely to reduce the ductility; even in alu¬ 
minium alloys, the strength crN.KT can decrease with an increasing volume of material subjected to tensile 
stress in the short transverse direction. 

4.1.4 WEIBULL’s Theory 

WEIBULL’s statistical theory7 met with some success when it was first applied to highly brittle materials 
such as glass, ceramics, etc., in which fracture initiation leads to complete failure. It may be useful to 
recall the reasoning of the author when he tried to determine in what way the basic assumptions were applicable 
to metals that appear brittle to the engineer but remain fairly ductile on a sufficiently fine scale of observa¬ 
tion. 

Consider a specimen subjected to a tensile stress cr . The probability of rupture will be S = f(ir) ; for 
very low stresses S = 0 and for very high stresses S = 1 . Let us now consider, after WEIBULL, two specimens 
placed beside each other and subjected to the same stress cr . The probability of each rod withstanding the 
load will be Sj = 1 - S ; the probability of both withstanding the load will be Slz = (1 - S)2 . WEIBULL 
assumes that primary rupture of one specimen, which doubles the stress in the other specimen results in the 
immediate rupture of the other, This assumption has been substantiated for specimens assembled in series; 
indeed, the failure of a chain is conditioned by the rupture of its weakest link. 

In a second report, WEIBULL7 examined the case of secondary ruptures following primary rupture; his calcula¬ 
tions, however, remain somewhat theoretical and, so far as we know, they have not yet been substantiated by 
experiments. 

Let us return to the preceding assumption. Consider a unit volume V0 for which the probability of primary 
rupture is SQ . The probability of rupture S of a volume V composed of identical volume elements VQ will 
be such that 

log (1 - S) = V log (1 - S0) . 

For an infinitesimal volume element dv we shall have 

d log(1 - S) = dv log(1 - S0) . 



and, S() being a function of cr , wd may put 

n(cr) log(l - S0) , 

hence 

The probability of rupture will be 

log(l - S) - - Jn (cr) dV . 

S = i _ c-¡n(0 dV i 

WEIBULL also puts 

n(o-) = -(cr/cr )' 

hence, if cr is constant in the volume V 

S = 1 - e _ o-V (cr/cr )f 

where cr0 is the stress that gives a probability of rupture of 0.63 for the unit volume. 

The average strength, crult , is defined by 

ult. I! ■ 

Taking the extreme values of S , 1 and 0 , for cr = oo and cr = o , we may integrate 

ult = /(1 - S) ckr - I 0-(1 - S) 
S = 1, cr < 00 

S = 0, cr = 0 

It follows that 

Pc 
"uit. - L q~V(o-/crQ)m do- 

with a standard variance given by 

r «0 (°--°-ult.>2 ds 

In tension we obtain 

°ult. = 
i/m 

and 

02 = 

where 

= Jo- 7,m dz , 

and, numerically, 

m = 1 2 8 16 co 

Im = 1 0.886 0.896 0.908 0.940 0.965 1 

a/cr ult. 1 0.52 0.36 0.28 0.16 0.09 

In hem/trig it is demonstrated by calculation that the ratio of ultimate bending strength crulttb to ulti¬ 
mate tensile strength crult is 

/cr,,.. = (2m + 2) ' . ult.b. ult. . 
i/ra 

Furthermore, if we consider two geometrically similar specimens characterized by the dimensions dj and 
d_ . with ultimate strengths and cr9 , wo shall have 

cr, = VW 
3/m 

1¾¾ 

___._ 



The fundamental assumption on which the foregoing calculations are based implies the existence of such 
volumes VQ that the probability function SQ(cr) for a localized fracture to cause complete failure is the 
same for all the domains. If stress cr is variable, the domain VQ must be small enough for cr to remain 
substantially constant in this domain; on the other hand, V0 must be large enough - compared to the flaws 
which represent potential fracture initiations - for S0(cr) to remain stationary in the solid. These require¬ 
ments are rather contradictory. If, for example, the flaws are very small compared to the volume VQ , it is 
unlikely that a localized fracture will extend through the entire volume V0 unless the flaws in the neighbour¬ 
hood are substantially of the same severity, i.e., if the scatter due to the flaws is low and if the decrease 
in stress on the neighbouring flaws caused by plastic adjustment near the primary fracture is less than the in¬ 
crease in stress caused by elastic redistribution. 

WEISS, SCHAEFFER and FEHLING6 have presented a simple model to explain the effect of Inhomogeneities on the 
strength of sharply notched H-ll steel specimens. They assumed, as shown in Figure 4.8, that the solid contains 
equidistant stress raisers having a spacing b and a stress concentration factor Kb . Considering only the 
stresses in the direction of loading and neglecting any biaxiality effects, the strength of such a model is given 
by 

where crmax is the strength of a flawless and unnotched smooth specimen, r the root radius of the notch, and 
X the distance between the root of the notch and the nearest stress raiser. If we allow the flaw to be anywhere 
between x = 0 and x = b with equal probability, the average notch strength is 

(1 + 4b/r)3/2 - 1 

6 b/r 

with a relative standard deviation squared of 

The relative standard deviation varies from zero for b/r = 0 to 0.354 for b/r = ao , increasing monotonically 
with b/r , from crmax/KTKb for small values of b/r to a-n]ax/KT for large values of b/r , the expression 
of crN being no longer valid. 

We believe that this model, although grossly oversimplified as admitted by the authors themselves, is more 
appropriate than WEIBULL's theory to account for the effect of inhomogeneities on the strength of notched speci¬ 
mens made from engineering metals which are always ductile to some extent. 

4.2 STATIC STRENGTH OF CRACKED SPECIMENS - GENERAL 

4,2.1 Survey of the Problem 

One essential problem associated with the service behaviour of structures is that of the mechanical strength 
of components having sharp notches due to fatigue cracks, corrosion cracks, quench shrinkage cracks or other 
fabrication defects undetected during inspection, such as laps, faulty weldments, etc. 

This problem has recently been encountered in aircraft engineering, first in connection with the fail-safe 
concept which imposes a specified residual static strength for aircraft sheet panels that have suffered fatigue 
damage, then more drastically with the use of ultra-high tensile steels treated to 170-200 daN/mm2 (245,000 - 
290,000 lb/in2). Experience gained in service has shown that very small cracks undetected by standard inspec¬ 
tion methods can reduce the static strength of vital components by 20 to 3(%. 

In such cases the engineer would normally be inclined to avoid the use of brittle materials. However, 
brittleness depends on the length of the crack and it must be remembered that high tensile metals have other 
properties of interest; a compromise is therefore necessary. What is required is a means for characterizing the 
brittleness of a material in its service condition when a crack has formed; this means should be as easy to 
implement as the smooth-specimen tensile test which is typical of the strength in the absence of notches. Then, 
the material and its service condition being specified, this would help to assess the residual static strength 
of a cracked component in relation to the nature and detectable size of the crack. 

To meet the first need, i.e., to select a material, a set of computation results and brittle-fracture theories 
were evolved by specialists in elasticity calculation and by research-laboratory metallurgists, following 
GRIFFITH8 and IRWIN9; a number of tests have also been carried out with a view to determining a physical quan¬ 
tity invariant with the size of the components or the cracks and characteristic of the behaviour of the material 
in the presence of a crack. 
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In the case of the highly brittle materials considered by GRIFFITH, this invariant quantity is given by the 
surface density of the elastic energy U which is released duo to increase in the area A of the cracked 
section, 

Q = dU/dA 

fracture occurs, then, for n given decohesion work per unit area. In fact, W being the total decohesion work 
and 2 A the area of the two faces of the crack, GRIFFITH introduced the “surface tension” concept 

1 
T = - dW/dA , 

2 

so that the catastrophic crack growth corresponded to the condition 

Q 2T . 

It is our belief that because of the inadequacy of the term “surface tension” engineers refrained for a long 
time from extending GRIFFITH’S ideas to loss brittle materials such as structural metals. 

IRWIN , investigating metals, took account of the work duo to plastic strain. Fracture occurs at a critical 
value (¿0 of Q . However, (¿c is not on invariant of the metal but decreases with increasing thickness and 
is dependent on crack length for plane stress problems. It has been demonstrated experimentally that Qn ap¬ 
proaches a lower limit (L when the thickness Ic m.w*. ‘'««j imxuiwicoo increases; y.Ic would thus be the invariant sought; but measure¬ 
ments of ^Iu on specimens of different types but comparable thicknesses reveal that the values vary to a large 
extent. In our opinion, (^Ic is not an invariant and reliable predictions of strength cannot be made using it; 
moreover, the situation is complicated by the fact that QIc , being an elastic quantity, can be computed only 
for certain shapes and often cannot be measured with precision. Furthermore, in practice, our interest in Q 
is restricted to the case of brittle materials; now, apart from ultra-high-strength steels, most of the standard 
engineering metals and alloys are brittle solely under tensile stress applied in the direction of thickness, 
whore it is difficult to cut simple specimens that are easy to calculate. An effort is being made by specialists 
to develop specimens that are easy to fabricate and to test, i.e., tensile specimens with machined notches of 
very small root radii, bend specimens with sharp notches deepened by fatigue, specimens cut-from plates in the 
direction of the thickness and capable of being tested in tension in the short transverse direction. 

We consider that this problem must bo dealt with on a practical basis : if the specimens must be easy to 
fabricate and to test, they must also be representative of the cracks existing in service on actual components, 
In this sense, a centrally cracked specimen cut from a thin sheet is typical of riveted skin panels containing 
a crack on each side of a rivet hole. A tensile or bend specimen with a semi-elliptic surface crack is typical 
of the behaviour of thick components, with a crack originating from a surface flaw. Similarly, we recommend 
the use of a square tensile or bend specimen containing a quadrant-shaped crack centred on and perpendicular 
to an edge for investigation of the behaviour of components with an incipient fracture starting at an edge or 
the behaviour of pin-loaded holes with a crack initiated from the inside contour of the hearing surface of the 
holes. In addition, there is a need for a specimen that would be used to test thick plates and components in 
the short transverse direction. 

For thin sheets, IRWIN also introduced the concept of stress intensity factor K , such that 

K2 = E Q , 

which depends on the external load, the crack length and the sheet width. The stress field in the neighbour¬ 
hood of the crack tip is defined by an invariant spatial distribution function multiplied by the factor K . 
One may wonder how an elastic stress distribution can be of assistance in explaining the fracture of plastic 
metals. Let us consider the case of Figure 4.9. The stresses assume very high values in the immediate neigh¬ 
bourhood of a very sharp notch or crack tip; the yield strength aQ 2 is reached and then exceeded. If the 
yield strength is exceeded only in a small volume of material so that‘the stress field modification remains local 
compared to the theoretical elastic field, then a somewhat larger interaction domain exists,at the boundary of 
which strains, stresses and displacements are substantially equal to the corresponding theoretical elastic 
values. 

For two different notches contained in different components the stress state will be the same if the same 
metal and the same metallurgical and work-hardening conditions are used and if the strains imposed at the 
boundaries of the domains of interaction are identical. These conditions are met in several cases of static 
and fatigue loading: 

(1) In fatigue, prior to the development of a visible crack at the root of a notch, these conditions can be 
satisfied if the plastic region is small enough for tho stress concentration factor, KT , and the rela¬ 
tive stress gradient in the direction perpendicular to the surface, (l/KT)Bo/Bz, to determine the strain 
conditions at tho boundary of tho plastic region as woll as the size of this region. 

(2) Those conditions are also satisfied in fatigue for cracked components of same thickness with the same 
value of stress intensity factor, K , and under static loads if the metal is brittle enough for the 
mean fracture stress to bo well below the elastic limit. 



When these conditions are satisfied, the static strength, fatigue crack propagation rate and fatigue strength 
depend on the parameters that govern the elastic stress distribution. This leads to a classification of the 
type of notches from the point of view of the elastic stress state existing near the notch root or crack front. 
In each category the stress intensity is defined by one parameter, the distribution being specified but not the 
multiplying factor. 

In the conventional smooth-specimen tensile test using a loading machine, the strain rate is imposed and the 
reaction of the specimen is a stress increasing with the strain up to a maximum which is higher if the strain 
rate is higher. This maximum, termed “ultimate stress", corresponds, in the case of ductile materials, to 
plastic instability of the specimen, which exhibits a localized constriction or "neck" . After a certain amount 
of elongation, rupture occurs without previous apparent cracking. If the test is discontinued after the onset 
of necking and if the specimen is cut along a diametral plane, a plane crack is often observed at the centre of 
the specimen (see Paragraph 4.1.1). The last stage of rupture takes place on a conical surface at 45° to the 
tension axis, thus resulting in a "cup and cone" fracture. 

On a flat specimen having a circular hole at the centre, an incipient crack is sometimes found at the edge 
of the hole if the tensile test is carried out very slowly. This cracking is stable as long as the elongation 
of the specimen and the load applied do not increase. It may also be said that the stress relaxation caused 
by the virtual growth of the crack length under a constant overall elongation of the specimen is more signifi¬ 
cant than the increase of the stress caused by reduction of the resistant cross-sectional area, If the elonga¬ 
tion is further increased, a crack extension and an increase in the load are observed up to a value at which 
fracture occurs; it may then be stated that the crack has reached its critical length of instability for the 
load considered. 

The phenomenon of stable crack growth with increasing load up to a critical length of instability led to the 
term "static crack propagation” or “slow crack growth“ which is only remotely connected with the concepts 
and needs of the engineer. Indeed, in the case of a cracked component, the engineer is anxious to know what 
load can be sustained! without failure or what number of fatigue cycles is necessary, under a given set of loads, 
for the crack length to increase until the residual static strength is no longer high enough to withstand the 
highest random load that may be encountered in service. In fact, the engineer is mainly interested in the crack 
propagation rate under fatigue conditions and in the residual static strength of a component containing a crack 
with a fixed initial length; he is rarely concerned with the stable slow growth of a crack under static loading 
from the initial length td the critical length. 

BROEK76 has studied the residual strength of cracked specimens made from 2024-T3 and 7075-T6 aluminium alloy 
sheets and the slow? cr'ack growth; in some tests, the loadings were interrupted after intermediate slow crack 
growth. His conclusions were: 

(a) The interruption of a residual strength test by unloading to zero stress and reloading has no influence 
on the residual strength. At reloading slow crack growth starts at a stress somewhat below the stress 
at which the test was interrupted but soon after the re-initiation of crack growth the original crack 
propagation curve is followed again. The critical fracture stress and the critical crack length are 
the same for a continuous test on specimens with the same initial crack length. 

(b) The residual strength of structures containing service cracks will not be impaired by one or two high 
loads which cause a small amount of stable crack extension. 

(c) The test results reasonably obeyed the fracture criterion 

crc - constant 

and the criterion for slow crack growth: 

°i C6 = constant . 

whore cr, is the critical nominal fracture stress, 

oj the nominal stress to initiate the slow growth, 

lQ the initial crack length. 

This supports our point of view on the importance of the initial crack length for correlating residual 
strength tests; this is also KUHN’s opinion10. It should be pointed out that in this chapter we are not con¬ 
sidering delayed fracture under static load. 

In thin sheets necking prior to fracture takes place mainly in the direction of thickness; if the ultimate 
stress cTyit, and the corresponding elongation euit. are known from a small-smooth-specimen tensile test, 
an attempt can be made to predict the strength of a cracked sheet either by using the IRWIN concept or by 
determining the external load for which or eult is reached in the vicinity of the notch. KUHN11 
and WELBQURNE12 have developed prediction methods based on the second term of the alternative. These methods 
are inefficient for thick parts of small width because the reduction in area of tensile specimens is different 
from that of cracked parts. That is the reason why wo are interested in IRWIN’s "fracture mechanics" methods. 
Indeed, in practice, the engineer is more embarrassed by brittle fracture of thick parts originating in very 
small cracks than by brittle fracture of thin sheets where cracks of considerable length can he tolerated and 
crack-arresting techniques can be used to stop the growth of cracks under fatigue loading over a great length 
of time. 
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4.2.2 Stress Distribution in an Infinite Thin Sheet Having a Transverse Elliptic Hole. 
Uni ting Case of the Slot 

The problem of elastic stress distribution in an infinite thin sheet having a transverse elliptic hole was 
first examined by INGLIS13 and by MUSKHELISVILI14 for the general case of tensile and shear stresses at infinity, 
away from the hole. 

Consider fP4g.4.10) a thin sheet subjected, away from the hole, to a stress state 

q . Txy “ T 

and initially containing an elliptical hole of semi-axes a = X (1+k) and b = X (1-k) . If k = 1 
(a = 2X , b = 0) , we shall have the limiting case of the slot, which represents a rectilinear crack. For com¬ 
putation we shall first take X = 1 . With the change of complex variables 

z = x+iy = b + T 
£ 

calculation by the MUSKHELISVILI method yields 

C7 +(7 

°y - CTx + 2i Txy = 2 

/d£ dF\ 
= 4 real part of . -- I , 

\dz df/ 

d£ r £/d£ dF\ + dHl 

dz |_Z t^ldz ’ d^/ d^J ’ 

(1) 

(2) 

where 

P(i) = Í ^ [j(P + q) + Q - P - 2irJ , 

Htf) = q - P2+ 2lT í - ^ [p + «+ (kiP + ¢) + q - p - 2iT ■)] 
The radius of curvature, p , at x = a is P = b2/a , hence 

.2 

p/a = bz/a2 ■irni k =* 
1 - /(p/a) 

1 + v^Cp/a) 

The precise calculation of the stresses is a time-consuming task, therefore our analysis will be restricted 
to the specific case of tension! q = cr , p=r = 0; we shall solely consider the stresses on the Ox-axis, 
where z = x . Putting u = l/(£2 - k) , we obtain 

rXy = 0 * 

cry/a = 1+(1 + + (1- k )u(1.5 + ku) >]■ 
n + k 

k)uL— 

,/(7 =(1+ k)u^2 - -(1- k2)u(1.5 + ku)J . 

(3) 

(4) 

or /o' assumes its greater value, KT , at the edge of the hole at x = a ! 

KT = <Va>«K = 1 + 7 = 1 + • 

Then, as x increases, cry/cr decreases constantly whereas (7,/(7 , which is zero at x = a an,d x = co , Reaches 

a maximum for 

In terms of x we have 

= ¿E ■ ^tS\} 

For various values of k numerical computation gives the results of Table 4.2, which are reproduced in Figure 

4.11. 
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TABLE 4.2 

Tensile Stresses Near the Extremity of the Large Axis of an 
Elliptical Hole in a Tension-loaded Infinite Thin Sheet (see Figure 4.11) 

x/a . i Î.0Î i.02 1.05 l.î 1.2 cr maximal 

Circle, p/a = 1 

Ver 
crjv 

3 2.93 2.87 2.69 2.43 2.07 

0 0.03 0.06 0.13 0.22 0.25 

i ' 

1.63 

0.38 

1.41 

Ellipse 
p/a = 0.1 

Ver 
crx/CT 

7.3 6.05 5.19 3.73 2.70 1.94 

0 0.55 0.85 1.17 1.16 0*91 
3.22 

1.21 

1.07 

p/a = 0.01 

cr/o- 

Ver 

21 7.9 5.5 3.41 2.45 1.82 

0 3.8 3.37 2.32 1.54 0.93 
8.5 

3.82 

1.01 

p/a = 0.001 

Ver 
o-x/cr 

64 7.29 5.13 3.29 2.40 1.81 

0 6.01 4.15 2.4 1.5 0.9 
25 

12 

1.001 

Slot, p/a = 0 

Ver 

1 ‘V0' 

œ 7.12 5.1 3.3 2.4 1.8 

0 6.12 4.1 2,3 1.4 0.8 
1 

For the slot (k = 1) we obtain at y = 0 , x = a : 

°x = 0 if we set X = a and if p tends toward zero, 

cr = 03 if we set p ~ 0 and if x tends toward a. 

This leads us to investigate the distribution of the stresses measured on the scale of (crv) by measuring 
the distances on the scale of the minimum radius of curvature, p . We take * mX‘ 

x - a 
V = 

and 

sy 
Kt CT 

1 cr 
S =-ï. 

x Kt cr 

Numerical computation yields the results of Table 4.3, which are reproduced in Figure 4.12. Near the edge of 
the hole, at x = a , the relative stress gradient is 

1. ^ = Hi. = 
cr ' 3r p ' dv 

KT 3 + 4 /(ü/p) 

P 1 + 2 /(a/p) ’ 

and 

l!fx 
Or BR 

K™ 3S. 

" 5 3v " “ Kt-//0 ‘ 

WEISS, SESSLER, PACKMAN and SACHS10 have used KT and the relative stress gradient to establish some corre- 
lat ion between the results of brittle-fracture tensile tests performed on notched specimens. 

From Figure 4.12 it is seen that the curves Sy(v) are practically identical from v = 0 to v = 1 and that 
at v = 0 the gradients dS /dv vary but little (-2.33 for the circle and -2 for the slot). The curves S (v) 
have the same gradient, which is equal to 1' * - * 
circle, for which the stresses 

at v = o , and differ little up to v = 0.4 if we except the* 
cr% are always negligible compared to the stresses o-y (Fig. 4.11). 
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Pig.4.11 Elliptic hole-stresses at y = 0; 
the distances x are expressed in 
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Pig. 4.12 Elliptic hole - distribution of the stresses cr/am . For 0 = 0 . Distances are expressed in terms 
of notch radius p (See Figure 4.10) 
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Consequently, we assume that for a distance R to the notch root, which is 0.4 times the notch radius P , 
the stress state , o"x , rxy is fairly well defined by the sets of values 

K- , p and o-, or K- , cr and —^ ~ 2 _1, or cr and_— 
ooR p ti*** (j3r 

provided the maximum stress value at the edge of the hole, cr^ , is low enough for the plastic zone, with 
°y ^ao,2 * ^ave a radius compared to 0.4 p . The use of KT and 3cr /cBr as comparison parameters 
is thus restricted to the case of low Revalues (3 to 7) and p-radii greater than the grain size of the metal, 
the surface grains exhibiting a low yield strength. In practice, the correlation with cr and with the gra¬ 
dient ocr /Br Win only be valid for the fatigue behaviour of moderate notches under low^tresses and with a 
large numner of cycles to failure. 

TABLE 4.3 

Elliptical Hole, Stresses at y = 0 Expressed in Terms of tz^ in Locations Whose 
Distances from the Root of the Notch are Expressed in Terms of the Notch Radius p. 

As far as sharp notches with high values of KT (> 60) are concerned, the dimensions of the plastic zone, 
where cry > crfli2 , largely encompasses the range of maximum crx(R > p) . The elastic stress distribution may 
be compared, then, by leaving this range out of consideration. The results in Table 4.2 and Figure 4.11 show 

These stress distributions 
although large compared to p 

that for p/a < 0.0001 the stress distribution is determined by a and R/a 
are relevant if the radius rY of the plastic domain is small compared to R 
i.e., if 

p « ry « R ; 

this will be the case for large cracks in brittle materials. 

4.2.2.Í Approximate Stress Distribution 

We shall now consider the limiting case of the slot and examine the stress state near the extremity of the 
slot. With p = 0 and k = 1 , the equations (1) and (2) become 

p + real P„t 

V = R/p . 

Circle 
p/a = 1 

Sx. 
sy. 

Ellipse 
P/a = 0,1 

Sx. 
Sy. 

p/a = 0,01 
Sx. 
Sy. 

p/a = 0,001 
sx . 
sy. 

Slot 
p/ft = 0 

Sx. 
By. 

0.8126 
0.0717 

0.8265 
0.0745 

0.8332 
0.0755 

0.8356 
0.0759 

0.84 
0.076 

0.6902 
0.1061 

0.7085 
0.1158 

0.7187 
0,1191 

0.7225 
0.1202 

0.73 
0.121 

0,5485 
0.1249 

0.5595 
0.1523 

0.5721 
0.1613 

0.5772 
0.1642 

0.58 
0.166 

0.4747 0.4324 0.4063 
0.1190 0.1067 0.0938 

0.4700 
0.1624 

0.4820 
0.1769 

0.4875 
0.1816 

0.49 
0.184 

0.4106 
0.1622 

0.4210 
0.1815 

0.4265 
0.1879 

0.43 
0.192 

0.3685 
0.1577 

0.3767 
0.1811 

0.3820 
0.1888 

0.39 
0.193 

0.3891 
0.0820 

0.3371 
0.1514 

0.3430 
0.1783 

0.3481 
0.1872 

0.35 
0.191 

0.3773 
0.0717 

0.3129 
0.1445 

0.3165 
0.1744 

0.3212 
0.1843 

0.33 
0.189 

0.3689 
0.0630 

0.2936 
0.1376 

0.2949 
0.1699 

0.2993 
0.1808 

0.30 
0.186 

SX MAX. 

0.542 
0.125 

0.47 
0.163 

0.42 
0.182 

0.39 
0.189 

0.39 
0.193 

0.4142 



R 1 
Near the extremity of the slot, z = 2 (1 + - ei0) still equals £ + - ; hence, putting ^ = 1 + c , we find 

a £ 

z = 2 + e and e =/(?)■ .ifl/2 

If the powers of e up to the fourth are used in the intermediate calculations and if only the first is retained 
in the results, the above equations become approximately 

The stress p at infinity, which acts parallel to the slot, is transferred unchanged. These approximate 
relations do not satisfy the boundary conditions at infinity or at the slot since 6 > 77/2 cannot be taken into 
consideration if R > 0 is maintained. With p = q , these stresses correspond to a localized disturbance due 
to the slot, which can bo superimposed on the stress state that exists in the absence of a slot. 

For p = q = o- and r = 0 

The principal stresses are 0^ 

the approximate disturbance is 

e e 
o-v = o- — Icos - ( 1 + sin - sin — ; 

)f\a\ 0 ( 0 30\ 
- cr — cos — 1 - sin — sin — ; 

'J\2R/ 2 \ 2 2 / 

xy -I 
2Â2R, 

_ 29 
sin d cos — . 

0 

and cr2 , such that 

a\ 6 
^.or/8 2 

0-1 +cr2 J/a\sin 0 

Cr\J\2R/2~’ 

(7) 

(8) 

(9) 

(10) 

these expressions allow conparisons to be made in connection with other crack problems, 

R 
Fairly good approximations are thus obtained when — £ 0.01 is not too large. With q=cr and p=r=0 

we have on the Ox-axis, where 0 = 0: a 

numerical computation yields 

= cr. o’ ; 

R/a 

cfyAr approximate 
correct 

crx/cr approximate 
correct 

0.01 0.02 0.05 

7.07 5 3,16 
7. 12 5,08 3.28 

6.07 4 2.16 
6.12 4.08 2.28 

0.10 0.20 1 

2.24 1.58 0.71 
2.40 1,81 1,15 

1.24 0.58 -0.29 
1.40 0.81 0.15 

4.2.2.2 Displacements at the Edge of the Ellipse 

In the MUSKHELISVILI method the displacements u and v along Ox and Oy are 

u + iv - = - j(3 - !/) F(z) + (1+2/) [zF'(z) + H(Z)J J 

On the contour of a slot with k = 1 , z £ + - afld £ = Qif3 we find for q = cr , p = r 0 t 

u + iv - (- 2 cos Æ + 4i sin ß) , 
E 

■ . . ■ 
. .'V 
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if a = 2 and x = 2 cos/S . With a ¿ 2 we have 

u/a 
x o- 

a E 

20" ir 
v/a = — /[l - (x/a)2] . 

E (11) 

4.2.2,5 Potential Elastic Energy, Analysis o/ (J = c)U/9a 

The potential elastic energy U of a plate containing a hole is the difference between the energy U, of 
the plate without a hole and the work required to cancel out the displacements at the edge of the hole when 
applying to the contour of the hole the stresses of the state 1 which are considered as external loads : 

u = ui-Jov ds 
2 

The potential elastic strain energy relaxed by an increase dA in the area cut by the slot is then 

n . S 1 x 
4 dA = —• (-Jov ds) dA . 

oA 2 

In the preceding case, we have o'l = a and crx = 0 on the contour, and the displacement along cr is v : 
the work necessary for closure of the slot is 

|»+a 

Ta 
V dx , O’ 2 i.e. — a 7T 

E 

Putting dA = 2 da , we have 

n ^ w 
^ = r; = — mí . 

dA E 

4.2.2.4 Case of Plane Strain 

Computation shows that the stress distributions are identical with those obtained in the case of plane stresses 
but the modulus of elasticity E is replaced by E/(l - v*) in the expressions for the displacements and for (}. 

4.2.2.5 Case of an Orthogonally Antsoiroptc Plate 

The elastic properties are defined by 

E. 

£7 £7 

-J. - v JL 
K x Ev 

The MAXWELL principle of reciprocation implies yy/Ey = ^X/Ex 

After MENDELSON and SPERO16, we put 

Ev/E¥ = vjvv , J * j X 

ex = ex^ ey = ey* Sx = ^ Sy = o /a ; 

it has been demonstrated that at y = 0 

Vx’D>orth. = Vx'0)lSo. ■ Sx<x'°W = Tx(x,0)iso 

x<*’0>orth. = L7^V(X'°)iB0. 

where there is equality of E , and that 

1 +£ 
^orth. = ^iso. * 

4.2.3 Thin Sheet of Finite Width Having a Transverse Central Slot 

There is no correct solution; WESTERGAARD17 has studied the problem of an infinite plate having periodic slots ... . . -— «ui iiininu« pAttuu uavxiig perioaic side 
with a distance w between the axes in the x-direction, the stress at infinity (y = oo) being o* = cr = <7 (Fig 
4.13). 
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With the complex function F 

wo have 

°y +0x - real part of P , 

cr + cr 
y JL = y. imaginary part of dP/dz , 

2 . 

xy 
- y. real part of dP/dz . 

Por plane stresses the displacement along Oy is v : 

Ev = - (1+v) y (real part of d2P/dz2) + 2 (imaginary part of dP/dz) . 

The foregoing function satisfies the boundary conditions : 

on the slots, c being an integer, at cw 

r 

a < X < cw + a : o-y = o*x = rxy = 0 ; 

at z = X ± i(co) : crx = cry = cr xy 0 . 

Near the extremity of the slot we again obtain the expressions (7), (8) and (9) of the streams in an infinite 
plate, multiplied by the correction factor for finite width 

// w Tra \ 

5w =J(™tanv)‘ (12) 

On the slot, at y = 0 , the displacement v is given by 

oyt 
E v = 2 — cosh 

77 

COS 7tt/w \ 

cos Ww 
(13) 

allowing the computation of Q , for which the value 

o = 
77 2 2 

C7 acw (14) 

is found. 

If the plate is cut along lines such AB, we obtain sheets of finite width w with a central slot (Pig.4,14) 
but with variable stresses ítx on the longitudinal edges; the latter stresses can be cancelled out by constant 
stresses cr which are introduced without disturbance and by a self-balanced perturbation of zero value at in¬ 
finity which tends to open the slot, hence to increase Q or cw . On the axis the intensity of these parasitic 
stresses is 

\cos 7/a/w / 

the unknown correction of cw is small if a is much less than w/2 . 

In the approximate expressions from Equations (7), (8) and (9) for the stresses near the crack tip, the 
stresses are dependent on R and on the factor k = c/a, if one uses the former PARIS18*19 notations, or on 
the IRWIN9 factor 

K = oV (77a) . 

This factor K is called stress intensity factor and is useful because the stress distribution around the crack 
front is given, for all cracks subjected to tensions perpendicular to their planes, by the expressions (7), (8) 
and (9), except for one variable factor. In the two preceding cases of a central slot contained in an infinite 
sheet and in a sheet of finite width, calculations show that K is associated with the IRWIN parameter (J by the 
relation 

‘'(BQ) . (15) 

TÀÆ, 

■ Km.- v,• • • ■ 
. . .. '.. .. ...... .. . • . .. ■ ... . . . '1 . ’ . 



Fig.4.13 Periodic slots, after Westergaard17 

Cm 

0.4 

0.3 

0.2 

0.1 

° 0 0-5 2a 1 
w 

Fig. 4.15 Comparison of the - coefficients in the expression K = cr^ /(ttw/2) . Cra ; ^ is the net mean stress 
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TaítiiiB into account the SAINT-VENANT principle, we shall consider that the relation remains valid. Besides, (] 
is only of interest to us because it can be assessed by measurements, as will be shown later. 

Por n plate of finite width, we have 

K = <7/ (im) . c„ (16) 

Instead of the stress cr away from the slot, we may use the mean stress in the uncrackcd net section 

crB = cr/(l - 2a/w) 

and define a new coefficient for finite width, cmw , such that 

K = oAm) . c„ = trm|^)/M raw (17) 

and 

cmw = d - ^(1 tan (IB) 

according to WESTERGAAKD’s results. 

DIXON' •eferring to a calculation in which the stress distribution is assumed to be identical, except for 
one factor, in the cases of finite and infinite widths, and to photo-elastic measurements on plates containing 
slots with round extremities, suggested that cw bo replaced by a correction factor 

cD = 1/ t^r]- 
(19) 

hence, if the net stress is considered, by a coefficient 

ymi) 
/pa 1 - 2a/w”| 

n/|_w 1 + 2a/wJ' 
(20) 

LACEY75, using a calculation made by GREENSPAN74 for a circular hole but based on questionable assumptions, 

proposed, for CJ , the expression 

.2 0 4. -J* 
n var 
Q = — 2a 

2 + m 

[2 - i4]! 

where m = 2a/w , the corresponding value of c being 

/[2 m(2 + m4)] 

cma = d 2 - m2 -m4 
(21) 

LACEY reports test results from BRISTOL AIRCRAFT which provide experimental data for the longitudinal stiffness 
of aluminium alloy sheets. Wo have re-calculated cm on the basis of these results and found values that were 
substantially constant with m = 2a/w above 2a/w = 0,4 . It should be noted that all the tests were carried 
out without anti-buckling bars capable of preventing buckling of the crack edges in compression. This question 
will be examined in. detail on page 170 when discussing KUHN’s method of prediction. 

According to PARIS and SIH21, ISIDA22 calculated the stress concentration factors at the round extremities 
of a slot of length 2a and radius p , contained in a strip of width w , and he found 

= 2o/(a/p) . f(m) 

f On) ; 

whore m = 2a/w. Considering the net mean stress, we may write 

cr = 2rm f ~ 1 . (1 - m) . »/(m) 
max raJ\2p / 

thus a correction factor 

cini = n - m> • i/(m) * 

is obtained. ISIDA found the following results by numerical computation : 

m = 0.074 

f(m) = 1 

0.207 

1.03 

0.275 

1.05 

0.337 

1.09 

0.410 

1.13 

0.466 

1.18 

0.535 

1.25 

0.592 

1.37 . 

mi 
_^... .., 

.. 

_1_ 
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With the four expressions of cm , direct nunericsl calculation or interpolation yields the results repro¬ 
duced in Table 4.4 and in Figure 4.15. In the case of 2a/w < 0.5 no test is accurate enough to pernit selecting 
one node of deteraination, so we shall use c-D as it is easy to calculate nimerically. Our working hypothesis 
will be 

for m = 2a/w <0.4 

0.414 for 0.4 < in < 0.8 . 

(22) 

Note that in a recent paper by FIGHTER55 for a plate of infinite width and height L the ratio (K)L/(K)L 
is shown to be increasing asymptotically toward unity with increasing L/a and with a uniform relative displace¬ 
ment at the grip edges : 

L/a = 1 2 3 

<K>l/<K)œ = O*5? 0.78 0.89 

4 5 

0.92 0.95 

The test results reported by LACEY as well as ISIDA*s numerical calculations may be accounted for by an effect 
of finite height on K that is qualitatively of the same nature. However, in the case of uniform stress, as 
may be obtained substantially with a whiffle-tree arrangement, FISHER’s calculations indicate a ratio K./K 
greater than unity. “ 

To substantiate ISIDA's results, FEDDERSEN83 has proposed the formulation 
1-1/2 

'nF 

K = o/(7ra) cos —m 
L 2 J 

77 “I1/2 
m/cos — m 

L 2 J 
= (1 - m) 

TABLE 4.4 

Central Crack in a Sheet of Finite Width According to 
Figure 4.15. Values of cn in K = crffl/(7nr/2) . cB. 

2a/w 0 O.i 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

WESTERGAARD c_„ ow 0 0.287 0.362 0.398 0.408 0.400 0.374 0.337 0.280 0.200 

DIXON cnD 0 0,286 0.365 0.402 0.414 0.408 0.387 0.360 0.300 0.220 

GREENSPAN cnQ 0 0.286 0.365 0.404 0.420 0.425 0.424 0.418 0.414 0.411 

ISIDA c,,,, 0 0,284 0.366 0.410 0.43 0.43 0.415 

FEDDERSEN cBr 0 0.286 0.368 0.40 0.422 0.422 0.400 0.373 0.322 0.240 

4.2.4 Plasticity Correction 

For most industrial metals such as steels and light aluminium alloys the stress-strain curve flattens at 

o.: 

actual stresses will be little in excess of cr 
0.2 

Figure 4.16, relative to a central crack of length 2a0 contained in a sheet of finite width w , illustrates 
the elastic distribution of the stresses cry on the X-axis going through the crack. With this distribution the 
yield strength crQt2 will be reached at a distance ry from the crack front. Computation yields 

0.2 = K 
2 7rr, 

and rY = = 3! r.2 
2 W 

0.2 0.2 

In order to preserve the load balance across the width of the sheet, the stress distribution assumes the shape 
of the solid-line curve in Figure 4.16 and the actual plastic range corresponds to a radius Ry > ry , the dif¬ 
ference increasing more rapidly than 2a/w, 

lúi- ‘ i:> y f« v* ’iÀ «i»V.fuy 'i;/ ' ? 
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Fiß.'l. 16 Radii of the plastic zone 

PiK.4.17 Replacing of the plasticity effect 
by tensile stresses at the crack tip (after 

Burdekin30) 

imixmlitî 

ÍTTrnTTTTTTT 
Cf 

(a) 

Beginning of the cracking 

(b) 

Propagation of cracks 

(c) 

Fracture showing tear 
ridges with plastic 
elongation 

Pig.4.18 Sketch of the development stages in "quasi-cleavage". After Beachem and Pelloux31 
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to apprMi.tttion ofthe elastic portion of thia curve cm be obtained by aseuain* a crack of half-length 
0 . The Asm indicated that teats on high-strength steels were fairly well correlated by taking 

Aa rY or ai = a0 1 + 

a,Tr by T1'** YUKA*A“' LIU?' CX“,ned the representativeness of K for the stress distribu¬ 
tion ahead of the crack front by comparing two cracks of different lengths a. and a, for equal K -values 
For a cr«* °f length Za in an infinite sheet, subjected to tensile stress cr , if x ls the distance to th¿ 

stresses aj ^“hi c“«”“?»e is direCtl°n °f 0r,,Cl(' th0n thC CXa0t dlstributl0" of tb<= tonsila 

--= "í/IíH 
Putting x = a + R and with Kc = 0-/(77¾^ =cr/(7m ) , it follows that 

Oy! _ 1 + R/aj 

y2 1 + R/a, 

1 + R/2a, 

1 + R/2aj 3 
íhernCr1>Và1Ue8 if íhhe Str088fintenslt>í f“tor- «-O stresses away fro«, the crack tip are such that «r ,/a- ) > j 
"! Bust L ln¿reLedhLS“: 8t the boun.iaries of the interaction range (see &u^ d.9,. 

should be further increased for short tr2 susl oe increased and we shall have K0I<KC2. For a correction, K 
cracks. This is done by the usual plastic-zono correction with Aa = Vy. C 

In the final discussion at the ASTM-NASA Symposium in 196428, »ELLS, BURDEKIN and STONE29,30 nointed out that 
in due i e mater a s such as mild steel the plastic flow observed at the crack tip “ a relaté dispLe- 

caïcutotL th “I t eS T hUt increttso of thc crBclt longth because of an opening of the slot; they 
calculated the slot opening by using the theory of elasticity and supposing that, since the plastic flow is re- 
stricted to a very small domain ahead of the crack and on each side of its plane (Fig,4.17) the stresses o- 

r y P : J 8 hT ?(lenfí ^ - 8 -d «uperimposed on the general tension at infîni^ T ca^d 
he stress cry to be finite at the extremity of the plastic zone. Their calculations led to 

a/a, = cos ga/a0.2) 

and yielded for the slot opening 

Sa. -a 
—loe,, 77 E e 

On the other hand, they considered that Q = aQ 2,S , hence 

a = z^f1+!L7 m2+z: 
E 24 Vo¬ seo Va 0.2/ \“o.2 j 

This result, restricted to the first two terms, is in fairly good agreement with the ASM recommendations. 

ri 8t.ar“nB f1"1 »ELLS’25 hypothesis of a critical crack opening displacement; this concept is in accor¬ 
dance with the advanced ideas concerning crack initiation by a series of microcracks ahead of the crack front 
followed by a stretch of the regions between the microcracks until fracture occurs (see Figure 4,18). 

4.3 INITIATION AND GROWTH OF CRACKS 

v. an i“ing load’ Pre-existing or load-induced microcracks on a submicroscopic scale join to form a 

the GRIFPITH-IRWIN instability occurs, that is, when the elastic energy released 
A auite entl0n is.atfleast equal t0 the decohesion work required to increase the fractured surface area 
A quite significant amount of plastic deformation work is included in the decohesion work. 

4.3.1 Fracture Modes on a Submicroscopic Scale 

BEACHEM miChr“°f^ by n,CanS 0f an clcctronic Ffsroscopc and especially from a paper by 
tícro^o”? aay 8 ated hat thero arc four n,ain facturo modes on the scale of thc electronic 
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- cleavage. 

- quasi-cleavage, 

- coalescence of tnicrovoids, 

- Intergranular separation. 

Cleavage, as illustrated fairly well by the splitting of nica into foils, corresponds, in the case of netals, 
to a separation along crystalline planes of high atonic density. This type of fracture is preceded by soae 
plastic deformation and propagates along different parallel planes connected by steps. 

In f/uasi-c/eni/nge, cleavage cracks Initiated at certain locations join, leaving at their junctions snail 
ridges which are plastically deformed, as shown by the sketch in Figure 4.18. 

If the metal contains a large number of hard precipitates or oxide inclusions, the differences in elastic and 
plastic properties between the matrix of tho metal and the inclusions cause the plastic strain to generate voids 
at tho interfaces between the particles and the matrix. These voids tend to develop into round cavities which 
continue to grow under further plastic strain. As in quasi-cleavage, the material between neighbouring voids 
becomes thinner while stretching and it finally fractures, thus achieving the coalescence of several cavities 
into one. 

In both cases of quasi-cleavage and of coalescence of voids, one observes a growth of aicrocracks and plastic 
elongation followed by fracture of the regions that separate the microcracks. It is known that precipitates, 
inclusions and solute foreign atoms stabilize the matrix, impede plastic deformation and permit cleavage frac¬ 
ture; it may be assumed that fracture develops by cleavage in the first place until the residual section area 
between two voids becomes so small that it is no longer stabilized by precipitates, hence elongation becomes 
possible. If the material is very stable as, for example, in low-temperature tests or high-speed impact tests, 
cleavage fracture extends much further before plastic elongation occurs. 

biter granular separation is of fairly rare occurrence except in the cases of corrosion, stress-corrosion and 
embrittlement by hydrogen; it will not be examined further in this chapter. 

For engineering metals selected with reference to their fields of application, the most frequent mode of 
fracture will be the coalescence of voids or microcracks. In this respect, computation shows that the stress 
intensity factor at the near tips of two neighbouring cracks are much greater than those at the far tips32. 
Consequently, neighbouring cracks will tend to join more rapidly than they grow outwards. If the barriers to 
plastic slip are very finely divided and if the material is not very heterogeneous, there will be few crack 
initiations and the cracks will grow by cleavage. If the density of distribution of the slip barriers exhibits 
weak areas, elongation of these areas will overstress the other regions, where cleavage will be initiated, and 
the cracks will spread to the plastic regions (quasi-cleavage). With many heterogeneous points, the number of 
initial cracks increases and local fracture through coalescence of voids may be obtained. 

"In engineering alloys, as a result of recent work on specimens pulled under the microscope one may conclude 
that the first observable voids are due to fracture of large intermetallic particles. Fracture of these part¬ 
icles takes place at about 6% strain. Later voids are a result of decohesion of the interface of smaller 
particles. From electron fractography, it is clear that voids generally do not grow by cleavage but by slip 
plane decohesion” (after BROEK79). 

4.3.2 The Stability Concept 

IRWIN and KIES33 have adopted GRIFFITH'S point of view, taking into consideration the plastic strain work. 
Let an elastic specimen be subjected to a force F which causes a displacement f of its point of application, 
such that 

f = F/M , 

where M measures the stiffness of the specimen. The potential elastic energy is 

1 F 
U =-. 

2 M 

Consider a variation A of the fractured area A while assuming that the deflection f remains constant. If 
5W = (c3M/3A)SA is the work done by the decohesion and plastic deformation forces,- the conservation of the energy 
implies 

Iw5A+fa-u) 
BA \BA/f=t 

SA = 0 

Now (BU/BA)r_ f=constant 

constant 

= -(}, by definition of Q, hence 
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Equilibrium implies that 

S>(}- 

Let us now suppose a constant force P . The variation of the work done by the external forces is SC = F Sf 
and the variation of the potential energy is Su = (3U/BA)psconst|int.8A ; it follows that 

sc = 
BA 

2 Q SA , SU 
1 2 B(l/M) 

2P 
sa = G sa . 

Equilibrium implies that 

BW 
sC ^ ~ Sa + Su 

BA 

or 

BW 

BA 
ip2 

B(l/M) 

ba 

In the first case, the loading is carried out in a very rigid machine which imposes a displacement, whereas in 
the second case the loading is by means of weights or by a quite flexible machine. Therefore, irrespective of 
the type of loading, the equilibrium will be stable if 

R = =!P>m> 
BA ^ 2 BA (24) 

Q is the elastic energy released under deflection for a unit increase of the fractured area A . It is a quan¬ 
tity that depends on the applied load and on the shape and size of the specimens; it characterizes the imposed 
elastic strains. 

R defines the fracture work required to increase the area A of the fractured section and is a measure of 
the fracture toughness; it is a physical quantity dependent on the state of the material and on the local state 
of stress. For very brittle materials such as those investigated by GRIFFITH, R is a constant independent of 
the crack length and rupture occurs at a critical value R of Q: » 

It may also be noted that Q and R are expressed in daN.mrn/nm2 = daN/mm or lb. in/in2 = Ib/in , that is, 
in the same units as the surface tension of a liquid; GRIFFITH'S use of the terra “surface tension" for T = R/2 
puzzled the engineers for a long time as they did not see what hidden stress was covered by this designation. 

4.3.3 Experimental Measurement of Q 

During the loading of a cracked specimen, a small volume of material near the crack front lies in the plastic 
range and, consequently, the curve f - F is not a straight line; however, the material hardens under the load 
and becomes elastic under lower loads. 

Q can be calculated from measurements of the relation f/F = 1/M carried out during unloading on the same 
specimen for various apparent dimensions of the crack, if Q is supposed to be dependent only on these dimen¬ 
sions, or on several specimens, which will then be fractured for determination of the crack dimensions. 

In the bending test on two supports of a square bar represented in Figure 4.19 (20-20-150 mm-bar with supports 
that are 120 mm apart, and a semi-elliptical crack initiated in fatigue from an electrical scriber mark), DOUILLET, 
SERTOUR and AUVINET3 measured the rigidity M = P/f , which is the ratio of the load P , applied at mid-length, 
to the deflection f measured during unloading. If M is the value of M for an uncracked bar, we may write 

Q = -r P 
2M„ 

B(M0/M) 

ba 

Figure 4.20 contains a curve MQ/M = f(A) , which applies to all the metals tested and is drawn at best through 
very scattered test results; according to the authors, the curve holds true only for 40 mm2 < A < 80 mm2 
order to effect a derivation, 
put 

and taking into account that Q is always proportional to a linear dimension, 

M = Va, 
Ba 2 

In 
we 

hence 

M /M = 1 + k A3/2 
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h = 20 mm 

p Flg. 4.19 Bending of cracked square 
bars. Tests by Douillet et al.3>4 

M, 

M 

Fig. 4.20 Bending elastic properties of the square 
bars. M P/f where P is the load and f is 

the deflection (See Figure 4.19) 

(1 + ^4-a/2) 
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With k = 2.9 10'4 , the dotted curve in Figure 4.20 is identical with the solid curve for A < 80 bi2 . Further, 
we have 

Mo = p/f = 48 EI/L3 = E/2.7 

and 

(} = (P2/2IL) . 4.35 10"4 /l = 5.85 10"4 P2 /a /E . 

For the bars investigated, the scni-elliptical cracks of length 2a at the surface and of depth b showed a 
aean ratio a/b = 1.2 , hence 

A = 7m2/2.4 

and 

Q = 6.7 10’4 P2a/E . (25) 

Thus, we obtain 

K = /(eQ) = 0.0259 p/A. (25 bis) 

Although subsequent approximate calculations confirm this value K , no correct solution is available, so 
direct measurements, despite the large number of sources of errors they include, prove ve$y helpful. The diffi¬ 
culty is that measurements are inaccurate for small cracks and that the crack shape becomes rather erratic for 
large cracks. 

4,3.4 Behaviour of Cracked Plates in Fatigue and Static Failure 

We shall first examine the propagation of fatigue cracks since fracture observations are facilitated by the 
existence of striations or “tide marks” whereby the successive positions of the crack front are identified for 
each load cycle. The finest lines are visible only in the electron microscope but irregularities of the load 
or of the material and possible test interruptions produce groups of striations that are visible to the naked 
eye. Apart from these striations, in some specific cases dark areas are created by rapid propagation of the 
crack, as in a static fracture. 

In Figure 4.21, the propagation of a fatigue crack from a geometrical notch in a plate is shown schemati¬ 
cally35. At the beginning, the crack starts at a point A and remains plane; it spreads in the direction of 
the arrow, leaving visible marks due to the successive positions of the crack front. For a constant stress cr 
applied to the sections far above and below the crack plane, the mean stress in the still uncracked section and 
the stress concentration near the crack front increase with the crack length, which explains why the distance 
between the successive stop lines and the propagation rate increase with the crack length. 

From a given crack length, intermittent crack propagation by big leaps is sometimes found in plates, each 
leap corresponding to a partial static fracture. The front of this quick static growth of the crack develops 
more rapidly in the core of the plate than at the surface. As with the central fracture of static-tension 
specimens, this seems to result from the greater ease of plastic elongation near the faces,which reduces locally 
the applied load. Static fracture is limited because its development lowers the stress concentration at the 
tip, the uncracked edges continuing to sustain an increasing amount of the load. The edges are, then, subject 
to quite considerable alternating strains inducing a slow propagation of the fatigue crack which, being more 
rapid at the edges, leads to a change of the crack front in such a manner that the conditions of a new static- 
fracture phase are created. 

Final static fracture under fatigue loading occurs when the supporting effect of the edges is no longer suffi¬ 
cient to balance the increase of the mean stress. 

The large plastic deformations near the faces generate high local tensile stress concentrations and vacancy 
concentrations on slip planes close to the shear plane; they cause a slant 45°-cracking which produces ductile 
lips or borders. The width of the lips increases slowly with the mean stress and extents through the thickness 
unless final rupture occurs before. 

Let us now consider the static fracture of a part fatigue-‘cracked under a much smaller load or containing a 
very sharp notch which results in a stress concentration similar to that of a fatigue crack. In Figure 4.22 the 
crack propagation is illustrated for thin sheets or plates. 

At the onset of crack extension, a plane fracture substantially normal to the sheet plane is often observed, 
with slightly marked undulations which appear as ribs radiating from mid-thickness to the faces of the plate. 
These “herring-bone” lines are characteristic of the “brittle“-type fracture, the apexes being oriented toward 
the origin of the crack. The successive positions of the crack front sweep across the fracture surface without 
leaving visible traces. They are shown in Figure 4.22 as dotted lines for constant time intervals. If, because 
of instability, the rate of cracking is very high, then the shape of the successive positions can be revealed by 
a dye-staining technique using ink which is sucked into the crack, as has been observed for example by KRAFFT, 



the stresses 

SULLIVAN ami BOYLE36. This shape exhibits the same relative progress at mid-thickness (tunnelling) as in the 
discontinuous static fractures encountered in fatigue, and can he explained in the same manner. As in fatigue, 
the ductile slant-fracture lips develop gradually and result, on thin sheets, in a slant through-thickness 
fracture. In thick plates of small width, only lips of very small width are obtained. 

For bars contnining a semi-elliptical surface crack and subjected to tension or bending, the fracture illu¬ 
strated in Figure 4.23 shows similar ductile lips originating from the crack surface edges and radiating ribs. 

4.3.5 Effect of Sheet Thickness 

In Paragraph 4.2.2.1 we examined the state of plane stress around a crack tip subjected to tension. This 
analysis holds for thin sheets. Consider now a thick plate having a central crack of length 2a and a recti¬ 
linear crack front of length AB equal to the plate thickness. Figure 4.24a is a plot of the variations of 

and cr near the crack tip. 

The lateral contraction, which is quite significant near the crack front AB , reduces the latter from AB 
This variable contraction induces shear stresses rxz which tends to impede it. The supporting 

effect of the material far away from the crack border produces stresses cr2 (Fig.4.24b) which reach a maximum 
on the crack border. At C , where the median plane of the plate intersects the crack front, the state of 
stress is more triaxial if the thickness is larger or if, for the same thickness, the decrease of the stresses 

is faster. There is a tendency toward the si nie of plane strain, in which crx , cry and r%z 
assume the values given by expressions (7), (8) and (9) in Paragraph 4.2.2.1, relating to the plane stress case. 
Away from the crack, the moan lateral contraction is, with o*z = o*x = 0 , 

V 
- e„ = —cr . 

z E 

On the median plane, the lateral contraction at C would be, if it were unimpeded, equal to 

i (cr* + <Ty> • 

The stiffness effect can only alter the lateral contraction to 

V 

E 
(cr + cr - cr) ; 

cr is small compared to crx and cry ; consequently, if the plate is very thick, the stress crz at C will be 

^ = V(?X* V • 

Near the crack front it may be considered that crx = cry and crz = 2vcrx . Now 1/3 in the elastic range 

and i/ = 0.5 in the plastic range. 

It is seen that the state of stress is very close to triaxiality in the elastic range and that the onset of 
plastic flow tends to produce a hydrostatic stress state in tension without shear. Thus, the conditions are 
met for fracture initiation, the only significant plastic strains occurring on the crack border itself and on 
the edges of internal microcracks. Furthermore, plastic elongation on the crack border causes a transfer of 

the load to the neighbouring microcracks. 

From the remark made in Paragraph 4.2.2.4 there result the following values of K and Q : 

K2 = TTcr 2a , Q = - K2 . (26) 
E 

In view of the possibilities of plastic displacements near the faces of the plate, it is to be expected that the 

crack will extend more rapidly at mid-thickness. 

To investigate the effect of thickness, tests are usually conducted on plates of same widths. It may be 
assumed that the effect of thickness is due to departure from the geometrical similarity caused by the existence 
of grains whose sizes are independent of the thickness. 

Let us first suppose a complete geometrical similarity between two specimens, including the grains, subgrains 
and the entire fine structure of the metal. The distance between an internal point and the faces of the speci¬ 
men will be measured on the scale of the grains, so the behaviour of two geometrically similar plates will be 
identical from the points of view of stress distribution, plastic flow and fracture. 

Returning to the case where the absolute sizes of the grains and jf the fine metal structure do not vary 
with thickness, it may be considered that the proximity of the faces will be effective at the same absolute 
distance and that the ductile lips will be of the same absolute width for the same length of crack propagation 

If this applies, then the relative width of the ductile lips will be smaller for the thickest plate 
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mul tho Vallin of a corrosponding to the full slant fracture implies more plastic strain work and hence a greater 
levelling of thostresses, As a result, thick parts will prove loss resistant for the same absolute length of the 
initial cracks. 

Por 7075-TG aluminium alloy shoots 1/8, 3/16 and 3/8 inches thick, KRAPPT, SULLIVAN ami BOYLE36 measured the 
absolute values, ftt , of the ductile lips (Pig.4.25). At first, the curves are identical; the absolute lip 
width does not depend on thickness but merely on crack extension. Then, the curve corresponding to the smallest 
width becomes distinct from tho others, tho absolute lip width being restricted to the thickness. The authors 
found some correlation between 

n 1 dw _ 
ft = — . — and a t ; 

2t da 

for 7075-T6 we have 

R = 1.25 + 0.287a2t daN/mm . 

witli t expressed in mm. Most tests were carried out with w = 7G mm and the largest cracks were observed for 
2n/w = 0.33 ; the maximum value of R was not reached. 

If we assume that, for at « t , at depends only on a - aQ , there results 

R _ Ru = 1 f(a - a0) , 

whereas at “saturation”, with a = 1 , R - Rq = 0.287 t . 

Taking into consideration this qualitative effect of thickness, we obtain the curves R(a - aQ , t) reproduced 
in Figure 4.26. In fact, there is only one way to determine R . The initial half-length, aQ , of the crack 
prior to loading is known and at the time of rupture tho critical half-length, ac , con be assessed, for example 
from ink staining of «the surface. Qc is calculated from ac and from the fracture stress cr, . At C , the 
curve R(a - a()) is tangent to the curve Q(a - aQ) . If the calculations are made for several values of a0 
and of tho width w , then R can bo determined by means of the successive tangents, as was done by KRAPPT and 
his co-authors. 

Lot us see how a test is conducted. For low values of cr , the curve (J(o-, a) passes below the point A(RQ, 
aQ) and the initial crack is not modified. Por high values of cr , such as <j2 , tho curve (J(cr2,a) intersects 
tho curve R(a - a^t^ at point B . Assuming a crack length smaller than 2 aH , we have Q > R and the equili¬ 
brium is unstable, as the crack extends from aQ to aB ; if a > aB , we have Q < R and the equilibrium will 
again bo stable. 

It is seen that there are cases where the application of a load causes an extension of the initial crack until 
a stable value is attained. 

If the applied stress increases again, the crack continues to grow until the curves Q and R are tangent; 
the equilibrium is, then, no longer stable and tho crack develops abruptly until final fracture occurs. The 
corresponding crack length is called “critical length” and the corresponding critical value of (J is denoted 

4. 
This type of crack growth and instability has been described by the ASTM 25 

The minimum value of , Qlc = R0 , characterizes the material, irrespective of tho thickness. If the 
thickness increases, the “saturation” value of R for the full slant is increased but is reached for higher 
values of a - a„ , as is shown qualitatively by the curves R in Figure 4.26; with a thickness t,. , instabi¬ 
lity appears for 
is obtained. 

and 4C QIC = R0 . For greater thicknesses, the same critical value Qlc of Q 

The Q -values also depend on the sheet width w . For 2a/w ^ 0.4 , the expression 

Q = (0.414)2 (77w/2) ct2/(1 - 2a/w)2 

is a function of and 2a/w . On the other hand, if the thickness is constant, 
w for the same value of 2a/w . Figure 4.27 shows that 

stunt for large-size specimens and approaches Qlc = RQ for narrow specimens. 
with a - aQ and hence with 

R: 

4o 
; f(a - aQ) increases 
is substantially con- 

For each thickness there is a lower limiting value of width below which fracture is brittle and is defined 
by CJlc = R0 , mid an upper limiting value above which 40=RC is fairly constant. 

From the point of view of fracture, metals arc not intrinsically ductile or brittle. They are more brittle 
for thick and narrow parts, and more ductile for thin and wide parts. 

However, in the case of specimens of small width, the net fracture stress must be less than the yield strength 
of the material: fracture is of the brittle-type only if 2a/w assumes large values. This explains why Qc or 
Kc arc unreliable quantities for the strength prediction of thin parts containing notches of moderate lengths. 

their strengths are low because of On the other hand, although the behaviour of thin and wide parts is ductile, 
the effect of width on the stress intensity factor. 

■ 
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Fig.4.27 Variation of R and Q with the width w 
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Pig.4.28 Discontinuous crack propagation under static load 



' . - 1 "^1 > I - 1 ' P— 

fc 
. -, 

160 

5/ujp<; o/ H(a - n0) curyes; measurement of RQ = Qlc 

Tho first data published on R(a - a ) curvos woro obtained by KRAFFT et al,3<i on thin 7075-T6 aluminium^ 
alloy sheet. Moro R(a - a0) data liavc since boon published by BROEK00, and by CARMAN, ARMIENTO and MARKUS 
for aluminium alloy shoots. Those curves arc, of courso, smooth, being envelopes of families of tangential 
(](a) curves. Moreover, a largo number of tests are required to establish them. Resides, engineers are much 
more interested in the minimum value of R , i.e., R0 = Qic , which is typical of the strengths of thick parts 
containing small cracks, than in tho (JG-values applicable to large cracks in thin sheets. Therefore, in order 
to characterize the material, the metallurgists have tried to obtain the value of R0 = c from single-speci¬ 

men tests. 

Consider Figure 4.28a which illustrates tho fracture of a specimen with a crack initiated in fatigue by a 
pulsed tensile load. Under much higher static tension entailing crack extension, the weak point will be located 
at A i.e., at mid-thickness, whilst the material near the faces can elongate further without breaking. As in 
tho case of discontinuous static crack growth under fatigue loading (Fig.4.21), a quasi-instantaneous extension 

can be observed from a to a 
causes a reduction of the stress intensity factor at mid-thickness. 

iiaun y I w ni. 11 uintut \ --- ■ 

up to a position B of the crack front, where the material close to the faces 
«V __ If the instability which determines Qc 

through twigoncy of tho curvos R and Q is not yet encountered, then the crack extends further with increasing 

load, as Illustrated in Figure 4.28d. 

Sometimes, in order to obtain simmer machined notches, incipient fatigue cracks are created at the inter¬ 
section of tho shoot faces with the natch root by alternating bending, as shown in Figure 4.28b. In this case, 
the metal at A , i.e., .it mid-thickness, has less support and the quasi-instantaneous extension from A t 

occurs moro frequently than in the preceding case. 

In bath cnscs the initial crack boundary is unstable; for a given crack surface area there is a shape of 

crack front that provides maximum resistance. 

The quasi-instantaneous crack extension is called "pop-in'\ It produces an audible noise and ca" be detected 
by several means. SRAWLEY and BROWN37 have undertaken a very comprehensive study of the measurements used 

practice: 

(1) Measurement of tho electrical potential change between two points spanning the crack; 

T) Measurement of the clastic displacement per unit load between two points spanning the crack at its half- 
length (so-called compliance method); this method is also «sed te obtain experimental Q -values . 

(3) Acoustic measurement with a microphone. 

rr :: r = ;=;;..-- —„s—-srs 
««.. intensity tsster «„ U iíríSrduS«™“., Pia» « .1. ■' »... * 
sidcred in Paragraph 4.-.3, pages 145 and J ' o ^ u'om solution-trcated beta titanium; these two 

»HHc iHrr- =.::.=-:-: ====:=■“' -- 
“ alloy for thicknesses greater than 3 mm, 

4.4 DATA FOR COMPUTATION OF K AND Q 

that may have some technical connection with cracked components. 

4.4. Crack-tip Stress Field 

For a central slot, the method of the neighbourhood of the 
gating the limiting case of the slot, and fin y ^ ^ violnity of the crack point, its 
slot extremity. This analysis indicates the ^ K ls di£teront while the distribution 
intensity K and IRWîN s parame c ^ when extending NEUBER’s calculations to other notches, we shall 

IfrrÄÄ«. - local mode of loading, except for the factor K . 

As regards the stress distribution at a crack Point ^ 

- -° - -the íouow- 
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Pig.4-29 Variation of Kf 
against thickness 
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Fig. 4-30 Basic displace¬ 
ment nodes in crack opening 

after Paris and Sih21 
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Fig. 4.31(a) Tension-loaded crack - Mode I 
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Fig.4.31 Stability of the mean direction or change in the crack propagation direction 
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Mode III - Shear in a plane normal to the slot and passing through the crack front 

The expressions for the stresses and displacements are: 

e 
Txz “ - ^111^ /2 ; s*n g 

yz (Kjjj/ /2 R) . cos - 
2 

°y = °-2 Txy = 0 . 

w = = OWE) • 2(1 +^)J(5). 
0 

sin — 
2 

V = 0 . 

For a crack of depth a located on the edge of a semi-infinite body we have, after SIH (referred to in Refer¬ 
ence 21), 

kill /(rra) 

4.4.2 Directional Stability of Crack Extension 

Although this is not always absolutely correct, in particular for plane stress problems where the crack is 
under 45° with the sheet surface, we assume that crack extension is such that its mean surface is perpendicular 
to the maximum tensile stress. 

Let us consider the tip of the crack for Mode I loading as analysed in the previous section. The principal 
stresses are 

o*! = (Kj/ /(277R)) . cos - (^1 + sin -j , 

o-2 = (Kj/ /(27«)) . cos ^1- sin ^ . (31) 

The angle a of crl to the Oy-axis is given by 

tan 2a = 2 rxy/(crx - cry) = cot — 

cTj has a maximum on the axis of the slot (0 = 0) and is inclined by tt/4 to Oy, as indicated in Figure 
4.31a; the crack tends to propagate along the perpendicular facet AB . At the extremity B , the overall 
loading cr tends to generate the stress distribution of Mode II in the direction of the arrow r . 

For Mode II, the principal stress C7l and o-2 , with al > œ2 , are such that 

o-j +o*2 = - (K|j/ /(2:«)) . 2 sin - , 

0-1 - cr2 = (Kjj/ /(27«)) . 2/(1-- sin 0) (32) 

and 

0-, = <Kn/ - - sin 0) - sin 

The stress crl reaches a very flat maximum with cTj % 2Kn//(27«) for -v < 0 < -v/2 and is substantially 
identical to since the facet concerned is almost perpendicular to the slot; the crack will tend to grow 
along the line A'B' in Figure 4.31b. At the new extremity b' , shear acts in the direction of the arrows 
and tends to direct the crack path along BfC' ; finally, the crack tends to become normal to the tensile 
stress cr -r at infinity. 

Returning to Mode I and supposing that the crack is stopped at point B in Figure 4.31a, it can be observed 
that the local loading is equi-axial tension and shear which tends to direct the crack path along BC. 

m 

» 

: 
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4.4.3 Crack at the Edge of a Circular Hole 

In 1956, BOWIE43 treated the case of cracks at the edge of a circular hole in an infinite plate, as illustrated 
in Figure 4.32. Using the preceding notations of k , K and Q , we have 

K = /(EQ)= k/(77) , 

K = 0/(7*) . F(L/R) . (33) 

where R is the radius of the hole, L the length of a radial crack, and where F(L/R) assumes the values 
summarized in Table 4.5 for the four cases under study: one or two radial cracks and one axial (o-g = 0) or bi¬ 
axial (o^ = cr2 = a) load. 

Consider the case of uni-axial tension and of two symmetrical cracks for which F(L/R) is given by the third 
line in Table 4.5, and let us compare it with the case of a single crack of length 2a = 2(R + L) for which 

K = o/(77a) = o/(77L) ./(1+ R/L) ; 

the factor /(1+ R/L) , quoted in the fifth line of Table 4,5, differs from F(L/R) by less than 5% if 
L/R >0.2 and approaches F(L/R) with increasing L/R . Our conclusion is as follows: 

77ie shape of the boundary of a hole having two opposite cracks does not change the stress distribution near 
the tips of the cracks if the latter exhibit a length greater than one tenth of the largest dimension of the 
hole, The presence of the hole eliminates the compressive stresses on the edges of the slot; consequently, 
buckling of the edges in a thin sheet does not affect significantly the stresses at the crack tips in the median 
plane, although it may induce secondary bending.stresses capable of modifying the static strength (see page 169). 

TABLE 4,5 

Cracks at the Edge of a Hole (Figure 4.32). 
Values of F(L/R) in Equation (33). 

L/R 0.02 0.05 0.Í 0.2 0.3 0.4 0.5 0.6 0.8 Î 1.5 2 3 5 

1 
2 

one crack 
cr1 = a , cr2 = 0 

o-j = cr2 = cr 2.74 2.21 
2.73 

1.98 

2.30 

1.82 

2.04 

1.67 

1.86 
1.58 

1.73 

1.49 

1.64 

1.42 

1.47 

1.32 

1.37 

1.22 
1.18 

1.06 

1.06 

1.01 
0.94 

0.93 

0.8 
0.81 

3 

4 

two cracks 
o-i = a , o-jj = 0 

^=0-.,=0- 2.74 2.21 
2.73 

1.98 

2.41 

1.83 

2.15 

1.70 

1.96 

1.61 

1.83 

1.57 

1.71 

1.52 

1.58 

1.43 

1.45 

1.38 

1.29 

1,26 

1.21 
1.20 

1.14 

1.13 

1.07 

1.06 

5 J(“S 7.12 4.58 3.32 2.45 2. OB 1.87 1.73 1.63 1.5 1.41 1.29 1.22 1.15 1.09 

For small values of L/R , the case cri = cr2 = cr corresponds to cracks in an annular disk subjected to the 
centrifugal force. WINNE and WUNDT44 have applied BOWIE's results to the strength analysis of turbine wheel 
disks, in which case the components are of large thicknesses and the state of stress is similar to that of the 
plane stress state, so that E must be replaced by E/(l - v2) . 

The effect of the hole remains negligible if the hole assumes any shape and this explains why an initial 
crack originating from any defect or notch grows toward a surface normal to the highest tensile stress, as stated 
in the previous paragraph for shear-loaded cracks (Mode II). 

4.4.4 2dge Cracks in Plates 

4.4.4.Í Edge Notches in a Semi-infinite Sheet Subjected to Tension 

NEUBER45 has investigated the case of a shallow edge notch in an infinite half-plane. This notch, represented 
in Figure 4.33, is defined by a curve which satisfies the equations 

X = V - v/(u2 + V2) , y = u + u/(UZ + V2) , 

with U = U0 . The notch root radius is 

p = (u2 - 1) /2u0 . 

r. 
V . . -I . .n .. i ., J .... , ... ... ... .w’ .V '.’. ... V 



If u0 = 1 , p is equal to zero and the sharp notch is bounded by a curve bitangential to the Oy-axis, as a 
dotted line in Figure 4.33. Linearization of NEUBER's results in the vicinity of the notch tip yields the 
following expressions for the principal stresses <rl and cr2 ; 

+0-2 ^o/(a/2R) . cos 
2 2VÍ2) 2 2 

i.e., the general expressions of Mode I, from Equations (31), with 

^o/(a/2R) .sin-. (34) 

Kj = (9/8) ttct2 a , (35) 

where a is the depth of the sharp notch. 

» It is relevant to note that the notch is not a slot and that the missing material with regard to the slot 
causes a decrease of the K-value, which would be higher in the case of a slot. 

4.4.4.2 Symmetrical Edge Notches in a Sheet of Finite Width Subjected to Tensi ion 

Figure 4.34 shows a specimen of width w containing two edge notches of depth a . WESTERGAARD’s solution 
is the same as for the central crack: the sheet is cut by lines such as CD (Fig.4.14); however, the non-zero 
stresses on the edges of the specimen are different. Cancellation of these parasitic stresses will cause an 
opening of the crack, which will be significant if the crack is deep, and an increase of the coefficient c. 

m * 

For very small edge cracks, expression (35) obtained from NEUBER1 s calculations yields an approximate K-value. 
The ASTM25 proposes the value 

Kj = 1.2 Tro2 a , (36) 

i.e., 20¾ more than WESTERGAARD’s theoretical value. We may recall that WESTERGAARD’s solution for finite 
width is 

K = 0-/(77 a) . /( — tan —V 
A 77a w / 

(37) 

Fdr this case the ASTM proposes 

K = cr w . tan T/a r , / 773 \2 — . l^1 +0.2 (cos—) (38) 

hence 

cm = (1 - 2a/w) 
2 77a 

— tan — . 
77 w 

1 + 0 
/ 77a \2 

■2 (oos — i 

and, numerically, 

2a/w = 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

cm = 0 0.312 0,394 0.430 0.435 0.420 0.388 0.342 0.282 . 

BOWIE46 made computations reproduced by PARIS and SIH in the form 

K = oV(77a) tftn * h(2a/w) • (39) 

In Table 4.6, the values of h(2a/w) are listed for two ratios 2L/w , where L is the specimen height. 

TABLE 4.6 

Values of the Correction Factor h(2a/w) in 
Expression (39), from BOWIE46. 

2a/w 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

, 2L/w = 1 

h<2a/W) 2L/w = 3 

1.13 

1.12 

1.13 

1.11 

1.14 

1.09 

1.16 

1.06 

1.14 

1.02 

1.10 

1.01 

1.02 

1 

1.01 

1 

1 

1 

K/tr /(7JB) : = co) 1.12 1.12 1.13 1.14 1.15 1.22 1.34 1.57 2.09 

11 Ill "1111 §1« 
___ 



The last line of Table 4,6 corresponds, with an accuracy of 1%, to the values proposed by the ASTM (Equa¬ 
tion 38). 

4.4,//,3 NEUBElVs Deep Sym/neiricai Notches in Tension and Bending 

NEUBER45 has studied the deep hyperbolic notch (Pig,4.35) under tensile and bending loads. The boundary of 
the notch is defined by the equations 

. y = sinh u. cos v , x = cosh u. sin v , 

with 

c = sin v0 , p = c / tan2 v0 . 

In tension the mean stress is 

crm = P/2cd , 

whore d is the thickness, 

According to NEUBER’s Equation (61), the stresses are 

cru = (A/hz)cosh u.cos V. 
2 + cos2 v„ - cos2 v 

cr = (A/h4)cosh u.cos v. (cos2v - cos2 v0) , 

uv 
(A/h4)sinh u.sin v. (cos2 v0 - cos2 v) , 

with 

h2 = cos2v + sinh2u and A = cr 
sin V, 

m v0 + sin v0.cos v0 

In the case of a slot, we have v0 = tt/2 . e = 1 and A = (2/v)am ; if we linearize and then compute the prin- 
cipal stresses, we obtain, near the crack tip, 

(¢^+0-,,)/2 = (2/Tr)crra/(c/2R).cas Ö/2 

(O-j - 0-,,)/2 = (1/77)0^/(0/2^.810 6 , 

(39) 

which, in comparison to the value of Mode I, yields 

1Í! = (2//77) o-ra/c . <40> 

With cr = aw/2c and c = w/2 - a , WESTERGAARD's expression (37) tends toward expression (40) when 2a/w 
tends toward unity, whereby WESTERGAARD’s expression is verified for the limiting case a = w/2. 

In pure bending the same stress distribution is found near the crack front, but the stress intensity factor 

is different; the half-sum of the principal stresses is 

(o-j +0^)/2 = 

where crn = M/(I/c) is the maximum nominal stress, 
from the axis. 

In the two preceding cases of tension and bending, the stress distributions on the Ox-axis <y = 0 , cry = cr,) 

are; 

in tension, cry = A/cos v, where A = (2/77) ct^ , 

in bending, cry = A'tan v, where A = (4/377) crn . 

Furthermore, we have x = sin v on the Ox-axis. 

The two cases may be combined to obtain an approximate solution for the bending problem of a bar of unit 
thickness with a deep single notch (Fig.4.36). If we set 

0 
(o- + cr )/2 = (B + B') /(c/2R) . cos - , 

a- /(c/2R) . cos—, 
2 

(41) 

I the moment of inertia in bending, and c the distance 
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Pig.4.34 Edge slots in a finite-width sheet - case of Westergaard 

Pig.4.33 One-sided edge notch of Neuber in 

a semi-infinite sheet 

M 

Pig.4.35 Neuber's deep hyperbolic notches45 

M( )M 
Pigu4.36 Bending of a one-sided 

cracked bar 

Pig. 4.37 Tension of a 
one-sided edge slotted 

strip 

Pig. 4.38 Bending a one-sided cracked bar, 
after Wundt51 

__ .._ ^ ____ 
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und 

oquilibrium implies 

cry = B/cos V + B' tan V , 

= f7^2 (B/cos V + B' tan v) cos v. dv = B?r/2 + , 
Jn 

,7t/ 2 
M = c2 J (B/cos v + B' tan v) sin v. cos v. dv = c2(B + B'tt/4) , 

and hence 

B/ = - B7//2 . M = c2B(1 - 772/8) , B + B/ = B(1 - tt/2) 

Finally, it follows that 

then 

mid 

o-n 4 - 2?r . , 0 
(cr + cr )/2 = -5-5 /(c/2R) . cos - 

1 2 6 8 - 77¿ 2 

K = 
2-rr - 4 cr, 

77¿ - 8 6 
B /(770) 

K2 = 0.521 o-2 c , (42) 

where crn = OM/c2 , M being the bending moment. 

//,//.4,4 Stngie-erfge /Voic/i in a Plate Strip Subjected to Tension 

In Figure 4.37, the single-edge-notch specimen investigated by GROSS, SRAWLEY and BROWN 7 is represented. 
The authors carried out a numerical computation using the WILLIAMS42 stress function X(B»^) ^ satisfying 
the boundary conditions on the slot and at a finite number of points on the edges of the plate. 

For Mode I this function is 

co r r 2n-3 l”! 

'Mr,6) = 2 (-1)n'' • d^-‘ ■ R"+l/2 r 008 (n "3/2> e + im 003 (n + 2) ÖJ+ 
n= 1,2,...1 U 

+ (-1)° d2n Rn+1[^- cos (n - 1) Ö + cos (n + 1) 0]. (43) 

In the vicinity of the crack point, the dominant terms of the series give a stress field which has already 

been obtained previously with 

K2 - eQ - cr2ba = cr2 tts k2(a/b) , (44) 

where a and k(a/b) have the following numerical values: 

a/b 

a 

k(a/b) 

0.05 

0.204 

1.14 

0.10 

0.445 

1.19 

0.15 

0.758 

1.27 

0.20 

1. 18 

1.37 

0.25 

1.77 

1.50 

0.30 0.40 0.50 

2.60 5.60 12.40 

1.66 2.12 2.82 

The average values of several specimen measurements are: 

ameas. 0.314 0.56 0.82 1.18 1.74 2.57 5.44 10.48. 

GROSS'S calculations are in agreement with BOWIE's46. 

4,4.4.5 Single-edge Notch in a Bar Subjected to Bending 

If the crack depth, a , of a bar (Fig.4.38) is very small compared to the height, h , we have, as in the 

case of tension, 

K2 = Tra2 a = 77<72c(a/b) (1 - a/h)3 , 
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where 

corresponds to a bar of unit thickness. 

WUNDT51, referring to BUECKNER's results, proposes the expression 

where f(a/h) is the function shown in Figure 4.38 by the curve (a) for pure four-point bonding and by the 
curve (b) for three-point bending. In pure bending, the curve (a) may be approximated by the empirical expres¬ 
sion 

f(a/h) = V 

More recently, the case of pure four-point bending has been examined by GROSS and SRAWLEY110, who employed 
the method of numerical analysis described for tension in Paragraph 4.4.4.4. With M/t equal to the bending 
moment per unit thickness, they obtained 

with LUBAHN's49 measurements. For comparison with expression (45), from WUNDT, f(a/h) is computed as follows: 

Because of LUBAHN's experimental confirmations, we would prefer the values of GROSS to the limiting values 
derived by an approximate calculation from NEUBER's results (Equ.42), and to the empirical expression (46) 
gained from BUECKNER's results; however, with a/h < 0.3 , the discrepancies are not significant in practice, 
especially as, for a/h > 0.3 , interpretation of the test data is made difficult by the presence of plastic 
strains. 

o-n = 6 M/h2 , 

o-2 c f(a/h) (45) 

(a/b)(1 - 0.28 a/h) 

1 + 3.4 a/h 
(46) 

(M/t)2 Y2/ h3 , (47) 

where Y2 is a function of a/h . In Table 4.7, the results are compared with BUECKNER's50 calculations and 

f(a/h) = (Y2/36)(l - a/h) 

TABLE 4,7 

Bending of a Cracked Bar 

(a) Values of Y2 in Equation (t\7) 

a/h = 
GROSS 
BUECKNER 
LUBAHN 

0. 10 
12.4 
12.2 
11.8 

0.15 
18.5 

17.4 

0.20 
25.3 
25.2 
24.2 

0.25 
33.2 

32.15 

0.30 
42.8 

41.9 

0.35 
55.2 

53.9 

0.40 
71.4 

68.6 

0.45 
92.7 

88.9 

0.50 
123 
151.2 
118 

(b) Values of f(a/h) in Equation /45) 

GROSS 
BUECKNER 
Equa. (46) 

0.250 
0.233 
0.248 

0.32 

0.300 

0.36 
0.358 
0.353 

0.39 

0.395 

0.41 

0.427 

0.422 0.425 

0.473 

0.425 0.425 
0.513 
0.50 

4.4.5 Cracks Subjected at Their Boundaries to Concentrated Forces 

The problem of an elliptical hole subjected at its boundary to a force F has been examined by MUSKHELISVILI 
For a central crack of length 2a , as illustrated in Figure 4.39, PARIS and SIH give the expressions of Kj and 

K 

1M 

Kl 2/(77a) o 
/k - 1 

2/(77a) 

Q 

k]CI 2/(77a)\k + l/ 2/(7/3) 

where P and Ci are the components of F along Ox- and Oy-axis, and 

O' (48) 

k = 3.4v % 1 . 

With these expressions, the problem of a crack contained in any stress field can be solved by subjecting the 
crack to the stresses that exist in the absence of the crack, as long as the stresses at the boundaries of the 
skin panel considered are not disturbed by the presence of the crack. If, for simplification, we introduce 

. 

•Cfc 

V . ■ ■ 

: Ik J. 



^ . y'"1 w' ’ ^ the cracJi- and ^„(x, 0) , which is parallel 
to the crack, are the stresses existing in the absence of the crack, then we have 
k = 1 in the expressions (48) and if ay(x . 0) . which is normal to 

in the absent 

= 7¿/3(X'0) K)dx' 

II 
1 f+a / a + X \ 

™)LT'y(x'0) (—)dx* 

(49) 

/ (7/a) 

Lot us take c = (a - b) and analyze the influence of P when b is very close to a , that is. for a finite 
value of c and a very large value of a . It follows that 

(50) 
/(27/c) 

which corresponds to the loading illustrated in Figure 4,40. 

Othor^rosults are quoted in a paper by PARIS and SIH21 as well as in papers by BARENBLATT32 and GIUMN52, 
FIGHTER has studied the case of plate strips of infinite width and restricted height under concentrated forces 
or distributed forces normal or tangential to the longitudinal crack. 

4.4.8 Internal and Surface Cracks 

An internal crack may assume a circular shape at its tip or border and be the boundary of an infinitesimally 
thin disk. It may also be elliptical and thus represent the boundary of an infinitesimally thin ellipsoid. 
Finally, there are cracks extending from the outer surface of components with a semi-elliptical crack-boundary 
shape. Surface cracks are mainly encountered in thick mechanical components, which are therefore more brittle; 
the technical problems involved are more difficult to solve than those concerning through-thickness cracks in 
thin components. Unfortunately, as we shall see. no exact theoretical solution has yet been found for the 
elasticity problem of surface cracks. 

4.4.6.1 Circular Internal Crack 

For a flat disk-shaped crack inside an infinite volume subject to tension perpendicular to the crack plane 
(Fig.4.41), SNEDDONj3 has calculated the stresses near the crack border. If 0y is the axis of revolution, 
Ox a radial axis, and if Oz is normal to the Oxy-plane , the stresses are given by the expressions (27) of 
Mode 1, where the stress intensity factor is 

Kr -- cr /(T/a) . 
V 

IRWIN's parameter is found to be 

V being Poisson’s coefficient, 

Qi = 
4 1 - 21/ 

cr a 

(51) 

(52) 

Although no direct application is given, one may study the influence exerted by the finite diameter, D , of 
round bars having a central crack with a circular boundary. With NEUBER's45 results for the normal stress a 
we have, in the crack plane and at a distance x > a from the centre, y 

2 
1 + - 

77 Vsinh u 
arc tan —)1 sinh u/J 

(53) 

where 

cosh u = x/a 

Numerical calculations yield the following distribution: 

x/a 1.01 

Ver* = 4-59 
(77/2) cry/crx = 7.2 

1.02 

3.31 

5.2 

1.05 

2.30 

3.62 

1.1 

1.48 

2.32 , 

which is comparable to that of centrally notched plates (Table 4.2). 
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Figure 4.40 

Fig.4.39 Concentrated force acting on the 
surface of the crack 

Fig.4.43 Surface cracks 



Uke DIXON20 ror central notches contained in sheets, we assume that the stress distribution remains the same 
for a finite diameter D , its intensity being multiplied by a factor k . Prom computation we obtain 

rical calculations yield the approximate expression 

inMwiiiViimiiti'iiwBiirïïmii 

(54) 

/ /(1 - 0.95 if) > 1 
(55) 

K = -y-cr /a. k 
YTi 

(56) 

and, for tho IRWIN parameter 

(57) 

Supposing that the distribution of the perpendicular erack-surface displacements remains elliptical, as in 

the case of an infinite solid, we may write 

V = v0 /[l - (x/a)2l , 

with 

, = (il 
° w 

o* a C 

where the quantity in 
parentheses represents the value of v for D = oo . The volume of the crack is 

4 0 16 1 - V o 
V = - 77 V a2 = ^ a c • 

3 0 3 E 

If we consider that C varies very little with a , it follows by differentiation that 

9V 13V 8 1 - v 
— = — — = -craC 

However, 

BA 27fa Ba ^ E 

dq — ¢7 OV/3A) . SA is the product of the change in volume and the normal stress at infinity: 

0 ~ = -O-* a C = — BV 8^nfl = iLJl^ak2 , 
BA 77 77 E 

hence 

C = k72 

and 

2 1 - v 
cr a k‘ J-î-ÜK/a. k (58) 

77 E /77 E 

/1./1.6.2 Elliptical Internal Crack 

u U hv IRWIN53 usina the GREEN-SNEDDON54 result concerning the relative displace- 
This problem has been treated by IRWIN g piiintical boundary shape and of dimensions 2a 

ments of tho two crack surfaces. Consider a plane crack of elliptical_boundary snape _^ ^ ^ mœN. 
I-:: the along 0Z are denoted by v , the 08PHN- 

SNEDDON results give 

X2 y2Nl/2 
v = vji-y-- 

(59) 

With X = » cos f? and y = b sin Ö . the crack-border-length segment is 

ds = (a2 sin2# + b2 cos2#)1/2 d# . 
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Inside the border of the crack and at a small distance e on the normal to this border, Equation (59) becomes 

2e 
,2 _ „2 V" — (a2 sin20 + b2 cos2#)1^2 • 

Q ab 
(60) 

For the slot-opening Mode I, the second Equation (27 bis) from Paragraph 4.4.1 yields, with 0 = +rr , 

2 1 - J'* , 
V - — —— /(26) . Kj . 

/tt E 
(61) 

By equating the two values of v , IRWIN found 

K? = — (—— /(a2 sin20 + b2 cos20) . 
1 4 \1 - V2] ab 

(62) 

At this point, the calculation is unquestionable. It is, then, necessary to evaluate vQ . Note, after 
IRWIN, that Kj reaches a maximum for 6 = tt/2 at the ends of the shortest diameter of the ellipse. Conse¬ 
quently, crack extension will be faster at these points and the elliptical boundary shape will tend to become 
circular. Notwithstanding this remark, IRWIN assumes, for the computation of v0 , that the crack grows along 
geometrical similar boundaries, that is, less rapidly along the shortest diameter. He determines v0 by cal¬ 

culating the potential energy change 

dU 
= QdA = (4% 

K r ds , 

where r is a normal outward displacement and ds a border-length segment. If a becomes a + ea and b 

becomes b + 6b , one has 

ab 6 

(a2 sin2# + b2 cos2#)1/2 

dU = 77V? e £(k) -^ 
0 1 - 2/ 

where S(k) is the elliptic integral, 

8(k) 
= 1 

v/ 2 

/(1 - k2sin2$) dtf> 

with k2 = 1 - b2/a2 . 

On the other hand, if one assumes, as for a circular crack, that vQ is proportional to the size of the 
crack, vQ becomes v0 + ev0 and the change in crack volume is equal to 477abvoe . The energy change then is 

dU = 2 77-abvQe a , 

and, by equating the two equations of dU , one obtains 

b/cr 1 - V 

V° ^ 2 S(k) E 

hence 

Tier2 /(a2 sin2# + b2 cos2#) 
Sao 

(63) 

thus, for X = a , y = 0 

Ku = h ^ ' 
(64) 

and, for y = b , x = 0 

Klb = 6(10 /<7,b) ' 

Although IRWIN's hypothesis of a similar crack-border growth is erroneous, the KIa - and KIb - values are 

correct. 
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Indeed, with tan '!> = y/x , KASSIR and SÏH56 found 

Kf = /(a2 sin2 ^ + b2 cos2í) , 

where tan ‘I1 = (b/n) . tan Ö and 0 = <l> for 6? = 0 . tt/2 . v, 3tt/2 , 2v . It should be noted that, if the angle 
6 is introduced, the preceding equation becomes 

2 _ 

£2 /(a2 cos2# + b2 sin2#) 

or, with R‘ X2 + y2 

, vu 

Ki - 77ê2 T* 

At the ends of the axes of the ellipse IRWIN's values are again found. 

(65) 

Expression (65) can also be obtained by an approximate computation. Consider the elliptical crack in an in¬ 
finite solid shown in Figure 4.42. Through the intersection of two neighbouring diametral planes forming an 
angle d41, we isolate a sector with a crack of radius R subjected to a tensile stress cr at infinity along 
Oz. For a circular crack of radius R , the displacement of the centre is 

Rcr- 
1 - v¿ 

If all the sectors are to exhibit the same displacement vo at the centre, the stresses cr at infinity must 
be variable: 

77 Ev, 

4(1 - v2) R 

If we suppose that these variations diminish at some distance from the crack plane, the actual stress at infin¬ 
ity would be the average stress 

1 f77 . 
cr = - crR d $ . 

77 Jo R 

With d[l> = (ab/R2) d # , R = a/(l - k2 sin2#) and k2 = 1 - (b2/a2) , it follows that 

d# 

4( 
voe i r 

1 - ^2) a2 l (1 - k2 sin2#)3/2 

The elliptic integral equals 2 (a2/b2) S , hence 

Ev, 

4(1 - v2) 

erb 

2S ’ 

and 

= —crb/SR . 
2 

Finally, there results 

Ko = 
C72 b2 

^ = "FT 

i.e., the “exact" value. Therefore, the stresses crR becomes uniform far away from the crack so that the local 
stresses are not affected. 

4./4.6.3 Semi-elliptical Surface Cracks 

In the case of a surface crack with a semi-circular boundary, as illustrated in Figure 4.43a, or with a semi- 
elliptical boundary, as illustrated in Figure 4.43b, it may be conjectured, after IRWIN, that the stress distri¬ 
bution near the crack border is the same as for an internal crack, provided the intersection of the infinite 
solid by a diametral symmetry plane does not disturb the distribution. This is not entirely exact; SMITH, EMERY 
and KOBAYASHI77 have studied, by theoretical and numerical analysis, the case of a semicircular crack in the 
surface of n half space in simple tension. The local stress intensity factor on the cracking front at the ex¬ 
tremity of a radius, a , is expressed by 



where 0 is the angle of the radius, a , measured from the surface and k(0) has the following values: 
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-0 
n 0.2 0.4 0.6 0.8 

k(0) 1.21 1.12 1.07’ 1.04 1.03 1.02 

and rt ?RwrÑ < ^ack anginato from one surface of a bar of width w and thickness t (Figure 4.43c 
dJmn ™WIN' Basu"llnB the stress distribution is not disturbed with respect to that of an internal crack 

tion the cïpra ^ rati° durl,,B orack “tension, recommends, after estimating a plastic-zone correc¬ 

to = 1.2 wo2 b / S!(k) 1 - 0.212 (67) 

Ím iS„CTiri^! t0 take aCC0U"t of thD edee effeot mentioned for the part-through crack 
on the edge of a thin sheet. This expression holds for 2a/w ^ 0.5 and b < t/2 

After SMITH et al.77, a factor equal to 1.4 should be used instead of the previous value of 1.2 to take 

TZZt °fr i I T Ti l the 8tTT Shape 0f the crack front Would approximately correspond to values of a/b 
rang ng from 1 3 to 1.6. However, the surface grains of the material are more ductile and can undergo more 
strain before failure; this is why the actual practical value of the edge factor is less than 1.4. This ex- 

tion"8 Why thG Stable ShaPe ÍS’ ln prttCtiCe' Closer to a serni"Gircular shape than is shown by SMITH'S calcula- 

Gonsider next a shallow crack (Fig.4.43c). if the load is increased, the crack first tends to propagate in 
the direction of thickness due to the higher stresses which exist at the end of the minor axis of the ellipse. 
Then, the crack border attains an equilibrium shape, designated as “1”, such that the stress state and the 
strength of the material result in simultaneous propagation all along the crack border. Accordingly, the crack 
has a stable shape if it is still far away from the boundaries of the bar. This stable crack shape is close to 
a semi-clrcie. In the case of a very deep initial crack, as represented in Figure 4.43d, the stresses are highest 
at the surface; the crack will widen without growing deeper and again a stable crack shape is obtained during 
crack extension. 

initia! crack machined by means of a milling saw or by a chemical attack always correspond to the first case. 
Those wáich are deepened by fatigue exhibit a shape approaching the stable condition. For this reason, we shall 
suppose that the static strength of a cracked component is governed only by the surface width of the crack This 
applies especially when the crack depth is far from being negligible with respect to the thickness, since the 
bending stiffness of a thin bar is low compared to the tension rigidity and since the resistance to crack-opening 
mainly comes from the sectors located in the neighbourhood of the crack surface area. 

From the foregoing we may consider that the surface sectors, denoted ADA' and BOB' in Figure 4 43b are parts 
of a cylinder of outside diameter w with a circular internal crack of radius a . According to Paragraph 
4.4.2.1, we shall have 

K = O’ /a (67 bis) 

with 

k = 1 / /[l - 0.95(2a/w)3] > 1 

Furthermore, we shall assume that fracture occurs under loads not much Metier than those which cause crack ex- 
tension from the stable condition; this suggests that a good correlation of the test results will be obtained 
using a computed nominal Revalue based on the initial crack surface width and on expression (67 bis). 

For low-alloy carbon steel (0.47 C - 0.77 Mn - 1.6 Si - 2 Cr - 0.47 Mo - 0.08 Va) quenched in a salt bath 
and tempered for 30 min. at 425 C from 960° C, SRAtfLEY and BEACHEM57, using IRWIN’s expression (67). obtained 
a better correlation of the test results with the initial crack dimensions than they did with the dimensions 
for the unstable fast extension of the crack. The ratio of crack depth to crack length was between 0,13 and 
0.55. The nominal values of Kc resulting from the initial crack dimensions were independent of this ratio 
Thn rronU rHmnnelnno u,r.wn 4 ,1± 4 f ’ J_!.. t—. a«. .... ... 

c « - —— —1 *———u-MucuoAutia wcie uiuepuiiueni. oi cnis ratio. 
The crack dimensions were identified only by the crack areas, so that our expression (67) cannot be verified. 

Tests conducted by CORN and NIXON50 on maraging steel (aged martensite hardened by tempering after quenching) ... ,___ .,, „ _ ---»w». «»tuvucu uj 1116 uilci uueiicning 
con aining 18% Ni - 9 Co - 5 Mo and treated to cr lfc = 214 daN/mmz and a = 210 daN/mmz were fitted fairly 
accurately by the expression 0,2 ^ 

critical (2a) 0.63 constant 

TlT Crcr• iS thC StreSS aWay frm the CraCk corresP°nding to the maximum breaking load. The specimens of 
width w = 25.4 mm wore divided into three series of different thicknesses (t), with w/t = 4 , 10 and 14.3. 

i ....____ ..._ 
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In the first scries artificial cracks were extended in fatigue to obtain various values of the a/b ratio. 
Prom a rough analysis of the data it appears that acr does not depend on the a/b ratio. For this series, we 
have used expression (G7) to calculate Kc and obtained im average value of 244 dnN/mm3^2(70,200 lb/in3^2)* , 
with a relative scatter of 4¾ over 17 results. 

For the second test series, with w/t = 10 , an average value of 250 daN/mm3//2(72,000 lb/in3/2) was found on 
the basis of seven results. 

The values of K,c in the first series were computed by the authors with IRWIN’s expression (66); the average 
value was 250 daN/mm3/2, but the relative scatter was equal to 8%. In addition, for the largest crack of smallest 
per-cent depth, with 2a = 0.48 in , a/b = 3.2 , the nominal fracture stress was 82.3 daN/mm3^2(119,500 lb/in3'2), 
which gives K[Q = 204 duN/mm3' 2(58,500 lb/in3'2) according to IRWIN’s expression, and Kc = 243 daN/mm3' 2(70,000 
lb/in3'2) according to expression (67 bis), which is substantially the average value. This test confirms the 
tendency of cracks to grow toward a stable shape; here, the crack, which is too flat at the onset, deepens 
until the edges of the crack at the surface and the root exhibit the same relative strength, and it then propa¬ 
gates along the entire front. 

In the case of pure bunding, SMITH et al. 77 have shown that for a semi-circular crack that is sufficiently 
small with respect to the cross-section of the bar the stress intensity factor at the end of a radius defined by 
an angle 0 to the surface is expressed by 

‘10 j-cr/a . k(0, a/c) 
Vv 

where cr is the surface nominal tensile stress at the origin of the crack in the uncracked bar, 

c the distance between the origin and the neutral axis, 

a the half-length of the crack at the surface, 

k(5\ a/c) a factor having the following values: 

20/7/ 0,2 0.4 0.6 0.8 

a/c 
0 

0.2 

0.4 

0.6 

0.8 

1 

1.21 

1. 18 

1. 14 

1.10 

1.07 

1.03 

1.12 

1.02 

0.96 

0.90 

0.82 

0.77 

1.07 

0. 9tí 

0.86 

0.77 

0.66 

0.59 

1,04 

0.92 

0.80 

0.67 

0.55 

0.41 

1.03 

0.90 

0.66 

0.62 

0.48 

0. 34 

1.02 

0.88 

0.64 

0.60 

0.44 

0.30 

Tests carried out by DOUILLET et al. 34 , which have already been mentioned in Paragraph 4.3.3, page 153, 
and will be examined further in Paragraph 4,5.5, page 186, exhibited a mean value of the a/b ratio equal to 
1.2. This value changed but little during crack growth oven when the crack length at the surface was almost 
equal to the bar width ami the crack root was close to the neutral axis. This suggests that SMITH’S theoretical 
results are not valid in practice for actual fatigue cracks, probably because the plasticity of the material is 
higher near the surface and reduces the surface stresses, thus causing a delay in the propagation of the crack 
at the surface. 

4.5 METHODS OF PREDICTION ANO TEST DATA 

Prediction of the residual static strength of cracked components is performed on a somewhat empirical basis. 
One method is to compute the value of the IRWIN parameter, Q or K , which is associated with the design and 
loading of the’component, and then to assume that fracture occurs at a critical value of this parameter; this 
value is assumed to be an invariant typical of the material in its final service condition. The known cases of 
cracking and loading for which a solution has been found by analytical or numerical computation are reviewed. 
As In the case of classical elasticity, solutions have been obtained for problems that are easy to solve, but it 
is unlikely that the problems of actual mechanical parts with complex shapes can be solved as easily. Further¬ 
more. K,„ is not a real invariant: even if it was, the engineer would not gain from using the KT#.-values as ic kic 
allowable values for K , as they correspond to lower strength limits, 
applicable to thin sheet material are analyzed. 

In the following, some physical methods 

4.5.1 Correlation parameter KN SNct of McEVILY and ILLG59, 

To investigate the rate of propagation of fatigue cracks, DONALDSON and ANDERSON60 use the stress intensity 
factor kw = cr/(a)cw (sec Paragraph 4.2.3). 

1 daN = 1.02 kg-woight, 1 daN/mm2 = 1450 lb/in2, 1,000 lb/in2 = 0.69 daN/mm2, 1 lb = 0.445 daN, 1 daN/mm3/2 = 288 lb/in3/2, 

1,000 lb/in3/2 = 3.47 daN/mm3/2 

wÈÊÊÊÊÊÈÊÈÈsíêêÊí 



177 

. - - 

HcEVlVt and ILLS follow MEMBER s reasoning and propose a correlation factor based on the stress concentration 
factors of the ellipse. Their studies concern thin sheet containing a central crack of length 2a . At the ex¬ 
tremities of the major axis of the ellipse which simulate the crack, we have to )„ = <r[l + 2 /(a/p)] p being 
the smallest radius of the ellipse; for the circle, we have E y fP) • P b 

<°iiax>c = 30- = cr[(i +2/(a/a)] , 

and hence, for a plate of infinite width, with cr = a 
m ’ 

= [M'‘ 

max 
cr m /c 

- 1 (68) /(a/p) = 

For the circular hole contained in a sheet of finite width, w , HOWLAND has calculated numerically a coefficient 

DH (¾ ■ (69) 

Dh such that 

m /c , w m /c , w=c 

for which HEYWOOD61 has suggested an approximate expression, 

ra « 2a ( /2a n 
If expression (68) is applied to a plate of finite width, w , it follows, with 

3 Dt 
m /c , w 

that 

E , W 
= 1 + [3 DH - 1] /(a/,o) . 

If we write crm = sNet for the average stress on the uncracked cross-sectional area and if KN is the stress 
concentration factor, there results 

^lUftx^E , w = kn SNet 811(1 kn = 1 + (3 DH - 1) /(a/p) . 

The effective radius, p , of a crack depends upon the material; with p = 0.05 mm for aluminium alloys and 
a > 5 mm , unity is negligible with respect to KN and one has 

(70) 

with 

kn SNet ** W(a/P) . c, , 

1 - 3a/w + 1.5(2a/w)z - 0.5(2a/w)3 

This expression may be compared with kn =cr/a. c. 

1 - 2a/w 

Numerical computation of c: and cD yields 

(71) 

2a/w = 0 

Ci = 1 

Cn = 1 

0.1 

0.96 

1.005 

0.2 

0.94 

1.02 

0.3 

0.98 

1.05 

0.4 

1.01 

1.09 

0.5 

1.12 

1.15 

0.6 

1.33 

1.25 

0.7 

1.71 

1.4 

0.8 

2.52 

1.67 . 

Comparison shows that, for 0 < 2a/w < 0.6 , the discrepancies are less than 8%, so that the test results should 
be correlated equally well either with the parameter KN SN f , or with the stress intensity factor K, and the 
IRWIN parameter Q . 1 

4.5.2 Kuhn’s62 Method 

In order to use the considerable amount of test data available on the strength of sharply notched specimens, 
KUHN undertook to develop methods of prediction that cover both cracks and geometrical notches, namely, the 
method of “notch-strength-analysis” (NSA) and the method of “crack-strength-analysid” (CSA). The usefulness of 
this proposal is that certain parameters can be evaluated by application of one of the methods to some test 
results and then be employed for the approximate strength prediction of a specimen to which the other method is 
applicable. 
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4.5.2./ The Notch-Strenfíth-Annlysis (NSA) Method 

If crN is tho not stress on the cross-sectional area passing through the notch and KT the theoretical con¬ 
centration factor, and if the specimen remains in the elastic range, the maximum stress at the notch root is 

(72) IM1X °N KT 

NEUBER assumed that the material consists of “building blocks” suggested by, but not identifiable with, the 
grains, and postulated that each block reacts only to the average stress across its face; he considered that 
this property can ho represented by introducing a quantity p' , called the “effective” sharp-notch radius, 
which characterizes the material and implies a “practical” stress concentration factor, 

= 1 i (73) 

1 + 
7T - Wr 

/(P'/P) 

whore p is the geometrical notch radius and w0 the “effective” notch flank angle, defined as being equal to 
half tho real angle w if w > 0.7t7 . For fatigue, NEUBER has used tho formula 

“effective” crmux = oN KN = Endurance limit 

Some curves showing the variation of the constant p' as a funtion of cr have been plotted by KUHN11 for 
aluminium and titanium alloys. 

ult. 

For static strength, the failure criterion is amx = crult 
KUHN introduced the “ultimate” stress concentration factor, 

In order to take due account of plasticity, 

Ku = 1 + <kN - - (74) 

which is applicable if crN <cr0 2: Eu = crultyeu is the secant modulus corresponding to the related strain eu 
prior to necking. As this information is very rarely published, Eu is evaluated from the total elongation 
after nocking and failure, A % , such that 

(Eu/E) = 1/(1+0.8 AE/100 oult ) , (75) 

where the factor 0.8 is intended to subtract tho elongation due to necking from the total elongation 
(eu = crlllt / E + 0.8 A/100). 

Por >°‘o.2 tho few tost data available have been fitted best by using the expression 

Ku = 1 + <KN - 1) Eu/ /(E.En) , 

where EN = c^/e^ is the secant modulus pertaining to crN 

At the beginning of this chapter we have seen that a number of materials are strengthened by moderate notches 
and exhibit > c7ult , aNl| being the net stress to failure of a notched specimen and being that of 
the standard unotchod specimen. In that case, the above mentioned method is not valid since Ku < 1 . Further¬ 
more, this method is applicable only if crult and eu are measured on a specimen having the same thickness 
and made by the same fabrication procedure as notched components, so that the tensile properties of the material 
and tho fracture mode - ductile or brittle - are the same for the specimen and the notched components. 

4.5.2.2 The Crack-Siren^1Innlysis (CSA) Method 

In connection with the method used for notches, KUHN idealizes the central crack contained in an infinite 
sheet into a central elliptic hole of minimum radius p . The stress concentration factor is 

KT = 1 + 2 /(a/p) . 

For a sheet of finite width, DIXON20 has proposed 

= K. crw , KT = [1 + 2 /(a/p)] kw T N 
(76) 

with 

- = J(K 
where 

m = 2a/w , 

w being the sheet width and a the major half-axis of tho ellipse. 

r\s* Sf-TsxáivR rm y- ■ 
./. .. i-.Má&iitiS i... ;, -: L. < iM- L 1.VU 1-.)-:„V,:¿iíV-wj.•¿»it.i-¿.L .- j:--'. .1 ■ ÍJíllSi.-.-■■■ .. ■■■ -'.'i* iii .r 1.5 a 1..1¾_■» -' 
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ln ardor ta avoid tho absurdity of obtaining KT < i for largo ,-vaiuos. KUHN suggests the following: 

+ 2 kw /(a/p) . «T = 

of'large'r H "and ov^foírcÍÍarlM“1 ° tTkShTs"' rh°Und eXtrMltleS -3 Studled notches 
in Paragraph 4.2 3,1". Km 5 Pr°P0SalS W° Sha11- however' ^ our hypothesis (22) described 

** = J(rrm)lf ^< 0■,1 tt"d' kw = o-ím//™ if m > 0.4 (78) 

Moreover, for symmetrical edge notches in a sheet of finite width. KUHN has proposed 

K = 1 - m . (79) 

Referring to Paragraph 4.4.4,2, wo propose 

k = 1.1 /(r (80) 

With w = 0 for the slot, NEUBER’s expression (73) becomes 

K = 1 + -I- 
1 +/(pVp) 

that is, with expression (77) for Kx and if p tends toward zero, 

Kn = 1 + 2 kw /(a/p') . 

To allow for plasticity, KUHN further suggests 

(81) 

= ^Ult.^U /K.. . 

where 

1 + 2 kw /(a/p') . Eu/E , 

< ^0.2) • 

(82) 

Here p' should have, in principle, the same values as in the case of sharp notches. If only a correlation 
of the crack strength tests is to be established, the p' and Eu/E may be replaced by a single constant 

c™ = ¡V •Ea/E • 

with 

Ku = 1 +craKw/a, < ^0.2) (83) 

Note that the width effect may be written in the form 

1 + cn /(w/2) 

with 

= J[B nîl if m = 2a/w < 0.4, and cD = 0.414 if m > 0.4 . (84) 

RVH?Í!¡¡rghtü0 dlrec7Vld“Ce °l n0t0h atrengthening >,as tound by KUHN in the very large amount of test data 
ilomveri r vhC73l,mP10n °f “ ultimate" strength greater that the standard strength <7 has led to an 
improved correlation in some cases for which KUHN proposes 

K = 1 + C' k, /a . K < °-0.2) . 

rN = . 

"Sodlfied^forfnf th r:r::d:^J'Qy Pr°Vlde a better Correlatl°n' Tlle expression constitutes the 
r Pi I*/: ° 8 edÍS7eth0d.^eldS “ correlation of BROEK’s86 test ,, iiiwwiiwu jxaxuo an eAceiienu correlation oí BROEK s tei 
results (Figures 7 and 9 of the author) on clad 2024-T3 and 7075-T6 aluminium alloy sheets. In Figure 4 44a 
and b test data from the Boeing Company correlated by KUHN by means of the "basic*' and the "modified'* CSA 
^ hods are reproduce . In both cases, if m = 2a/w > 0.4 , the correlations are further improved by expression 
(84), the new expression is represented in the Figure by dashed straight lines after 2a/w = 0.4 . 

i...■ *,..... .., . ....... . . ... ... . .1'... ... ... ,.. 



(a) The curyes are calculated with 0^= 48 daN/ j Cm = 0.126/Vfnm, 

O'. N 

daN 
mm' 

0 0.2 0.4 0. 6 0.8 1 

(b) The curves are calculated with (jult = 59 daN/mm2; 

Cm = 0.182 /\/mm. 

2 a. 
w 

Pig.4.44 Static net residual strength of 2.54 mm thickness 2219-T87 aluminium alloy sheets. Tests carried 
out by Boeing with anti-buckling bars, after Kuhn 

•-»—i-i.¿.'.ti&itniti-i- a. 

____ .., 
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If a new material is to be evaluated, a minimum of two tests should be maxie, with the two widths w as differ- 
rent as possible. If both tests give about the same value of . the use of the ‘'basic" method is appropriate. 

If not, the modified method should be used, To avoid undue test sensitivity, w and 2a/w should bo chosen 

large chough to make Ku > 1.1 at least. 

Crack-lip buckling effect 

We have seen', in Paragraph 4,4.3, that buckling of the crack lips has little influence on the stress distribu¬ 
tion at the tips of a crack, at least in the median plane of the sheet. It is likely that the faces of the sheet 
are subject to secondary bending stresses at the crack tips. Experience shows that the strength reduction can be 
as much as 30% with respect to cases where the buckling is prevented by "anti-buckling guides”. For sheets of 
aluminium alloys, KUHN and FIGGE63 have proposed the empirical reduction factor 

(1 - 0.001 2a/t) (86) 

Remarks on the two methods 

KUHN reports some test results. The proposed correlations seem to hold good for ductile materials but appear 
doubtful in the case of brittle materials and very-high-strength steels because no test series covering a reason¬ 
able range of w and 2a/w are available for such materials. In the following, we quote remarks made by KUHN: 

. . C' and the ratio cr¡/cr i. ) must be determined for each "In the CSA method, the material constants (Cm , or --- Ulhi. 1 . , 
material from crack strength tests. A strength calculation for an untested configuration thus is not a true pre¬ 
diction, but simply an interpolation between, or extrapolation from, tests of the same type”. 

"The NSA method, on the other hand, has been developed for aluminium alloys (and, to a lesser extent, for tita¬ 
nium alloys) to the point where only conventional stress-strain data are needed as basis for making crack strength 
calculations. These calculations, then, may be classified as "predictions”, at least from the engineering view 
point. The elimination of the relatively cumbersome crack strength tests is a substantial practical gain, parti- 
cularly conslderine tests at other than room temperature. Moreover, the possibility of making direct comparisons 
between crack strength tests and notch strength tests permits exacting new information from a vast body of pub¬ 

lished tests and correlating hitherto uncorrelated data". 

The accuracy of prediction of all methods, including the Fracture Mechanics one, is good to fair in the majority 
of cases, and thus definitely useful, but with no guaranty against a significant percentage of very poor predic- 

tiens. 

Concerning this last point, we may refer to the existence of rare and severe statistical families mentioned 
bv TAYLOR'6 for aircraft service loads; no method of analysis can take into consideration the unknown scatter of 
extremely rare occurrences in order to provide a basis for statistical calculations. Of course, tests on actual 

parts are always necessary In Table 4.8 below, from KUHN, some orders of magnitude of the constant Cf 

;iven for various aircraft engineering materials. 

TABLE 4.8 

Test values of crack sensitivity, , at room 
temperature (For orientation purposes only). 

Material 

2014-T6 
X2020-T6 
2024-T3 
2024-T86 
2219-T87 
7075-T6 
4330M 
4330M 
AM350(SCT950) 
17-7PH(RH1050) 
PH15-7Mo(TH1050) 
PH15-7Mo(RH950) 

H-ll 
Vascojet 1000 
Ti 2.5A1-16V 

Glass 

Thickness, mm 

1.52 
1.52 

1-2.54 
1.52 
2.54 

1-2.54 
2 
3.55 
1.27 
1 
0.63 
1.27 
1.52 
1.52 
2 

m mm -1/2 

0.238 
0.6 

0. 10 

0.36 
0. 12 
0.28 
0. 10 

0. 18 
0.08 
0.18 
0. 14 
1.4 
3.75 
4.75 
7.1 

20.5 

/Votes 

Oulti = 155 daN/mm 
<7 lt' = 154 daN/mm2 

540°C( 1 +1 +1 hr) 
Aged 540°C(2-I 2 + 2hr) 
Aged 4 hrs at 372°C to 
obtain maximum brittleness 
Griffith tests 



WELÜOURNE uses the strain concentration factor 

(89) 

where p' is the "effective*' radius, equal to 0,063 mm for aluminium alloys, a the half-length of a central 
crack in a thin sheet, and kw the width-effect coefficient of expression (78) quoted in the previous Para¬ 
graph, since ho assumes constancy of the kw//m-value after m = 2a/w = 0.4 in order to fit his test data. 

Por computation purposes, the curve .a-e of the material is given in the form 

en = Ve + enmx (tV°un.>n • 

where the exponent n is calculated as follows: 

ihe simulation of cracks by saw cuts, from KLlh\ 

"Tho shape of the end of a saw cut. particularly in thin sheets, is rather indefinite. The calculation of 
the stress concentration factor can therefore only produce two limits. Tho upper limit is obtained on the assump¬ 
tion that the ends of the saw cut are ideally square; the cut then acts like a crack. The lower limit is obtained 
by assuming that the end of the saw cut is semi-circular with a radius equal to one-half tho thickness of the saw’.’ 

"Tho data shown suggest that the difference between "saw-cut strength** and crack strength can be estimated 
fairly well if the necessary materials data are available. Together with other scattered data, they suggest that 
tho direct simulation of cracks by saw cuts (with maximum errors less than. say. 10%) is probably possible in 
materials which give no concern about service behavior (2024-T3). However, when tho service behavior is con¬ 
sidered us marginal, the usoability of saw cuts becomes very marginal also. Finally, it should be noted that 
the ratio of saw-cut strength is size-dependent. For instance, for the PH15-7Mo steel, and a fixed value of 
2u/w - 0.2 . tho ratio is calculated ns 1.46 for w = 1 inch (25.4 mm) , 1.G8 for w = 4 inches (101.6 mm) , and 
2.00 for 50 inches (1270 mm)". 

Prom an experimental investigation of the residual strength of 300-mm wide and 2-mm thick 2024-T3 and 7075-T6 
specimens, BR0EKu 1 has drawn the following conclusions: 

"a. In specimens for residual strength tests the initial fatigue crack may ho simulated by a fine saw cut. 
This may give slightly unconservative results for the stress at tho onset of slow crack growth, but re¬ 
liable results are obtained for the critical crack length and the residual strength (critical gross 
stress at fracture). 

b. Tho fatigue loads at which cracks wore formed do not affect the results of the residual strength tests. 

c. Stop holes at the crack tips increase the stress for the initiation of slow crack growth, but have no 
favourable effect on the residual strength, unless they are so large that the onset of crack growth is 
postponed to a stress higher than the fracture stress for tho case without stop holes. In the latter 
case immediate fracture occurs as soon as the crack starts to extend. In other words: if slow crack 
growth precedes fracture, tho critical stress is not affected by the acuteness of the initial crack and 
there always is slow crack growth, provided that crack extension starts at a stress below tho critical 
stress of a specimen with a fatigue crack of the same initial length’*. 

4.5.3 We Ibourne’sl2 Method 

The method of WELBOURNR is tho basis of the Royal Aeronautical Society Data Sheets. WELBOURNE assumes that 
failure occurs when the maximum strain at the root of a very sharp notch or crack of "effective" radius pl 
attains the maximum total strain corresponding to the ultimate tensile strength, cr 
the stress or strain concentration factor, 
strains only: 

K, 
he also supposes that 

of the theory of elasticity is valid in the plastic range for 
ult, 

At failure, it follows that 

" ault./E +6mux 

(87) 

(88) 

where eN -- total strain associated with , 

emax “ plastic strain at o-ult> 

eu = total strain at crult . 



Ono then obtains 
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+ 6nax*®* = -i fl + E 
Kt \ ault. 

= crN/E 

ult. ^ult. \^ultv 

which permits the computation of cr, . 
n 

If the proportional limit stress is designated as (Tp and crN < <jp , there results 

ei 

and 

eu = ^ult./Eu = ^n/E) t1 +2/(a/p')] kw , 

hence 

Ku = ^ult./^N = t1 + 2 /(a/p')] kw Eu/E , (90) 

which may be compared with expression (82), from KUHN: 

Ku = 1+2 /(a/pf) kw Eu/E . 

The two methods give different results for KT and kw (if m = 2a/w > 0.4). With w = 25 m , 2a = 10 nun and 
P - 0.06 mm . the values of KT are 12.6 for WELB0URNE and 12.9 for KUHN. Consequently, there is no signifi 
cant difference in cracked-sheet applications, except that k must be corrected in KUHN'S expressions for 
2a/w >0.4 

It may. however, be remarked that the more general value of KT used by KUHN could also be utilized in the 
MELBOURNE method if some experimental knowledge of was available. In the absence of such information, we 
olieve, after KUHN, that it is preferable to resort to a correlation formula, such as expression (83), for 

interpolating direct test results. 

4.5,4 Test Data on Sheet Material 

A vast body of test data exists for centre-cracked sheets. It may serve to provide orders of magnitude but 
engineers should always refer to direct tests; nevertheless, even direct test results must be used with great 
caution if correct service behavior predictions are to be derived for actual structures. 

In the application to sheet material, the two methods described above give better results than the method of 
IRWIN. We have applied them to tests conducted by McEVILY, ILLG and HARDRATH64 on 2-mm-thick sheets: 

2024-T3 (o-ult 

7075-T6 fo¬ ult. 

50.2 daN/mm2, o-Q 2 = 37, E = 7,500 daN/mm2, k% - 19.5) , 

57 daN/mm2, cr0 2 = 52, E = 7,200 daN/mm2, A% = 12.8) . 

The computation results are compared to measurements for 2a/w = 0.4; in addition, wo have calculated the value 
of the IRWIN parameter with respect to the initial crack length. In the last column of Table 4.9, it is shown 
that the strength depends on the elongation at failure, A %. 

TABLE 4.9 

Strength of centre-cracked sheets, from test results 
reported by McEvily, Illg and Hardrath64. 

Alloys w, m 

Measur 

°N 

'ements Calculate 

Km 

d unKu. 

MELBOURNE 

Qc 

daN/mm 

--- 

Va °uit. 

^0.2 °ult. 

2024-T3 
57 

305 
890 

1.15 
0.81 
0.47 

0.8 
0.6 
0.35 

9' - 0.05 

0.71 
0.51 
0.38 

Pr = 0.063 

0.79 
0.66 
0.42 

3.2 
9.7 
9.7 

0.041 
0.031 
0.018 

7075-T6 
57 

305 
890 

0.77 
0.44 
0.27 

0.7 
0.4 
0.25 

p1 - 0.06 

0.61 
0.4 
0.28 

p' = 0.063 

0.86 
0.33 
0.23 

3.4 
5.8 
5.7 

0.056 
0.032 
0.018 

mm 



The two methods, that is, KUHN’s and MELBOURNE'S, give fairly accurate orders of magnitude for the strength. 
On the other hand, it cannot be considered that the IRWIN parameter, , calculated on the basis of the initial 
crack length, is an invariant. For narrow specimens, (Jc approaches its minimum value, Qlc ; however, IRWIN’s 
theory is hardly applicable since the entire specimen section is in the plastic range. 

Residual strength tests by BROEK80 and 2024-T3 aluminium alloy sheet yield Kc-values (which we have computed 
on the basis of the initial crack length) ranging from 135 duN/mm3/2, for w = 150 mm and 2a/w = 0.133 . to 
312 daN/mm3 ; for w - GOO mm and 2a0/w = 0.2 ; the corresponding values of Qc vary from 2.6 to 14 doN/mm. 

The relative success of KUllN's and MELBOURNE’S methods of analysis and correlation for wide and thin sheet is 
duo to the fact that crack extension before final fracture is such that the ductile lips are as fully developed 
as in the comparative tensile test on unnotched specimens cut from the same sheet material. 

The beneficial effect of a large elongation at fracture, A%, is not always established. Thus, FIGGE65 has 
verified the method of KUHN fairly well, apart from a few anomalies, for 203-mm wide and 1-mm thick titanium- 
alloy sheet specimens, and O.G-mm thick stainless-steel and suporalloy specimens. For instance, in the case of 
cold-rolled AM-350 stainless steel with a thickness reduction of 20%, p' must he equal to 1,000 mm to fit the 
hot-test results (290°C), which means that crN/crult is close to unity and that the notch sensitivity is zero 
although the elongation at fracture is small, i.e., A % = 2.7 at 290°C; under these circumstances, it may be 
surmised that prior fatigue and initiation of plastic strain during the rupture test cause a softening of the 
material and induce residual compressive stresses on the crack border (some signs of martensitic transformation 
were observed). 

In order to insist on the need for proceeding with caution, we shall examine some test data from LOCKHEED and 
BOEING reported by CRICHLOW66 and relating to 2024-T3 aluminium-alloy sheets 1 to 2.34-mm thick, 190 to 890-mm 
wide, and with heights equal to twice the corresponding widths. These specimens contained central cracks of 
initial lengths 2 a0 and of measured critical lengths 2 a . We have computed the values of the IRWIN para¬ 
meter Kc without plastic-zone correction for E = 7,500 daN/mm2 and 

Kg = v/(-nw/2) . crc . c , 

with 

c = /[m/(l - m2)] if m = 2a/w ^ 0.4 , and c = 0.414/(1 - m) if m > 0.4 . 

The asterisk indicates that rough results have been used without correction of the critical strength cr, for 
the crack-lip buckling. The nominal value of Kc , i.e., Kc , is obtained by a calculation based on the initial 
crack length 2a0 . The Kc-values that correspond to absence of lip buckling were estimated by dividing fr, 
by the KUllN’s lip-buckling correction factor, hence 

Kc = K* /(1 - 2 ao/l,000 t) . (91) 

is expressed by the formula 

Ci = ^Ult.^N - D / CD ¿WS) . 

with 

r l(m -1 if m = 2 ar7w < 0.4, and c» = 0.414 if m > 0.4 . 
D \i\ i + my ° D 

Cm is computed by dividing crN by KUHN'S correction factor. The variation of K* and of Kc in relation to 
in - 2n0/w does not exhibit a clear crack-lip length effect. Conversely, ^ increases regularly with 2aQ/w . 
Taking into consideration the preceding NASA buckling correction (published in 1962) and calculating Cm with 
the corrected value of crN , wo find substantially constant values as listed in Table 4,10. 

In this table, the relative dispersion, V %, is computed from the interquartile range for 1,02-mm-thick sheet, 
as though departures from the median values were simply due to chance; the buckling correction allows adequate 
fits, the best being obtained for KUHN's constant Cm . A large amount of published data, however, relate to tests 
carried out with no particular precaution against buckling and Cm should be calculated if the variation and 
scatter of Cm with respect to the material, heat treatment, hardening state, etc., are to be determined. This 
operation is probably useless if we consider that the test considerations of unstiffened plane sheets differ from 
the stressing of sheets used as parts of structural components. 
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TABLE 4.10 

Tests on fatigue<cracked 2024-T3 sheet specimens, fro« Crichlow 
Width w = 508 m, height L = 1016 mr. 

66 

(1) Thickness t = 1.02 mu , crult = 44 daN/mra2 

Measured quantities 

2 a„ 

mm 

45.7 
45.7 
56.5 
57 
92 
92 

137.5 
137.5 
178 
180 
256 
255 

2 a 

mm 

75.4 
74.5 
84 
82.7 

134.5 
122 
191 
224 
238 
222 
288 
328 

2 a0/w 

0.09 
0.09 
0. Ill 
0.112 
0. 181 
0. 181 
0.272 
0.272 
0.352 
0.354 
0.505 
0,501 

c I N 
daN/mm2 

31.5 
31.é 
30.8 
30.8 
26.2 
25.7 
22.4 
23.4 
21 
21.8 
20.7 
20.3 

crH/at 
N' Ult. 

0.71 
0.715 
0. 695 
0.695 
0.59 
0.58 
0.505 
0.526 
0.475 
0.49 
0.467 
0.455 

Calculated quantities 

Kc ! Kc I Kc 
daN/mm3^2 

314 
312 
316 
316 
320 
298 
344 
356 
299 
292 
274 
332 

245 
244 
256 
259 
259 
255 
270 
251 
228 
236 
204 
201 

257 
256 
272 
269 
285 
281 
313 
290 
278 
288 
275 
270 

0.09 
0.09 
0.09 
0.09 
0.12 
0.13 
0.16 
0.14 
0.17 
0.16 
0.17 
0.18 

0.08 
0. 08 
0.07 
0. 07 
0.09 
0.09 
0.116 
0.100 
0.13 
0. 12 
0.09 
0.08 

^c^2ao 
daN/nin3/2 

194 
196 
205 
207 
205 
202 
198 
200 

182 
188 
162 
162 

202 

204 
217 
220 

230 
227 
228 
232 
222 

230 
215 
215 

Relative dispersion, V % =. 5.2 7.5 4.6 2.3 6.9 4.8 

(2) Thickness 

45.5 
45.5 
91.5 
91 

t = 2.34 mm ; a. 

137 
137 
179 
178 
254 
255 

85.5 
80 

126 
122 
173 
178 
216 
215 
290 
300 

0.089 
0.089 
0. 18 
0.18 
0.27 
0.27 
0.35 
0.35 
0.50 
0.50 

31.6 
31.4 
23.9 
25.6 
18.9 
19.3 
16.6 
16.7 
11.7 
11.8 

ult, 
34.3 
34.3 
29.2 
31.2 
25.9 
26.4 
25.5 
25.7 
23.4 
23.6 

46.5 daN/mm2 

0. 74 
0.735 
0.63 
0.67 
0.56 
0.57 
0.55 
0.535 
0.505 
0.51 

364 
382 
340 
362 
328 
340 
338 
338 
321 
338 

266 
294 
289 
310 
285 
292 
294 
295 
274 
288 

Note: K is calculated with 2a/w; K. and K, 

0.08 
0.08 
0.10 

0.09 
0.12 
0.12 

0.12 
0. 13 
0. 15 
0.15 

are nominal values calculated 

275 
310 
317 
340 
330 
338 
357 
358 
366 
385 

0.066 
0.066 
0.075 
0.066 
0. 083 
0.082 
0.072 
0.080 
0.074 
0.07 

212 
212 
228 
244 
221 
226 
222 
223 
186 
189 

220 
220 
250 
267 
257 
262 
270 
272 
250 
254 

indicates that no crack-lip buckling correction has been made. 
with 2aQ/w; the asterisk 

1 daN/mm2 = 1450 lb/in2 , 1 daN/mm372 = 288 Ib/in 3/2 

The following recommendations may be formulated for designers: 

(a) Por a rough prediction of the magnitudes, the methods of KUHN and of WELB0URNE should be utilized with 
reference to the static tensile properties of the materials. 

(b) Por a more accurate prediction of the residual strength of cracked plane sheets, interpolation on 
published test data should be effected on the basis of the most appropriate of the the above mentioned 
quantities. 

(c) For an adequate strength prediction of actual structures, the only correct means consists in using 
previous tests performed on similar structures or in carrying out partial tests for which the sheet 
elements are assembled so as to be representative of the structure and that the local conditions are 
represented adequately. 

As an example for evaluating orders of magnitude, let us consider a tension-loaded 7075-T6 sheet in a section 
containing 4-mm-diameter rivets, 20 mm apart, and 0.75-mm-long fatigue cracks on each edge of the rivet holes, 
all along the rivet line. In expression (83) we have Cra = 0.28 according to Table 4.8, w = 20 mm , 2a = s!5 e 
according to the remark made in Paragraph 4.4.3, kw = 0.755 and Ku = 1.35 . The load withstood will only be 
3/4 of that of the uncracked component; this case corresponds roughly to a localized failure that occurred in 
flight on a military aircraft designed and substantiated for an ultimate load of 10 g and subjected to a load 
of about 7 g. A subsequent inspection check revealed that there were cracks all along the rivet line but that 
these were hidden by the rivet heads. 

4.5.5 Test Data for Bars with Surface Cracks Subjected to Bending 

For thick bars with surface cracks, even more than for thin sheets with through-thickness cracks, it would 
be unwise to recommend a method for predicting the residual static strength. At best, systematic tests can be 
run to characterize the various engineering materials by quantities that are valid only for comparison purposes. 
Even then, the type and size of the test piece must be selected carefully so that the resultant classification 

» 
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proves adequate for the actual behaviour of the structures. The present trend of the Service Technique Aéro¬ 
nautique (French Array) is to conduct residual-static-strength tests on square bars of section 20x20 ran as part 
of a systematic test programme designed to furnish a classification of the materials and to serve as a basis 
for more complete investigations before these materials are used in service. The test specimens and test pro¬ 
cedures have been described in Paragraph 4.3.3. It is relevant to recall that the semi-elliptical cracks are 
Initiated from electrlc-scrlber marks by subjecting the specimens to bending fatigue; final static failure in 
bending is obtained with the same test set-up (see Figure 4.19 for the specimen). 

The tests under review were carried out at the Centre d'Essais Aéronautiques de Toulouse (CEAT, formerly 
EAT). In some cases. IRWIN* s experimental method of test data analysis for the determination of Qc was em¬ 
ployed, but we have proposed elsewhere67 an approximate method for which it is only necessary to know the 
breaking load P and the apparent surface crack length, 2a , prior to the static failure test. 

The notation used is: 

P = ultimate static load to failure of the fatigue-cracked bar, 

Pu = ultimate static load to failure of an uncracked bar, 

PT = 44.4(0^ ) = ultimate theoretical value of Pu , calculated assuming that the bar is perfectly 
elastic and that the maximum stress is equal to crult§ ; PT is expressed in daN if is 
expressed in daN/mm . 

The effect of plasticity in bending and the friction on the supports give 

Pu ^ 1.5 PT - 

With the ratio P/PT plotted on the y-axis and l//(2a/h) plotted on the x-axis, where h is the width of the 
square bar, Figure 4.45 illustrates the relation 

— v/(2a/h) , 

which is represented by a straight line originating at point o (2a/h = co) and passing through the experimental 
points. In practice, the correlation holds for P/PT ^ 1 and 2a/h ^ 0.8 . The value of eQc is calculated 

from expression (25) quoted in Paragraph 4.3.3: 

ult \ 

where a. ult. 

Ef}, = 

is the ultimate tensile strength of a standard specimen. K is obtained from /(E Qc) or 

K, daN/mm372 
P daN/(anun) 

38.5 

We also have 

<K>ult>) mm“1 = 3.65 Tj mm -1 (92) 

V^Ult. K Is proportional to the absolute residual static strength, while t? and except, for one factor, 
=C3.65tj represent the relative strength, i.e., the ratio of the measured strength to the theoretical nominal 
strength of uncracked specimens, calculated by neglecting the plasticity in the elementary expressions, In 
Figure 4.45, the correlation is very good for high-strength steels that have been air-melted and are brittle 
owing to oxide inclusions; it is still acceptable for 35 NCD 16 steel treated to the usual strength of 140 
daN/mm2(203.000 lb/in2) as well as for T-AS-V titanium alloy, although most points are in the plastic range. 
In the last case, it would be interesting to have some test data available for specimens of greater cross- 
sectional area so as to avoid unexpected difficulties in the plastic range. 

It One could try and summarize the test data published on the strength of components with surface cracks, 
is our belief that this would be a vain effort because of the large variations due to shape of the specimens. 

rvM.Ttr.,0167 demonstrated that K lies between 135 and 180 daN/mm372 for the same cast of 40-CDV20 steel 
2/O..0 nnn by carrying out tests on flat specimens with semi-elliptical 

For several casts of 

Thus, DOUILLET' 
treated to crult = 170 daN/mm2(246,000 lb/in¿) 
cracks (method of SRAWLEY) as well as on the above mentioned bars subjected to bending, 
the same material the extreme values ranged from 135 to 290 daN/mm (1 daN/mm = 288 288 lb/in372), 

The discussion about the true value of .*lc Kjc remains academic, Nevertheless, it is important to have refer¬ 

ence values for classification of the variousCmaterials that are used in the engineering field. To this end, 
the Service Technique Aéronautique conducts, in the laboratories of the Centre d*Essais Aéronautiques de 
Toulouse (CEAT), systematic tests on fatigue-cracked bars subjected to bending in order to qualify the various 
states of alloys and to investigate components that have suffered damage in service. 
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TABLE 4.11 

Aluminium alloys - Bending tests on fatigue-cracked 20x20 m bars 

(a) Compositions and treatments 

In Table 4.11, the compositions together with the mechanical and fracture properties of 20 x20 x 150 m bars, 
loaded in bending, are listed for several high-strength aluminium alloys used in aircraft engineering. 

In Table 4.12, the same results are given for high-strength low-alloy steels, for steels with structural 
hardening by precipitation and for maraging steels with martensitic hardening by ageing. 

First, a few general remarks can be made. Some metallurgists still assume that the ratio or.. /crQ 2 , which 
is close to unity, is correlated with brittleness. No such correlation appears in Tables 4.11 and*4.12. Similarly, 
for 35-NCD16 steel, no direct correlation is found in Table 4.12 between Kc , on the one hand, and the notch 
impact strength Kup , the elongation at failure A % and the reduction in area 2 %, on the other hand; this shows 
the need for rupture tests on fatigue-cracked specimens with a view to characterizing the brittleness of the 
materials. 

The high values of Kc/o-ult< obtained for conventional steels, such as 3.5 for 25-CD4-S treated to 107 daN/ran2 
and 15-CDV6 treated to 110 daN/'mm2, 3.45 for 40-CDV20 treated to 130 daN/mm2, give evidence of the excellent ser¬ 
vice behaviour of medium and high-strength steels. Lower values are found on ultra-high-strength steels (180 to 
200 daN/mm2); it should be noted, however, that, of the air-melted low-alloy steels, 35-NCD16 is better than 
40-CDV20. Vacuum re-melting improves slightly the 35-NCD16 steel treated to 180 daN/mm2(+10%) and to 195 daN/mm2 
(+20%), whereas refrigeration before tempering causes no change. If treated adequately, maraging steels behave 
very well. 

(b) Tensile properties 

No Alloy °P ^0.05 ^0.1 ^0.2 ^ult °ult E 
A % 2% 

Values in daN/m2 

1 2014 41.4 56.4 57.2 57.6 60.6 71.4 6,900 10.2 17 

2 A-U4SG 33.6 42.1 43.4 44.4 49.5 58.1 7,300 9.8 18.2 

3 A-U4SG bars 40 49 50 51 56 67.5 7,230 11.3 26 

4a A-U4BG plate, long 36.6 44.6 45.8 46.4 50.4 60.5 7, 260 8.5 20.6 

4b A-U4SG plate, transverse 34.7 42.6 44.2 45.2 49.5 56.3 7,350 7.6 13.4 

5a A-U2GN, long 31.3 38.1 39 39.6 43.2 50.7 7,020 7.8 24.1 

5b A-U2GN, transverse 27.9 35.2 36,9 38.3 43.2 50.1 7,340 6.2 19.4 

No Alloy Form 
Composition % 

Treatment 
Cu Si Afe Mn Fe Ti Ni 

1 2014 Spar Cap 4.6 0.82 0. 28 0.81 0.64 0.03 Unknown 

2 A-U4SG Spar Cap 4.2 1.18 0.49 0.87 0.35 0.03 Unknown 

3 A-U4SG Bar 4.3 0,83 0.39 0.84 0.39 0.09 T6, 16 h, 160°C 

4 A-U4SG Thick Plate 4.25 0.80 0.63 0.85 0.44 0.12 T 651 

5 A-U2GN Thick Plate 2.5 0.20 1.65 0.98 0.08 1.20 T 651, 20 h, 190°C 
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TABLE 4. 11 (CoHt’U) 

A1 uminium alloys - Kernling tests on fatigue-cracked 20 x 20 mm bars 

Ce) Impact strength and static toughness. 

! ;Vo UF 
J/cm2 

’c moaa. 
daN/mm 

a 
% 

1 

2 

3 

4ft 

4b 

5a 

5b 

6.5 

8 

13.2 

8.7 

3.9 

G 

5 

! I 
0.58 0.09 

1.4 

1.9 

1.3 

0.73 

0.84 

! 0.71 
!_ 

0.58 

0.78 

0.68 

0.02 

0.05 

0.05 

0.07 

0.03 

0.05 

daN/nun 

130 

135 

175 

132 

106 

122 

109 

3/2 
ÍÃ5 daN/nun 

2.5 

4.2 

2.4 

1.54 

2. 1 

1.6 

PU/PT Kc/ault. ^Ult .^0.2 

1.67 
. 

2. 13 1.05 

1.5 2.74 1.12 

1.7 3. 13 1.10 

1.6 2.6 1.09 

1.5 2.14 1.10 

1.7 2.84 1.09 

LG 2.5 1.12 

Fig.4.45 Relative static residual strength of bars containing a fatigue surface crack. Three-point bending 
tests by the Centre d'Essais Aeronautique de Toulouse 
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4.G CONCLUSION 

Wo have pointed out In Paragraph 4.3.4 for flat specimens with through-thickness cracks and in Paragraph 4.4,2 
for Hemi-olilptlcal surface cracks that the values of Klc depend to a large extent on the critical crack length 
and on the possible difference between the initial shape and the equilibrium shape during crack propagation under 
a load leading to failure; this difference is affected by the method used to achieve the initial crack, by the 
specimen thickness, the general crack shape (part-through crack or surface crack), etc. 

It may bo interesting to compare the cracks in standard specimens with those frequently observed in service. 
Figure 4.46 shows a thin specimen with a central crack enlarged in fatigue by repeated tension; it is typical of 
the process in thin sheets loaded in tension and assembled by rivets or bolts. The central crack in Figure 4,46b 
grown from a slot that was Increased by fatigue in bending and fractured in tension, does not correspond, in 
practice, to a frequent case and is therefore of little significance. As for the semi-elliptical crack in the 
tension specimen illustrated In Figure 4.46c, it involves parasitic bending loads which change with the crack 
dimensions and specimen thickness; it is representative only of a few cases among many others. The cracked bar 
loaded In bending mentioned previously and shown In Figure 4.46d has the advantage of containing a crack that 
develops while retaining the similarity of its shape in most engineering alloys; provided the thickness is 
sufficient, this specimen is fairly representative of cracks originating from surface defects such as that shown 
at section A-A of a cracked shaft in Figure 4.46f. 

To simulate cracks contained in lugs as Illustrated in Figure 4.46g, we suggest the use of the bar shown in 
Figure 4.46e with a crack starting at an edge; this type of crack is, in practice, often found on sharp edges 
that have not been blunted during fabrication. Finally, to represent cracks in shafts as shown in Figure 4,46b 
at section Ö-B near the shoulder, we can see no other possibility than the use of a specimen of similar design. 

As regards thin sheet, we have already underlined the interest of the methods of KUHN or WELBOURNE, which 
require only elementary calculations based on the a - e curves of the materials. 

In the case of thick parts with brittle behaviour, we have made no plasticity correction of the rough results. 
Wo believe that such a correction Is not justified. First, the stress state tends toward triaxiality, which 
gives a yield stress greater than that of unnotched specimens. Secondly, WEISS, SESSLER, GREWAL and CHAIT5, 
discussing the photo-stress measurements made by EPETNAK60 and DIXON14 on thin sheets with round V-notches, demon¬ 
strated that yielding occurs at the notch root only if the average net stress is quite close to the yield stress 
of the material, irrespective of the magnitude of the theoretical stress concentration factor. This result is 
attributed by the authors to the transverse retention of plastic flow which yields a surface slip concentration 
factor p substantially equal to the elastic value until the plastic zone extends over the entire cross- 
section: 

whore fp and eq are the principal elongations. 

The CIIARPY or IZOD Impact specimens have often been utilized by metallurgists in their studies on the effect 
of composition, heat treatment and fabrication methods on brittleness. The notch-impact strength is, now-a-days, 
no longer used as a significant physical quantity by engineers. In order to obtain a more selective quantity 
for the classification of materials from the point of view of brittleness and yet retain the impact specimen, 
since its small size permits easy sampling, the metallurgists deepen the V-groove in the CHARPY specimen by sub¬ 
jecting it to fatigue. A small-size crack specimen is thus obtained, as shown in Figure 4.47a. In three-point 
bending, this specimen can be broken slowly by a static load or, dynamically, by a ram impact, as in the conven¬ 
tional notchod-bar Impact test. In the latter case, the energy absorbed by fracture or the maximum load sustained 
during the tost can be measured. 

Figure 4.47b shows the size of another specimen used by FORD, RADON and TURNER69 to investigate the effect of 
temperature, specimen size and loading rate on fracture. In Figure 4.47c, the related test data are plotted. 
The critical value of Kc of IRWIN's parameter was calculated by means of the SRAWLEY-BROWN37 expression 

K> - 1 M 12 
c “ i - V2 lly w3 

where the crack depth, a , is equal to 

i.e., the initial length, aQ , increased by a plasticity correction, w being the total specimen height, B 
the specimen thickness, L the half-length between the supports, P the breaking load, and v POISSON's ratio 
(about 0.3). At low temperature, between - 200°C and - 120°C, the steel investigated (1.6% Mn - 0.5 Ni - 0.30 
Cr - 0.30 Mo - 0.30 Cu - 0.19 C ; cr0 2 = 57 daN/mm2 . crulti = 69.5 daN/mm2 , A% = 23 , 2% = 53) exhibited a 
brittle behaviour such that the three tests yielded comparable results. With increasing test temperature, slow 
static fracture and fast impact fracture still give comparable results which vary little for small-size CHARPY 

■ 
II 

(S - SW 
^ep ” eq^mean 

(93) 
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specimens; the ^parent Kc value of the large-size specimens is, however, considerably influenced by an increase 
in the test temperature. In fact, the material exhibits plastic behaviour and the load increases whilst the 
crack grows. As with thin sheets, we consider that the minimum value Klc of Kc is more easily attained on 
small-size specimens, provided the material is brittle enough for the nominal stress to remain below the con¬ 
ventional yield strength. 

As in the case of geometrical notches, the strength can be changed by residual stresses due to pre-loading. 
For instance, the aforementioned authors report the case of a specimen, with a notch on the compression side, 
that was first subjected to inverse bending at - 75°C for determination of the nominal yield strength, and then 
tested under normal conditions at the same temperature. The K -value thus obtained was approximately a quarter 
of that found in a direct test, 
compression is again apparent. 

The detrimental effect of the residual tensile stresses induced by previous 

We shall bear in mind that the various methods proposed for the experimental determination of Klc may be 
considered as valid for a first classification of the materials with regard to their brittleness in the presence 
of fatigue cracks, provided the specimens and test conditions are the same for all tests. In all cases, the 
numerical results obtained should be used with caution for strength predictions of actual cracked components. 

Furthermore, it is noteworthy that in practice brittle failures of cracked parts are often caused by tensile 
loatis applied in the short transverse direction, that is, perpendicular to the rolling, forging or dye-forging 
plane. In this direction, ductility is often very low and can be further reduced if the material is sensitive 
to stress-corrosion. 

The advanced methods for milling aircraft wing box panels from thick plates may involve tensile stresses in 
the direction of the thickness to be generated by secondary loads, and, consequently require a high degree of 
ductility in this direction. With thick plates of A-U4SG (similar to American 2014), tension tests on micro- 
specimens cut from plates in the direction of the thickness resulted in unmeasurable elongations at failure; 
improvement of the forging process by previous “kneading” in the three directions before final rolling to thick¬ 
ness has given A% = 3, compared to about 10% in the direction of the rolling. 

In thick plates, there are six different orientations for crack specimen sampling. In Figure 4.48, from 
PAYNE70, these orientations are identified by the direction of the specimen length and the direction of crack 
propagation. Results of PELLISSIER71 relating to maraging steel (250) are reported by PAYNE: 

(JIC = 5.55 4.35 4.10 2.67 daN/mm 

Specimen direction Length Length Width Thickness 

Crack propagation Thickness Width Length Width 

To study the brittleness in any of the directions, KAUFMAN and HUNSICKER72; from ALCOA, devised the specimen 
illustrated in Figure 4.49 and having a V-notch of very small radius. In the plot of the load-elongation curve, 
fracture toughness is characterized by the nominal bend-tension stress corresponding to the maximum stress 
before failure, 

P/A + Mv/I = P/bt + 3P/bt = 4P/bt , 

and by the unit energy of crack propagation, defined as the quotient of the work of the load - from the attain¬ 
ment of the maximum value to failure - by the net cross-sectional area to be fractured: 

(/p.Ai)/bt . 

One may hope that investigations of this sort will allow the development of a test that is simple enough to 
provide comparative data on the strength of engineering metals for the three principal directions involved in 
the service behaviour of actual parts, 

KIES, SMITH, ROMINE and BERSTEIN73 have studied the brittleness of weldments in maraging steel (250) containing 
18.4 % Ni - 4.7 % Mo - 8.5 % Co - 0.4 % Ti - 0.13 & AÏ with crulti = 186 daN/ram2 (270,000 lb/in2), <r0t2 = 172 daN/ 
mm2, A % = 4 and £ % = 30. With y = 0.3 and E = J3,0Q0 dnN/nri*,‘QIc and K,c had the following values: 

Unwelded plates 

Longitudinal direction 

Transverse direction 

Qlc, daN/mm 

4.25 

3.55 

KIC, daN/ram3/2 

295 

270 

y<KIC) 
0.041 

0.06 

The strength was little affected by the weldments. 
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Pig.4.48 Various positions of specimens in a thin plate 
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PHYSICAL CIIANCKS AND hAMACK IIDRINÜ PATIGDK 

5. 1 PLASTIC PROCESS PRIOR TO THE APPEARANCE 
OF VISIBLE CRACKS 

We have seen in Chapter II, Paragraph 2.2.2, that plastic, static, creep or fatigue straining causes simul¬ 
taneous softening and hardening of the material and, consequently, an increased local diversification of the 
latter; some domains become plastically more rigid than the bulk of the material and hence carry u larger 
portion of the applied load. However, this increase in stiffness remains limited; indeed, it may bo concomitant 
with a general softening of the material. Thus, the most stable obstacles to plastic slip are overstressod and 
surrounded by a high-stress field. In addition, some dislocations are stopped by these obstacles and pile up 
against them, while vacancies are created in the crystalline lattice and the overstressed region exhibits loss 
strength in cleavage under normal tensile stresses. 

law: 
We have also pointed out that the plastic changes of the bulk of the material are governed by the following 

Static or alternating loads tend to modify the previous strain-hardened state associated with the 
mechanical and thermal history of the material by substituting a new state independent of the 
former and consistent with the new load applied (see Paragraph 2.1.3). In particular, initially 
annealed materials tend to harden and initially cold-worked tend to soften under fatigue. 

5. 1.1 Adjustments and Creep during Fatigue 

As stated in Paragraph 2.1.3, the reversed stress-strain loop of an initially cold-worked material widens 
during fatigue toward a stable shape. If the straining occurs under a reversed stress of constant amplitude, 
2o- 
26. 

the amplitude of the reversed strain in the stable condition, 2e, 
(Fig. 5. 1). If a reversed strain, 2e0 , is imposed on the specimen, the corresponding value of the stress, 

2 , is greater than its original value, 

crl , is smaller than the original, 

These conditions would be inverse for an initially annealed material stressed above its yield strength; thus, 
the reversed strain in a constant-stress-range test with cr tends to decrease whilst the stress in a constant- 
strain- range test with e. tends to increase. 

This process is of paramount importance for a clear understanding of the fatigue behaviour of notched and 
cracked specimens. A small volume of material at the notch root or at the crack tip is subject to very high 
stresses which cause rapid plastic changes during fatigue. The strains at the boundary of this region remain 
elastic owing to the elastic behaviour of the remainder of the material. The small plastic domain is therefore 
subjected on a gross basis to constant-strain-amplitude fatigue which result in a decrease of the local stresses 
if the material has been initially cold-worked. Now we have seen that the plastic flow process depends mainly 
on shear strains while crack propagation is also influenced by tensile stresses. Crack propagation will he 
delayed by plastic adjustments if the material is subjected to a strain cycle uf constant amplitude and softens. 
In the case of a material hardened by fatigue, no assertion can be made because the plastic process, which 
increases the normal tensile stress, also causes a decrease in plasticity and hence reduces the subsequent 
changes. 

Again, this phenomenon accounts for the different shapes of the fatigue-life curves obtained with the two 
types of loading, i.e., constant-stress-nmge tests and cons tant-strain-range tests, 

Since Wohler, almost all the engineering fatigue tests have been carried out under constant nominal-stress 
amplitude. Actually, constant-load-range bending tests2 and tension-compression tests on mildly notched 
specimens are intermediate cases since the stress and strain values vary at the surface during the tests. Ihe 
same difficulty is encountered in interpreting the data from constant-strain-range tests. 

5.1.1.1 Static and Cyclic cr-e Curves after Fatigue 

If stabilized a-e loops from constant-stress-amplitude or constant-strain-amplitude tests are considered 
(Fig. 5. 2), the set of points (Acr/2, Ae/2) describes a cyclic cr-e loop. For materials such as annealed or 
severely cold-worked copper in which no crystalline phase change is caused by fatigue, tests by Tuler3 showed 
that after fatigue the static cr-e curves are very similar to those obtained on the same specimen by incre¬ 
mentally increasing the stress and by measuring the strain after each increment as soon as the loop has become 
stable. As in the case of static curves, if we consider the true stress P/A , where P is the load and A 
the cross-sectional area, and the true strain e* = Jdl/Z , we find that the cyclic cr-e curves satisfy the 
relation 
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Pig.5.1 Changos In stress-strain loop 
during fatigue 

Pig.5.2 Stress-strain loops and stress-strain static 
and cyclic curves 

daN /mm^ 

Pig. 5. 3 Changes in alternating stress during fatigue tests under fixed alternating strain, 
after Smith, Hirschberg and Manson5 
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= ^E + Cîlt.^°îlt.> 
i/n (1) 

where eiit. = tt.ue elongation at static failure: *Ûn. 10g°(l-s) • 
= reduction in area = (Aq - Aujt#)/A0 , 

= cross-sectional area, initial (A0) or at failure 

= true ultinate stress = Fuit,/Aultt , 

= strain-hardening exponent. 

iVt.) 

For initially cold-worked Materials or quenched and tenpered carbon steels, n is smaller on the cyclic curve 
than on the static curve. Considering two half-loops originating respectively at point o' and point 0", 
Halford4 observed that each half-loop could be obtained approximately from the cyclic a-e curve o' 0" by 
Multiplying the ordinates and the abscisses by a factor 2. 

Instead of measuring the axial strain Ae/2 of the tension-compression test, Smith, Hirschberg and Manson5 
Measured the diametrical contraction on the specimen, wgsich is easier to perform in practice and permits the 
use of specimens with an hour-glass shape (waisted specimens). The amplitude, ÁeiJ, , of the diametrical total 
cyclic contraction is Measured and the amplitude, , of the axial total cyclic strain is calculated as 
follows: 

T 
Ad ^ 2Ae° +(1- 2^)— . (2) 

Figure 5.3, relating to an American ultra-high-strength steel (AISI 4340), shows that the change in the 
cr-£ loop under an imposed Ac^ is slow for hard metals as used in the manufacture of structures; our opinion 
is that obstacles to plastic slip are very stable in that case. However, in most materials investigated, the 
process is practically complete after one-quarter of the fatigue life. 

In mild steel the hardness does not result from a metallurgical transformation but from strain-hardening 
which implies a much faster plastic process, as illustrated in Figure 5.4, fron Benham and Ford6. In a constant 
strain-range test (Fig. 5.4(b)) the process is complete after one-tenth of the life; on the contrary, in a 
constant-stress-range test the process is both more significant and slower. This can be explained by the fact 
that the stress assumes a constant aaplltude in the latter case whereas it decreases in the former case and 
thus restrains the plastic process. 

5.1.1.2 Physical Changes in Cons tant-Stress-Range or Constant- 
Strain-Range Tests 

Figures 5.5.(a) and 5.5(b), concerning an initially cold-worked Material which softens in fatigue, show the 
variation of the cr-e curve under repeated strain or stress of constant aaplitude. In a constant-strain-range 
test the loop tends toward a stable shape under a stress varying between a positive and a negative value which 
become Increasingly similar in magnitude. In a constant-stress-range test the specimen length is gradually 
increased by fatigue creep. Ihis leads us to the second law examined in Chapter II, paragraph 2.1.3: 

A reversed strain superimposed on a steady static stress partly destroys the previous cold-work and 
is likely to cause plastic flow or creep in the direction of the static stress. Ihis accounts for the 
changes occurring in the residual stresses which tend to disappear during fatigue. 

Two examples have already been given, namely Figure 2.22 in Paragraph 2.1.3, from Bairstow, for steel, and 
Figure 3.52, from Kennedy, for the creep of lead. The same phenomenon was observed by Coffin7 for the cyclic 
tension of annealed copper and the static torsion of American 2S aluminium subjected to reversed axial tension. 
Feltner8 studied the effect of reversed stress on the creep of copper, aluminium and cadmium at -195°C and 
+27°C. In Figure 5.6, it is seen that for aluminium at +27°C, the elongation under constant maximum stress is 
at first less rapid with increasing minimum stress, the test duration at high stress being shorter; the yield 
passes through a minimum for = 0.25 and the increases, assuming such values that failure occurs 
under a repeated load with 
in cast iron. 

°Min = 0 * tecßntly« Plenard and Plessier9 have reported a case of fatigue creep 

5.1.1.3 Development and Variation of Residual Stresses 
in Constant-Strain-Range Tests 

Let us return to Figure 5.5(a): the change in the loop can be associated with a compressive residual stress 
under zero strain. Now suppose a first strain of very high value due to overloading and followed by a repeated 
strain test. Figure 5.7 shows how the static residual stress due to overloading under ^ varies and decrease 
through a change in the loop for a strain range included between 0 and £2 < Cj : the residual stress 
approaches the value corresponding to the fatigue load. However, as will be explained later, fatigue exerts a 
more complex effect owing to variations in the density of the material caused by the dislocations or, in the 
case of some alloys, by phase changes similar to those which take place in the austenite-martensite transforma¬ 
tion of steels. 
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Fig.5.5 Changes in stress-strain loop under repeated fatigue loading 
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Nevertheless, fatigue under constant-aaplitude stress also involves a decrease of high initial residual 
stresses as a result of yielding. 

All the processes described above are of great significance in the behaviour of notched parts or specinens 
since, as aentioned previously, the aateriai at the root of a notch is subject to substantial changes under 
constant-aaplitude strain. 

Figure 5.8 illustrates the development of residual stresses after application and removal of a static load 
on a bar containing a circular hole. 

The changes in stress-strain cycle at the roots of notches were measured by Crews10 on flat 4.1 ma thick and 
302.4 an wide 2024-T3 aluainiua alloy speciaens which contained two edge notches having a depth of 51.6 an and 
a radius of 42.5 ma. Resistance type strain gauges were used for the strain measurements. The same strain 
histories were reproduced in unnotched coapanion specimens to determine the corresponding stresses on the basis 
¿¿ the applied load. However, we note that the strain histories were not exactly simulated since the strain 
gradients were different. In Figure 5.9, the first alternating stress-strain cycle measured at the root of the 
notch is plotted against the nominal stresses 

Under repeated tensile loading 
lb/inz): 

(R = 0) the residual stresses were as follows, expressed in daN/mm2 (1450 

°aax nominal (Ti-jj at the notch root cr re. 'idual 

17.4 
20.8 
24.2 
27.5 
31 
34.6 

1st cycle 

35.5 
36.5 
37 
37 
38.8 
39.5 

Stabilized 

35 
35 
36 
36 
38 
38.5 

1st cycle 

-1.2 
- 8 
-13.6 
-19.2 
-24.2 
-28 

Stabilized 

- 1.4 
- 9 
-15 
-20.6 
-25.5 
-30 

Under reversed tens ion-compress ion loading (R = -1) with a first half-cycle in tension the residual stresses 
were as follows, expressed in daN/mm2: 

Nominal 
stresses 

Stresses at the notch root 

Maximum stress Residual at 
1/2 cycle 

Minimum stress Resit 
1 

fual at 
ycle 

17.4 
20.8 
24.2 
27.5 
31 
34.6 

Initial 

36.3 
35.5 
36.5 
37 
39 
40 

Stabil. 

37 
38.5 
42 

Initial 

- 1 
- 9 
-15 
-19 
-22.7 
-26.3 

Stabil. 

0 
-5.2 
-8.7 

Initial 

-31 
-34.4 
-37.2 
-38.6 
-43.5 
-46.5 

■Stabil. 

-31.5 
-37.7 
-41.4 

Initial 

7 
10.8 
14.4 
18.6 
22.7 
25 

Stabil. 

6.4 
6.9 

10.4 

It may be observed that 

(a) under repeated loading the maximum and residual stresses after the first cycle assume values that are 
close to the stable values obtained after a large number of cycles; 

(b) under reversed loading the stress-strain loop becomes narrower after the first cycle, the material 
hardens and the stresses increase, this behaviour being typical of a stress greater than the proportional 

limit of the material. 

By fitting these test results to the notched and unnotphed specimen fatigue data from previous NACA investi¬ 
gations (IN 2928 and 3866), Crews managed to establish a fairly accurate life estimate for notched specimens 

<Kt = 2) : 

Ncalculated = 195 (naxinmm) , 1.4 (mean) , 0.97 (minimum) . 
^measured 

Note that fatigue produces residual stresses after a short length of time but it must be kept in mind that 
fatigue loading in the opposite direction eliminates prior residual stresses as rapidly. 

However, residual stresses are more stable if they are due to a system of cold-straining of a different type 
with respect to the new loading, e. g., torsion for tension in fatigue, cold-worked by machining, quenching, 
cold-rolling, shot-peening, etc. Moore11 studied the effect of fatigue on residual stresses induced by shot- 



pDenInß and demonstrated that they decreased rapidly under high reversed stresses; these results were obtained 
òy measuring the curvature of a flat specimen which was shpt-peened on one surface and subjected to a reversed 
bending load. For SAE-1035 steel the variation under a reversed stress of ±17 daN/mm2 (24,700 lb/in2) was: 

N 0 10' 

percent residual stress ioo 90 

105 

80 

10' 

GO 

Recently, Moretti, Abel, Cohen-Hadrin and Roye?,36, ‘investigating steels hardened by cementation and quenching, 
nitriding or induction-hardening, have shown that surface residual stresses change little below the fatigue 
limit and decrease considerably on specimens fractured under slightly higher stresses. 

5.1.2 Fatigue Curves under Const ant-Amplitude Strain 
Loading, 

Assuming that the apparent complexities of the constant-load-range fatigue data were due to stress-strain loop 
changes in fatigue, it could be hoped that carrying out constant-strain-range tests would simplify the problem. 
However, in view of the difficulties involved, specialists were long dissuaded from undertaking such tests; 
moreover, the S-shape of. the <t-n curves, which are usually horizontal up to 1,000 cycles, suggested that the 
elementary mechanism is different for small numbers of cycles in the finite-life range and for very large 
numbers of cycles (106 to 10B) in the fatigue-limit range. 

Since Coffin12, in 1954, proposed and performed constant-strain-range fatigue tests, this method of testing 
has been employed by other investigators. The first fatigue machines used were operated at slow speed and the 
results obtained were thus mainly for low-cycle fatigue (small numbers of cycles). The need for such tests 
arose when attempts were made to solve the engineering problem of thermal stresses in conjunction with tubes 
used in chemical installation of nuclear power plants. Thus, a new field of fatigue research, previously 
ignored by laboratory specialists, was opened to investigations. In fact,the low-cycle fatigue field is that 
of military aircraft structures and has been known by structural aircraft engineers since an early date. 

Using *the notations of Figure 5.1, Coffin showed that fatigue failure in various annealed metals obeyed the 
relation 

N2’Aep = C , (3) 

which also holds for static failure under N = i , so that 

C = e ult. /2 , 

where eult. is the true elongation at the maximum true stress in static failure. 

According to a review by Tavernelli and Coffin13, the exponent £ would be valid but the straight lines 
sometimes pass above the point N = 4 , which would then be on the conservative side. 

In alternating-tension tests conducted by Smith, Hirschberg and Manson5, the preceding relation was verified 
fairly well for low-alloy steels, aluminium and 2014-T6 aluminium alloy, with exponents k in 

Nk.Aep = (4) 

ranging from 0.52 to 0.66 and values of C greater than, or equal to, ejit,/2 . However, the agreement was 
poor for the stainless steel 18-8 AISI 304 ELC (annealed) and for the AM-350 steel (16.5 Cr - 4.25 Ni - 2.75 Mo), 
Tbe exponent reaches a value of 0.73 ln T-A6V titanium alloy and was reduced to 0.34 in beryllium. 

In Figures 5.10, 5.11 and 5.13, the variations of Ae , Act/e = Ae_ and of the total strain amplitude 
AeT.= AiP + Aee 

P' 
are plotted as a function of the number of cycles. When the relationship is verified fairly 

weil, Figures 5.10 and 5.11 prove to be representative since the plastic strain Aep and the elastic strain 
Aee corresponding to the total strain range Aét vary regularly with the number of cycles to failure. If 
apparent axial stresses were used instead of true strains, tr-N curves with shapes similar to those of the 
usual Wohler curves would be obtained since the apparent nominal stress is constant between Acr/2 = crult and 
Act/2 = • Plastic strains are negligible with large numbers of cycles above 10 . 
strain-range test does not differ from the constant-stress-range test in the range N 

as a result, the constant- 
> 105 . 

A comparison of various AeT -N curves is given in Figure 5.12, after Smith and others5, In the short-life 
region (N >$ 103) , the low-alloy carbon steels AISI 4130 and 4340 (annealed or treated) exhibit a similar 
behaviour, whereas very different results would be found with a Act - N representation. In the long-life 
region, however, the data are divided into two sets, i.e., annealed steels and treated steels. The 52100 steel 
(0.02 C - 0.35 Mn - 0.28 Si - 1.45 Cr), treated with final tempering at 415°C, has a behaviour quite different 
from that of the two preceding materials, as it is an ultra-high-strength steel (cr ult. 200 daN/mmz, 
227 daN/mm2, o-Q Z = 196 daN/mm2 = 275,000 lb/in2, 2% = n.2, = 0.12) with low plastic strains at fatigue 
failure. On the contrary, the T-6A-V titanium alloy (crultt = 126 daN/mm2 = 182,000 lb/in2, ajlt> = 176 daN/mm2, 
^ = 122, 2%= 41, e*lt = 0.53) ranks as a better strain-resisting material. High-strength aluminium alloy 
(2014-T6) and annealed AM 350 steel (16.5 Cr - 4.25 Ni - 2.75 Mo) si jw intermediate curves. 
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Although the differences between the various metals investigated are smaller than in constant-stress-nnge 
tests, there is no AeT - N curve applicable to the various engineering materials. 

Figure 5.13 contains an example where the relationship of expression (4) is not verified. 

5.1.2.1 Stability of the Cold-Worked State 

When studying the effect of preloading and overloading during fatigue, it is helpful to know how stable the 
cold-worked and the fatigue strain-hardened states are. In Figures 5.14 and 5.15, after Coffin7, the stress 
amplitude Act is plotted against the number of cycles for alternating-tension tests on 2S aluniniun with a 
diametral total strain range Aed . Annealed 2 S-0 aluminium (see Figure 5.14) hardens through fatigue and the 
stress amplitude Acr gradually increases under constant Aed . The 2S aluminium is initially hardened by a 
compression prestrain e0 = -o. 20 and softens under alternating strains of different amplitude in tension. It 
is seen that the effett of static prestraining disappears very slowly although the fatigue life is only slightly 
modified. The effect of tensile and compressive preloading is illustrated in Figure 5.16. 

In Figure 5.17, after Dugdale14, the plastic changes in copper are shown by the variation in stress amplitude, 
i.e., Act versus cumulative plastic strain ^A£p . The return to steady conditions takes place fairly rapidly 
after each drop in the load level. Tuler3 found similar results: the return to normal condition? is fast in 
terms of number of cycles, and the previous strain histoiy seems to be cancelled out rapidly if the plastic 
strains are moderately high. 

5, i. 2. 2 Torsion Tests 

Halford and Morrow15 carried out constant-strain-amplitude torsional fatigue tests in the life range of ½ to 
20,000 cycles. Tubular specimens were used for brass and SAE-4340 steel (D = 14.3 mm and thickness t = i.e nm 
for the brass; D = g,05 mm and t = 0.51 mm for the steel). 

The tensile properties of the cold-rolled 19 mm diameter brass bars were as follows: 

°u.2 ^ult. °3lt. E 

daN/mm2 30 47 0.675 

lb/in2 43,500 57,300 107,000 13.3 106 

with cr = 69 Cp*21 daN/mm2 . 

In static torsion, Tunt = 36 daN/mm2 and 7uit> - 0.879 were obtained for N = i cycle. 

In fatigue under alternating torsional straining, if Ayp represents the r-y loop width which is kept 
substantially constant during the test, the points log Ay - log N are plotted on a straight line of slope 
0.52 which passes through the static test point: Ayp(2N)0,52 = yult 

The SAE-4340 steel, containing 0.40 C - 0.81 Mn - 0.85 Cr - 0.24 Mo - 0.25 Si, autenized at 830°C, quenched 
in oil and tempered for 1 hour at 205°C, machined and then stress-relief treated for 1 hour at 205°C, had the 
following properties: 

V2 ^ult. 
daN/mm2 172 192 265 

E 

21,300 

lb/in2 250,000 280,000 384,000 31 < 106 

e5n. 

41 0.524 

with a= 255 e3,057daN/mm2. In static torsion Tult> = 120 daN/mm2 and yult = 0.29 were obtained for 
N = » cycle. In fatigue, Ayp*(2N) °*60 = yulti was found. 

5.1.2.3 Bending Tests 

Gross16 carried out constant-deflection alternating-bending tests on slightly notched specimens (K- = 1.03) 
The strains, which were measured with strain gauges bonded to the test section, and the bending moments, which 
were measured with strain gauges bonded on the loading bar, were fed into a recorder and moment-strain loops 
were obtained. Thus, the total strain AeT could be determined with accuracy and the plastic strain was defined 
by the loop width. The range of numbers of cycles to failure was comparatively small: between 102 and 104 for 
HY-100 steel, between 6*102 and 104 for most of the other cases. In this low-cycle region, the regression lines 
log Ae - log N which fit best to the test results were determined by the author. If we define a transition 
life Nj. for which Aee = Aep (see Figure 5.10), most of the results obtained by the author correspond to 
N à Nt , whilst previous test data often implied N 4 Nt . It is therefore normal that the author should find 
values for the exponent k in Ae^n^ - c that are smaller than those indicated by the preceding Investigators, 
For comparison of the results with those of NASA5, we have plotted the expression Ae 'N0*34 = 0,17 , proposed 
by Gross for steels, in Figure 5.12, which gives some NASA results. This curve and tRe data for’4130 and 4340 
steels are very similar in the range of 600 < N < 2* 104 . Thus, the results of Gross are apparently valid but 
his interpretation is questionable for N < 100 and N > 104 . An equally good agreement is found between the 
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Gross' » s resuUs and the NASA s results for 545G-H 311 aluminium alloy containing 5% Mg and 0.73% Mn. for which 
the relationship Ae^N0* = o.07 is verified by the NASA results in the region of 
appears too conservative outside this range. 

103 < N < iou whereas it 

If we consider the NASA results in terms of total diametral strain, 
all the materials investigated exhibit similar Aej} - N 

it is seen from Figure 5.18 that 
curves in the region 103 < N < iou . Gross proposed 

to take the following average expression for all the steels and alloys which he studied 

Ac ‘N0-34 = 0.17. (5) 

In the plastic range we have ^ = 0.5 and in the elastic range roughly v = 0.3 . By using an intermediate 
value, ^ = 0.4 , it follows that 

A4 =0.4 Ae- and Adj,*N 
0,31) 

= 0.068 

Tills expression Is illustrated in Picure 5.IS by a line which is slightly conservative with respect to the 
NASA results in the region *«3 ^ .»u . 10 < N < 104 ; it is highly conservative for some materials outside this region. 

We recognize that flexural tests are useful for constant-strain-range fatigue studies but it is our belief 
that the whole range included between static failure and IO6 cycles should be-explored since extrapolations 
always yield questionable results. 

Lot us return to the plastic and elastic strain indicated in Figure 5110. '5f N > IO4 , the mean plastic 
strain will be negligible, which does not mean that the damage will no longer Jje governed by plastic strain but 
simply that the latter, of small mean value, will be greater in some favourably oriented grains and in small 
domains-with stress concentrations inside the grains. Therefore, appeal to be a better parameter than 
e,, in the high-cycle region. With Ae, ■Nk = C Gross showed that, if < N < 10 
to 2. 40 depending on the material and does not have the constancy obtained for N < JO 
Note that, as regards stainless steels, Figure 5.13 indicates k = 0.82 

k varies from 0.42 
by other experimentators. 

I0J < N < 10' 
for N < 10 and k = 0.086 for 

For these reasons, fatigue life calculations based on the plastic sferqin energy release during fatigue, as 
proposed by Feltner and Morrow14, Morrow and Tulor15 and other authors,,, are restricted to the 10 < N < io3 
range, except for some materials, 

1.3 Changes in Stiffness and in Dumping During Fatigue 

Much work has been devoted to the changes that occur in the physical properties of materials during fatigue: 
cr-6 loop adjustment (see Paragraph 5.1.1), elongation (see Paragraphs 2,1.3, 3.2.6 and 5.1.1.2), crystal 
lattice disorientation, electrical resistivity, thermoelectrical coefficient, magnetic permeability, modulus of 
elasticity, damping, etc. We shall first examine the changes in the moJulus of elasticity and in dampine as 
measured under low-amplitude vibration. 

In his thesis Karins19 investigated the changes in the modulus of elasticity and internal damping of standard 
engineering materials subjected to rotating-bending fatigue. Measurements of the modulus of elasticity and of 
damping were carried by the Forster method on the basis of the response of the specimen to 500 Hz vibration 
excitation in bending under very low stresses of about 10 doN/cm2. The damping was caused by the thermoelastic 
or magnetoelastic effects which have been studied by Zener20 and was influenced by the heterogeneous material 
structure und the internal stresses. Figure 5.19 shows the changes in the modulus of elasticity, E , and 
Figure 5.20 the changes in damping in German St. 37 mild steel. . Karius concludes as follows: 

1. Changes due to reversed loading are of the same nature and develop in the same manner under fatigue 
conditions for all polycrystalline materials. 

2. TTie increase in damping and the decrease in the modulus of elasticity are due to plastic strain and to 
changes in the internal stresses; the significant final changes indicate macroscopic cracks. 

3. Notched-specimen tests have demonstrated that the changes are dependent on the volume of stressed material. 
The initial changes take place in the entire volume whereas the large changes prior to failure are observed 
only in the fracture area. In severely notched specimens where the stressed volume is very small, some 
visible cracks which do not propagate are formed prematurely. 

4. In the initial stage, the changes in the modulus and in damping can be partially restored at room tempera¬ 
ture and completely restored above 150°C. From this we may conclude that the crystal lattice distortions 
are responsible for the changes. 

5. Heating of the specimens is responsible for certain anomalies under high stresses. 

Wo believe that the changes in the modulus of elasticity correspond to changes in the mean value of the 
lattice parameter of the crystal unit coll, owing to lattice distortions and to nonlinear relationship between 
the interatomic forces and the atomic spacings, as was seen in Paragraph 2.1.1. 
the size of the unit cell in the absence of strain, and 

In Figure 5.21, let dn be 
fc, ft , the interatomic compressive and tensile forces, * - -Q ’ - £ 9 MW* W VUJJJ|JA WkJkD a V C UHU Li 

Il we assume an average equilibrium in the material and compare the compressive and tensile strains 
... J ¿1. i. 1. -1J A ? 

t • .* -- -n — ^ „V. »Win*,* wutjAuii uiiu bite miX o uexx 
dc and dt 

with the condition = fx . then the unit cell d„ subject to compression and the unit cell df subject to 
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Note :1 daN/mm2= 1,450 lb/in2 

Or = 32daN/mm2 

stating bending 
fatigue of German 

|St. 37 mild steel. 
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Fig. 5.19 Changes in modulus E during fatigue, 
after Karius19 

Fig, 5. 20 Changes in damping19 
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Fig. 5.22 Size of the lattice unit cell of copper, 
after Crussard and Aubertin*1 
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Fig,.5.23 Rotating bending fatigue of mild steel changes in damping and in secant modulus, after Lazan22 
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tension are such that (d0 - dc) < (dt - d0) . nio mean unit cell dm increases if there are internal stresses 
or lattice distortions, and the modulus of elasticity decreases since the changes in the atomic spacings arc 
greater in tension than in compression. The change in density with strain-hardening has been investigated by 
many authors. Crussnrd and Aubertin21 have found that, in the case of copper, strain-hardening increases the 
mean value of the unit cell size while maintaining the minimum value; in Figure 5.22, the reverse effect of 
recrystnilizutiou on the statistical unit cell distribution between the newly formed grains is illustrated for 
very pure copper. Hie unit ceil of the perfect material is (3607 ± 0.05)*10"3 A ; through recrystallization, 
grains with a small unit cell develop at the expense of the others. 

tto may consider that in Figure 5. 19 the decrease in the modulus of elasticity implies an increase of the 
crystalline lattice distortions and of the dislocation or vacancy density. 

Lazan22 studied the changes of the secant modulus of elasticity, Es = cr/e , and of the energy release per 
cycle during rotating-bending fatigue tests. If h is the deflection in the direction of the load und l the 
deflection in the perpendicular direction at the end of a cantilever specimen, the secant modulus is measured 
by Kcr/h and the energy dissipation by ko7 . Figure 5.23 reproduces some of Lazan's results for mild steel. 

Under stresses below the fatigue limit, the secant modulus mid the damping tend to assume steady values; 
however, these latter values are not constant us they depend on frequency. Thus, for mild steel SAE 1020 
subjected to 3* 107 fatigue cycles at o-= ±03.2 duN/mm2 and then cooled and tested at various frequencies, the 
damping value reaches a maximum ut 1 c/m (Aw = 24.5 J/cm3) and then decreases (Aw = 9.8 J/cm3) at 1,000 c/m. 

Furthermore, plastic damping varies with the duration of the period of rest: it first increases by recovery 
und then decreases after the solute carbon atoms have returned to their ordered locations23. Karius observed the 

same cause of decrease with damping at very low vibration amplitudes. 

After tin* period of rest, subsequent fatigue reduces the stabilized plastic damping to a value smaller than 
that observed before rest2“. From this we can conclude that in the case of mild steel the dummes in dumping 
mid in the modulus of elasticity cannot he used us n reference for fatigue damage. 

Indeed, rotating-bending tests conducted by Lazan and Wu23 on 14.8 mm and 13.2 mm diameter mild steel tubes 
showed that the damping became again stable even in specimens that later failed under the same alternating 
stress (Fig. 5. 24), and that the same damping value, for example 0.01, corresponded to a relative duration of 

N/10 for o- = ±2G. 2 duN/mm2 and of N/500 for cr = ¿29.6 daN/mm2 . 

Apart from plastic damping, Zener26 describes other forms of damping: 

- Considerable damping is caused in ferromagnetic materials by the magnetic hysteresis and eddy currents. 

- In carbon steels, the solute carbon atoms, after settling in the dislocations, move along with these dis¬ 
locations, which involves greater resistance and a dephasing between the load and the deflection26. 

- Hie thermoolnstic coupling investigated by Zener20*27 results from cooling during adiabatic elongation 
and from thermal expansion under constant pressure. If the stress is not uniform, then the temperature 
will not he uniform either; thus, the stress gradients, and hence the temperature gradients, will produce 
heat fluxes which will cause an increase of the entropy and an irreversible transformation into heat of a 

certain amount of the mechanical energy. 

In the case of elastic materials subjected to slow loading, the isothermal modulus of elasticity is 
Young's conventional modulus; on the other hand, with rapid loading, no heat release can take place, 
thermal agitation diminishes the compressibility, and the adiabatic modulus obtained is higher than the 
isothermal modulus. The heat transfer from highly stressed regions to regions subject to lower stresses 
produces a damping loop. This loop exists even with stresses that are homogeneous on the geometric scale, 
owing to the crystalline anisotropy on the scale of the grains. 

At very low frequencies, loading and unloading are isothermal and the damping is negligible. At very 
high frequencies, both conditions are adiabatic and the damping is still very low. At intermediate fre¬ 
quencies, the damping goes through two maximums, the first being associated with the stress gradients on 
lhe geometrical scale and the second with the stress gradients on the scale of the grains. 

In assemblies, dry friction between the various components covers all other forms of damping. It increases 
during Fatigue because of the increased play due to wear or fretting. On structures of fairly simple design, 
a change in clumping may indicate an incipient damage, as was the case with the fan blades of the large 0NERA 
wind tunnel at Modane (France), when dumping measurements under resonant vibration conditions were followed by 
n check which showed the need for further tightening of the blade attachment nuts. 

On complex structures, localized changes in the damping of a particular assembly cannot be distinguished from 
the overall damping and are therefore undetectable. It follows that, while measurement of a large change in 
damping may indicate an overall increase of the plays in the assemblies, the absence of any detectable change 
does not allow the statement that the structure concerned is not severely damaged. 
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Fig.5.26 Magnetic tests of fatigued specimens after Cavanagh35 

Fig. 5. 27 Fatigue test on a rail with measurement of the losses in 
several sections by means of the cyclograph at a field 
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5. 1.4 (liantes in the MacncLic (fciantilies during Fatigue 

Some investigators have attempted to analyze the fatigue phenomena in materials by means of magnetic 
measurements so as to determine the fatigue limit of magnetic materials by a nondestructive method. Mönch2®, 
for example, studied the changes in reverse magnetostriction during torsional fatigue. Fink and Hempel29 
studied the induction changes at constant magnetic field during rotating-bending fatigue. Langevin and his 
co-workers30.3* examined the variation of magnetic permeability with the loads applied during a tension test. 
Ihus, they showed the existence of a function, the discontinuity of which is associated by them with the 
fatigue limit. 

In Chapter II, Paragraphs 2.2.2 and 2.2.3, we have made the assumption, well supported by known facts, that 
plastic changes leading to fatigue failure correspond to the distribution of external forces over a decreasing 
number of regions which would thus be subjected to local overloads, if, by some method, a quantity varying with 
the local stresses during loading and with the local residual stresses after loading could be measured, there 
would be hope that fatigue failure might be predicted from the changes of this quantity. 

In this connection we invited Schweizerhof32 to investigate the potential uses of magnetic measurements. 
‘Ihe subsequent experimental study, continued by Guyot33, was concerned with pure nickel and 48% Ni ferronickel 
wires subjected to static tension and to fluctuating fatigue with a static component. However, this study was 
brought to an end before actual measurements could be carried out under loading conditions, so that only data 
on the changes in the magnetic quantities as affected by residual stresses are available. 

According to Schwoizerhof, the initial magnetic permeability at low magnetic field, , is associated with 
Kerston’s average stress34, 

õj = average of [IcTj - ct2I + |cr1 - o-3l] , 

through the relation 

cr^ being the highest tensile stress and IcTj - o^l, lo^ - <t3I the absolute shear values on the planes at 45° 
with the direction of crt . Consequently, in the tests conducted on the unloaded specimen, was associated 
with an average of the absolute residual shear values. 

Figure 5.25 shows the variation of the initial permeability, fiQ , in ferronickel wires under axial fatigue. 
It is seen that the curve is similar to that of damping as studied by Lazan for mild steel (Fig.5.24), and that 
iimt' to failure cannot be predicted on the basis of this quantity. 

For completeness wo must also mention Cavanagh's work35. He performed rotating-bending fatigue tests on 
hourglass-shaped Avery specimens having a minimum diameter of 12.7 mm. Using a detection coil which was placed 
around the specimen and a Du Mont cyclograph which produced a magnetic field strength of 1 Oe at a frequency of 
5,000 Hz and was still active over a depth of 0.6 mm in SAE 1025-steel, he measured the sum of the losses due 
to eddy currents, to resistivity and to magnetic permeability, as well as the variation of these losses during 
fatigue. 

For 60-40 brass, aluminium and several steels, the changes observed exhibited the same form, as illustrated 
in Figure 5.26. Under alternating stresses below' the fatigue limit, the relative losses in naturally work- 
hardened engineering metals decrease and asymptotically approach steady values. Under alternating stresses 
above the fatigue limit, the initial decrease in relative losses is more pronounced but, after reaching a 
minimum, these losses again increase until fracture occurs. We may compare this to the hardness changes 
measured by Polakowski and examined in Chapter II, Paragraph 2.1.3, Figure 5.27, after Cavanagh35 contains 
similar measurements performed on a rail section during fatigue tests under a rolling load. JVo correlation was 
found between the measured losses and the fatigue r/omage. 

5.1.5 Electrical Resistivity Changes with Plastic Strain, 
Annealing and Fatigue 

The electrical conductivity is very high at very low temperatures near the absolute zero (superconductivity), 
whereas the thermal conductivity is very low under the same conditions. A good correlation was found by Powell, 
Hickman and Tyc37 between the thermal conductivity, K , and electrictrial resistivity, p , of magnesium and 
thirty magnesium alloys over the temperature range 293-523°K: 

^ = 2.206 10‘8 T/3’1 + 0.096 

the maximum difference between the measured values and the values of this expression being about 5%. Accordingly, 
the resistivity of a material that is stabilized by annealing does not seem to be dependent on thermal agitation. 

The present opinion of physicists is that electrical conductivity consists in the passage of an electron from 
the outer shell of an atom to that of a neighbouring atom through covalent bonds (electrons circulating around 
two atoms). Thermal agitation causes the electrons to move in a disorderly manner which delays the electron 
flow and favours collisions between electrons and positive ions. 
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Not* : thi dotted line is an «timat« from ^9» 

Fig, 5; 28 Cooparison of the rate of release of stored energy upon annealing, (dll/dT), with the decrease in 
resistivity (Ap) ®nd the Vickers hardness number for various annealing temperatures (after Boas“2 

who reports results obtained by Clarebrough, Hargreaves and West on specimens deformed in torsion 
to nd/1 = 2.34° 

Fig. 5.29 Electrical resistivity (A) and yield stress (B) of copper strain-hardened in twision at 4.2 °K 
after annealing to various temperatures (after Berghout; Figure taken from Reference 40) 
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Fig,5.30 The energy release spectrum for brass and pure copper compressed at liquid-nitrogen temperature 
(after Henderson and Koehler“3) 
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Fig, 5. 31 Vacancy concentration in nickel as a function of deformation by torsion. Curve 1: from density 
measurements. Curve 2: from measurements of electrical resistivity (after Boas“2) 
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Vacancies, stacking faults and dislocations introduce local disturbances in the orderly crystal arrangement, 
so that the electrons in the outer shell of each atom no longer occupy interchangeable relative positions; this 
causes- the electron flow to decrease in the same way as with thermal agitation. Feltham38 assumes that vacancies 
correspond to a missing positive ion and tend to repel free electrons. 

Basinski. Dugdale and Howie39 consider that elastic shear strain in crystal lattice unit cells is more 
efficient than expansion for the resistivity increase, and that it accounts more adequately for the action of 
the dislocations. Furthermore, in the course of their movement resulting in plastic deformation by slip, the 
dislocations generate vacancies, especially at the intersection of two dislocations, on two different slip 
planes, whereby a step (jog) is created on the path of one of the dislocations. 

Some correlation has been established between the resistivity und the strain energy liberated upon annealing. 
Hie changes in Vickers hardness“, resistivity and rate of release, dU/dT , of stored energy (expressed in 
mW/degree) are plotted in Figure 5.28 for nickel specimens, after Boas42. For comparison, a dotted line is 
drawn to indicate a rough estimate of d¿V/dT ; the rate of change in resistivity varies with the annealing 
temperature in accordance with the rate of energy release. 

In Figure 5.20, from the work of Berghout quoted in a review of the matter by Koehler, Henderson and Bredt40, 
the changes in resistivity (curve A) and in yield stress (curve B) are shown for copper work-hardened at a very 
low temperature, 4°K, after annealing at various higher temperatures. Four stages of rapid decrease in resis¬ 
tivity can be observed. In Figure 5.20, from Henderson and Koehler43, the rate of change ( 1/mc) (dU/dT) of 
the energy liberated on annealing at a temperature T is illustrated for brass and polycrystalline copper by 
a spectrum containing one or more maximums which may be compared with the maximum resistivity slopes of Figure 
5.28. The copper was compressed at liquid-nitrogen temperature. In the expression 1/mc , m is the mass of 
the electron, i.e. 9.01,10‘28g, and c the velocity of light, i.e. 2.998* 1010 cm/sec. 

Stages I and II of rapid change in resistivity with annealing temperature are mainly found in specimens 
irradiated at low temperature with nuclear particles. Stage I is ascribed to the motion of interstitial atoms 
in mi ideal lattice. It is assumed that Stage II results from interstitial ••crowdion8,, which have been trapped 
at lattice vacancies in the manner suggested by Lomer and Cottrell44. Stage III is believed to result from the 
motion of di-vacancies, and Stage IV from that of single vacancies40. The multiple peaks in the energy release 
may arise from the effect of residual internal stresses on the migration energy of the vacancies. Stage V 
appears in cold-worked specimens for an annealing temperature range 130-230°C; it does not affect the yield 
stress. Stage VI, which occurs at about 300°C for annealed copper, seems to be associated with recrystallization. 

Tbe assignment of every peak in the energy release to a particular cause within a given temperature range 
results from a comparison of theoretical and experimental activation energy values (see Section 2.5 and Paragraph 
5.2.4); it is, to a large extent, associated with vacancies, probably because the theoretical values are then 
more readily calculated. 

We shall simply bear in mind that the variation of resistivity with work-hardening is dependent on the lattice 
distortions induced by plastic strain, and that its reverse variation with annealing temperature reflects the 
distribution of stability of these distortions with regard to thermal agitation. If the damage suffered by a 
material under static, creep or fatigue loadings is, as we believe it to be, related to a constant increase of 
the portion of external loads that is sustained by domains which decrease in number and size and thus form more 
stable obstacles to plastic deformation, then the changes in resistivity will, at best, be a rough reference for 
damage. If the crystal lattice distortions increase homogeneously in number while causing the stiffness of all 
slip barriers to bo raised proportionally, then the resistivity increase will not correspond to damage. On the 
contrary, as we have seen in Paragraphs 2.1.3 and 3.4.2, static or fatigue deformation first involves a decrease 
in the previous work-hardening, hence probably in resistivity, although this process lends to subsequent 
damaging. Hi* shall therefore assume that resistivity does not provide a measure of damage but that it is one 
of the best possible references for it. 

In the case of the pure metals investigated, i.e. 99.999% copper studied by Blcwitt, Coltman and Redman45, 
and silver studied by Kovacs, Nagy and Feltham46, the resistivity change due to plastic slip was found to be in 
direct ratio to the square of the applied stress and to increase with the shear strain energy. Inasmuch as the 
plastic strain energy used in the áücccssive fatigue cycles reaches a given value at fatigue failure, the same 
reasoning might bo applied to the resistivity. However, the resistivity, like the energy release per cycle 
varies no longer after a large number of cycles at stresses below the fatigue limit, whereas the total energy 
release is constantly increased. 

By ascribing to vacancies the total changes in density and resistivity which occur in nickel deformed by 
torsion (see Figure 5.28) in the temperature range of 200-300°C, Boas42 calculated the vacancy concentration, 
in atomic %, from density measurements - the increase in volume associated with the formation of a vacancy being 
0.9 of an atomic volume - and from resistivity changes - an increase of 1 at. % vacancies corresponding to 
4 ¿¿fi cm . Figure 5.31 contains the results of these calculations. We shall find similar curves for the changes 
in resistance in fatigue life gauges. 

5.1.6 Fatigue («auges 

Since World War II, “stresses'*, or - to use a more correct language - strains at the surface of parts 
have been measured by means of siruin gauges bonded to the test pieces. Initially, these gauges, which were 
developed by Do Forrest, consisted in very thin folded and heavily work-hardened constantan or ferronickel wire. 
More recently, foil gauges, made from thin work-hardened foils by cutting or chemical machining, have been used. 
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In 1959, the Boeing Plight Test Organization reported an anomalous increase in resistance in some of these 
gauges and the same changes were observed during fatigue tests in gauges bonded to specimens. After various 
investigations, Harting147 attributed these resistance changes to modifications in the gauge material under the 
effect of plastic strain and fatigue. He then proceeded to a study of the use of specially designed gauges, 
highly sensitive to the fatigue of structures. TTie -S/N-Fatigue Life Gage46, which has been developed and 
patented by the Micro-Measurements Inc., is a small bondable resistance sensor similar in appearance to a foil 
strain gauge. The sensing metal element is made from very thin rolled and annealed aluminium foil and is 
encapsulated with a soft material backing which can be bonded to metals. 

In January of 1967, Horne149 examined the above mentioned gauges and some others in a feasibility study of 
their use as fatigue damage indicators. More recently, Matlock50 undertook a supplementary study on the same 
subject. Various similar investigations are now being conducted by NASA at Langley Field, Sud-Aviation at 
Marignane, Fiat in Torino, and others. 

Owing to their high degree of work-hardening, strain gauges, whether extruded or rolled, proved to be stable 
enough in fatigue to prevent any plastic change from being detected during dynamic measurements; they were 
moderately responsive to temperature changes since most of their resistivity resulted from crystal lattice 
distortions due to work-hardening and residual stresses. An additional mean tensile stress would cause a cross- 
sectional area reduction of the foil or grid, whereby the resistance would be increased with no significant change 
in resistivity. After removal of the load, the resistance would again assume its initial value. 

On the other hand, measurements published in connection with fatigue damage gauges have all been carried out 
upon unloading. Ttiese measurements are relating to the resistivity changes under the effect of plastic deforma¬ 
tion in the gauge material subjected to strains by the basic structure. As the gauge material has initially 
been annealed, the greatest portion of the initial resistance results from thermal agitation, hence the 
coefficient of thermal variation is much greater than for strain gauges. During'fatigue, the amount of resis¬ 
tivity due to stable lattice distortions which are produced by strain-hardening in fatigue is constantly raised 
and the gauge becomes less and less temperature-sensitiveM9. 

As long as no microcracks appear in the gauge material, the resistivity reflects the crystal lattice distor¬ 
tions created by plastic slip, i.e., by shear; consequently, the changes in resistivity should be the same, 
whether the basic structure is subjected to compression or to tension. This was observed by Horne with static 
loading and by Matlock with repeated tensile or compressive straining. 

The naiite experiences the straining of the basic structure only through the largest shear strain to which 
the structure has been subjected previously and through the whole shear strain history; the response of the 
gauge consists in a particular summation which is not necessarily a measure of its own fatigue damage and 
certainly not a measure of the damage suffered by the structure since it does not distinguish between tensile 
and compressive stresses. 

It should be remembered that a fatigue gauge is also a strain gauge under load, the gauge factor, i.e. the 
ratio of change in resistance, Ar/r , to change in elongation, Al/L , being substantially equal to 2; if the 
proper weight of the structure has an effect on the gauge, then the measurements must be carried out under the 
same loading conditions. 

Methods of Testing 

Since fatigue damage gauges are sensitive to strains imposed upon them by the basic structure, test data 
analysis would prove easier if the specimens were subjected to known strains. It is difficult to control tests 
with conventional strain gauges as the scatter in fabrication and errors due to thermal compensation do not 
permit absolute measurements to be made within more than l(T5 of relative elongation. Home performed most of 
his tests on coupons subjected to known axial stresses; however, some tests conducted on bending beams under 
constant-amplitude surface stresses were in good agreement with the axial tests. Hence bending specimens can 
be used for the evaluation of fatigue sensors and the test will be a constant-amplitude strain test if the load 
applied results from the deflection imposed by an eccentric, at least as long as the stiffness of the specimen 
is not modified by cracks. 

Shape and fíepresentation of AR-n Curves 

Figures 5.32 and 5.33 show the results of two tests carried out by Sud-Aviation51 to investigate the changes 
in resistance in NA-01 fatigue gauges. Hie gauges were placed on flat specimens subjected to repeated bending. 
The data are represented on logarithmic and linear scaíes, respectively. On the IpgAR-log n diagram, the 
two triangles indicate a shift in slope in the curves, which, according to the gauge manufacturer, is the sign 
of crack initiation. This may be possible; however, in the course of the same test series, some gauges, with 
a shift in slope for AR-values included between 4 and 7, remained uncracked after the fatigue tests were con¬ 
tinued up to considerable values of Ar , ranging from 19 to 95. In our opinion, the shift in slope was an 
indication of fatigue within the gauge but not of fatigue within the structure. It would be of interest to 
study the gauge independently of the structure. The only wav of doing this would be to use a structure 
capable of sustaining a very high “endurance limit" strain; during the fatigue under axial tension, a check 
would have to be made to establish that the cr-e curve of the structure does not vary in the cyclic strain 
range under review. 
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Figuro 5.34 contains calibration curvos for NA-01 fatigue sensors based on information from the manufacturer. 
For moderately high strains and small numbers of cycles, the rectilinear portions of the curves satisfy the 
expression 

Ar = 0.63* 10“5(ea - £0)*nk . 

where Ar = change of resistance from the initial value of loo ohms, 
n = number of applied cycles, 

= alternating strain, 
eo = K«Uge "endurance limit'* strain (about ±1400* 10’6), 
k = exponent ranging from 0.4 for low strain values to l for the highest strain values. 

For values of eu smaller than , the change in resistance is negligible in practice, except for very 
high numbers of cycles (> io6) in which case the resistance approaches a saturation limit; the orders of 
magnitude of those values range from 0.03 ohm at isOO'lO"6 to 1 ohm at +1400-10-6. Like the conventional 
fatigue limit, the "endurance limit" under reversed strain decreases if a steady simultaneous tensile or com¬ 
pressive strain is applied. Since no cracking is involved, the maximum shear strain is predominant for the 
overcoming of the obstacles to plastic slip. Consequently, steady tensile strains and steady compressive 
strains play the same role in the process. 

Effect of Chances in Load Amplitude 

The solid curve in Figure 5.35 represents the changes in resistance in a NA-01 fatigue gauge bonded to a bend 
specimen which was subjected to the following sequence of fatigue loads: 

106 6 = ± 1480; 1500 i 1500 ; 2500 ± 1500; ± 1500; ± 2000: ± 1000 

n = 300 600 3100 6000 30,000 30,000 
and finally 30,000 cycles with 106 £ = ± 2000. 

First, after 10,000 cycles at 106 e = ± 1500 the curve An = f(n) approaches fairly rapidly the dotted 
calibration curve which corresponds to a constant strain amplitude of ± 2000*10"6; 10,000 cycles at ± 1500 
and 20,000 cycles at ± 2000 yield a result similar to that of 30,000 at ± 2000. If the calibration curve is 
shifted so, as to pass through point A, it is found that the first loading at ± 1500 increases the rate of 
strain-hardening, dAR/dn , at the onset of the second loading; apparently, the crystal lattice distortions of 
the gauge are greater in number although less intense than those generated over 1800 cycles at ± 2000 (point A'). 
Under further loading at ± 2000, these distortions promote the initiation of further more severe distortions 
which are greater in number at the beginning. The additional strain-hardening is measured by calculating the 
difference of the ordinates between the curve AB and the calibration curve which is shifted toward the n-axis 
and passes through point A. 

After a high enough number of cycles, here at point B, the additional strain-hardening becomes constant and 
the curve approaches the dotted calibration curve for ± 2000, 

Secondly, subsequent loading under 106 £ = ± 1000 below the gauge threshold sensitivity has a similar but 
very small effect on the strain-hardening caused by restoration of the load at ± 2000 (curve CD). 

Let us go back to Figure 5.16, which concerns the effect of pre-straining on the stress-strain cycle of 
aluminium. The effect of high tensile or compressive pre-straining disappears after a few hundred cycles. It 
may be assumed that the same phenomenon occurs in fatigue gauges and that the steady mean strain produces 
merely the resistivity increment that is caused by its first application, as was observed by Micro-Measurements48. 

Although the variation of the stress-strain curve of 7075-T6 aluminium alloy sheets is certainly subject to 
some scatter - since the strains in work-hardened materials tend to increase in constant-strain tests as a 
result of fatigue - and although there is no indication that the gauges as such showed no scatter, the tests 
conducted by Horne and plotted in Figure 5.36 exhibited a slight effect of mean strain on resistance change 
during fatigue, at least as long as the slope of the curve Ar = f(n) was not modified. 

Scatter and Interpretation of the Test Results 

The test results in Table 5.1 were obtained by Sud-Aviation51 in an attempt to assess the capabilities of 
fatigue gauges. The shape of the bend specimen used and the locations of the fatigue and strain gauges are 
illustrated in Figure 5.37. The test was performed by applying a repeated deflection to the free end of a 
cantilever specimen by means of an eccentric. 

For 35 tests run at various stresses, the value of Ar at the change in slope was included between 3.5 and 
8.4 ohm the average being 5.9; the ratios of the number of cycles prior to the appearance of a visible crack 
to the number of cycles prior to the change in slope was included between 1.2 and 3.2. No definite correlation 
was observed between the slope change and the appearance of a visible damage in the specimen; perhaps the shift 
in slope indicates the existence of invisible damage in the specimen or in the gauge. 



Increase in Resistance in NA-01 Fatigue Damage Gauges 
on Aluminium Alloy Specimens Subjected to Repeated Bending 

Specimen 
No, 

Stress, in 
daN/mm2 * 

14 
15 
16 
17 
19.1 
20.1 
21. 1 
22.1 

23.1 
24.1 
25.1 

Conditions when 
the change in 

slope occurred 
Ar 

ohms 

13. 3 
13 
13. 3 
13.2 
13 
13 
13. 3 
13 
13.2 
13. 3 
13 

13.3 
13 
13.3 
13.2 
13 
13 
13. 3 
13 
13.2 
13. 3 
13 

n/106 

7.2 
5.4 
7.6 
5. 1 
4.9 

5.6 
5. 1 
4.7 
4.8 
5.8 
5.7 

0.28 
0.30 
0.21 
0.24 
0. 23 
0. 26 
0.21 
0.24 
0.21 
0.15 
0.26 

Conditions 
when the test 

was stopped 
Ar 

ohms 

64 
19.4 
165 

7 
5.7 

10 

6.3 
7.9 
6.7 
8.9 
6.8 

n/lO1 
Remarks 

0.71 
0.71 
0.71 
0.35 
0.30 
0. 45 
0.33 
0.40 
0.30 
0.22 
0.32 

Fractured 5.11 * 106 
Uncracked 
Cracked at R = 11.03 
Cracked near attachment 
Uncracked 
Cracked near attachment 
Cracked near gauge 
Uncracked 
Uncracked 
Uncracked 
Uncracked 

Note: 1 daN/mmz = 1450 lb/in; 

NA-01 FATIGUE GAUGE 

REPEATED BENDING ON 6061 -T6 ALUMINIUM ALLOY 

n cycles 

Fig. 5.32 Changes in resistance in fatigue gauges, logAR - log n diagram 

2x 106 
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n cycles 

5.33 AR-n representation of the results from Figure 5.32 
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Three types of fatigue gauge utilization can be considered: 

1. Fatigue gauges may be used to obtain sonic indication on the damage or pre-crack state of mechanical 
components. We have seen that the change in resistance is not a reliable quantity in this respect, 

2. Fatigue gauges may be used to assess the severity of fatigue loads on specific structures as compared 
with similar structures placed in a different environment, 

3. Fatigue gauges may be used to detect hidden cracks in assemblies through the effect of an increase in 
stress in gauges located nearby and of a change in slope of the curve Aft = f(n) . 

Before we conclude, some points ought to be emphasized: 
« 

(a) 77ie fatigue gauge does not reflect the state of the structure/ it is only affected by the successive 
straining to whith it is subjected. In particular, it is usable to determine whether the material of 
the structure is tough or not, whether it includes crack-promoting or crack-impeding residual stresses, 
whether it has experienced corrosion or not, etc. 

(b) , The increase in resistivity of a gauge is not a measure of its own damage experience. Although there 
is no certainty about this, we shall assume that the fatigue of materials in general and that of gauges 
in particular are caused by the overstressing of some domains which are more rigid than the neighbouring 
domains, and by the creation of submicroscopic voids and microcracks accompanied by a continuous increase 
of the local stresses which favours the growth and joining of microcracks (see Chapter II, Sections 
2.1.3, 2.2.1 and 2.5.3). The increase in resistivity of the gauge is due to the increasing number of 
dislocations, vacancies and microcracks, as well as to residual elastic shear stresses; however, each 
phenomenon does not necessarily play the same part in the probability of failure and in the increase 
in resistivity. 

(c) ¡he material of the gauge is not the same as that of the inspected structure and behaves differently. 
Indeed, the engineering metal used is often a work-hardened material which contains residual stresses, 
irrespective of its structure and its metallurgical texture. 

(d) ¡lie design of the gauge is different from that of the structure. In stress concentration, the softening 
process of a work-hardened material and - in an opposite sense • the fretting phenomenon have a prevail¬ 
ing effect on the fatigue of the structure which is not detected by a gauge even if this gauge is located 
in the immediate neighbourhood of the maximum stress point. 

We may now return to the possible gauge utilizations. From the above four points it follows that no pre¬ 
diction of structure pre-crack damage can be derived from the electrical-resistance measurements of a number of 
fatigue gauges. 

Fatigue gauges may prove useful in assessing the relative severitj^of unknown service loads. To this end, 
counting accelerometers or extensometers, which provide a statistical summation of the number of times a given 
acceleration or stress is attained or exceeded, should be replaced by less complex instruments which can be 
interpreted without requiring the elaborate calculations and extensive knowledge of fatigue specialists for 
each type of structure. The gauge-structure assembly could thus be used as in the case of strain-gauges, where 
the structure is considered as a dynamometer for the determination of the loads after calibration. In such a 
case the fatigue gauges would have to be positioned away from stress concentrations, on components subject to 
high but homogeneous stresses. A conventional strain gauge, acting as the sensor of a counting extensometer, 
could be mounted at the same location for cheeking the quality of the overall information given by the fatigue 
gauge. 

If we extend an idea of Christensen54 which was later developed by Hooson55, we may also suggest the installa¬ 
tion of one or more fatigue gauges on specimens of variable cross-sectional area which would act as strain 
amplifiers if attached to the structure at both ends (this idea was independently developed by Harting90). 
Except for one factor, the various gauges would be subjected to the same strain history. By adequate calibra¬ 
tion during a fatigue test on the basis of load spectra substantiated in service, it would be possible to 
select the best gauge location for appropriate overall information with respect to the structural damage state 
at weak points revealed by the fatigue test and located away from the gauges; these weak points being sensitive 
to the some load spectra. 

Finally, after detection through service experience of possible crack initiations at some hidden locations, 
the use of fatigue gauges in the immediate neighbourhood of such locations would yield valuable information as 
regards the extension of cracks which are undetectable by any other method, thanks to the shift in slope of 
the curve Ar = f(n), n being the number of turns of a machine, or the number of flights of an aircraft struc¬ 
ture, or the number of service hours of a structure subjected to constant-amplitude vibrations, etc. 

Such applications will be more convenient as soon ns a better knowledge is gained concerning the properties 
of gauges under individual or block load sequences of same or opposite sign and of different magnitude. On 
the other hand, it is recommended that statistical data should be gathered on the constancy of gauges and on 
the restrictions required to prevent the gauges themselves from cracking (supersensitivity). 

i., ■ v 
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5.1.7 Fatigue Monitors 

The purpose of a study by Hooson55, taking up an Idea of Christensen54 was to develop a device which would 
indicate visually the accumulation of fatigue damage in a given airplane structure. The device, called a 
‘taonitor”, should provide information for estimating the time after which the structure under investigation 
should undergo a detailed Inspection for fatigue damage. It should indicate at various intervals during service 
lifetime the proportion of safe life that an aircraft has used up. Being installed on every structure, it 
should help to determine whether a particular structure has been subjected to loads either more or less severe 
than the fatigue test loading; thus the varying degree of load severity from one aircraft to another could be 
taken into account in service life prediction. 

Furthermore, an indication of the local severity of a load should be given by the behaviour of the monitor 
and it is unnecessary to convert measured accelerations into local stresses by means of calculations using 
transfer functions which are often ill-known. Note that, in principle, counting extensometers and fatigue 
gauges offer the same advantage. 

The monitor consists of a metal strip bonded to the airplane structure; it includes unbonded areas with 
machined notches which are severe enough for the strip to fail before the structure suffers service damage. 
Higher stresses are obtained in the notches by increasing the lengths of the unbonded areas. In the case of a 
strip such as that depicted in Figure 5.38, if we neglect the centre hole and ignore the stresa concentration 
factor inside the notch, the nominal strain magnification factor, S M F , will be defined as the ratio of the 
mean strain of the centre section, L, 
bonded monitor areas. This factor is approximately 

6,/e = 

= # ,1,/1, + L3 + 4.6 L. log10(i 

Measurements on strips containing no drilled hole with L2 = o indicate a strain magnification factor of about 
60% of the calculated values. 

The use of round V-type side notches instead of a drilled hole offers better reliability. Figure 5.39 shows 
the monitor that was considered best after successful tests performed on a full-scale aircraft wing structure. 
However, if the stresses in the basic structure are low, it may be adequate to use monitors with a drilled hole 
in the necked-down centre section.. Our opinion is that the notches should be representative of the weak points 
in the inspected structure, while the strain magnification should offset the low stresses in the basic structure 
and add an overall increment resulting in a more or less premature fracture, depending on the unbonded lengths. 

The SMF was included between 3.3 and 5.3, the Neuber notch factor K, N (see expression 73 in Chapter IV) 
between 1.32 and 1.8, and the product (SMF) KN between 4.4 and 7.9. A loop of fine wire was bonded to each 
monitor for easy detection of the failure. The monitors were machined from 7075-T6 aluminium alloy sheet, 
0.7 mm (0.028 in.) thick, having the following tensile properties: crult> = 57 daN/mm2 (83,300 lb/in2), 

0.2 51.5 daN/mmz, E = 7,000 daN/mm2, and A% - 8.8. 

Cold bonding is not yet fully efficient and curing of the adhesive at high temperature (104°C, i.e. 220°F) 
causes the fatigue life to be reduced by 35 to 40% owing to the tensile residual stresses which are induced 
after cooling since the average temperature of the structure is below that of the monitor. 

In the present state of the art, it appears to us that monitors are as difficult to use as fatigue gauges. 
If the sole objective is to obtain information on the relative severity of service and fatigue test loadings, 
then we consider that fatigue gauges can be combined with the strain magnification principle. However, we 
think it is important to use notches that are representative of the “equivalent1' notches of the structure with 
a magnification factor giving a stress level slightly higher than that existing in the weak points of the 
structure. The failure of the monitor will thus give some “fail-safe" help to prevent a possible failure of 
the fatigue gauge. 

5.2 FATIGUE CRACK PROPAGATION 

Very little information is available regarding the fatigue crack propagation in thick components, so our 
study will be mainly concerned with sheet materials and thin components typical of the behaviour of conventional 
airframe and rocket structures. 

In fatigue, final fracture takes place statically when the size of the crack is such that the applied load 
just equals the residual static strength of the cracked componeht (see Chapter IV). Consideration of the crack 
growth rate under fatigue loading is therefore essential in fatigue life investigations. It is also of para¬ 
mount importance for determining the time between maintenance inspections in conjunction with the fail-safe 
concept, i.e., the service life from the time when a crack reaches a length large enough for it to be safely 
detected during routine inspections, to the time when the crack length is such that the margin between the 
residual static strength and the maximum service load expected during this time interval is considered to be 
just sufficient. 

... . ... 
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Finally, uIUioiikIi it is connon practico to distinguish between the crack initiation period and the crack 
propagation period before final fracture, it should he emphasized that this distinction is arbitrary. First, 
the crack initiation period can be very short if efficient crack detection methods are used; in fact, it is 
doubtful that there is any period of time without cracking. Second, the plastic and metallurgical transforma¬ 
tion prior to the appearance of a crack continues ahead of the crack tip during the entire crack growth period. 
Consoijuently, it is of great interest to know how the crack extension is influenced by the various factors which 
are usually taken into account in fatigue surveys, such as mean stress, frequency, temperature, load level 
sequences, static overloads, etc. 

5.2.1 Physical Process of Cracking 

In general, fatigue cracks originate at the surface of components in high stress concentrations due to scores, 
corrosivo attacks, fabrication defects resulting in slots, sharp notches, inhomogene!ties such as local decarb- 
urizution in steels, inclusions of constituent particles harder than the basic materials, e. g. metallic oxide 
inclusions (for this reason some ultra-high-strength steels are vacuum-remelted). In cases where the surface 
is protected by compressive residual stresses which delay the onset of cracking, it is sometimes found that 
cracks start from large internal flaws in the core of the component. 

With perfect surface conditions, cracks appear us a result of shear strains following the plastic changes 
described in Chapter II, Paragraph 2.5.3. Crevices and extrusions (as observed by Forsyth53) and, subsequently, 
microcracks will thus form on those planes most closely aligned with the maximum shear stress planes. These 
cracks will join and extend on the slip planes from the surface grains to the depth of the component (Forsyth’s 
Stage I). Tliis mode of crack growth is favoured by shear stresses and by the existence of a favourably oriented 
single set of slip planes. Corrosion-fatigue conditions at low stresses may cause complete failure on a slip 
plane in single crystals. 

In engineering metals, a crack initiated by the above described process deviates very quickly and follows a 
median path along a plane perpendicular to the maximum tensile stress or containing the maximum shear stress, 
depending on the relative importance of the direct tensile stresses due to applied external loads or of the 
shear-induced local tensile stresses near the slip barriers. This second mode of crack propagation (Forsyth’s 
Stage II) is governed by the normal tensile stress near the crack tip. The fracture surface has a smooth and 
bright appearance and exhibits plateaux deepened by grooves which delineate the successive positions of the 
crack tip at the various stress cycles. It is assumed that these tide-marks are the result of local plastic 
deformations at the crack tip with a periodic deviation of the crack path (Chapter IV, Paragraph 4.4.2); they 
are most clearly revealed in ductile materials. Under a tensile mean stress the striations are flatter at the 
top, which means that the fracture contains a larger cleavage component, the striation side corresponding to a 
greater contribution of shear, The length of the cleavage crack of each cycle is a function of the stress 
level. The local variations in striation spacing will depend on the stress concentrations due to local 
inhomogene!ties in the material which will cause irregularities in the crack front. 

The striations studied by Forsyth have spacings that may identify the crack growth during a bloc test pro¬ 
gramme with different load levels. Investigation of these striations may sometimes aid in determining whether 
a component fractured in service was subjected to high load and low load cycles. 

The cleavage region of each striation and the striation spacing are greater in low-frequency tests (20 c/m) 
than in high-frequency tests (180 c/m), although there is no such marked effect of frequency on the total life¬ 
time. In the case of brittle materials, the striations contain less plastic deformation and a greater cleavage 
component, and are less apparent. 

Stage I crack propagation along the slip planes is comparatively very slow and occurs only in a small depth 
near the surface of the material. Stage II crack propagation is more rapid and continues in thick parts until 
final fracture takes place. In thin sheet materials, Stage II develops into the formation of ductile lips 
inclined at 45° to the plane of the sheet. 

Lot us consider a point on the crack path far ahead of the crack tip. Hie alternating stress amplitude 
remains constant at that point as long as the crack size is very small, whereas in the course of crack extension 
the stress increases as the crack front comes closer. The material undergoes a plastic transformation and the' 
stress loop changes in shape during the fatigue process. At the beginning, the material, if it is an initially 
work-hardened engineering metal, softens and the loop opens. Plastic deformation increases as the crack tip 
comes nearer to the point considered; at the same time, the mean static stress component produces a mean elonga¬ 
tion which causes it to decrease in the region of the crack front. In other words, the mean stress concentration 
tends to decrease as the corresponding mean stress distribution tends to become uniform because of fatigue creep 
(see Paragraph 5.1. 1.2). The stress-strain cycle tends to become an alternating cycle but it cannot be pre¬ 
dicted whether the loop will continue to open (softening) or to close (hardening). Some authors believe that 
the material hardens, which would involve a stress increase likely to account for the failure. However, failure 
without hardening can be easily conceived, if it is recognized that the strength can be lowered either by the 
development of a large number of microcracks or by the overstressing of small hardened domains within a softer 
assembly or by a combination of these two processes. From the work of Forsyth, it may be concluded that the 
crack front is the seat of considerable plastic strains. 

We may summarize as follows: 

1. At a point far ahead of the crack tip, the plastic changes which are at first fairly rapid, become steady 
before it increases again for two reasons: (a) as a result of the increase in net stress due to crack 
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AFTER UNLOADING 

PLASTIC EXTENSION 

UNDER LOAD 

AFTER UNLOADING 

Fig. 5. 40 Ductile fatigue crack propagation (after McMillan, Pelloux and Schijve) 
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Fig.5. 41 Distribution of stresses under load and of residual stresses ahead of a crack, 
as modified by the plastic displacements 
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propagntion In tests with constant external loading, (b) because of the stress concentration that-occurs 
near the crack tip. 

2. In the region of the crack tip, the plastic changes are dependent on the strains that are introduced into 
a small volume of the material subject to rapid transformation by the remaining bulk of the material in 
which the transformation is much slower. The strains applied to the boundaries of the small volume can 
be represented fairly well by those obtained with the theory of elasticity, provided the outer volume 
remains practically in the elastic range. 

3. Accordingly, the most significant criterion for the stress and strain state at the boundaries of a small 
domain subject to rapid plastic changes is Irwin’s stress intensity factor K , os defined in the pre¬ 
ceding Chapter IV, Paragraphs 4.2.3 and 4.4. 

Tlie creation of crevices and extrusions described by Forsyth was also observed by Wilkow and Shield56 on 
materials of face-centered cubic structure, i.e., aluminium, silver, copper, nickel and gold. Prom their 
observations it appears that some concentrations of vacancies or of foreign interstitials, which are in excess 
of the average equilibrium density, occur during cyclic straining and are then shifted through plastic slip 
toward the surface, where they accumulate into stable crevices or extrusions. Tliere is no qualitative differ¬ 
ence in the effect of fatigue at températures of 4°K, 77°K or 300°K; however, a decrease in temperature 
increases the striation spacing and reduces the rate of coalescence as well as the size of the depressions 
which form at the surface. 

Striation Formation 

It seems well established that under constant-amplitude stress the crack front progresses at each cycle during 
the load rise sequence. 

In ductile materials, the extension of the crack tip results in crack propagation with a round-off. Upon 
unloading - which has a compressive effect owing to the residual stresses - the crack closes as shown in Figure 
5.40, or in a more complex manner as suggested by Laird57, in which case two subsidiary notches appear under 
45° at the extremity of the closed crack. 

According to Brook and Van der Vet05, the striated fracture surface is sometimes deformed by folds due to 
plastic slip which occurs after the passage of the crack front. Comparison of the crack propagation rate and 
of the striation pitch on 2 mm thick 2024-T3 and 7075-T6 sheets shows that the pitch is greater with slow crack 
propagation rates - the advance is irregular and may halt locally - and smaller with fast crack propagation 
rates owing to the rapid advances through successive static fractures. 

In brittle materials, the crack propagation during the load rise sequence is caused by cleavage, that is, by 
the joining of microcracks; the crack tip is rounded off as it spreads into a less damaged area. During un¬ 
loading, two subsidiary notches form at an angle of 45°, one of which will be the origin of further crack exten¬ 
sion by cleavage during the next loading sequence. 

In both cases it must be assumed that the crack growth comes to a stop when reaching a less damaged area of 
the material, and that shear during the compression sequence causes damage to the still uncracked material, 
which favours further crack propagation. The damaged area is large if the alternating stress is high and the 
crack propagation in a given damage area increases with maximum stress, 

Figure 5.41 shows the stress distribution ahead of the crack as modified by plastic elongation. One may 
distinguish three zones: an elastic zone with a mean stress distribution that is in good agreement with the 
theoretical elastic distribution in spite of the existence of plastic displacements on the smaller scales of the 
grains, subgrains and precipitates; a plastic zone upon loading in which the stress is limited by plastic 
shear flow; finally, a plastic zone upon unloading in which the compressive residual stress is limited by plastic 
shear flow of reverse direction with respect to the previous shear. 

Starting from the tip of a crack, the above zones account for the changes in striation spacing and perhaps 
define the boundaries of zones that allow prediction of such changes: 

Zone I of subsequent crack propagation, located in the immediate neighbourhood of the crack front. If 
rittle, the material contains a large number of microcracks; if ductile, it has become quite soft. In both 
ases the material which is still uncracked during loading is about to crack and the unloading sequence which 
esults into compression with shear produces the additional damage conducive to further extension of the crack, 
he existence of this zone is quite logical. The damage will be significant if the last maximum load and the 
ast alternating load applied are high. 

Zone II with moderate damage and compressive residual stresses. Microcracks are less in number and severity 
and compressive residual stresses are observed on the geometrical scale. These residual stresses, which lower 
the damaging effect, are found in an area which increases in size with the last application of maximum load. 

Zone III of understressing. The fatigue, being moderately severe, has as yet developed but a small number 
f microcracks while the yield due to stress variations on the scale of the grains and subgrains or precipitates 

i as caused a decrease in the pre-existing residual stresses and thus reduced the tendency of microcracks to 

ppear (understressing). 
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unrfpr tí C“nStant a!ternating l0Bd the load is reduced, It Is found (Hertzberg59) that the first cycle 
cvrîe th*hr maX,™ l0ad reBUlts ln a strlBtion sPaGing that Is somewhat wider than under the subsequent 

til H Íuinnder íhe neÍtacynceie.aS ^ laSt CyClC °f thc hiKher load ^ ^ühtly larger 

m AlluUgh fract°Br®Phic analyßis of replicas with the electron microscope reveals a regular striation spacing 
n small regions inside the grains, the crack propagation rate varies from grain to grain owing to scaîter in 

of thTLe: ,:i0Vhe niateria1, t0 the 8Pecific orientation of each grain, and to the corresponding variation 
if for I^e reason tT68* T g^etrlcal scale a ^tain irregularity is also found but it is not permanent* \Ll in Z l the crackupropagation rate »as above the nomal, the material of Zone I will not remain as 

L “agei^uer ‘Z "“I Pr0Pagfi0n rRte W1U decrease’ tha material of th/present TJIL11 ^11, 1 Î“ * 1 8tay as long in 20:16 111 of understressing and will thus be improved to a lesser ¿Iti ^n8®quent^y‘ a further increase in crack propagation rate will ensue. Toward the end of crack prop- 

with^ts^self-regulating ptclsl' ^ CFaCk COnsiderably and Regularity disappears, together 

5.2.2 Relative Durations of Crack Initiation and Crack 
Propagation Stages 

in/? Z6* of th® of ‘he fatigue failure process It is difficult to define what Is called crack 

ÂÆZ a/o2; r % fzfor 

tZT Ser“leTÔf18 f a/ePl/a With the electron ^—ope,Coining ormic^cS/firs? de? ‘crack 

ma, even bel„?;ropag?tin? muroc^cks ailPearan0e °f ”iCr0Cr8Ck t0 fallUr° "ay be there 

propagation ’ ÎZlZj TZ °f Sebaratlng the da”a8ing effect of crack initiation from that of crack 
V rr-f ” Sh°"ad ‘hat fatigue crach Propagation in certain metals resulted in the evolution of dissolved 

hydrogen. If the evolved gas is trapped under transparent pressure-sensitive tape, it forms bubbles which 
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of specimens after crack initiation. Some test results are plotted in Figure 5 « he ro î"1 

spec mens without bubbles; the open circles indicate that the specimens did not'fail, Loosed ? cíes thaï 

r/ïr?10? WaS 0bSerVed’ and the half-°pen polnt that the failed, /cm thïs ít te con 
tÎïmluï nZn/ gUe a1"/ iS ab0Ut 30'00° lb/in2 f°r Kpecimens «ithout incipient cracks. On the contrary 
the open/riangles/ndïcate‘th BPeCi,,'enS.that «hibited incipient cracks detected b, the presence of bubbles; ’ 
was rtïïrîed Îhï fît ™ , Propagatlon took place’ “d ‘he solid triangle that crack propagation 

. fatigue limit of cracked specimens is thus of the order of 10,000 lb/in2. 

Bennett’s conclusions were: 

11 ™e/a“gaa st«"g‘h Of 2024-T4 specimens containing a small fatigue crack was 60 to 60% less than that 
^specimens subjected to nearly the same number of damaging stress cycles without developing a “eteÎÎÎble 

2. The decrease in fatigue strength was only 10 to 20% If a detectable crack had not developed. 

1 SÄ “ “ “1 “ *■* ™> - ™. 

conïÏÎ/b8/Ute dUratl°" °f the craok Propagation stage is not dependent on the surface condition which on the 

ä“=Ä ZZTTL sä si‘”:r.s, -L «- 
(a) Bars in the as-delivered, cold-rolled condition, 

(b) Annealed bars with coarse circumferential scores obtained with a bastard file, 

(c) Annealed bars with fine circumferential scores obtained with emery paper No.o, 

<d> Annealed bars with coarse circumferential scores obtained with coarse emery piper No.73. 
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CLOSED SYMBOLS INDICATE CRACK PROPAGATION WAS OBSERVED. 
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Fig.5.43 Results of tests to determine the fatigue strength of specimens that had been stressed for N 
cycles at cral = 40,000 lb/in2 (after Bennett61) 

FATIGUE LIFE IN THOUSANDS OF CYCLES DURING THE CRACK 
PROPAGATION PERIOD, FROM L* 0.05 in UP TO FAILURE. 

Fig.5.44 Crack propagation under rotating-bending in mild SAE-1020 steel, annealed and machined 
(after De Forrest and Magnuson62) 

TABLE 5.2 

Effect of Surface Condition on Crack Nucléation 
and Crack Propagation Periods 

Mild SAE-1020 steel bars subjected to rotating-bending (after De Forrest62); 
number of 1,000 cycles required to obtain: 

a 
1,000 

lb/in2 

65 
55 
50 
45 
40 

Crack propagation 
from 0.08 to 0.1 in, 

7 
12 
20 17 

15 
22 

20 
50 

Crack propagation 
from O.lin, to failure 

41 
61 

105 

48 
75 

100 

51 
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100 

d 

19 
27 
88 

353 

Crack initiation from 
nucléation to 0.1 in. 
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Figure 5.44 contains the crack growth data of the annealed bars from a surface length of 0.05 in. up to 
failure; the crack propagation stage is not dependent on the surface condition. Table 5.2 shows the effect of 
surface condition on the crack nucléation period. It is seen that the surface condition is a determining factor 
of the fatigue duration required for crack initiation in annealed specimens, but it has no effect on the crack 
propagation rate. 

As a rule, all methods of surface hardening which create compressive residual stresses at the surface involve 
crack initiation delays faut do not modify the time period between the appearance of a crack and failure. 

Crack initiation is relatively shorter in notched specimens than in unnotched specimens; with equal stress 
and strain states at the tip of a crack, the stresses and strains responsible for the fatigue process prior to 
crack initiation appear to be greater in unnotched specimens than in notched specimens. From this the fallowing 
important practical implication may be derived, after Christensen and Harmon63: 

Adequately designed components or components with an improved surface condition can sustain higher service 
stresses prior to crack initiation but the crack propagation period may be comparatively so short that the crack 
will prove catastrophic before it can be detected at all through service inspection. Conversely, poorly 
designed components or components with an inappropriate surface condition, for example arc-welded parts, withstand 
lower service stresses but crack propagation is so slow that it can often be detected before it becomes too 
hazardous. 

As shown by the tests of Schijve and Jacob64 on 2 mm thick 2024-T3 aluminium alloy sheets, the greatest 
scatter in fatigue life before a crack is detected is mainly found under low stresses. The same result was 
obtained in tests run by Jaillon and Lachenaud65 on A5-clad A-U4G1 (2Ö24-T351) aluminium alloy sheets. Using 
these results and taking crulti = 46.8 daN/mm2 
values and scatters listed below for ten tests 
tàining a 2 mm diameter hole at their centres: 

(68,000 lb/in2), R = o-mln/cr. min' max 0.1 , we have computed the mean 
in each series on 100 mm wide and 1.5 mm thick specimens con- 

^max^ult. 0.5 0.4 0. 3 

Crack initiation 

Total fatigue 
life 

log N 

4.338 

4.495 

s(log N) 

0.033 

0.030 

log N 

4.637 

4.874 

s(log N) 

0.048 

0.048 

log N 

5.088 

5. 381 

s(log N) 

0. 100 

0.046 

It may be assumed that the degree of initial work-hardening exhibits more scatter in actual structures than 
in small test pieces, and that this has a direct impact on the crack nucléation period whereas the regulating 
effect of fatigue on the degree of work-hardening introduces less scatter in the crack propagation period to 
failure. 

5.2.3 Fatigue Crack Growth Rate 

If l is the length of a fatigue crack in thin sheet and n the number of cycles, we have a ratio dZ/dn 
called growth rate or "propagation" rate. The term "propagation”, however, causes confusion with the slow 
crack propagation which takes place under static load until rapid unstable propagation occurs (see Chapter IV, 
Paragraph 4.3.2), 

Most of the experimental studies have been made with thin specimens having á centre crack initiated at the 
contour of a hole, and sometimes containing two sharp, diametrically opposed side cuts. Specimens were 
usually subjected to repeated or fluctuating tension, and more rarely to reversed tension-compression. 

Some tests, like Weibull*s66*67*60*69, were performed with a net stress in the uncracked cross-sectional 
area, crN , kept constant in amplitude by reducing the load whenever the crack length tended to increase. Most 
of the other tests were run under a constant-amplitude load defined by the nominal stress, cr , of a section 
away from the crack. In all cases, however, if we consider the actual stress state at a given point of the 
material before the crack extends to this point, we find that the local stress is constantly raised as the 
crack tip draws nearer. This increase occurs less rapidly if the load is periodically reduced to maintain a 
substantially constant net mean stress. 

We are thus led to first investigate the possible effects of prior fatigue or static loads, peak loads, 
load level variations during fatigue. 

and 

O’Neill70, using 2 mm (0.08 in.) thick 2024-T3 aluminium alloy sheets, studied the effect of fatigue loading 
prior to notching on the growth rate of a crack obtained under fatigue loading after notching. In Figure 5.45, 
each curve is the average of two tests. The effect is quite significant although it can be masked by scatter, 
especially by that of batches of material of various origins. 

The rate of growth is slower in material that has been fatigued prior to the starting of a crack; the more 
severe the previous loading, the slower is the rate of growth. 
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thn^‘*„î* “ P“r“0U!ar caso, of thl! Kenoral improving effect of plastic changes In fatigue observed prior to 

eaSentia lv n docLa!ernfrH kS; In tl,a oase ot notch,id specimens, *e would suggest that the improvement is 
. Uï ,d ” , f the tcnsUe residual stresses and an increase of the compressive residual stresses in 

micro-ranges in which the loading sequence causes tensile stress concentrations. 

Hudson and Hardrath71 conducted fatigue crack propagation tests at two successive load levels 
U/n I 1 no l-nofc i» *• .. n i I ., i_i _ .... V 

as well ns tests at a single level, crc . when the first stress level, o-, , is lower than the secon'd, 
cr, and a- 

the=rnte of growth at comparable crack lengths Is substantially tíe s^me as' in th^ngl" “i 2 » 

thp^ütuíín 0thf' hll?d'plf ^ ls l0Wer tha" CT1 ' and if "e cowre the rate of growth with what it would be in 
absence of preload cr, for the same length of the crack, then prior loading has two effects: 

'■ jJ¡M|[Urtl101' CraCl< Rr™th t!lltos Pi““« during -a number of cycles at level o-2 which is large if c, is 

2. The crack growth then continues at an increased rate if the delay of growth has been considerable. 

on rrr:/81,0," 0Ut °n 7h?in ^24^3 und 7075-T6 all""lnium aH°y sheets. Hie same results were found on the same alloys by Hartman et al72. 

There are two explanations for these results. First, if we compare them with the results of the two-level 
creep tests performed by Carreker et al73 on lead, copper and 61-ST aluminium alloy, we may suggest the explana- 
tion given previously (Chapter III, Paragraph 3.2.2) by replacing the creep-induced plastic transformation by 
that due to fatigue loading. After 
front reach 

, 8 t . i cycles Qt . the plastic changes due to fatigue ahead of the crack 
steady state with a strain-hardened condition defined by a statistical distribution of the stab- 

■'.rVKt-nl lufUnn Hi tin_xi__ . ... . ility of the crystal lattice distortions. When the stress is reduced to a value tr , most of the lattice dis- 
tortlons uro very stable and plastic transformation ceases almost completely. With'repeated cycling, the less 
stable distortions are progressively released while the others are overstressed, which weakens the relative 
stability. As a result of tho missing distortions, plastic transformation is then more rapid than in the 
absence of previous loading. 

Secondly, the process investigated can be explained by the compressive residual stresses that are created by 
the peak load ahead of the crack front. The residual stresses induced by the second loading are lower and the 
crack growth retardation would correspond to the plastic transformation of the residual stresses from the 
higher value of the first loading to the lower value of the second loading. The faster crack growth rate 

o lowing the halt could then be accounted for by the greater number of fatigue cycles of the material ahead of 
the crack front While the residual stresses decrease slowly, they are, however, increased by the first applica- 
tion of the peak load, which explains the regular behaviour observed when the first load level is the lowest 

The two explanations are complementary and are both applicable to all plastic metals; hence, the phenomenon 
under review is not restricted to aluminium alloys and appears to have a general significance. The more rapid 
ransformation after a delay probably occurs in all cases of improvement produced by compressive residual 

stresses and should incite the engineer to use this technique with caution: while the total life is increased 
the crack propagation period is shortened to a relatively large extent. 

If a small number of preloads is applied (1 to 3 cycles), tests by Weibull (Figure 10 from Reference 69) 
show that the retardation of crack growth is then quite considerable although the subsequent growth rate is 
not modified significantly, but the relative crack propagation period becomes very short. 

Schijve states that, if overloads are applied in the course of crack propagation, each group of these loads 
(1 to 3 cycles) will at first cause a delay of crack growth, after which crack extension tends tb continue at 
the rate it would assume in the absence of peak loads. Figures 5.46 and 5.47, after Schijve, show the effect 
of overloads on crack growth in clad 2024 aluminium alloy sheets; the effect of a tensile overload is much 
greater than that of a reversed overload with compression. From Figure 5.47 it is seen that the beneficial 
effect of a tensile overlond is significantly lessened by the immediate application of a compressive overload 
even if the latter is very small. From this we may conclude that in simulating service fatigue loads by a test 
one should not forget the drop of loads to zero or slightly negative values which correspond to rests or opera¬ 
tional interruptions. The third overload causes a slight extension of the crack. The compressive residual 
stress ahead of the crack tip due to the tensile overload is corresponding to a local slot opening at crack tip 
whereby the compressive overload can reduce the residual stress. ’ 

Though wo have seen (Fig. 5.45) that there is an effect of prior fatigue loading on crack growth rate, this 
effect is found only at the beginning of crack growth and disappears at great crack lengths. Provided the 
stress intensity factor, K , varies slowly, the rate of growth is dependent on K alone if the application of 
the preload or peak load has not been effected recently. 

Swanson, Cicci and Hoppe75 have carried out a comprehensive study of the rate of crack growth in thin clad 
7079-TG aluminium alloy sheets which were cold-rolled after being treated (0.080 in. and 0.125 in. thick) or left 
unprocessed after treatment (0.16 in. and 0.25 in. thick). Four specimen widths were chosen (5 - 7. 5 - 10 - 
12.5 in.) with each specimen containing a centre notch. The modes f testing, for which a special electronically 
controlled fatigue machine was used, were as follows; 
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Constant load amplitude - no load shedding (CA-NLS). This is a most popular method of testing in published 
work. The crack surface, at first perpendicular to the sheet surfaces, exhibits an onset of shear lip activity 
at 45° (see Figure 4.21 in Chapter IV) for a value of the stress intensity factor that is independent of ■ -- ' — - "i Limu io uiuepunueiiL or 
thickness. The shear lips are fully developed across the thickness at a total crack length L , the corres¬ 
ponding value of the stress intensity factor being K 
varies in a manner similar to the crack growth rate, da/dn 

2 . The angle of shear lip development from 
where a is the half-crack length. 

L, to L 

/?nm/om load amplitude. When excited by filtered white noise, the resonance test machine produces a load 
amplitude following a Rayleigh distribution for the emulative frequency F (probability of attaining or 
exceeding level L): 

-(L/LO 

where L* = /VdF is the squared r.m.s. of the random load. In such tests, the arrest lines associated with 

the higher load values assume a regular curvature instead of the irregular alternating growth from midthickness 
to the sheet surfaces (<,tun^elling',) that is often found in constant load amplitude tests. 

Constrm* K amplitude. The load is constantly reduced during the test in order to maintain a constant stress 
intensity factor, K , the value of which, is defined by Westergaard's finite-width correction or by Isida’s more 
accurate correction (se.e Chapter IV, Paragraph 4.2.3). From the discussion of the results it follows that the 
crack growth rate is constant when K is constant. 

Random K amplitude. A constant growth rate is also observed when the r.m.s. value of K is constant. 
Hie crack growth rate that will be found in random tests can be predicted from the rates obtained in constant 
amplitude tests by means of the expression 

da/dn / f(K)dP , 

where f(K) = AK® refers to constant-amplitude tests. 

Constant amplitude of the net stress in the uncracked area. Tests of this type were performed with a view 
to checking the validity of Weibull’s assumption - based on his test results - that the rate of crack growth 
is constant after a period of transition and proportional to the specimen width. Tests by Swanson show a point 
of inflection on the curve a-f(n) that corresponds to the fairly flat maximum of the stress intensity factor 
as calculated by Isida's method. Transition from the tensile fracture surface perpendicular to the sheet 
surfaces to the fracture surface with ductile lips at 45° occurs before the maximum of K is reached; it 
actually takes place at a value of K comparable to that of the inverse transition after the maximum value of 
K has been exceeded. 

5. 2.4 Representation and Mathematical Expression of the 
Crack Growth Rates 

As with many other problems, the mathematical expressions proposed by various authors for convenient formula¬ 
tion of their test results reflect their desire to eliminate scatter by using a rectilinear plot on a diagram 
with abscissas and ordinates to suit specific functional scales. If the initial phase of a test is inconsistent 
with the empirical rule suggested afterwards, then it is considered to be a period of transition between crack 
initiation and normal crack propagation. Similarly, there is admittedly another transition before final static 
failure occurs between fatigue crack propagation and static crack propagation to failure. 

For formulation of their results obtained on mild steel and on the British 4% copper-aluminium alloy B. S. L71, 
Frost and Dugdale76 used the expression 

da/dn = Aü¿a , (6) 

where A is a coefficient dependent on mean stress, , a the half-crack length of a centre crack in thin 
sheet, and o-& the alternating stress. Frost and Denton77 found the same result for corranercially pure titanium, 
a 5% aluminium-titanium alloy and a 15% molybdenum-titanium alloy. The specimen were 10 in. wide and 10 in. 
long in the test section, beyond which they enlarged with 10 in. radii. The thicknesses were about 0.13 in.* 
(3.3 mm). Some results are given in Table 5.3 for the materials investigated. 

Hie table shows that the propagation rate increases with mean stress in sheets made from B.S. L71 aluminium 
alloy (similar to 2024-T3), and that it is independent of it in mild steel, in titanium and in the two titanium 
alloys. Hie crack plane remained at 90° to the sheet surfaces until complete failure occurred in both the 
titanium and the 5% aluminium-titanium alloy, while there was a change from 90° to 45° prior to final failure in 
the 15% molybdenum-titanium alloy. Complete failure of the commercially pure titanium occurred through yield¬ 
ing of the uncracked cross-sectional area, which led to a ductile-type tensile failure. Complete failure of 
the two titanium alloys occurred in a brittle manner, but at different crack lengths - at great crack lengths 
with the 5% aluminium-titanium alloy and at very small crack lengths with the 15% molybdenum-titanium alloy 
For the latter alloy the authors indicate the crack lengths that were obtained at the beginning of the change 
from the 90° growth to the 45° growth, as well as those obtained at final fast failure, but from this we could 
derive no simple correlation in terms of alternating or maximum stress intensity factor. 
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75 

50 _ O'= 6.9 ±2.76 daN/mm2. 

kJ 25 

FATIGUE LOADING HISTORY 
BEFORE NOTCHING i 

• A and B: virgin material 

C and D:n = 2x106j ^6.9 ±2.76 daN/mmJ^ 0 

° E and F : n = 10^ O'* 6.9 ± 5.52 j 

FATIGUE LOADING AFTER NOTCHING: 
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Fig. 5. 45 

0 40,000 80,,000 120,000 160,000 200,000 

CYCLES FROM A CRACK LENGTH OF 7.6 mm 

Effect of fatigue loading prior to crack initiation on the subsequent crack growth rate (after O'Neill70) 

TABLE 5.3 

Values of A in Tests by Frost 

Material Tensile mean stress 
(expressed in daN/mm2) 106 A 

Commercially pure titanium 

5% Al - titanium alloy 

15% Mo - titanium alloy 

Mild steel 

4% Cu - aluminium alloy 

" (B.S. L 71) 

5. 1 to 34 

12 to 42.5 

12 to 34 

42.5 

3.08 to 18.5 

3.08 

4.6 to 6.2 

23 

35.5 

Note: The values of A are for da/dn expressed in mm/cycle, 
a in mm, and cr in daN/mm2. 
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Pig. 5. 46 Delaying effect on crack propagation as caused by tensile peak loads (after Schijve74) 

Fig.5. 47 Delaying effect on crack propagation as caused by alternating overload (after Schijve 7 «K 

Pig. 5.48 Fatigue crack propagation in constant net-stress amplitude tests (after Weibull68) 

i 



According to the authors, the expression (6) for the rate oi is applicable to cracks with a relative 
length 2a/w of less than 0.125, but the values found for greater relative crack lengths are too small. Hie 
alternating stress intensity factor may he introduced into the expression by putting Ku = ^/(7/a) ; it follows 
that 

ria/dn (6b) 

Hits law is not met by test data from other sources, even with respect to the beginning of crack propagation. 
For lack of cross-experiments with different methods of testing and with specimens assuming different shapes 
and made from identical materials, it is difficult to decide what, in the presentation of test results, is pro¬ 
ceeding from the unconscious desire to use linear plots on appropriate functional scales and what is an implica¬ 
tion of experimental techniques. 

Wei bul 1's test at constant mean net stress*, crN ( is fairly similar to the constant K test in the range 
of relative crack lengths 0.3 to 0.6. We have seen from recent tests by Swanson75 that the crack propagation 
rate depends on K alone when K is constant or regularly increasing. As indicated in Chapter IV, Paragraphs 
4.2.4 and 4.5.2.2, the stress intensity factor in thin sheet of width w subjected to a constant-amplitude net 
stress, crN ( and containing a through centre-crack of length 2a is given by the expression 

c|n is substantially constant with a value of 0.414 for values of m = 2a/w between 0.4 and 0.6. Weibull 
considers that after a transition period at crack initiation the crack growth rate, da/dn , remains constant 
and exhibits a size effect in accordance with the law 

da/dn = c.w.f(o-N) . (8) 

Figure 5.48 shows some of Weibull's results for 2024 aluminium alloy. After a period of transition the growth 
rate becomes stable and remains constant. In the case of Series 13 and 14 which contain an initial slot of 
relative length 2a0/w = 0.014 , the change in crack propagation rate can be accounted for by the increase of 
the coefficient cm , hence of the stress intensity factor K . In the case of Series 12 which contains a 
bigger initial slot of relative length 2a0/w = 0.12 , the absence of transition is not explained by the 
coefficient cB) , which is stable only at 2a/w = 0.3. It should be noted that scatter in the crack initiation 
period may be responsible for the absence of apparent effect of cn on crack propagation rate. Figure 5.49 
gives the results of three tests conducted by Weibull under identical conditions on specimens made from the 
same sheet as those used in the preceding tests. 

The size effect indicated by Weibull can be reconciled with the law 

da/dn = f(K) , (9) 

where K is the stress intensity factor, if we write 

V 
da/dn = BK2 = Ccr-J-w. 

w2 

This expression allows a fairly adequate formulation of Weibull's tests if it is recognized that C is an 
increasing function of crN , 

More recently, Broek et al78 carried out crack propagation tests under constant net-stress amplitude with 
160 mm wide and 2 mm thick specimens made from clad 2024-T3 aluminium alloy sheet, the properties of which were 
as follows: crult< = 47.5 riaN/mm2, cr0j2 = 36. 2 and A% = 16. In Figure 5.50, the results are on the whole correctly 
represented by the expression 

da/dn = 1. 35 x 10"7 x K2*67 . (10) 

Transition between a plane crack perpendicular to the sheet surfaces and that inclined at 45° to these surfaces 
is designated by the letter T . No obvious correlation is found for the change in fracture surface and the 
correlation of da/dn and of KQ is not affected by this change, From the detailed results (Figures 1 to 5 
of the authors) it can be seen that ihe rate of growth is substantially constant from 2a/w = 0. 3 to 0.55 . On 
the whole, these results give support to the assumption that the stress intensity factor ploys a major role. 

We use crN instead of the notation crm used in Chapter IV in order to reserve the index m for the moan static 
component of the fatigue loading. 
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Apparently, the size effect is merely the result of the relation between crack propagation rate and stress 
Intensity factor, provided the sheet thickness is constant and only the width, w , is subject to changes. It 
has been demonstrated by Schijve et al79 on clad 2024-T3 sheet material and by Rooke et al80 on British sheet 
material meeting the specification 5070A (RR 58 or A-U2GN) that the effect of the absolute value of width is 
included in the effect of K . 

5.2.5 Effect of Mean Stress 

In the presence of a load with mean and alternating components, the stress intensity factor may be defined by 
a complex form 

K = Km 1 Ka • 

which may also be expressed by Ka and KJnax = Kn + Ka . Most published data are represented by means of 
Kœax and R = KBin/K|Bax . This is the case with the Boeing results reported by Donaldson and Anderson81 
(Figure 19 of the authors) and plotted on a Kmax - log da/dn diagram. These results suggest the relation 

J I 2*7 (-4+K-„j/49) 
da/rin = j(i- r) x 10 “ax (11) 

and are reproduced in Figure 5. 51. 

If a diagram with log Ka - log da/dn scales is used as in Figure 5.52, the same results appear to be more 
concentrated, thereby emphasizing the predominant effect of the alternating component of the stress intensity 
factor, The results may be represented by tne expression 

da/dn = 0.9 10*9 • — • K¡¡ . (12) 

If the ratio of mean stress to alternating stress is left out, an approximate expression of the results for 
mean stress of 6.5 daN/mm2 would be 

da/dn = io“7 • K*‘7 . (13) 

If enough test data are available for several mean stress values, it would be more rational to use a 
Ka - Kb plot with level curves corresponding to given values of the crack growth rate, da/dn . In Figure 
5.53, some results from tests performed by Broek and Schijve82 on centrally-cracked 2024-T3 aluminium alloy 
specimens with a cross-sectional area of 160 mm by 2 mm are plotted in this way. The effect of the mean 
component is clearly visible and has a regular form; the results may be represented by 

Ka T Kb/6 = 4(6.4 + logjQ da/dn)2 . (14) 

For 7075-T6 aluminium alloy sheets characterized by = 52 daN/mm2, c0,2 = 46.5 daN/mm2 and A% = 9.4, 
the same authors obtained results which are represented in Figure 5,54 and may be expressed by 

Ka + Kb/4 = 3.05(7.3 + log10 da/dn)2 . (15) 

These test results can be plotted on log Kft - log da/dn diagrams by parallel curves with the following 
expressions: for 2024-T3, crB ^ 11.a daN/mm2, cra^ 6.4 daN/mm2, 10“5^ da/dn ^ 10“3: 

da/dn = 10*8 K¿ ; 
^a 

for 7075-T6, crB 12 daN/mm2, ^ 6.8 daN/mm2, 10"“ ^ da/dn < 10“3! 

da/dn 1.6 x 10”8(o*n/cra)1,32 • Ka*3 . 

On Ka - log da/dn diagrams the same results will be represented by converging straight lines: 

for 20 24-T3, 10*4 < da/dn < 10"2 : 

Ka = 24.6(o-a/o-B)°-375(4.8 + log10 da/dn) ; 

for 7075-T6, 5 10"M < da/dn ^ 10"2 : 

Ka = 19.6(0^/0^)0,u(4. 5 + logic da/dn) . 

(16) 

(17) 

(IB) 

(19) 

All these formulations are substantially equivalent in the range 10“4 da/dn 10“3 . The mathematical 
form of the expressions is implied by the functional scales of the diagrams. When using such empirical 
relations, one should always specify their range of application. The crack propagation values resulting from 
expressions (16) and (17) are too small for large values of Ka - it would seem that the crack propagation 
rate rises considerably as final static failure is about to occur, Conversely, the crack growth rate values 
given by expressions (18) and (19) are too high for small values of Ka at crack initiation - one might say 
that this is the "transition” phase prior to the establishment of a permanent regime. 
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Furthermore, the above expressionu are no longer valid when the minimum stress is changed into compression, 
that is, when > cra . If we take into account a possible scatter coefficient, it is seen that tests per¬ 
formed by McEvily and Illg33»84 indicate the same crack propagation rates for the same values of Kmax in thin 
2024-T3 and 7075-T6 aluminium alloy sheets (w = 305 mm, t = 2 mm) subjected to repeated tension from 0 to 
and alternating tension-compression from - to + anax . This may be explained by assuming that compressive 
stresses cause the two crack borders to draw closer to each other and that they create negligible,stress con¬ 
centrations. 

5.2.6 Effects of Frequency, Temperature and Humidity 

In the work of Illg and McEvily84, the crack propagation rate at 1200 c/m is compared with that at 13 c/m. 
It appears that the rate of growth is approximately 40% greater at 13 c/m than at 1200 c/m. Similarly, Schijve 
et al86 have found a clear but small effect of frequency on crack growth rate at room temperature: Tbe rate is 
about 30% greater at 14 c/m than at 1200 c/m. 

Some results of Schijve and De Rijk07 are illustrated in Figure 5.55. Temperature, low test frequencies and 
high mean stresses cause an increase in crack propagation rate. Since with increase in temperature, test 
durations over hours and high mean stresses favour fatigue yielding and possibly add a certain amount of creep, 
it may be considered that this complex creep process ploys a predominating part. Generally, the increase in 
crock propagation rate is much faster toward the end of the test with great crack lengths, the unfracturated 
cross-sectional area being almost completely subjected to stresses in the plastic range. In such cases the 
test results show a negligible effect of frequency and of temperature and most of the yield seems to be 
governed by the number of cycles and not to be attributable to creep dependent on time and on temperature. Ihe 
authors ascribe the effect of temperature on the 2024-T3 alloy to a change in the precipitation state associated 
with a decrease in ductility. We believe that ductility, as in numerous metallurgical transformations, increases 
during the transformation under the effect of fatigue and temperature, thereby promoting plastic changes far 
ahead of the crack, and that it decreases on completion of the transformation in the immediate neighbourhood of 
the crack tip. This assumption is supported by Curve 2 in Figure 5.35. Before point A is reached, transforma¬ 
tion occurs only in the plastic range ahead of the crack and is in progress when the region concerned is swept 
by high stresses. Beyond point A, the transformation is completed before the crack extends to the region con¬ 
cerned and temperature no longer favours plastic elongation at the crack tip. Under lower alternating stresses 
this behaviour is no longer apparent, but comparison of curves 7 (20°C) and 8 (150°C) shows that the rates of 
growth are the same at very small crack lengths when the transformation has not yet started and at great crack 
lengths when the transformation is completed. 

Figures 5.56 to 5.58 contain results from Hardrath et al7 2 with respect to the fatigue crack propagation 
rates in 1 mm thick and 70 mm wide clad 2024-T3 alloy sheet specimens with a centre crack, tested at various 
frequencies in dry air, wet air (100% R.H. ) and distilled water (PH 6-8). We have used the Ka - log da/dn 
representation, where Ka again designates the alternating component of the stress intensity factor with 
Irwin's notation (Kft =cra/(77a) for a sheet of infinite width). At high frequencies (3,400 c/m), the crack 
propagation rate is slower in dry air (2 p.p.m.) than in water and wet air (100% saturated), as shown in Figures 
5.56 and 5. 57. 

Ihe difference is attenuated with fast propagation rates at high stresses and low frequencies. From Figure 
5,58 it is seen that in dry air,at rates of 10’4 < da/dn < 10”3 mm/cycle , the effect of frequency becomes 
apparent at less than 30 c/m. At 24 c/m the results obtained in dry air are similar to those obtained in dis¬ 
tilled water at 3,400 c/m. 

Figure 5. 57 shows that crack propagation rates are somewhat slower in air saturated with water vapour than 
in distilled water. In previous tests on 1 mm thick clad 2024-T3 aluminium alloy sheets, Hartman80 investi¬ 
gated the rates in dry or wet air, in dry or wet argon, and in dry or wet oxygpn. His conclusion was that, of 
the three components of air, i.e., oxygen, nitrogen and water vapour, the latter exerted the most significant 
effect on fatigue crack initiation. The water vapour content of the three gases - oxygen, argon and air - was 
the overwhelming factor with respect to the fatigue life. The effect of water vapour was more pronounced under 
low stresses and at small crack lengths. In normal air the relative humidity ranges from 30 to 100% and within 
this range crack growth rates are associated with the formation of hydrogen which creates high pressures in the 
cavities of the deformed region ahead of the crack. 

Maurin and Barrois89 have presented results from systematic tests conducted by Sud-Aviation on clad A-U2GN 
sheets with the following composition: 

At the core, minimum 
maximum 

Cu Mg Si Fe Mn Ni Ti Th Pb Sn M 

1.8 
2.7 

1.2 
1.8 

0. 15 
0. 25 

0.9 
1.4 0.2 1.4 0.2 0.1 0.05 0.05 

the 
remainder 

Cladding, minimum 
maximum 

0.8 
1.2 

the 
remainder 
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Fig.5.5G Effect of environment on fatigue crack propagation in clad 2024-T3 sheets 
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Fig. 5. 57 Effect of frequency on crack propagation rate in clad 2024-T3 sheets in saturated wet air 
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Fig.5.59 Fatigue crack propagation rates in thin A-U2GN-T6 sheets at 20°C, after Maurin and Barrois09 

TABLE 5.4 

Low-frequency Fatigue of type-F Specimens made 
from A-Zl clad A-U2C.N-T6 Sheet Material (Ref. 89) 

Items N log N s(log N) 
Test 

timber 
7ïme unde 

per cycle 
r load 

total 
Time of n 

per cycle 
’.sting 

total 
/ 

c/hr 

65 
66 
67 
68 
69 
70 
72 

13700 
14600 
10350 
4770 
2630 

121 
1770 

4. 136 
4. 164 
4.015 
3.678 
3.420 
2.083 
2.471 

0.027 
0.028 
0.019 
0.005 
0.039 
0.055 

10 
10 
5 
5 
5 
5 

75" 
15" 
75" 
15" 

1185" 
37135" 

3540" 

286 hr 
61 hr 

216 hr 
20 hr 

865 hr 
1248 hr 
1740 hr 

15" 
75" 

165" 
1185" 

15" 
65" 
60" 

56 hr 
304 hr 
475 hr 

1570 hr 
12 hr 

2. 2 hr 
29.5 hr 

40 
40 
15 

3 
3 

0.095 
1 
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Hie T6 treatment was effected under the following conditions: 40 minutes at 530 i 5°C, water quenching below 
40°C, ageing at 190 ± 5°C for hours. Tlie sheet material used had the following properties: = 
42.5 daN/mm2, cr0.2 = 37.5, a% = 10. The specimens, of widths w = 50 and 68 mm and thicknesses t =* 1.5 mm 
and 2 mm, contained a centre hole of 2 mm in diameter. Hie effect of frequency on total life was very small at 
20°C; the life at 10 c/hr was approximately 1.5 times less than at 4,B00 c/m. The effect of frequency being 
insignificant, the rate of growth at 20°C was studied only at a frequency of 2000 c/m on specimens of widths 
w = 50 and 100 mm (Pig. 5. 59). A stress ratio A = cra/an = 0.81 and three alternating stress values, <Ta = 
5.27, 7.02 and 8.8 daN/mm2, were considered. 

Figure 5.60 shows but a small effect of temperature at 150°C and 2000 c/m. However, the crack propagation 
rate at 150°C and 20 c/hr is greater by half. In all cases, the effect of specimen width is included in the 
stress intensity factor Ka . 

In order to investigate the effect of creep on the fatigue of a supersonic aircraft structure having an 
average external skin temperature of 120°C and subjected to very-low-frequency flight manoeuvres and ground- 
air-ground loads, acomprehensive study of the effect of frequency in the range of 4,800 c/m (288,000 c/hr) to 
1 c/hr was carried out on drilled specimens and small riveted assemblies made from A-Zl clad A-U2GN-T6 sheet, 
identical with the British RR 58 alloy sheet material conforming to DTD 5070A. The specimen sizes are given 
in Figure 5.61. At 20°C, frequency has little influence on fatigue life, expressed in cycles, as shown in 
Figure 5.62. At 150°C it is seen from Figure 5.63 that there is a significant and almogt regular effect of the 
total test time - expressed in hours - on the number of cycles to failure. As long as this effect remains 
small, the law of Wade and Grootenhuis N = N^f/fj)11 , which we express by 

N = 

in order to introduce the total test timé, t , can be verified fairly well. Here n varies from 0.10 to 0,13. 
The values of n are given in the table below for the specimens investigated. 

cr = max 

D F M 

10.5 14.7 16.5 19.3 22.5 20 22.5 15.7 

n, 20°C 

120°C 

150°C 

0.07 0.07 0.04 

0.09 0.10 0.13 

0. 10 0. 20 

0.05 

0. 10 

0. 12 

0.07 

0.07 

0. 12 

The test results exhibit some scatter although the average values of five tests were taken; the preceding 
values of n are therefore only indications. However, the effect of frequency at 20°C seems to be independent 
of the stress value. For the type-D specimen with ojjiax = 19. 3 and N = 20,000 , the life would be 1,000 hours 
at 20°C, 20 hours at 120°C, and 0.7 hour at 150°C. If we assume that time and temperature are equivalent on 
the basis of parameter t. e~Q/RT , we obtain activation energies, Q /'of 8,900 cal-g/deg/mole in the range 
20°C to 120°C, and of 37,000 cal-g/deg/mole in the range 120°C to 150°C. From creep tests on the same sheets 
reported in Chapter IV, Paragraph 3. 2. 3, we have activation energies, Q , of 31,000 cal-g/deg/mole between 
150°C and 175°C, and of 42,000 cal-g/deg/mole between 130°C and 150°C with <r = 20 daN/mm2 and e = 0.02% . 
If a regular decrease of the activation energy between 120°C and 20°C is assumed in order to obtain the above 
mentioned average of 8,900 cal-g/deg/mole, it must be recognized that the value is very low at 20°C, which 
implies that the effect of time may include a small amount of corrosion. 

It is of interest to consider the behaviour of the specimens at 150°C and at very low frequencies since creep 
plays a most important part under these conditions. Elongation measurements away from the hole on F-type speci¬ 
mens (Fig. 5.61) subjected to crmûx = 20 daN/mm2 with R = o.I at 150°C showed that the elongations were not 
dependent on the number of cycles but on the total time at the maximum stress of the tooth-shaped loading, and 
that they assumed values comparable to the elongations measured in creep without fatigue. Results of the 
fatigue'tests are given in Table 5.4. 

Statistical tests reveal that the results vary significantly, the significance level being 95% for the couple 
65-66 and much more than 99% for couple 68-69. Inversion of the magnitudes of the loading and resting times per 
cycle results in a slight decrease in endurance through an increase in the time under load as regards the pair 
65-66, and in a considerable decrease in endurance as regards the pair 68-69 in which the total time under load, 
expressed in hours, is multiplied by more than 40, while the endurance, expressed in cycles, is divided by 1,8. 
Therefore, a damaging effect of the time under load is observed, as with pure creep. 

We have seen at the beginning of this chapter how the fatigue of work-hardened metals under constant-amplitude 
strain may cause a change in the stress-strain loop (Fig. 5. 2) and a transformation which tends toward an alterna¬ 
ting-stress state through the creation of residual stresses of opposite sign with respect to the initial mean 
strain (see Figures 5.5 and 5-.7). This behaviour is of paramount importance for the understanding of fatigue 
test results from notched components, unnotched bend specimens and cracked specimens, all containing a maximum- 
stress point or region at the surface of the material and a negative stress gradient depthwise. A small volume 
of material at the root of the notch or at the extremity of the crack is subjected to very high stresses, hence 
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Fig. 5,61 Thin A-U2GN aluminium alloy sheet specimens, Tests related in Figures 5.62 and 5.63 
after Maurin and Barrois89 
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Pig.5.64 Adjustment through reluxation of stress-strain loops under constant amplitude strain. Effect of the 
loading and resting times of the cycle 
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PU.S.65 Crack propaiation rates in thin A-Zl clad A-U20N-T6 sheet specimens at very low frequencies. Effect 
of unequal loading and resting periods. After Maurin and Barrels89 
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to rapid plastic transformation daring fatigue. Vie strains at the boundaries of this domain are substantially 
elastic and keep substantially the same values as those imposed by the elastic behaviour of the remainder of 
the specimen. 

Let us return to the above mentioned tests. To simplify the reasoning, we shall first assume that the 
loading and unloading sequences are fast enough for the material at the root of the notch to behave elastically 
during these two very short periods. On the other hand, the time periods for loading and resting in each cycle 
will be supposed sufficiently long for the applied or residual stresses to bo relaxed. In Figure 5.64(a), a 
simplified cycle is represented in the form of a parallel'ogram ABCD. Owing to the elasticity, the segments AB 
and CD have the same lengths, und the stress variations by relaxation must be identical during the application 
of load and after removal of the load. If the periods of loading and resting are equal, the preceding equality 
implies equal absolute values of the maximum and minimum stresses of opposite sign (Figures 5.64(a) and 5.64(c), 
curve 1). 

When the period of loading is greater than the period of resting, the absolute value of the maximum stress 
is necessarily less than that of the minimum stress if the relaxation strains are to bo equal; hence the loop 
tends to be shifted toward the lower stresses. A longer period of time under load, however, involves greater 
activity in the creation of microcracks, whereby the improving effect of compressive residual stresses is 
offset or exceeded (Figure 5.64(c), curve 2). 

If the period of resting is greâter than the period of loading, the maximum stress tends to be increased 
and the loop moves toward the maximum stresses, which implies damage caused by plastic transformation generating 
microcracks, and by a decrease of the favourable compressive residual stresses (Figure 5.64(c), curve 3). 

lliese considerations explain why a damaging effect of resting is found for equal periods of loading. Ibis 
effect is observed in the crack propagation rates of the previously mentioned specimens (Fig. 5. 65). The crack 
propagation rates of specimens 65 and 66 are comparable, the rate being slightly faster for specimen 66 although 
the total life is greater, probably the crack initiation period is longer. Comparison of items 65 and 67 for 
the same time of loading per cycle shows a detrimental effect of resting on crack propagation rate, which is 
similar to the effect of resting on total life as mentioned above. Hie dotted line indicates the crack prop¬ 
agation rate at 20 c/hr for equal durations of the loading and resting sequences. Similar results are found at 
120°C. 

in tests performed recently, Hartman and Schijve95 made a further study of the effect of frequency and 
environment on crack propagation rates in thin 2024-T3 and 7075-T6 aluminium alloy sheets. To correlate the 
results, they used an expression proposed by Forman56: 

da/dn = C(Kmax-KBln) 
i. 

1 - r1 Kc - ew* - >w„> (20) 

where Kc is the critical stress intensity factor for complete static failure of the cracked specimen. Ibis 
relation gives an infinite growth rate for K|nax = Kc . Previous test results of the NLR reported in Reference 
88 have been analyzed using the preceding expression for Revalues derived from tests by Schijve and De Rijk97, 
that is, with Kc = cr/(77a) for an infinite sheet, K = 253 daN/mm3/2 (72,800 lb/in3/V for the 2024-T3 
alloy and Kc = 259 daN/mm3/2 (74,500 lb/in3/2) for the 7075-T6 alloy. An excellent correlation is obtained 
through a straight line on a logarithmic diagram with logAK on the x-axis and log(da/dn) [(1 - R)K - Ak] 
on the y-axis for clad sheets of 7075-T6 material placed in very dry air and 2024-T3 material placed in dry 
argon. In other instances the correlation proves less good, as with all mathematical expressions used for 
crack propagation rates. 

However, since final failure in any fatigue test is a static failure, it is useful to discuss this point, 
which is dealt with in Chapter IV. Broek98 investigated the residual static strength of thin clad 2024-T3 ' 
sheets from five different manufacturers and indicated.the stresses o* for enlargement of the crack beyond 
the initial crack length 2a0 , the critical stresses <rc for the instability leading to failure' and the 
corresponding lengths 2ac . Three values of K may be derived from these data: K. = 0|/(7/a ) for enlarge¬ 
ment of the crack, Kc = cry77ac for the instability, and the nominal value K0 = o_/(7m0) which is of 
interest to the engineer. Table 5.5 contains the values of K computed with Irwin’s definition and Dixon's 
finite-width correction. 

Kj varies from 166 to 197, i. e., by 19%, K0 from 168 to 222, i.e. 32%, from 208 to 284, i.e., by 

using 
computed for 

is therefore less invariant than Ki and it is not surprising that attempts to correlate da/dn 
are not always successful. The foregoing values of K are expressed in dnN/mm3/2 and have been 

<rj(---—.) 
V\1 - (2a/w) y 

1 daN = 1.02 kg-weight, 1 daN/irm2 
1000 lb/in3/2 = 3.47 daN/irm3^2, 

1450 lb/in*, 1000 lb/in2 s 0.69 duN/nm2, 1 lb = 0.445 daN, 1 daN/mm3^2 = 288 lb/in3^2 
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TAIllili 5. Ti 

llcshlnal Static Strength «I Thin Clad 2024-T3 Slice Ls 
ol h = ir»« mm und t = 2 mm Except for Manu tac tu rer U 

(t - 2.4 mm). Values ul' K Expressed in tluN/ni(n3/2 

iW(im//rtct«rers 

n /) t: F C, 

, ? 
38. C 

a\\ 
45, 5 

A% 
10 

a0,2 
34,7 47 

A% 
22,5 

*0,2 
30,4 

aR 
40,7 

A% 
21 

aot? 
34,5 

ctR 
45,3 

A% 
22 

°0,2 
35,7 40,6 

A% 
18 

Ki 
180 
101 
1G1 
107 

Ko 
185 
208 
218 
222 

Kc 
220 
220 
283 
284. 

Ki 
155 
182 
184 
15G 

K0 

1G8 
102 
20G 
200 

Kc 
208 
221 
218 
232 

Ki 

182 
172 

K0 
175 
190 
200 
200 

Kc 
213 
230 
242 
239 

Ki 

168 
172 
186 
174 

Ko 
178 
108 
213 
210 

Kc 
206 
216 
247 
245 

Ki 
170 
IGO 
179 
188 

Ko 
179 
197 
210 
198 

Kc 
210 
229 
245 
236 
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Thin specimens, t=1.6 mm »wsioomm 
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daN/mm2 
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- O' sill 

40.65 
43.6 
42.2 
45.1 

42.6 
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• T 351 
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Figure 5,6B 

Ka 
50 

daN 
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40 \- 

L 
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In 
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i 
s 
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Thick (85-mm) A-U2GN Plates. 
Thin milled specimens taken from (the core, 

w= 100 mm ? t »2 mm, 
2-mm diameter hole. 

Note:1 daN/mm^ ='1450 lb/tn2, 

1 daN/mm3/2 s 288 Ib/îrr3/2 
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f r 2,000 cycles per minute 
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T 351 
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Figure 5.69 
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5.2.7 KHuct of Heut Truutnicnt 

Conorally, crack propagation is slower in aluminium alloys having the T3 condition, that is subjected first 
to natural ageing after quenching and then to moderate work-hardening, Brock et al91 investigated the effect 
of heat treatment on crack propagation rates in 2 mm thick 202*1 clad aluminium alloy sheets in the following 
conditions: 

As-delivered condition T/3 

T3 + 3 hr at 195°C 

T3 + 2*1 hr at 195°C 

Solution heat treatment for 
50 hr at ‘195°C, quenching, 
and C hr at 195°C 

Solution heat treatment for 
50 hr at •i95°C. quenching, 
and 30 hr at 195°C 

ult 

*17.5 

•19.2 

•16. G 

•16 

36.8 

•16. 

*11. 2 

39.2 

38.7 30. G 
daN/mm2 

18.5 

7.5 

7 

l'íctars 
hardness 

154 

156 

1*19 

151 

118 

Critical ageing 

Overagoing 

Critical ageing 

Ovcrageing 

Overngolng corresponds to the attainment of maximum hardness. In Figure 5.66, the rate of crack growth 
versus alternating stress intensity factor is given for centrally cracked specimens of width w = 100 mm . It 
is less for the as-delivered condition T3, this being probably due, to some extent, to the fabrication work¬ 
hardening. Any additional artificial ageing involves an increase of the crack propagation rate, which may be 
caused by the disappearance of the work-hardened state since metallurgical transformations favour plastic 
deformation, hence the relaxation of residual stresses. For the T3 condition, test results with cr^ = 7,85 
daN/mni? and cr = 2. 45 - 3.92 - 6.36 daN/mm2 may bo expressed by the following formulation, assuming that 

da/dn = 10*3(0^/0^) 1.305 (Ktt/43.5) (21) 

Brook92 also studied bare 2 mm thick 2024-T8 aluminium alloy sheet material, the treatment of which included 
ageing for 9 hours at 190°C after quenching. The tensile properties were as follows: 

o-uit, (daN/mm2) cr0i2 Elongation, A% 

T3 condition 46.7 36.4 21 

T8 condition 47.7 45.4 6.5 

The fatigue specimens, which contained a centre hole, had n .width w = I6O mm . The test frequency - not 
indicated - was probably of the order of 1,000 to 2.000 c/m. The test results may be represented by the follow¬ 
ing expression, where ; 

da/dn = 10“3 (crm/<Ta) l. 27 (Ka/30. 5) 3.7 (22) 

In Figure 5.67. the results of Schijvo and Do Rijk93 are plotted for clad 2024 aluminium alloy sheets in 
the following conditions: T3 condition denoted by E; E; = T3 condition followed by ageing for 6 hours at 
190°C: fi" = T3 condition followed by ageing for 9 hours at 190°C (T81). With three different values of the 
alternating stress, the crack propagation rates computed from the average of measurements on three specimens 
exhibit the same trend: fatigue induces additional ageing in E' specimens, which is detectable because of the 
change in crack propagation rate from the values corresponding to the T3 condition at small crack lengths to 
those obtained in the T81 condition nt great crack lengths. 

The A-U2GN aluminium alloy is more stable at room temperature and Figure 5.68 indicates that equivalent 
results99 were obtained with different heat treatments on thick sheet materials used in the manufacturing of 
the Concorde prototype aircraft, although the crack growth is considerably faster than in the as-delivered T351 
condition; the latter cannot he used owing to the static properties at low température. Instability in fatigue 
is again found in tests at 150°C. Figure 5.69 shows that in specimens subjected to an additional ageing treat¬ 
ment for 19 hours at 190°C the rates of crack growth vary from the values corresponding to the T351 condition 
nt small crack lengths to those found with more complete ageing processes at great crack lengths. As in the 
above described case of the 2024 alloy, we ascribe this effect to a progressive increase of the fatigue net 
stress during crack propagation. In Figures 5.68 and 5.69, the points are averages computed from the curves 
a = f(n) which have been plotted through the experimental points of ten test specimens. 

5.2.8 Variations with the Butch, the Manufacturer and the 
Rolling Direction 

Like other mechanical properties, the fatigue crack propagation rates depend upon the mechanical and thermal 
history of the material which exerts an influence on the stability of crystal lattice distortions and on brittle¬ 
ness. Different growth rates can ho observed even with identical static tensile properties. 
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TABLE 5.6 

Crack Propagation Rate Variations in 2 mm Thick 2024-T3 Clad Aluminium Alloy 
Sheet Materials from Several Manufacturers. Effect of Rolling Direction. (After Schijve and do Rijk93) 

Values of the alternating stress intensity factor, K„, for 
a mean stress crB = 6.86 daN/mm2, expressed in daN/mm^2 (288 lb/in3/z) 

^a V0» 
da/dn 

im/cycle 
F C 

Manu fa 

D 

cturers 

G E A 

2.45 0.357 10"“ 
10"3 

15.5 
31 

13 
27 

14 
28 

13 
26.5 

13 
27 

13.5 
26 

3.92 0.57 
lO"“ 
10"3 
10"2 

20 
36 

58 

14 
31 
49 

16 
32 
52 

14 
31 
51 

14 
31 
51 

16 
30 
48 

6.37 0.93 
10"“ 
10" 3 
10’2 

25 
44 
60 

19. 
38 
55 

22 
38 
55 

19 
38 
55 

19 
38 
53 

19 
35 
53 

Values of Ka on longitudinally loaded (L) and transversely loaded (T) 
specimens as overall averages for all the manufacturers 

°a da/dn = 10" 4 10"3 10"2 

2.45 Longitudinal L 
Transverse T 

14 
12.5 

29 
26 

46 
40 

3.92 L 
T 

16.5 
12.5 

33 
30 

52 
50 

6.37 L 
T 

20 
17.5 

40 
35 

63 
64 

TABLE 5.7 

Gust Load Occurrences in the 10 Different types of Plights 
for Crack Propagation Tests (after Schijve, Jacobs and Tromp101) 

Flight 
type 

Number 
of flights 

1 

2 

2 

10 

27 

91 

301 

858 

3165 

543 

Number of gust cycles with amplitude crat expressed 
in daN/mm2 

11.75 

Total number 
of cycles in 
5,000 flights 

Number of 
exceedings 

10.8 9.7 8.62 

15 

23 

7.55 

43 

66 

6.47 

139 

205 

5.4 

495 

700 

4.32 

1903 

2603 

3. 24 

8000 

10603 

2. 16 

39252 

49855 

1.08 

43 

43 

43 

43 

43 

43 

42 

38 

28 

19 

Total number 
of cycles 

per flight 

149902 

199757 

107 

101 

95 

81 

73 

64 

53 

36 

20 

' 

; -• , :-,. , 

■3 . 

L. :• 



Using clad 2Q24-T3 aluminium alloy sheet materials from two different manufacturers and from two different 
batches of each manufacturer, Schijvo and De Rijk93 obtained crack propagation rate variations that were as 
high as the ratio 1:3, the slower crack propagation corresponding to the higher ductility as indicated by a 
large elongation to tensile failure, A%, and a low yield stress value cr0>2 ; this is an illustration of the 
part played by brittleness in the crack propagation. However, the rates of growth for batches of both manu¬ 
facturers with very similar tensile properties were significantly different. 1116 same phenomenon is reported 
by Piper et al94 for the 7178 aluminium alloy. These discrepancies can only be explained by differences in 
the manufacturing and rolling procedures at low and high temperatures. 

For the same batch, crack propagation is faster in the transverse direction than in the rolling direction; 
Rooke80 found a life shorter by 20% for the DTD 5070A (A-U2GN in France) aluminium alloy. Table 5.6 gives some 
indications on the test results obtained by Schijvo and De Kijk93 on 2Ü24-T3 sheet materials from seven different 

: manufacturers. Including previous test results, the test data show a variation in growth rate with a ratio of 
1:3 for the manufacturers considered as a whole. Hie variation would be lower in programmed tests. However, 
to cover the scatter, the authors recommended a factor of 3 in relation to the crack propagation rate measured 
m a test on a complete structure. Vie crack propagation rate is 30 to 60% slower in the transverse direction 
than in the longitudinal direction; the above mentioned authors also recommended that in a pressurized aircraft 
fuselage the rolling direction be parallel to the hoop stresses in order to obtain a low crack propagation rate 
with high hoop stresses. 

K i 

5.¾. 9 Effect of l.04d ScQuenccs 

During the flight of aircraft, the bending moment of the wing varies continuously. On the ground, before 
take-off takes place, the lower wing is subjected to compression due to the dead weight of the wing and to the 
fuel weight contained therein. During taxiing at low speed, the surface irregularities of the taxiways cause 
the wing to be excited in bending vibrations. In flight, the lower wing surface is subjected to tension due to 
the permanent equilibrium loads which vary slowly with the fuel consumption. The manoeuvre loads and the res¬ 
ponse of the aircraft to gusts in turbulent air produce random loads above or below the preceding mean value. 
Subsequently, the wing is subjected to vibrations as a result of more or less severe impact loads. Finally, 
taxiing again generates a mean compressive load with superimposed vibrations induced by braking and by runway or 
clearway irregularities. 

Naumann" evaluated the influence on fatigue life of random flight loads and of ground-air-ground cycles, i.e., 
of the periodical return to taxiing loads. Tests were carried out with edge notched specimens (KT = 4) cut 
from 2.3 mm thick 2024-T3 and 7075-TG aluminium alloy sheets. Hie test loads were derived from gust velocity 
statistics of commercial aircraft. Hie conclusions were as follows: 

"1. Hie insertion of ground-air-ground cycles produced a large decrease in the number of simulated flights 
when compared with similar tests without the ground-air-ground cycle. The number of flights simulated 
was found to be influenced as indicated by the following conditions: (a) ground-air-ground cycle range * 
number of flights decreased as ground-air-ground range increased (the change is much greater than anti¬ 
cipated by Sh/N , and (b) degree of load randomization - the decrease in number of flights was greater 
in random tests than in block tests having ground-air-ground cycles with the samo range. 

2. Ground-air-ground cycle spacing has a definite influence on the fatigue life as measured by the number 
of flights simulated, whereas no effect was noted on the basis of summation of cycle ratios Si/N . 

In tests using random-load sequences, the degree of load randomization influences the fatigue life; the 
latter increases as the degree of randomization increases. 

4. Hie omission of the lowest load level did not significantly affect the number of flights simulated for 
tests in which the ground-air-ground cycle was introduced. 

5. All the trends noted herein can be explained qualitatively by using the concepts of residual stresses 
and residual-static strength.” 

I- 
In a preliminary study, Schijve and De Rijk100 investigated the effect of ground-to-air cycles on the fatigue 

crack propagation in centre-notched specimens (w = 100 m, t = 2 mm) cut from 2024-T3 clad sheet material. Hieir 
conclusions were us follows: 

“In two test series constant-amplitude loading at cr = 8.83 ± 2.94 daN/mm2 was periodically interspersed 
with down loads to crmin = 0.4g daN/mm2 after each 10 or 50 cycles respectively. Hiis load sequence implied 
a simplified flight simulation as applied in older prototype testing of aircraft structures, i.e., gust 
cycles with a constant amplitude and ground-to-air cycles." 

The results reported in Figure 5.70 show that with 10 gust cycles between two ground-air-ground loads the 
crack propagation rates that were measured and those which were calculated from constant-amplitude tests by means 
of the expression 

da/dn = 

■ 
proved to be very similar, except for great crack lengths, 
ground-air-ground cycles was found. 

With 50 gust cycles no significant effect of the 
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Pig.5.70 Effect of ground-to-air cycles on the fatigue crack propagation 

C?, m 

NUMBER OF LEVEL CROSSINGS OVER 5,000 FLIGHTS 

STRESS 

TIME 

10 FLIGHTS OF 

DIFFERENT SPECTRA 

20 cycles 
— O'min. AT ground 

LOAD SPECTRUM AND LOAD DIAGRAM 
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Fig. 5.71 Loading in crack propagation test on clad 2024-T3 sheet specimens subjected to various load 
sequences. Figure after Schijve101 
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A more comprehensive study by Schijve, Jacobs and Tromp101 brought this result again in question. Hie 
authors, adopting the principle of fatigue testing on n flight-by-flight basis, posed the following questions: 

1. Should the sequence of loads within each flight be a random sequence or could u programmed sequence be 
allowed? A truly randomized sequence and a programmed sequence are thought to be the most extreme 
possibilities. 

2. What is the maximum load to be applied in the test (truncation of load spectrum)? 

3. Could small load find nations be omitted from the test in view of time saving?” 

To answer those questions, the authors proceeded to systematic fatigue crack propagation tests on 160 mm 
wide specimens cut from 2 mm thick 2024-T3 and 7075-T6 aluminium alloy sheet materials. The specimens con¬ 
tained a small incipient central fatigue crack which was initiated under cr= 4.9 ± 4,9 daN/mm2 at 100 Hz from 
two short saw cuts at both sides of a hole. In order to prevent buckling of the crack lips, the specimens were 
placed between guide plates to which felt was bonded; they were lauded in an MTS fatigue machine of type 901.55 
having a maximum dynamic capacity of 25 tons - this fatigue machine is fitted with an integrated computer and 
is capable of any loading program. Iho load frequency was 10 Hz for small loads (cra = 1.08 -4.3 daN/mm2) 
and varied from 9 to j.6 Hz for cr{i included between 5.39 and 11.85 daN/mm2. 

Ihe gust loads were derived from flight data obtained on civil aircraft; they are represented by an overall 
spectrum in Table 5.7 which also gives partial spectra for different typos of flights of decreasing severity, 
each characterized by statistical distributions of same shape. In order to prevent perturbation of the crack 
propagation tests, the most severe flights were uniformly distributed over the total sequence. In the tests, 
such a block of 5,000 flights was repeated periodically. The random sequence of moderately high loads was 
distributed over 4,958 flights which were divided into 42 groups. These groups were separated by special 
flights for simulation of the more severe load statistics. The main random sequence included 91 flights of 
type P, 301 flights of type G, 858 flights of type H, 3165 flights of typo J and 543 flights of type K. The 
interspersed flights were introduced in the following sequence: E, D, E.B, E.O.E, B.C, E.E.D.E.E, D,E,E,A,E, E, C, E,E. 
D. E. B, B, E. D. E. E, D, E, E, C, E, E, D, E. 

The maximum gust load corresponded to what is encountered at least 10 times in the predicted life time of the 
aircraft, following the French practice of full-scale fatigue testing102. The ground load was simulated by two 
values of the moan stress, i.e., = 0 and crm = -1.96 daN/mm2 , the vibrations due. to taxiing being simulated 
by an alternating stress 

°m = 0 ™ú0% 
\ = i 1.37 daN/mm2 . 

The test results show that omission of the alternating ground loads does not affect the crack propagation. 
This has been confirmed by tests conducted by Gassner and Jacoby103 for the total life to failure, Let us 
return to the preceding tests; the minimum negative ground stress assumed values of -1,37 and -3.34 daN/mm2 in 
some tests; its effect was negligible for the 7075-T6 alloy and small for the 2024-T3 alloy. Together with the 
authors, wo believe that this is due to the closing of the crack lips in compression. 

Omission of the smallest giisi loads may reduce the test duration considerably; however, the crack propagation 
rate decreases and the crack propagation life, expressed in flights, increases, Omitting the lowest level, 
i.e. a 
omitting also the level 

± 1.08 daN/mm2, increases the life by 20% for the 2024 material and by 40% for the 7075-T6 material; 
6.47 crQ = ± 2. 16 daN/mm2 nearly doubles the life of the two truncation levels (^max 

and 7.55 daN/mm2) in tests with random or programmed loads. 

Figure 5.71 gives a cumulative spectrum of the number of level-crossings over 5,000 flights. Truncating at 
a specified value of aft mnx implies that the amplitude of the more severe loads should be reduced to a corres¬ 
ponding value. The effect of truncation is shown in Figure 5.72 for the 2024-T3 material. Under the highest 
load levels the crack propagation rate in the case of small cracks tends to decrease with further crack exten¬ 
sion; even after it has again increased, the crack propagation rate is still less than that obtained for the 
same crack length if the highest loud levels arc omitted. Tills effect is attributed by the authors to inter¬ 
actions between successive loads of different levels. Tests performed by the authors show that the influence 
on the period prior to crack propagation exhibits the same trend although it is smaller; in the case of the 
2024-T3 material, the ratios of durations are as follows for a 160 mm wide specimen with a 20 mm diameter hole 
at its centre: 

of truncation 
daN/mm2 

Duration prior to 
crack propagation 

Duration of crack 
propagation 

4. 32 

0. 47 

7.55 

Number of 
flights 

Relative 
duration 

Number of 
flights 

Relative 
duration 

12,600 

13,900 

18,200 

1 

1.1 

1. 45 

5, 200 

11,600 

20,500 

1 

2.2 

3.9 

In our opinion, those results correspond to a specific case of a quite general law on the behaviour of notched 
specimens, according to which any fatigue first improves the fatigv life under subsequent loads of lower level 
by creating beneficial compressive residual stresses at the notch roots subjected to tension. Cracks are 
particularly severe notches and it is quite normal that the general phenomenon should be observed. 
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It Hlioiilil ho noted timt during crack propagation thore is always a more or less stable improving effect due 
to the application of high tensile loads; indeed, high tensile loads produce favourable compressive residual 
stresses whereas high compressive loads cause the crack to close, and thus have very little effect. From this 
It follows that the crack propagation rate given by a load spectrum should bo less than that predicted by a 
computation of the average 

(da/dn) average (da/dn). 

where 
(da/dn) 

nt/n is the ratio of the number of cycles under the 1^ load level to the total number of cycles and, 
i is the crack propagation rate measured in a constant-amplitude test under the i 

k ' " 
G.-17 (InN/nim 

th 
given crack length, a . From test results obtained by Schijvo ct al10 1 for 2024-T3 alloy (a = 15 mm, cr. 

a min 

load level for a 

a mux “ 
08, no return to ground condition), the computed average crack propagation rate is 

about eight times the really measured value. In the same test, the Minor’s cumulative damage ratio. Si./N. 
wliüi^ N| is U10 number of cycloa nt fnilnr.o under the i«1 load level in u constant-amplitude test, was equal 

1,1 is shows that the improving effect of high loads is higher during to 3.*1 for the entire life before failure, 
crack propagation than during the crack initiation period 

hfftret of load stv/ticncing in a flight. The differences obtained by the previously mentioned authors in tests 
with random or programmed load sequences applied in the order low-high-low loads are not significant. This is 
again observed in the case of gust reversals, beginning with a positive or negative half-cycle in random tests; 
the gust loud sequence would be of no practical significance for the crack propagation rate. 

Iho application of one load per flight simulating the highest upward gust increases the crack propagation 
period by a factor of 3 ami is unacceptable in a crack propagation investigation. 

The omission of the return to ground condition increases the crack propagation period by 50% for the 7075-T6 
material and by 80% for the 2024-T3 material. 

Hie importance of crack propagation tests in a study of the effects of load sequencing and of the effects of 
other tost or environment parameters that govern the fatigue damage lies in the fact that the crack propagation 
rate is one of the rare physical quantities that can be measured and directly related to the fatigue life. 
Anything that affects crack propagation also affects the total life at failure. 

Figure 5.73(a) contains the load spectrum used by Jacoby1011 to define the loads on 2024-T3 sheet specimens 
having a centre hole with a stress concentration factor KT = 3. 1 . The initial spectrum was established by 
counting the number of load level crossings. Actually, service peak loads are not necessarily followed by a 
passage through the mean flight load. Consequently, the ratio l^/Nj of number of passages through the mean 
value to number of positive peaks characterizes the irregularity of the load curve (Kownlewski105). With a 
Gaussian process, the distribution of peaks is related to the level crossings. Using the graphical method des¬ 
cribed by Press106, Jacoby broke the level cross spectrum down into three Gaussian components and took a value 
NQ/Nl =0.8 to calculate the total distribution of peak loads. The test sequences and the relative durations, 
expressed in number of flights, are shown on Figure 5.73(b); all of the tests satisfied the same total statis-* 
ticai distribution. With this same distribution, the Minor rule gave a relative duration of 2.73 while block 
tests Including ground-air-ground loads yielded values of 4.12 or G. 84 depending on whether the vibrations due 
to taxiing were simulated or not; a relative duration of 18.3 was obtained in a test including one flight load 
varying between the highest and the lowest level that are attained approximately once per flight. 

Whatever the interest of "randomized** loads, that is, of sequences determined by means of a table of random 
numbers, we consider that the load distributions between "severe” flights and "moderate*’ flights should be 
based 011 statistical load spectra measured during individual flights and on distributions of the intensity of 
the load spectra between flights, Statistics of the extreme load values per flight could perhaps provide a 
basis for such distributions, in a test, the individual flight load spectra could be introduced into a sequence 
defined at random for moderately severe load spectra; flights of exceptionally high severity should not he 
simulated nt the beginning of a test in order to prevent the structure from being prematurely improved com¬ 
pared with the aircraft which might encounter the corresponding high loads only after a longer period of time. 
In this regard, we recommend separate investigations of the period prior to crack initiation and of crack 
propagation. During the plastic changes that precede crack propagation, the only physical quantity that can 
be measured is the variation in stress amplitude in a test with controlled strain sequences. Hie purpose would 
be to highlight the effect of various sequences on residual stresses inside a notch where the material is sub¬ 
jected to nn elastically controlled deformation which causes straining of the material in the plastic range 
near the notch root. Finally, the severe loads should be taken into consideration for final fracture after 
crack propagation. 

5.2.1« Measurement and Evaluation of (he Stress Intensity 
Factor in Thin Sheet Structures 

In the foregoing paragraphs it has been demonstrated that the fatigue crack propagation in thin sheets is 
governed by the intensity factor of mean and alternating stresses, K = K,,, ± Ktt , the second term being pre¬ 
dominating. Hie application of this to the prediction of crack propagation rates in actual structures involves 
two difficulties: first, the stress state in the absence of crack is not homogeneous in the direction of the 
sheet width; second, the problem is complicated by the presence of stiffeners. 
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^noC0llfld1eri?8 aM«°8eÜTS stress iield without cracl(s and using digital calculations, Isida107 treated the 
case of sheets stiffened by stringers with a regular spacing, whose direction was parallel to that of the 
tensile stress, A first calculation for an unstiffenod sheet of finite width yielded the following expression 
as regards the stress concentration at the tip of a centre slot of length 2a contained in a sheet of width w: 

KT = JÎÏ = + °-s948 + 0.1812 m" + 0.3963 m6 + 0.3367 m8 + 0.2972 m'° + 0.2713 fn1? + 0.2535 m 

+ 1 + 1.389 m2 + 1.8128 m“ + 1.7466 m8 + 1. 6753 m8 (23) 

where cr0 is the tensile stress in the absence of a crack, 
p the radius of curvature at the tip of the slot, 
m = 2a/w. 

«hen the radius of curvature at the tip of the slot is very small, the second tern, of expression (23) can be 
neglected and the stress intensity factor will be ' 

(K)t = cr0/(7m)*(l + 0.5948 m2 + 0. 4812 m4 + 0. 3963 m6 + 0.3367 tn8 

+ 0.2972 m10 + 0.2713 m12 + 0.2535 m14) , 

where the factor in parentheses indicates the effect of the finite sheet width. 

Another problem treated by Isida for sheets of finite width concerned the plane bending of an infinite strip, 
with a central transverse crack. The stress concentration factor is given by the expression 

(24) 

(2# **Vb = = 2^-jo + 0.4079 m4 + 0.1456 m6) + 1 + 0.8218 m4 + 0. 3411 m6 , 

where ah denotes the bending stress at the tip of the slot in the absence of a slot. 

This expression is no longer valid for a very small slot radius since the slot lips are mutually supported 
in compression. However, it is applicable in conjunction with the preceding expression in combined cases of 
tension and bending if the slot is nowhere subjected to compression. The stress intensity factor in bending 

(K), xb/(7ra) [l + 0.4079 m4 + 0.1456 m6] . (26) 

In combined tension and bending, with a stress varying linearly in the absence of a crack from cr at the 
centre to <r0 + crb at the subsequent location of the crack tip, the resulting stress intensity factor will be 

K = (K)t + (K)b . 

The stress intensity factor may thus be calculated for a stress field that varies little in the absence of a 
crack. 

An approximation of the problem of a centre crack located between two stringers in a stiffened plane panel 
was carried out by Isida for a plane panel with an infinite row of parallel stringers and with identical round- 
tip slots at every two stringer spacings, as shown in Figure 5.74. The numerical treatment yielded values for 
the function F(m,a,k) which is used in the following expression of stress concentration. 

max _ 
2 /(-) ‘ F(m,a,k) (27) 

where p denotes the radius at the tips of the slot, 

k = 2 A/wt the ratio of the cross-sectional stringer area A to the half-cross-sectional sheet area 
between two stringers, 

a " 3* *22 being the moment of inertia of the cross-sectional stringer area in relation to 
an axis perpendicular to the sheet, 

w the width of a stringer spacing between the axes of two stringers, 
t the sheet thickness, 

the tensile stress in the absence of slots. 

With p tending toward zero, the stress intensity factor may be defined by 

K “r cr0/(7/a) • F(m,a,k) . (28) 

The curves in Figure 5.74, which summarize the calculations by Isida, show that the function F(m,a,k) always 
decreases with increasing relative cross-sectional stringer area, k, m and a being fixed. However the 
variation of F becomes progressively smaller with increasing k and a , and F approaches certain'limiting 

between*0 05 and 5 In Practice, k is included between 0.4 and 2, while a ranges 
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Several seurchors have studied the effect of riveted stringers on stress at the tip of a crack located near 
the stringer. Sanders100, and later Greif and Sanders109, considering the case of a stringer attached to a 
sheet along a continuous line, investigated the effect on the stress field at the tip of a crack symmetric or 
non-symmetric with the stringer axis. Bloom110 analyzed the same problem, taking into account the spacing of 
the rivets used for attaching the stringer to the sheet. In all these calculations, an infinite shoot with a 
single stringer was taken into consideration and subjected to a stress 
tion of the stringer. 

at infinity, parallel to the direc- 

For cracks symmetric with the stringer axis, the parameters of the problem were as follows: 

à - 2 nitE/AjJEg - the ratio of rigidities, 

- the ratio, 1/p = ji/à , öf rivet spacing to half-crack length, 

- the ratio, y = b/p * of the distance b from crack to nearest rivet and the spacing p 

The other Quantities were as follows: 

2a, the crack length, 

t, the sheet thickness,. 

Ag, the cross-sectional st,ringer urea, 
E and Egl the moduli of elasticity Of sheet and stringer, rospoctivoly. 

If a correction factor C is defined as the ratio between the stress intensity factor of a sheet with a 
stringer and that of a sheet without a stringer, we shall have for the stiffened sheet 

K = o\/<í7ô) • C (29) 

Let us consider both cases, i.e., the uncracked stringer and the fractured stringer. In the first case, crack 
extension causes the stringer to be overstressed and a stringer-load-concentrât ion factor^ L , is defined 
such that the stress in the stringer becomes Lcr. . For a stringer attached along a continuous line to a sheet 
which contains a symmetric crack, calculations by Greif and Sanders give the following values of C and L: 

K = 

Uncracked stringer j C u 
Fractured stringer C 

0.50 1 

0.65 0.66 

1.30 1.60 

1,.79 1.42 

2 

0.69 

1.94 

1. 16 

5 

0.73 

3. 18 

10 

0.76 

4.88 

1.10 1.05 

lhe uncracked stringer reduces the stress intensity factor at the crack tip but it is heavily overstressed; 
in practice, if the stringer is made of the same material as the sheet, fatigue crack propagation will start 
quite early and it can be assumed that fracture will occur within a short time. The fractured stringer should 
therefore be taken into consideration for prediction of the subsequent crack growth. We thus see the advantage 
of using crack-stoppers with a high fatigue strength as obtained by bonding, by techniques for local improvement 
(such as coining), or by the selection of a material of higher strength or with a greater modulus. 

Figure 5.75, after Bloom110, shows, the effect of relative rivet spacing, p/a , on the correction coefficient 
for stress intensity and on the stringer-load-concentration factor; the stringer is less efficient if the rivet 
spacing is greater. In practice, we shall always have a/p < 10 , so that there will be some effect of rivet 
spacing. The case of integral stringers - obtained by milling - is not to be considered for symmetric cracks, 
except when assuming that the stringer is fractured and when applying the corresponding solution proposed by 
Greif and Sanders. 

Considering the problem of an eccentric crack approaching and then traversing the stringer, Bloom demonstrated 
that the stress intensity factor passes through a minimum when the crack extends beneath the stringer, which 
explains why a stringer can be a “crack-stopper" provided, as indicated previously, it is not itself about to 
crack. For integral stringers, that is, in the case of zero rivet spacing, calculations made by Greif and 
Sanders show that the stress intensity factor becomes very small at the tip of the crack when the latter reaches 
the stringer; this implies, theoretically, a considerable crack-growth retardation in the sheet but at the same 
time an increased overstressing of the stringer which then constitutes a notched component likely to crack. 
The crack will extend further in the sheet only if it has developed to a sufficient height on the stringer. 
Indications on the comparative efficiency of riveted and integral stringers with regard to crack propagation in 
sheets can only be obtained from tests. 

No calculation data for evaluation of the stress intensity factor are available for the more general cases 
of structures consisting of stiffened thin sheets. In our view, it is sometimes useful to measure this factor 
during a structure fatigue test in order to decide whether the test cun be continued without the hazard of 
excessive subsequent crack propagation and brittle failure. We suggest one measure the stress intensity factor 
by means of strain-gauges mounted ahead of the crack tip. The problem may be put as follows111: 

Determine the stress intensity factor of a centre crack in a thin sheet of infinite extent which would have 
the same distribution of the strain 
component under investigation. 

e perpendicular to the crack plane and ahead of the crack as the actual 
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In an infinito shoot containing a centro crack of length 2a along the Ox-axis and subjected to a tensile 
stress cr0 along the Oy-axls , the stress distribution at the points located on the Ox-axis in prolongation 
of the crack is given by 

= <V/( 1 - aVx2), °y “ ao * (30) 

where a is the half-crack length, x the distance from the ¡joint considered to the axis of symmetry, and 

the stress applied remoto from the crack plane in the Oy-diroction. Using the relation Eey = cry - 
we obtain 

with 

Ee. 
+ u}°: 

(31) 

= K//(77a) 

it follows 

Ee. 
/ (wa) 

1 - ^ 

/(1 - a 2/x 2) 
+ V (32) 

'Oils expression allows the stress intensity factor, K , to be calculated from one measurement of strain ey 
if the crack is located in a homogeneous stress field prior to crack propagation and if the symmetry axis of 
the crack is known. 

In an actual structure, although the total apparent length is known, lack of symmetry due to loading and 
the influence of unfractured stringers require that an equivalent haW-crack length, i , be defined. Moreover, 
the exact location of the crack tip is uncertain because of the oblique direction and the curvature of the 
crack front and owing to the fact that the damaged material ahead of the crack front may include microcracks 
which reduce the stiffness of the material, all conditions being equivalent to a crack of greater length. 
Accordingly, the distances of the ¡joints for elongation measurements, Ri 
reduced by an unknown quantity, b . We may then write the equation (32): 

to the crack tip must be 

Ee, 
/ (7711) 

! - V 

'1 - 

hence 

+ V 

(■ * 

, 1 - y 
K = Eev/(7rn -- + u 

1 - 

(‘*^y 

(33) 

(34) 

In the most general case we have three unknowns, K, b and ä ; theoretically, the problem can be solved by 
three measurements of e. Wo may eliminate K by dividing the measurements of e yi 

lij 
in. = 

€yj 

i - ^ 
+ V 

/(1 -1A?Î) J/ [/(1-1/7)]) 

1 - V 
+ 1/ (35) 

where 

^ = 1 + 
R - b 

Suppose successive values of b , beginning with b = o 
wo shall retain, if it exists for the supposed value of 

For each value of 
b , the value of ã 

b , try successive values of a 
that yields the measured values 

of the ratios Al2 and To aid the numerical computation, we may use a table of the values of 

z = 
1 - p 

/(1 - i/V?) 
+ V 

as functions of 
R - b 

1 - V 
= 1 

If the problem implies symmetric conditions, we may put ã = a + b ; K can be calculated on the basis of two 
measurements of Ecv if the distribution of is not too different from the theoretical distribution. We 
may also use the method of Bhandari112: with b = o , calculate the successive values of Hi corresponding to 
each value of Eeyl and then extrapolate to obtain the value of K at the crack tip. If the experimental 
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Pig. 5.76 Comparison of measured and theoretical values of the stress intensity factor in thin sheet specimens 
containing a centre crack (after Bhandari112) 

TABLE 5.8 

Measured Values and 'Itieoretical Values of the Stress 
Intensity Factor in a Centre-Cracked Sheet of Finite Width 

Subjected to cr0 = 3.91 daN/imn2 

2a/w 0.052 0.056 0.076 0.097 0.117 0. 149 0.197 0.212 0.242 0.282 

h 
km 

kt* 

16 

16.7 

15.7 

16.3 

16.7 

16 

20 

20.2 

19. 1 

22. 1 

22.8 

21.5 

26.1 

26 

23.9 

27.7 

26 

27.4 

33.7 

32.7 

32 

-37. 2 

36.2 

33.3 

37 

37.8 

36.2 

45 

42. 2 

40 

r.:- 

-■ -V . 1 



distribution approaches the theoretical distribution of an infinite plate, the successive values of Kj, will be 
close to each other and it will be sufficient to take the average of these values. 

When treating the problem of elasticity, we should avoid any plastic deformation in the measurements. The 
latter should therefore be carried out while unloading the specimen between two values of the load; the smaller 
load value must be high enough for a linear relationship to be maintained between the load and the measurement 
and no plastic deformation due to residual stresses should occur, 

Tests were performed by Bhanduri on 200 mm wide and 1.6 mm thick sheet specimens made from clad A-U4G1-T3 
aluminium alloy (similar to the 2024-T3 Al clad material), Figure 5.76 gives the results of extrapolations 
carried out by Bhandari, using elongation measurements which were made at at leaat six locations ahead of the 
crack tip; on four specimens the cracks were obtained by fatigue whereas the slot of the fifth specimen was 
mude by a saw cut. Table 5.8 summarizes the results of our calculations for one of these teats which was 
carried out on a centre-cracked specimen; KM is the measured vaiue obtained by extrapolation, K¿ was deter¬ 
mined on the basis of three measurements by neglecting the tost symmetry and by not taking into consideration 
the crack length, and KTw is the theoretical value which takes into account Dixon's finite-width correction, 
(See Table 5.8). The results are expressed in daN/mm3/2 (288 lb/in3/2). 

Hie validity of these measurements was confirmed by further tests on specimens fitted with centre or edge 
stringers. Hie theoretical trends of the effect of stringers were again observed and for equal measured values 
of the alternating stress Intensity factor the same fatigue crack propagation rate was found, except for the 
scatter. 

Strain-gauge measurements are not easy to carry out in the case of very small cracks. We would suggest one 
measure the elastic variation of the crack opening upon unloading by means of a method aimilar to that used by 
Srawley (See Chapter 4, Page 4.53 and Reference 4.84). In an infinite sheet the slot opening assumes an 
elliptic shape (see Chapter 4, Paragraph 4.2.2,2) given by the expression 

S = 4» Ïî/(L - xV»“). (36) 
E 

where a denotes the half-crack length, and x the distance of the point of measurement to the crack axis. 
With K = cr0/(na) , it follows 

S = /« - x7»’>. (37) 
v(7J'E) 

If the problem implies a symmetry axis, K can be determined from the measurement of the elastic crack opening 
ut the centre, S0 ; 

„ _ SoE ^ 
* ~ Tr--' 

If the problem does not imply symmetric conditions, we need two mefcurements, S, md Sj , it points located at 
Rt and R2 from the considered crack tip. If we put R = a - x , we have 

5 = ^-/[R(2ã-R)], 

hence 

. _ s. _ /fR/2» - R|>' 
12 " s, " V Lm2* - 

With this ratio we may determine the equivalent length, 2a , of the symmetric crack that exhibits the same 
relative lip displacements at the measurement locations. Hie same expressions are valid for surface cracks if 
E is replaced by E/(l - v2) , where v is the Poisson ratio. 

5.3 CONCLUSION ON THE FATIGUE BEHAVIOUR OF STRUCTURES 

Hie considerable amount of experimental work performed on assemblies, mechanical parts, notched and smooth 
specimens in connection with the fatigue problem of structures has revealed the most significant elementary 
aspects of fatigue behaviour, the combination of which is a great help for understanding the actual phenomena 
from a qualitative point of view and for predicting the required action in each particular case. Although few 
of the practising engineers are fully aware of the fatigue phenomena, specialists have at present no1great 
difficulty in understanding these phenomena but their advice often holds only on a qualitative basis since a 
quantitative interpretation of laboratory tests in terms of structural fatigue life under actual environmental 
conditions is sometimes quite difficult to achieve. 

Before we study, in a second volume, the technological problems of the strength of structures, it seems 
relevant to make a survey of what we consider to be established facts concerning the average qualitative laws 
that govern the behaviour of materials and of structures in fatigue. 
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5.3. I (Umural Technical A^puct «f I'atiKUu 

The first point of a qualitativo theory of fatigue was put forward by research in the physics of motáis. It 
thus appeared that the first physical changes caused by fatigue aro associated with the plastic straining of 
crystals which takes placo through relative slip along certain crystalline pianos. This slip involves the 
motion from one atom to the next of a linear singularity, called tli a local ion (see Chapter II, Paragraph 2,1.1). 
Technically speaking, it may he concluded from this that plastic shear strains condition the physical process 
prior to crack initiation and dtirinii crack propagation in fatiauc, 

Successive changes result in the modification of the relative stabilities under loud of distortions and 
crystal lattice defects which aro obstacles to dislocation propagation and hence load to plastic deformation. 
Consequently, seme barriers disappear while others are ovorstressed; vacancies - due to the lack of atoms in 
the crystal lattice - cluster together, and mierocrucks are created (see Paragraph 2.5.3). Fracture Mechanics 
explains why those vacancies and mierocrucks may extend under the effect of local tensile stresses Just ahead 
of u crack tip whore they exist in largo numbers as a result of great plastic strains and high stresses (see 
Paragraphs 4.3.1 and 5.2.3). Vie detrimental effect of tensile static stresses superimposed on alternating 
fatigue stresses was confirmed by all the tests performed. 

For the time being, no further conclusion can bo drawn from the work curried out on the physics of metals, 
although this work is being continued with the aim ef evolving a quantitative theory. 

We may try to show some other aspects of the fatigue behaviour of structures considered fundamental from the 
engineering viewpoint. First, the noic/i effect may bo characterised by the behaviour of a small volume of 
material subjected to strains in the plastic range by the surrounding material which remains substantially in 
the clastic strain range. After much time had been wasted, Coffin undertook to study the fatigue under constant- 
amplitude strain (see Paragraph 5.1.2) in connection with the fatigue failure of pipes in radioactive isotope 
splitting-plants under thermal stresses due to cyclic temperature variations. 

Other technical investigations underlined the great practical significance of compressive residual stresses 
at the surface of components. Such stresses are in motastable equilibrium and rapidly decrease in magnitude as 
a result of fatigue. Some effect, however, remains since compressive residual stresses are produced by work¬ 
hardening which implies plastic strains along sets of crystalline planes other than those involved in the cyclic 
plastic strains of the fatigue process. This raises the more general problem of the stability under load of a 
set of crystal lattice distortions due to a given type of loading when the same crystal lattice is subsequently 
subjected to another type of loading. 

The subject of the mechanical stability of strain-hardening may be first dealt with hy examining another 
fundamental technical problem associated with fatigue and even with creep. This concerns the changes that occur 
in the stability of a strain-hardened state - due to loadings at a given level - as a result of subsequent 
continuous or discrete loadings at a different level. In fatigue any repeated load first increases the life 
that will later be obtained under a smaller load (Ref. 113); If the number of applications of the high load is 
raised, the fatigue life under the smaller second load will be shortened; this phenomenon is referred to as the 
damaging effect of the first load. If the first load level is below the fatigue limit - assuming that the 
latter exists - , it will cause an improvement which can be evidenced hy a second loading at a level slightly 
above the fatigue limit of virgin specimens. This phenomenon is called "understressing**, as it occurs but 
rarely, it is considered to be questionable or odd. The more general phenomenon of improvement caused by 
overstressing is not well known to experimentalists who work with smooth specimens in the constant-amplitude 
stress range. This effect is fundamental in the behaviour of notched specimens and is easily accounted for by 
the creation of compressive residual stresses at the root of a notch. It may be studied on smooth specimens by 
means of constant-amplitude strain range tests with axial-load cycling (see Paragraphs 5,1.1 and 5.1.2). The 
changes in the stress-strain cycle are the only physical quantities associated with fatigue that can be measured 
during the process prior to crack initiation (see Paragraphs 5.1.3, 5.1.4 and 5.1.5 for measurable quantities 
that are not as well correlated with fatigue). 

Hie improving effect of high loads during crack propagation appears even more distinctly, as was shown by 
Dutch tests reported in Paragraph 5.2.3, Figure 5.47, and in Paragraph 5.2.9, Figure 5.72. In service, with the 
exception of a few cases, structures are subject to load sequences of quite different levels and occurring in a 
complex order; in defining test loads and in interpreting test data from a single structure tested under a 
particular load sequence, it is very important to know what destructive and improving effects are likely to be 
encountered. 

On the more fundamental level of research work, one should endeavour to study the stability under mechanical 
loads with the same care as the stability under thermal agitation. Hie two problems involve different concepts. 
The effect of heat has been treated by Statistical Mechanics which postulates statistical independence for ele¬ 
mentary phenomena of the same nature; this method consists in taking averages which are then explained by the 
activation energy of the transformation investigated. For the phenomena associated with instability under 
loads or strains the equilibrium theorems of Statics are used as a primary means of reasoning. Hie pattern 
applied is the behaviour of chains loaded in parallel and not that of the weakest link of chains loaded in 
series. During the stressing'of crystals under plastic deformations, the large number of barriers which impede 
the occurrence of slip are stressed in parallel, all the slip planes being “pinned" together by point defects, 
inclusions or grain and subgrain boundaries in heavily worked metals. Hie stresses which counterhalance the 
loads are irregular in their profile. When the stability of a barrier is overcome by a high enough shear 
stress, slip passes across the obstacle and the relieved local load is distributed over the neighbouring 
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obstucloB, which sometimes causes avalanche equilibrium failures (see Paragraph 2,3, Pago 11,38, Kaiser and 
Rusch, for avalanches). Hie probability of failure at a given point depends statistically an what has occurred 
on the neighbouring points. 

The same pattern of chains loaded in parallel may be applied to the case of plastics although the latter 
contain no crystals and exhibit no plastic slip, Being of molecular structure, plastics have only one feature 
in common with metals, of crystalline structure, that is, the existence of motastablo configurations which 
become unstable under the effect of temperature or of loads applied long enough or often enough. Here, plas¬ 
ticity is replaced by viscosity, and slip by the unrolling of molecular chains embedded in the viscous material. 
There is also a mode of brittle fracture which Is governed by the parameter K of Fracture Mechanics und by 
the rate of loading, The ahove mentioned concepts are sufficient for a qualitative explanation of tho fatigue 
phenomena that are common to metals and to plastics; besides, this was our starting point (see tho beginning 
of Chapter II). A general theory of the strength of materials should first cover all the materials showing a 
similar behaviour in actual components and then include a number of particular theories to account for the 
differences. 

As to the technical problem of tho notch effect, we believe that this is the primary subject of investigation 
that might prove useful to the engineer; the slow progress achieved in the field of basic research over the 
last thirty years is obviously due to the fact that scientific experimentalists often used smooth specimens to 
separate tho effects of parameters and to study the fatigue phenomenon per sc. In our opinion, notches are the 
most important factor, they can he defined by u value of the surface stress and by a stress gradient in depth. 
As tho process of plastic adjustment in notched specimens Is found to he amplified in relation to unnotched 
specimens which are subjected to u more uniform stress state on tho scale of the design hut to a quite disturbed 
stress state on tho scale of tho metal structure, the study af notches is the first step in an investigation of 
the fatigue behaviour of materials and the final stop in an Investigation of tho fatigue behaviour of structures. 

A. 3.2 Effect of Stress Gradient - Size Effect 

Although there is also a size effect in crack propagation, the following discussion on the effect of stress 
gradient relates principally to crack initiation. 

In Figure 5.77 the o^-N curves of the fatigue lives of round A-U2GN aluminium alloy specimens114 are plotted 
for three values of the geometric notch factor under reversed loading with a mean tensile stress crB r: ¡q.g 
duN/mm2 (15,300 lb/ifi2). Over a small number of cycles the strength of the notched specimen is greater than that 
of the smooth specimen, this being the usual case with the static strength (see Paragraph 4.1.1); the mean 
tensile stress reduces considerably the allowable value of the alternating stress. With large number of cycles, 
however, the effect of mean stress, which is significant on unnotched specimens (KT = 1.035) , becomes very 
small on severely notched specimens (KT = 3.3) under high mean-stress values, as shown by the following values 
of tho fatigue limit at 3 x io7 cycles (the results for crB =: 21.2 daN/mn2 arc not plotted in the figure). 

= 0 10.6 21.2 
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3.3 

14.6 
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3 
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daN/mm2 

(1450 lb/in2) 

This condition, which is quite frequently observed, seems to be duo to fatigue “creep" (see Paragraph 5.1.1.2) 
at the root of the notch, whereby local stresses of substantially constant amplitude are found for the same 
overall strain around the small, plastically deformed region in spite of increasing geometric concentration 
factors; this is explained by the fact that yielding causes a shift of the stress-strain loop toward tho low 
stress range with a fairly constant location, as illustrated in Figure 5.78. 

Hie adjustment of the stress-strain loop depends on the plastic slip, hence on tho octahedral stress examined 
in Chapter III, Paragraph 3.3.2, which is a shear stress, and on the relative gradient in depth. Sometimes 
Von Mises' "equivalent" stress 

°oq. = /(CTÎ + °1 " 

and the equivalent relative gradient 

Bcr. eq. 
’eq. 

cq. 

are used as references; in pure tension, the equivalent stress is reduced to the usual tensile stress hut in all 
cases it is proportional to the octahedral stress. To simplify, one uses 

°S = ^surface = KT • °a 

relative gradient 
Bov 
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in practical casos where the second principal stress, cr2 , is low compared with the hiRhost principal stress 

For a circumferential V-typo notch with a round root of radius r and of groove diameter d we have 

in tension g = - 2/r , 

in bonding g = -2(1/r + l/d) . 

For thick A-U2GN sheet material tested in the direction of rolling we find the following alternating surface 

stresses (expressed in daN/mm2) at fatigue failure in notched and smooth specimens subjected to axial tension- 

compression loads or to bending! 

KI - g 

Hovor.sod tension- 

compression, = o 

1.035 

1.7 

3.3 

0.037 

1 

5.7 

Rotating-bending 1 

1.7 

0.43 

3.84 

10u 10 5 106 107 

31 

34 

53 

23 

19.5 

33 

16 

15.2 

24 

15 

13.2 

17.8 

32 

44 

21 

29 

15.7 

21 

13.7 

18 

dnN/mr 

These results are plotted in Figure 5.79 which shows that the values in rotating-bending are comparable to those 

obtained in reversed tension-compression with the same surface stresses and the some relative gradients. In 

Figure 5.80, from the tests by Esquerro116, the ratio 

Kj 

«Vk. 

is given as a function of the relative gradient - g for a 35 NCD16 steel treated to a tensile strength of 

126 daN/mm2 (183,000 lb/in2). 

One conclusion is that the results of fatigue bending tests cannot be compared with those of axial tension- 
compression tests performed on smooth specimens, but only with those of axial tension-co/n/)re.s*.çion tests per¬ 
formed on notched specimens with the same alternating surface stress and the same stress gradient in the direc¬ 
tion perpendicular to the surface. 

Since the existence of a stress gradient increases the allowable value of the alternating surface stress, 

the conservative approach will be to calculate the applied stress by the theory of elasticity and to take the 

stress sustained by the axially-loaded smooth specimen as the allowable value. 

Furthermore, there is a size effect related to the stress gradient during the crack initiation period and to 

the stress intensity factor during the crack propagation period. In geometrically similar specimens the stress 

gradient decreases with increasing absolute size. Using bars of Italian PAZ 5.B aluminium alloy containing zinc 

(similar to 7075), Massa116 carried out rotating-bending tests on three geometrically similar sets of smooth 

and notched specimens, the small specimens having been cut from those areas of the large specimens which were 

little stressed in fatigue. The specimen sizes were as follows: 

Hourglass-shaped specimens, KT = 1.04 

2.5 

8 

25 

(mm) 

4 

13 

40 

10.5 

33 

105 

- g 

(mm-1) 

0.99 

0.31 

0.099 

Notched specimens, KT = 3.7 

2.5 

8 

25 

(mm) 

4 

13 

40 

0.05 

0.16 

0.50 

- g. 

(mm"l) 

40.8 

12.8 

4.08 

-/-.5- 
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FATIGUE LIVES IN PROGRAMME TESTS 

Type of 
programme 

Distribution óf load levels In programme tests Mean life 
cycles 

‘fault.5 0.3 0.4 0.5 0.6 
N = 65,000 20,550 6,500 2.055 i 

220,000 
I 2.5 blocks) 

1 ‘fallt. = °-3 O'“« 0.5 0.6 
N s 80,000 800 8 1 

7,270,000 
( 90 blocks) 

i 
‘failli 5 0,2 0-267 0-333 0-4 

N = 65,000 20,550 6,500 2,055 
1,,440^000 

M5.3 blocks) 

FATIGUE LIVES IN SINGLE LEVEL TESTS 
0.3 0.4 0.5 0.6 

N = 170,000 63,000 26,000 15,000 

Ni 

a/a utt. 
0.6 

0 
0.2Í- 

0 

o 
r 

N1 

CT/a utt 

FIRST PROGRAMME LOADING 
FIRST PROGRAMME 

LOADING 

Fig. 5.81 Damage or improvement under first programme loads applied to drilled specimens made of Russian D-16' 
(about 2024-T6) aluminium alloy sheet as measured by the residual life under constant-amplitude loai 

After Galkin, Gringaouz and Pestof119 
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llio followiiiK romilts woro obtninod: 

Type 
Small 

diameter, 
d(mm) 

Alternating stress, for the 
failure after iV cycles, 

expressed in daX/mm^f lAHO Ib/in9) 
(daN/mm2) 

- « 

N = 10w 105 1.06 107 

Notched 

»peelmen» 

2.5 

8 

23 

18. 5 

17. 5 

15.5 

13 

11.8 

•'ö.ü 

il. 5 

7.0 

0 

(Î.7 

G 

4.75 

25 

22.4 

17.7 

40.8 

12.8 

4.1 

Smooth 

»pecimen» 

2.5 

8 

25 

40 

39.5 

38 

30 

29.3 

20 

22 

21.3 

18 

18.5 

18.1 

15 

19.3 

18.7 

15. C 

0.99 

0.31 

0.009 

llio Htrrnjíth ratio» »>f Hu» largoHt »iiocimcn» to tlio »mallost »iiocimon» woro as follows: 

106 107 

0.71 0.71 

0.82 0.81 . 

N = 

Nolcliril Hpocitniii» 

Smooth spocimens 

10 

0.84 

0.05 

10* 

0.73 

0.87 

Iiiko tho static strength of notched specimens (see Paragraph *1.1.1), tho fatigue strength decreases wii/t 
increasing absolute component sise. Tills has already been stated with regard to the residual static strength 
of cracked components (see Paragraph 4.3) and with respect to tho fatigue crack propagation rate (see Para¬ 
graph 5.2). those two phenomena being governed by the stress intensity factor in which the square root of the 
absolute crack size is an important factor. In all cases the size effect is mainly dependent on tho stress 
gradient. 

The second parameter that determines tho size effect is the absolute size of a surface element with physical 
properties differing from those of elements in depth. It may be, for example, the average size of grains since 
surface grains, being less supported by their neighbours, are more subject to deformation and yield under load 
without breaking. It may also be the thickness of a work-hardened surface layer containing compressive residual 
stresses which delay failure and crack Initiation. 

It appears that great caution is needed when using the results of small-specimen fatigue tests for predic¬ 
tion of the strength of large-size components. 

tf test data from specimens made of the same material and subjected to the same machining and surface- 
treatment processes as the component under investigation are available, then the experimental values KT 
corresponding to a stress gradient value smaller than that of the component investigated can be used as a first 
aimroximat ion. approximation. 

5.3.3 Ihimuging and Improving Changes During the Fatigue Process 

When a notched part Is subjected to an increasing static load, the elastic stress distribution near the 
notch root is modified mid the maximum surface stress ceases to increase as soon as the yield point of the 
material is reached. During the loud increase tho plastic range extends progressively over the cross-sectional 
urea before fracture occurs. Tills phenomenon is known as plastic adjustment. 

At tho beginning of this chapter (Paragraph 5.1.1) wo examined tho changes during fatigue in the stress- 
strain loop of the material located near the maximum stress point at tho root of the notch. If the material 
has initially boon annealed, fatigue exerts a hardening effect and tho stress-strain loop, which is at first 
quite wide, tends to narrow. In an initially cold-worked engineering metal fatigue tends to reduce the previous 
work-hardened state, and tho stress-strain loop, which is at first narrow, tends to widen, which implies that 
under a l in muting strains the material softens while the stress decreases. Now the small volumo of material 
near the notch root is subjected to cyclic strains imposed by the surrounding material which remains substan¬ 
tially in the elastic range; as a result, the decrease in stress entails crack growth retardation in that area. 
On the other hand, if the loading includes a static component, the reduction caused by the alternating component 
in the previous work-hardened state induces permanent fatigue “creep" (see Paragraph 5.1.1.2) whereby the stress- 
strain loop is shifted toward the permanent component of the applied load; the loop tends to assume the shape 
of a symmetric tens ion-compress ion loop. All this phenomenon constitutes what is called the fatigue accommoda¬ 
tion. It involves tho creation of compressive residual stresses at the root of the notch and provides a full 
explanation of the improving processes in fatigue due to the effect of overloads when applied a small number of 
times as well as to the effect of undorstressing. 

The statements on qualitative laws which we have examined previously and which are derived from the hulk of 
the test data published in the international technical literature may be summarized as follows: 
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I « Static or ulternatiriB loads tend to chanso tho work-hardened state which (loponds on tho meclmnicnl 
and thormal history of tho material; it also tends to substitute a now state independent of the former 
and associated with tho now load applied. Fatigue hardens initially soft materials and softens 
initially cold-workod materials (see tests by Bairstow and by Polakowski in Paragraph 2,1.3). 

II - Under constant-range stress the alternating component superimposed on a static component destroys in 
part a pre-existent work-hardened state or a strain-hardened state produced by a first loud application, 
ami it may favour fatigue "creep" or classical creep (see Paragraphs 2.1.3, 3.2.0, 3.4.2 and 0.1,1.2). 
Under constant-rango strain tho alternating component superimposed on a static component softens tho 
initially cold-workod material, causes tho stress to decrease by relaxation, and lends to a shift of 
tho loop toward an alternating tension-compression loading condition with a simultaneous docreaso in 
tho alternating stress amplitude. 

Ill - In a material cold-worked prior to fatigue and subjected to alternating tension-compression, fatigue 
continuously lowers the proportional limit ami the yield point of the material at the notch root. Tho 
region near tho maximum stress point is practically subjected tu fatigue under strains imposed liy the 
surrounding material which remains Jn the elastic range. Tho stress at the notch root decreases 
asymptotically and approaches a limiting value with increasing number of cycles as long as no crack 
is initiated (see Paragraphs 2.1.3 and 3.4.2 for tho changes in the static stress-strain curves). 

IV - In tho presence of a static component of tho load, for example in tho case of a repeated load ranging 
from zero to maximum value, there is more fatigue "creep" at tho root of tho notch. The permanent 
elongation increases with tho number of cycles and generates compressive residual stresses at the 
notch root which are offset by small tensile residual stresses in the more remote areas (see Paragraph 
5.1.1.3). 

V - The application of u static preload producing tension in the stress concentration region induces com¬ 
pressive residual stresses which result in a higher fatigue strength under subsequent loading, pro- » 
vldcd tho preload docs not introduce mlcrocracks, 

VI - Through the creation of favourable residual stresses any fatigue loading first causes on improvement 
which is detectable by the greater fatigue life under subsequent loading at a lower level, but after 
a number of cycles corresponding to the maximum improvement increasing damage is observed up to failure. 

Point V is a well-known fact which has been recognized since the comprehensive testj performed by Kcpert and 
Payne117 on 91 “Mustang" wing structures from World War II surplus stocks. It has been the subject matter of 
numerous studies which wo shall examine in connection with the structures in a second volume of the present work. 
Point VI was raised at u relatively recent date and will be discussed in the next paragraph. 

Although they help to explain some of the aspects of the behaviour of smooth specimens, the preceding quali¬ 
tative laws are actually verified only in the case of notched specimens, or in the case of smooth specimens 
during the crack propagation period since cracks are equivalent to very sharp notches. In smooth specimens 
there may be a prevailing effect of understressing on the scale of the grains, subgrains or precipitates where 
stress concentration microregions exist with tensile and compressive residual stresses which are first reduced 
by fatigue to a level such as would be reached in the absence of the first loud if tho process were not halted 
by microcracks. Hie first loading produces an improvement onlly within a rather narrow stress range below and 
above the fatigue limit; moreover, since the initial residual stresses in the microregions are created by 
cooling following the heat treatment, they remain very stable under an external load that involves other slip 
planes of the crystal lattice; the first fatigue loading must therefore be applied over a very large number of 
cycles if its possible improving effect is to appear. Ibis is the origin of all the discussions between fatigue 
tost specialists on the influence of load sequences on smooth or slightly notched specimens. 

5.3.4 Improving Kfiect of Overloads. Tests on Components 
Removed After Service Operation 

Tests conducted by Schijve, Jacobs and Tromp101, and referred to in Paragraph 5.2.9, showed the improving 
effect of high loads on crack propagation (see Figure 5.72). This phenomenon is quite frequently observed in 
laboratory tests performed on components which are removed after a given operational time. In order to 
investigate the residual fatigue life of components after various service periods, Galkin, Gringaouz and Pestof119 
proceeded to carry out tests on notched specimens, on assemblies of aluminium alloy sheets and extrusions, and 
on assemblies of welded steel tubes and end pieces. Hiese components were subjected to a first fatigue loading 
as defined by a programme of successive loads of different levels. The second fatigue loading carried out until 
fracture under a load of constant amplitude then showed an improvement or a damage depending on whether the 
level of the second loading was lower than, or equal to, the highest level of the first loading. Figure 5.81 
contains a set of results from drilled 80 mm wide and 4 mm thick sheet specimens which were marie from Russian 
D-16T aluminium alloy quenched and artificially aged (c-ulti = 50 riaN/mm2, o-0#2 = 34, A% = 8). No improvement 
is found if the level of the second test load is equal to the highest level of the first load. In the opposite 
case, i.e. with a higher first load, the second test shows an improvement which turns into damage if the first 
fatigue loading is continued up to 50% of the specimen fatigue life in one single test. 

Tests carried out by Schijve118 on riveted 2024-T3 and 7075-T6 aluminium alloy assemblies with programme 
loading blocks illustrate the effect of high positive loads, of negative loads and of the corresponding 
sequences of application. Using cri for each load level of the loading programme, for tho number of l 
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FATIGUE ENDURANCE OF VIRGIN RODS IN CONSTANT-AMPLITUDE TESTS 

max. 

^min. 
N 

8,200 
-3,200 

70,000 

9,000 

0 

70,000 

6,200 
0 

8,000 
1,500 

200,000 

5,800 

0 

6,000 
500 

300,000 

8,000 
3,200 

5,000 

500,000 

4,400 8,000 
4,000 

1,000,000 

kg-weight 
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LANDING LOAD BLOCK simulating 500 landings on the basis of service load 

statistics ; this loading was applied tc virgin specimens of series IV prior to 

the tests under repeated constant-amplitude loads. 

max. 
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Pig.5.82 Welded steel rods - effect of service duration on fatigue endurance after removal from the aircraft. 
After Calkin, GringaouK and Pestof119 
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cycles at this level, und Ni for the number of cycle« to failure nt this level, Miner and Palmuren defined 
the cumulative dumuKO by D = ^(ni/N^ and assumed that under suocessivo loads of different levels failure 
would occur when 0=1. In tests by Schijve the loadins blocks ouch corresponded to !) = 0.1 , that Is, 
failure would theoretically occur after 10 blocks. In the case of the 7075-10 aliuMniutn alloy one sinale 
overload equal to 75% of the static ultimate load PuUt caused the value of the cumulative damuKO to failure, 
0,.«f , to increase from 1.08 to 1.42; the application if a positive load of 0.39 PuUi at the end of each 
block yielded l>ult = 0.0 ; when this loud was removed after the 50UI block (D = 4.05), only Pult = 5.51 
could bo obtained; lho application of the same load every two blocks resulted in l)ultt = 3.CB . With a 
negativo loud such as I» = - 0.30 Pult at the end of each block, DuUi " 0.51 was found. With Pw = 
+ 0.30 P,,.* and then Pu = - 0.39 Puil at the end of each block, one had l>ult# = 0.70 , and with Ptt = 
- 0.30 PÏ followed by Pu = + 0.39 £,1 fc ut the end of each block, l)uU, = 3.11 . Analogous results wore 
obtained on the 2024-T3 alloy. Apparently,’the last load applied at the end of each block creates compressive 
residual stresses in the case of positive loads (improving effect) or tensile residual stresses in the case of 
negative loads (dauaging effect), and the residual stresses slowly return to stable values which depend upon 

the loading levels of each block. 

■nie 1 mnroving offret or ovorlonHn during Migue Ik not noculKir to uliitnliiluia tilloj'K. In the nbovo quoted 
work ot Galkin ct »1. «one tent resulta are reported with respect tn tuhulnr rods wade from Russian ¡10 XGSA 
steel and consisting of tithes with welded end pieces. From Figure 5.82 It Is seen Huit the nppllcntlon on now 
rods of two loading blocks which sinul uto 1,000 landings of mi aircraft equipped Willi such rods resulted In 
conslderablo Improvement (dotted curve IV) In relation to the Migue life of rods not »uWcelod to previous 
loading; hero, the lest loud, which was oqiinl to 5,000 daN, was subatnntlnlly smaller than the highest load of 
the prcloadlng programme (10,000 daN). On curvos I, XI and III the lest ronultH arc plotted for repented loads 
of 13,200, 8,000 and 5,000 daN which were applied to rods removed from service lifter 1,000, 2,000 and 3,000 
landings. In Serles I the test load Is greater than the highest loads applied In service and the test shows 
Hint damage Increases with the number of landings. In Serles II, with n Lest loud of 5,000 daN, a slight 
improvement is obHorvcd with increasing number of landings. In Scries 111, which is comparable to Series IV, 
a considerable Improvement passing through a maximum for removal after 1,000 landings is again found under a 
repeated load of 5,000 daN. As a rule, the qualitative law sot forth under point V In Paragraph 5.3.3 s 
verified fairly well; previous fatigue under a high load increases the fatigue life obtained under a subse¬ 
quent smaller loud up to a number of cycles at which the high load begins to exert a damaging effect. 

From the foregoing results we may draw some practical conclusions: 

(a) Prior loads incrcnsc the fatigue strength of structures. Consequently, one should avoid distorting the 
meaning of a fatigue test by using - for reasons of economy - a specimen that was first subjected to 
static testing under high loads. Some improvement could be expected from the systematic application of 
high static loads generating compressive residual stresses in the notches. However, owing to the risk 
of obtaining mlcrocracks and even undetectable cracks In cases that are too scarce to be revealed by 
destructivo testing and too frequent to be acceptable from the point of view of the probabilities of 
accident, this procedure may be resorted to only in full production of mechanical parts where continuous 
checks con he effected by statistical quality control methods requiring a certain percentage of samples 

for destructive testing. 

(b) Tensile overloads significantly increase the fatigue strength provided they do not first introduce 
damage and provided the structure has not been damaged by the other loads. Hence, premature introduction 
of such overloads in a single structural fatigue test may give an illusive guarantee as to the service 
behaviour of structures that would perhaps not be subject to these loads before the latter have a 

damaging effect. 

(c) There is no point in fixing the residual fatigue life of a component removed after a given operational 
time by carrying out on additional fatigue test and by comparing the result with the life of a new 
component. Indeed, if the test loads arc smaller than those sustained in service, the component 
investigated will last longer if it has been removed after a longer period of time, unless the removal 
takes place so late that failure may occur in service; if the test loads are more severe than those 
encountered in service, the results will prove less erroneous but again one runs the risk of assuming 

that service has no damaging effect. 

(d) Fatigue cracks constitute quite severe notches and the effect of loading sequences on crack propagation 
is even more distinct than that on the total times to failure. The application of an overload may halt 
the crack propagation which will subsequently continue under a smaller load - veo* slowly at first and 
then at an increasingly faster rate. As a result, observation of the propagation rate of a crack on a 
structure used in service may lead to imprudent conclusions as to the operational life that con be 
reached before the crack becomes too hazardous. No crack occurrence can be tolerated in service if 
complete failure of the cracked component endangers the structure and If the failure cannot be detected 

before other components arc also damaged. 

J . ...... . .. ..... ........ . '-...„A .... 



274 

RKFKKKNCKS 

1. Barrols, W. ONEHA, Momo techniuuo No.27, Note dated IU52, distributed in 1963. 

2. lUatherwick, A. A. 
[iiunin, R.J. 

Effect of Clum^inn Cyclic Hioihilus on Bmting Fatigue Strength, WADC Technical 
Report 50-127, Part II,‘University of Minnesota, May 1959. 

3. Tiller, F.R. Cyclic Stress-St min Behavior of OFUG Copper, MS Ulosis, University of Illinois, 
Urlmnn, 19(52. 

4. Halford, (5.R. 
Morrow, JoDoan 

Low Cycle Fatigue in Torsion. TAM Report No.203, University of Illinois, Urbana, 
Oct. 1901. 

. 

--¾ 

5. »nl111, R. W 
ct al. 

G. Ucnlinm, P.P. 
Ford, II. 

7. Coffin, I,. F., Jr. 

8. Foltnor, C. E. 

9. Plenard, E. 
Pleas lor, J. 

Plenard, B. 
Boutault, J. 

10. Crews, J. II., Jr. 

11. Moore, H. F. 

12. Coffin, L.F., Jr. 

13. Tavernelli, J.F. 
Coffin, L.F., Jr. 

Fatigue Behaviour of Materials under Strain Cycling in Low and Intermediate Life 
Bunge. NASA, TN D-1574, April 1963. 

Low Endurance Fatigue of a Mild Steel and an Aluminium Alloy. Journ. Mechanical 
Enßinoorlnß Science, Vol.3, No. 2, 1961. 

Low Fatigue: A Beview, Applied Materials Research, Vol. 1, No. 3 Oct. 1962, pp.129- 
140. 

Cycle Dependent Beformation Behavior of Close-Backed Metals. USAF Contract, 
Report TDK-63-4149, University of Illinois, Nov. 1963. 

C.R. Acad. Sciences, Paris, t. 261, 1965, p.732. 

C. R. Acad. Sciences, Paris, t.264, 1967, p.487. 

NASA W 1)-3152, Dec. Í965. 

A Study of Besidual Stresses and Size Effect and a Study of the Effect of Uepcated 
Stresses on Besidual Stresses Due to Shot Beetling of Two Steels, Experimental 
Stress Analysis, Vol. II, No.l, 1944, p.170. 

Trans. ASME, Vol.76, 1954, p.923. 

Trans. ASME, Vol. 51, 1959, p.438. 

tí 

14. DUßdale, D.S. 

15. Halford, J.R. 
Morrow, JoDenn 

16. Gross, M. R. 

17. Feltner, C. E. 
Morrow, JoDenn 

18. Morrow, JoDenn 
Tuler, F.R. 

19. Karins, -. 

20. Zener, C. 

21. Crussnrd, C. 
Auber tin, F. 

22. Lazan, B.J. 

23. Lazan, B.J. 
Wu, T. 

14. Wu, T. 

Stress-Strain Cycles of Large Amplitude, Jour. Mech. Phys. Solids, Pergamon Press, 

London, Vol.7, 1959, p. 135. 

Low Cycle Fatigue in Torsion. ASTM Preprint No.63, 1962. 

Law Cycle Fatigue of Materials /or Submarina Construction, National Aeronautical 
Meeting, Washington, SAE Preprint No.690 B, April 1963. 

Micro-Plastic Strain Hysteresis Energy as a Criterion for Fatigue Fracture, 
ASTM Publication 60 Met-2, Los Angeles, April 1960. 

Low Cycle Fatigue Evaluation of Inconel 713C and Waspaloy, Trans. ASME, Publica¬ 

tion 64-Met-15, Detroit, May 1964. 

Beitrag zur Frage der Werks to ff Veränderungen bei Dauerbeanspruchung, Thesis at 
the Polytechnic University of Braunschweig, 1943. 

Internal Friction in Solids. Phys, Sac. Vol. 52(1), 1940, p. 152. 

Revue de Métallurgie, Juno 1949, p.354. 

Trans. ASM, Vol.42, 1950, p.499. 

Dumping Fatigue and Dynamic Stress-Strain Properties of Mild Steel. Proc. ASM, 

Vol. 51, 1951, p. 649. 

A Vicorctical Study of the Fatigue and Belated Problems, Syracuse University, 

N.Y., T.R. 50. 1, Part II, 1950, p. 20. 

tí'-tí/tí- / 

.-..1..-.-. 



25. Lazan, B. J, 
Deiner, L.J. 

Damping, Elasticity 
Proc. ASM, Vol. 51, 

and Fatigue Properties of Tempern ture-lie sis tan t Materials. 
1951, p, 611, 

26. Zener, C. 

27. Zener, C. 

28. Mönch, E. 

Anelasticity of Metals. Metals Technology, Aug. 1946. 

Physical Review, Vol, 52, 1937, p. 230; Vol. 53, 1938, p.90; Vol. 53, 1938, p. 582; 
Vol. 53, 1938, p. 100. 

Forschung auf dem Gebiete des Ingenieurwesens, Vol.II, 1940, p. 324. 

’. 
29. Fink, K. Archiv, f. Eisenhüttenwesen, Vol.20, 1940, p.75. 

Hempel, M. 

30. Langevin, A. Journal de Physique et Le Radium, Vol.II, 1950, p. 596. 
et al. 

31. Langevin, A; 

32. Schweizerhof, S. 

33. Guyot, H. 

34. Kersten, M. 
Becker, R. 
Kersten, M. 
Kersten, M. 

Journal de Physique et Le Radium, Vol. 12, 1951, p.476. 

/Inaïyse Magnétique de l'Etat des Contraintes Résiduelles dans les Métaux Etirés 
ou Fatigués en Traction Ondulée. ONERA, Paris. Problème 1499 MR, Note Technique 
No. 1, Jan. 1953. 

Evolution après Ecrouissage de la Perméabilité Initiale et du Coefficient de 
Rayleigh. ONERA, Paris. Problème 1499 M , Note Technique No. 2, June 1953. 

Z. Physik, Vol. 76, 1932, p. 505; Elektrot. Z. S., Vol. 60, 1939. 
Z. Physik, Vol. 64, 1930, p.660. 

Z. Physik: (a) Vol.71, 1931, p.553; (b) Vol. 76, 1932, p. 505; (c) Vol. 82, 1933, 
p.723; (d) Vol. 85, 1933, p. 708; (e) Z. Techn. Physik, Vol. 12, 1931, p. 665. 

35. Cavanagh, P. E. 

36. Abel, L. 
et al. 

37. Powell, R.W. 
et al. 

38. Feltham, P. 

39. Basinski, Z. S. 
et al. 

40. Koehler, J. S. 
et al. 

41. Fisher, J.C. 
et al. 

42. Boas, W. 

43. Henderson, J. W. 
Koehler, J. B. 

44. Lomer, W.M. 
Cottrell, A.H, 

45. Blewitt, T. H. 
et al. 

46. Kovacs, I. 
et al. 

47. Harting, D. R. 

The Progress of Failure in Metals as Traced by Changes in Magnetic and Electrical 
Properties. Proc. ASTW, Vol. 47, 1947, p.639. 

Méthode de Mesure des Contraintes Résiduelles dans les Métaux durs - Répartition 
Spatiale - Conséquences sur le Comportement en Fatigue. Regie Nationale des 
Usines Renault, Compte-rendu final 64.00.231.00.212.75.01, Recherche avec le 
concours des Laboratoires et de l’Ecole de l’Armement, Boulogne-Billancourt, Dec. 
1966. 

The Thermal and Electrical Conductivity of Magnesium and Some Magnesium Alloys. 
Metallurgia, Oct. 1964, p. 159. 

The Electrical Resistivity of Metals Due to Plastic Deformation. Metallurgia, 
August 1964, p. 55. 

Phil. Mag., Vol. 8, 1963, p. 989. 

The Thermal Annealing of Imperfections in the Noble Metals, In Reference 41, 1957, 
pp.587-600. 

Dislocations and Mechanical Properties of Crystals. John Wiley & Sons, N.Y., 1967. 

Lattice Defects in Plastically Deformed Metals. In Reference 41, 1957, p.334, 

Phys. Review, Vol. 91, 1953, p.1115. 

Phil. Mag., Vol.46, 1955, p.711. 

Phys. Review, Vol. 91, 1953, p.448. 

Phil. Mag., Vol. 9, 1964, p.797. 

The -5//V- Fatigue Life Gage: A Direct Means of Measuring Cumulative Fatigue 
Damage. Experimental Mechanics, Vol.6, No. 2, 19A-24A, Feb. 1966. 

48. Micro-Measurements Inc. Applications Manual, the -5/iV- Fatigue Life Gage, August 1966. 

mmmi » 
..........:.. ■■ ■ .. ■■ ■.- 



*19. Horno, R. s. 

50. Vntlock, R.W. 

51. Sud-Aviation 

52. Micro-Mesures Europe 

53. Forsyth, P.J.E. 

5*1. Christensen, R. H. 

55. Hooson, R. E. 

5ü. Wllkow, M.A. 
Shield, P. 

57. Laird, C. 

58. McMillan, J.C. 
Pelloux, R.M.N. 

59. Hertzberg, R, W. 

60. Hunter, M.S. 
Fricko, W.G., Jr. 

61. Bennett, J. A. 

62. De Forrest, A.V. 
Magmison, F.W. 

63. Crichlow, W.J. 
Wells, R. H. 

64. Schijve, J. 
Jacobs, F. A. 

65. Jail Ion, P. 
Lachenaud, R, 

66. WeibUll, W. 

67. Weibull, W. 

68. Weibull, W. 

69. Weibull, W. 

70. O'Neill, P.H. 

71. Hudson, C.M. 
Hurdrath, H. F. 

72. Hartman, A. 
et al. 

73. Carreker, R.p. 
et al. 

74. Schijve, J. 

'* for the Development of « Fa ti pue Dm apc Indicator, Lockheed 
Goojgia Co. Technical Report AFFDL-TR-GG-113, August 19GG. 

Ai AWu.mo,, 0/ Fatigue Damage Gagea, AIAA 4th Annuel Mooting end Technleel 
Display, Anaheim, Cal., Oct. 1967. 

Su'? mo""15' !‘V'20801 ,IU 6' 10' 66' Courbcvole' «»Polished test results, 

Test results, Private communication, Paris, Dec. 1967. 

cmíritiT7s(¡r,SS 0/ FatiB"e Cnwk f,Vo“’i/l' Cr“°k PropaBation ^"’posium. 

SrnwÆS: ST” a"d neÍr DcteCti0n' Mctal Fatlgue' aaptcr H 

An Aircraft Fatigue Monitoring System. Grumman Aircraft Engineering Corn 
Report AD 612 727, 1st Feb. 1965. 

Crack Initiation Fatigue in Metals. AFOSR Final Scientific Report 66-0856 
University of Texas, Austin, May 1966. 

7he Influence of Metallurgical Structure on the Mechanisms of Fatigue Crack 
Propagation. SI? 415, AS1M, 1967. 

hitigue Crack Propagation under Program and liandom loads. AS1M, SI? 415, 1967, 

I aligue Crack Surface Appearance, ASTW, STP 415, 1967. 

Metallographie Aspects of Fatigue Behavior of Aluminum, Proc. ASTW, 1954. 

Vie Effect of a Fatigue Crack on the Fatigue Strength of an Aluminum Alloy. 
Materials Research and Standard, Vol.5, No. 5, May 1965. 

1936^flte 0^Gr0Wth FatiZue Crocks. Journal Applied Mechanics, Vol. 3, A-23, 

CJack. yP'Wtion and Residual Static Strength of Fatigue-Cracked Titanium and 
Steel Cylinders. ASTW, ST? 415, 1967. 

Cnick ProPaBat£on in Vnnotched and Notched Ahmnium Alloy Specimens. 
NLR, TR M. 2128; Amsterdam, May 1964. 

Influence de la Fréquence et de la Température sur la Vitesse de Propagation des 
Cinques en Fatigue. Sud-Aviation, P. V. 26712/4, Courbevoie, Sept. 1964. 

Basic Aspects of Fatigue. Colloquium of Fatigue, Stockholm, May 1955. 

Effect of Crack length and Stress Amplitude on Growth of Fatigue Cracks. FFA 
Report 65, Stockholm, 1957. 

Size Effect on Fatigue Crack Initiation. FFA Report 86, Stockholm, 1960. 

’¡he Effect of Size and Stress History on Fatigue Crack Propagation. Crack Prop¬ 
agation Symposium, Cranfield, 1961. 

Effect of Prior Eatigue loading on Crack Propagation Bates in 2024-T3 Sheets, 
Royal Aircraft Fstablishment, Technical Report No. 66100, March 1966. 

Effects of Otanging Stress Amplitude on the Bate of Fatigue-Crack Propagation in 
luo Aluminum Alloys. NASA TN D-960, Sept. 1961. 

Some* Tests on the Effect of the Environment on the Propagation of Fatigue Cracks 
in Aluminum Alloys. NLR IN M. 2182, May 1967. 

AIME, Vol. 15, TP 2477, Sept. 1948. 

Fatigue Crack Propagation in light Alloy Shee.t Material and Structures, NLL 
Report MP 195, Amsterdam, Aug, i960. 

iM 

JKIST; 

• - ï-v~ •« Siíiiíifuirt 



277 

75. Swanson, S. R. 
et al. 

76. Frost, N, E. 
Dugdale, D. S, 

77. Frost, N.E. 
Denton, K. 

78. Broek, D. 
et al. 

79. Schijve, J. 
et al. 

,rJ. Rooke, D.P. 
et al. 

81. Donaldson, D.R. 
Anderson, W. A. 

82. Broek, D. 
Schijve, J. 

83. McEvily, A.J. 
Illg, W. 

84. Illg, W. 
McEvily, A. J. 

85. Broek, D. 
van der Vet, W.J. 

86. Schijve, J. 
et al. 

87. Schijve, J. 
De Rijk, P. 

88. Hartman, A. 

89. Maurin, E. 
Barrois, W. 

90. Harting, D. R. 

91. Broek, D. 
et al. 

92. Broek, D. 

93. Schijve, J. 
de Rijk, P. 

94. Piper, D. E. 
et al. 

95. Hartman, A. 
Schijve, J. 

96. Forman, R. C. 
et al. 

97. Broek, D. 

Crack Propagation in Glad 7079-T6 Aluminum Alloy Sheet Under Constant and Random 
Amplitude Fatigue Loading. AS1W, STP 415, 1967. 

Fatigue Tests on Notched Mild Steel Plates with Measurements of Fatigue Cracks. 
Journal Mechanical Physical Solids, Vol. 5, No. 3, 1957, pp. 182-192. 

The Fatigue Crack Propagation Characteristics of Titanium and Two Titanium Alloys. 
Metallurgia, Sept. 1964, pp.113-120. 

The Transition of Fatigue Cracks in Alelad Sheet. NLR, TR M. 2100, Amsterdam, Nov. 
1962. 

The Effect of the Sheet Width on the Fatigue Crack Propagation in 202A-T3 Alelad 
Material. NLR, TR M. 2142, Amsterdam, March 1965. 

Crack Propagation in Fatigue. Some Experiment with DTD 5070A Aluminium Alloy 
Sheet, Royal Aircraft Establishment, TR No.64025, Oct. 1964. 

Crack Propagation Behavior of Some Airframe Materials. Crack Propagation Symposium, 
Cranfield, Sept. 1961. 

The Influence of the Mean Stress on the Propagation of Fatigue Cracks in Aluminium 
Alloy Sheet. NLR, TNM.2111, Amsterdam, Jan. 1963. 

NASA IN 4394, 1958. 

NASA IN D-52, 1959. 

Systematic Electron Fraciograp/iy of Fatigue in Aluminium Alloys. NLR, TR 68002 U, 
Amsterdam, Nov. 1967. 

The Effect of the Frequency of an Alternating Load on Crack Rate in a Light Alloy 
Sheet. NLR, IN M. 2092, Amsterdam, Sept. 1961. 

The Effect of Temperature and Frequency on the Fatigue Crack Propagation in 2024- 
T3 Alelad Sheet Material. NLR, TR M. 2138, Jan. 1965. 

On the Effect of Oxygen and Water Vapor on the Propagation of Fatigue Cracfes in 
2024-T3 Alelad Sheet. International Journal of Fracture Mechanics, Vol.l, No. 3, 
1965, p. 167. 

Influence de la Frequence et de la Temperature d'Essai sur la Durée en Fatigue 
d’Eprouvettes et d’Assemblages en Tôle A-U2GN-T6. Interaction Fatigue - Finage. 
L'Aéronautique et l'Astronautique, No.9, Paris, 1969. English version in ICAF 
Proceedings, Stockholm, 1969. 

Comportement des Indicateurs de Fatigue S/N en Régime Aléatoire. INSA, Lyon, 
Conférences sur la Fatigue des Métaux et des Structures, 3rd-7th Feb. 1969. 

The Effect of Heat Treatment on the Propagation of Fatigue Cracks in Light Alloy 
Sheet Material. Report NLR-TR M. 2134, Amsterdam, May 1963. 

Crack Propagation Properties of 2024-7¾ Sheet Under Static and Dynamic Loads. 
Report NLR-TM M.2161, March 1966. 

The Fatigue Crack Propagation in 2024-7¾ Alelad Sheet Materials from Seven 
Different Manufacturers. NLR-TR M. 2162, Amsterdam, May 1966. 

The Effect of Composition on the Fracture Properties of 7178-T6 Aluminium Alloy 
Sheet, Fall Meeting of the Metallurgical Society of AIME, Oct. 1964. 

The Effects of Environment and Load Frequency on the Crack Propagation Law for 
Macro Fatigue Crack Growth in Aluminium Alloys. NLR MP 68001 U, Amsterdam, April 
1968. 

Numerical Analysis of Crack Propagation in Cyclic-Loaded Structures. ASTM Annual 
Meeting, Paper No. 66 WA/Met. 4, 1966. 

The Effect of Finite Specimen Width on the Residual Strength of Light Alloy Sheet. 
NLR-TR M. 2152, Amsterdam, Sept. 1965. 

"‘«“BSSSBSKSJijg’ 

i -V.-.i ' 

“Lr-- - - 
» 

-, ■ 
.. .. 

mm 

-. 

i 

£1» 



278 

98. Brook, D. 

99. Naumann, E, C. 

100. Schijve, J. 
de Rijft, P. 

101. Schijve, J. 
et al. 

102. Barrois, W. 

103. Gassner, E. 
Jacoby, G. 

104. Jacoby, G. 

Gassner, E. 
Jacoby, 0. 

105. Kowalewski, J 

106. Press, H. 
et al. 

107. Isida, M. 
Itagaki, Y. 

108. Sanders, J.L 

109. Greif, R. 
Sanders, J.L 

110. Bloom, J.M. 

111. Barrois, W. 
Bhandari, S. 

112. Bhandari, S. 

113. Barrois, W. 

114. Notton, 
Auvinet, J. 

115. Esquerro, P 

116. Massa, A. 

117. Kepert, J.I 
Payne, A. O, 

118. Schijve, J 

119. Galkin, S. 
et al. 

..1. . .lu I" 1 •-»vH1. > •• 

, Jr. 

., Jr. 

I. 

Sintic Tests on Cracked Panels of 20U-T3 Molad f eet Materials fro. Different 
Manufacturers. NLR-TN M.2164, Amsterdam, Aug. 1966. 

Evaluation of the Influence of Loud Rando.Uation and of Ground-Air-Ground Cycles 

on Fatigue Life. NASA TO D-1584, Dot, 1964. 

7?, Effect orCround-to-AirCycles-on the Fatigue Crack Propagation in 2024-73 
Melad Sheet Material. NLR, TR M. 2148. Amsterdam, July 1966. 

Crack Propagation in Aluminium Alley Sheet Materials Under Flight Simulation 
loading. NLR, TR 68117 U, Amsterdam, Dec. 1968. 

¿cs Essais Statues et de Fatigue des Structures d'Avions en France et Í l'Etranger. 

Doc-Air-Espace No. 110, Paris, May 1968, p. 16. 

Experimentelle und Rechnerische ßeurieUuuRUon toteilen mit 
lastwechsel. Luftfahrttechnik-Raumfahrttechnik, Vol. 11, 1965, pp. U« 

Comparison of Fatigue Life Estimation Prouesses /or Irregularly Varying Loads. 
Proc. 3rd Conference on Dimensioning, Budapest, 1968. 

Vol. 10, 1964, pp. 6-20. 

1961. See also: Uber die ße^hung^rse^ *rteben d u r ^ m3 
unregelmässig schwankenden und geordneten Belastungsjoigen. 

A Re-Evaluation of Data on Atmospherie ^uleneean^irplone Gust Loads for 
Application in Spectral Calculations. NACA Report 1272, 1956. 

^ • * th* Tin of a Centrai Transverse Crack in a Stiffened Plate 
S^Won. pÍoc. 4th Ís National Congress of Applied Mechanics, ASIE, 

Berkeley, Ca., Vol. II, June 1962. 

Effect of a Stringer on the Stress Concentration Due to a Crack in a Thin Sheet. 

NASA TR R-13, 1959. 

77,e Effect of a Stringer on the Stress in a Cracked Sheet. 0NR Technical Report 

No. 17, Harvard University, June 1963. 

ne Effect of a Riveted Stringer on the Stress in a Sheet »Uh a Crack or a Cat- 
Out. ONR Technical Report No.20, Harvard University, June 1964. 

Mesures Estensométrigues du Facteur d'intensité des Contraintes. Unpublished, 

Paris, 1969. 

Thèse. Ecole Nationale Supérieure de 1’Aéronautique. Paris. 1969. 

d'étude de la Fatigue des Métaux, Villeurbane, 3rd-5th Feb. 1969. 

Essais M3-7873, CEAT, Toulouse, May 1965. 

Etude 254/M. Rapport Technique No.2. EAT, Tbulouse, July 1958. 

L‘Influenza Della Dimensione Sulla Resistanza Alla Flexione flotante Della Lega 

PAZ 5. FIAT, April 1965. 

r „ , „„ Fntieue Characteristics of a Typical Metal Hing. Report ARL/6M, 

r«—. -«SL ». ,»*«s»«>»• »”*“*• 
under »• 1,.. «U, ~ 

1959. 

Investigations on the Fatigue Strength of Assemblies (In Russian). Symposium on 

the Fatigue of Civil Aircraft, Moscow, Nov. 1968. 



SUBJECT INDEX 

211 

231 

A, permanent elongation, %, 73 
Accelerated creep tests, 97 
Accelerated or delayed creep under loading sequences, 103 
Accommodation of stress-strain loops during fatigue, 270 
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Adiabatic modulus of elasticity, 214 
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(effect on stress-strain curve), 79 , 

Alternating (change in - strain under fixed alternating stress , 204 
(change in - stress under fixed alternating strain), 204, 209, 
(fatigue under fixed . strain), 211 (Pig.5.18) 
(stress effect on creep), 47 
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- tensile strength of notched round specimens, 131 (Table 4.1) 
- toughness of fatigue-cracked bars, 187, 188 (Table 4.11) 

A-U2GN 
- creep at 130oC, 88 (Pig. 3.32), 98 (Pig. 3.43) 
- fatigue crack growth rate, 244, 246, 247, 251 
- S-N curves, 266 (Figs. 5.77 and 5.79) 
- tensile strength of notched round specimens, 131 (Table 4.1) 
- toughness of bent bars, 187, 188 (Table 4.11) 

A-U4G1 (similar to 2024) 
- crack initiation period and total fatigue life in sheets 

US alloys: 
2S-0 (true stress-strain curves), 76 (Fig.3.5) 

2024 
- effect of heat treatment on the yield strength, 83 (Pig.3.23) 
- tensile and compressive stress-strain curves at different temperatures, 122 (Pig. 3. 66) 
- tensile strength of round notched specimens, 129, 130 (Fig. 4.1) 
- tensile and compressive creep at 150°C, 121 (Pig. 3.67) 
- isochronous compression stress-strain curves, 121 (Fig. 3.68) 
- tensile creep at 205°C, 94 (Fig. 3.40) 
- two-stress-level creep, 92 (Fig.3.39) 
- residual strength of cracked sheets, 183 (Table 4.9), 185 (Table 4.10), 250 (Table 5.5) 
- life in cold or hot fatigue, 104 (Fig.3.54) 
- residual stresses in low-cycle fatigue, 207 
- low-cycle fatigue failure under fixed strain cycle, 211 
- crack growth rates in sheets, 237, 238, 240, 242, 243 

2014 
- tensile properties of bars, 187, 188 (Table 4.11) 

2219‘T87 - residual strength of cracked sheets, 180 (Fig. 4.44) 

7075 
- crack growth rates of sheets, 240 (Fig.5.54) 
- residual strength of cracked sheets, 183 (Table 4.9) 

Italian PAZ (similar to 7075) 
- size effects in fatigue, 268, 270 

Russian D-16 T (similar to 2024-T6) 
- improving by fatigue overstressing, 271 

Anisotropy 
(of iron crystal) 29 
(of grain orientation, grain shape, residual stresses 

Annealing (effect on electrical resistivity), 218 
Applied stresses, 54 
A - ratio, 11 
Area reduction 73 
Audio-frequencies, 4 
Austenite, 59 

(residual -----), 61 
(effect of fatigue on residual .), 

Avalanches of dislocations (noise due to 

rolling, strain-hardening), 106 
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Bands (deformation.), 49 
(slip.), 43 

Barriers (energy-), 49; (slip.), 41 
(stability of plastic strain), 79 

Bauschinger effect, 47 
Behaviour (analogies of-- in metals and plastics), 267 

(fatigue . of notched and cracked specimens), 203 
Bending (of cracked bars), 176, 185 to 188 

(of notched specimens), 134 (Figs.4.6 and 4.7) 
(of pro-cracked Charpy specimens), 192 
(of single-edge notched bars), 168, 169 

Bending tests in fatigue, 210 
Biaxial stresses, 110 
Blue brittleness, 79 
Brine11 hardness, 84 
Brass (true stress-strain curves at different temperatures), 74 (Fig. 3.2) 

(torsion low-cycle fatigue and tensile properties), 210 
Brittle creep failure, 86 
Brittle strength theory, 135, 136, 137 
Brittleness (effect of thickness on.) 157, 158, 160 

(at low temperatures), 79 
(short-transverse influence on-), 194 
(of weldments in managing steel), 194 

Buckling (axial - in the plastic range), 111 
(critical time to creep -), 112 
(critical . of straight columns), 116, 117, 120 
(eccentric . in the plastic range), 112 
(Euler curve), 120 
(Karmán curve), 120 
(rapid . after creep), 111 
(strength reduction by fatigue), 119 (Fig. 3,65), 122 

- of a crystal lattice), 38 Cell (unit 
Cementite, 59 
Changes during fatigue 

(alternating strain . under fixed stress cycle), 204 
(alternating stress . under fixed strain cycle), 204, 209, 211 
(damaging and improving-), 270 
(hardness.), 49 
(local plastic stiffness-), 53 
(magnetic-), 215, 216 
(plastic.), 203 
(physical.), 205 
(residual stress-), 206, 207 
(resistivity.), 216 to 218, 221 
(elastic stiffness and damping-), 47, 212, 215 
(stress-strain curve -----), 120, 122 
(stress-strain loop .), 47, 206, 207, 208, 266 

Change in resistivity during plastic straining, 218 
Charpy pre-cracked specimens, 192 
Cleavage, 38 
Cleavage fracture mode, 151, 152 
Coalescence of v^ids, 152 
Coaxing process in fatigue, 31 
Coffin law in low-cycle fatigue, 
Coherent precipitate, 43, 44 
Cold-forming of aluminium alloys, 

208 

99, 101 
Cold-rolling effect on the stress-strain curves of mild steel, 79 
Cold-working (of aluminium alloys prior ageing), 82 

(critical degree of . In recrystallization), 58 
(of light alloys prior solution treatment), 82 

Cold-worked state (stability of the .), 210 
Components of fatigue loading, 11 
Components of the fatigue stress intensity factor, 239 
Concessions, 8 
Constant stress-range and constant strain-range tests, 203 
Contraction (transverse . in tensile round notched specimens), 129 

? ■* 'it m 

f.. 

I 

■ • ' ' r ' : ' •• 1 ‘ ‘ ' i 
■ . v, f., mã i » mrà œsi , 

• " .. 

m 

v: J;- 

rÄrtlpfs 

É 

... .. .. . . .. ■. . 4 ¡vW-tiiSLikuvit ,! il, i .I J /- 'j'.i 

m 
.-i. ,;,,. __ ,. . 



Copper data (creep and recovery of the annealed pure copper), 88 (Fig.3.31) 
(fatigue effect on tensile stress-strain curves or the annealed copper), 81 (Fig. 3.21) 
(fatigue effect on compressive stress-strain curves), 119 (Fig. 3.65) 

Core stresses (tensile-), 129 
Correlation (tensile strength - fatigue limit), 75 

(tensile strength - Brinell hardness), 84 
(yield strength - free mean path of dislocations), 82 

Corrosion (intergranular), 5 
(stress-corrosion), 5 

Cottrell effect, 53 
Crack boundaries (shape stability of.), 159, 160 
Cracked specimens (fatigue behaviour), 203 

(static residual strength), 137 to 139 
(various orientations of. in thick plates), 194, 196 

Crack growth rate in fatigue, 6, 231 
(delaying effect on-due to overloads), 232 
(delaying effect of plastic adjustment on-), 203 
(effect of frequency, temperature and humidity on.), 241 
(effect of ground-air-ground aircraft loads on-), 254 
(effect of heat treatment on .), 252 
(effect of load sequences on.), 254, 258 
(effect of lowest load level on.), 254 
(effect of mean steady stress on-), 239 
(effect of the test truncation of load spectrum on.), 256 
(representations and mathematical expressions of the.), 233 
(size effect in .), 236, 239 
(under constant amplitude of the stress intensity factor), 233 
(under constant net stress amplitude), 233, 236 
(under random load amplitude), 233, 254 
(variations with the batch, the manufacturer and the rolling direction), 252, 254 
(water environment effect on the-), 241 

Crack lip buckling effect, 181 
Crack loaded by concentrated forces, 169, 170 
Crack-opening measurements of the stress-intensity factor, 264 
Crack propagation (directional stability of.), 162, 163 

(fatigue.features), 154, 155 
(pop-in in static.), 159, 160 
(stability in static.), 139, 152, 153, 158 
(unit energy of.), 194, 196 (Fig. 4.49) 

Crack propagation by fatigue, 225 
(ductile and physical processes), 225, 229 
(Forsyth’s stages in-), 226 
(effect of fatigue prior specimen machining on-), 234 (Fig.5.45) 
(relative duration of .), 229 
(in rotating bending), 230 (Fig.5.44) 
(tide-marks in.), 14 

Crack sensitivity of alloys, 181 (Table 4.8) 
Crack simulation by saw cuts, 182 
Crack strength analysis (CSA) method, 178, 179 
Crack-tip (effective radius), 182 

(stress field), 160, 161, 163 
Crack shapes (at the centre of an infinite thin sheet), 140 to 145 

(at the centre of a finite-width strip), 145 to 149 
(at the edge of a circular hole), 164 
(internal and surface cracks), 170 
(internal circular crack), 170, 172 
(internal elliptical crack), 172, 173 
(semi-elliptical surface crack, 174, 175 
(semi-circular surface crack in a bent bar), 175 
(stable shape of a surface crack), 175 

Creep, 64, 73, 86 
(delayed.), 91 
(primary, secondary, tertiary), 64, 89 
(accuracy in —tests), 89 
(activation energy), 97 
(cumulative rule in.), 103 
(disappearance of the tertiary stage in constant true stress tests), 89 
(effect of grain size on.), 87 
(failure), 5, 86 
(fatigue creep), 6, 47, 103, 105, 203, 205, 271 
(fracture elongation in creep), 93 
(graphic and mathematical representations), 91 
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103 

206 

87 

Creep (intermittent), 101 
(life), 97 
(of aluminium favoured by fatigue), 
(rate), 93, 95 
(effect of rest on creep), 105 
(scatter in creep tests), 89 
(slip at grain boundaries in creep), 
(transient creep), 89 
(under load sequences), 103 

Crevices (surface . and extrusions under fatigue) 
Cross-siip, 41 
Critical initial deflection in buckling, 112 
Critical load in bending-compression, 111 
Critical time to creep buckling,. 112 
Crystals (straining in .), 86 

(stress-strain curves of-), 85, 86 
Crystallites, 38 
Cup and cone fracture in tension, 63 

65, 228 

Ü 

Damage (detection by damping changes in assemblies), 214 
Damage zone near crack tip, 228 
Damaging effect (and improving effect during fatigue), 270 

(of overloads in fatigue crack growth), 231, 232 
(of the time under load in hot-fatigue), 245 
(of the resting time in hot-fatigue), 249 

Damping (changes in . during fatigue), 212 to 214 
(processes of.), 214 

DecaNewton, daN, daN/mm2, 9 
Deep-drawing, 47 
Defects (rare and detrimental -«.-—), 10 
Deflection curves of columns in plastic range), 111 
Deformation bands, 49 
Degree of work-hardening, 38 

(critical.), 58 
(effect of the . on recrystallization), 58 

Delaying effect (of plasticity on crack propagation), 203 
(of overloads on fatigue crack propagation), 2¾ 

Delayed crack initiation by compressive residual stresses), 23J1 
Delayed creep, 91 

(under loading sequences), 103 
Delayed elasticity (elastic after-effect), 89 
Delayed static failure, 5, 99, 100 (Fig. 3.46) 
Density of dislocations, 56 
Design of manufactured parts (see fail-safe), 231 
Diffusion processes, 64 
Diffusion (creep . parameters), 96 
Diffusion of impurities, 95 
Dimensionless relative stress, ¢, 12, 17 
Discontinuous static crack propagation, 159 (Fig. 4.28) 
Dislocations, 38, 41 

(avalanches of.), 57 
(edge.), 41 
(free mean path of . in ferrite), 80 (Fig.3,20), 82 
(intersection of-), 43 
(knot of.), 41 
(screw-), 41 
(trapped or blocked.), 49 

Diversification of plastic stiffness on slip planes, 51 
Dixon finite-width correction coefficient, 148 
Domains (mosaic or crystallites), 38 
Dry friction, 214 
Ductile failure, 5 
Ductile fatigue crack propagation, 227 (Fig. 5.40) 
Ductile creep failure, 86 
Ductile lips in fracture, 155 
Ductility, 63, 75 

(decrease in . in tensile notched specimens), 
(effect of pre-strain on .), 79 
(improvement in . by "kneading”), 194 
(at low temperatures), 79 

Duration (relative . of crack initiation), 229 
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Eccentric buckling in the plastic range, 111, 112 
Eccentricities in tubes, 120 
Effective radius of crack tips, 182 
Effective octahedral stress and strain, 109, 110 
Elastic after-effect, 89 
Elasticity, 37 
Elliptic hole (displacements at the boundary of an .), 

(relative stress gradient), 141 
(stress distribution around an .), 140 

Elliptical internal crack, 172, 173 
Elliptical (semi.surface crack), 174, 175 
Elongation (permanent ., A %), 73 

(total . under intermittent creep), 101, 103 
Energy (activation-), 64, 95, 97, 105 

(barriers), 49 
(of straining), 110 
(tear ----- specimens), 196 (Fig.4,49) 
(unit.of crack propagation), 196 (Fig. 4.49) 

Equicohesion temperature, 99 
Equivalent KT factor, 20 
Euler buckling curve, 120 
Eutectoid steel, 59 
Extreme load values per flight, 258 
Extrusions (surface - in fatigue), 228 

Face-centered cubic structure, 43 
Factors: 

(scatter factor), 254 
(fatigue notch factor, Kp), 12 
(notch sensitivity factor, q), 12 
(safety factor), 9 
(stress-concentration factor, KT), 12, 20 
(equivalent stress-concentrât ion factor), 20 
Stress intensity factor, K , 138, 146, 149, 232, 259 

(alternating and mean components of the .), 239 
(measurement of the.), 261,to 264 

Stringer load-concentration factor, 261 
Fail-safe concept and inspections, 225 
Fail-safe relative disadvantages of elabored designs, 231 
Fail-safe structure, 7 
Failure (brittle ——-, creep-, ductile., static- 

(stress-corrosion.), 5 
Fati%ue, 65, 66 

(acoustic-), 4 
(changes during .), see changes 
(. crack propagation and - 
(creep in fatigue), 6, 47, 205, : 
(effect of mean stresses), 22 
(effect of residual stresses), 2! 
(failure), 6 
(finite.life), 6, 17 
(fracture aspects), 14 
(full-scale or complete airframe 
(gauges), 218 to 223 
(hardening), 122 
(heating of specimens), 14 
(hot.), 6, 105 
(life), 6 
(limit), 3, 6, 17, 75 
(low-cycle .), 208 to 212 
(monitors), 225 
(notation), 11 
(notch factor, Kp), 12 
(notched specimens), see notch 
(scale effect in.), 21 
(slip progress in .), 51 
(softening in .), 6, 82, 122 

static fatigue delayed 

tests), 4 
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PntiKiiQ (contimiod) 
(static .), 5 
(structurai.), 3 
(striation formation tluriiiß.), 228 
(. testing representativeness). 3 
(walsted or hourglass specimens), 3 

Ferrite, 59, 82 
Foreign atoms (in lattice distortions), 53 
Forsyth stages in fatigue cracking, 65, 66, 226 
Fracture (. aspects in fatigue), 14 

(brittle .--), 63 
(. elongation in creep, 93 
(effect of sheet thickness in static.), 156 157 (Figs. 4.25 and 4.26) 
(herring-bone lines in static.), 154 (Fig, 4.22), 155 
(.modes on u submicroscopic scale), 150 (Fig. 4.18), 151, 152 
(time to . in creep), 99 
(tunnelling in.), 156 
(. work surface density), 153 

Frequency (effect on fatigue), 241, 242, 243, 245 
(effect on striation spacing in fatigue), 226 

Fretting. 3 

a 

0, (Irwin parameter of elastic energy released in crack area unit growth), 137, 138, 145 
(measurements of-), 153 

Gauges of fatigue, 218, 223 
Gaussian components of load spectrum distributions, 257 (Fig. 5.73) 
Goodman diagram, 29 
Gradient (relative stress-), 241, 267 

(effect of the stress .), 129, 267 
Grain, 36 

(anisotropy), 106 
(boundary displacement by self-diffusion), 95 
(growth of new grains), 56 
(slip at . boundaries in creep), 87 
(size, effect on creep), 87 

Graphic and mathematical representations of creep, 91 
Griffith’s surface tension concept, 138 
Ground-air-ground loads (influence on fatigue cracking), 254 
Growth rate of fatigue cracks, see crack growth 

H 

Hardening (in fatigue), 82, 122, 203, 271 
(by impurities), 58 
(and recovery during loading), 53 
(strain.exponent), 87, 205 
(structural.), 59 
(work.), 38, 59 
(work.stability), 56 

Hardness, 82 
(Meyer or Brinell .), 82, 84 
(changes in . during fatigue), 49 

Heat-induced stresses, 4 
Heating (kinetic-), 4 

(in fatigue), 14 
Heat-treatment effect on crack growth, 248 (Fig.5.66), 
Heat-transfer damping, 214 
Herring-bone lines in fracture, 155 
Hertzian limit of elasticity, 84 
Hexagonal close-packed structure, 43 
Hot-creep properties of the N-155 alloy, 99 
Hot fatigue, 6, 101, 105, 245, 249 
Hot recovery, 56 
Hottenrott approximation of the Neuber formulae, 21 
Hot soaking - Effect on stress-strain curves, 120 
Hot static and creep properties, 122 
Hot rolling (recrystallizatiou during.), 99 
Hot work of metals, 82 
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Hunidity (offoct on fatiKUo crack growth), 2-11, 242 (Pig.5.56) 
Hydrogen evolution during fatigue, 229 
Hydrostatic pressure (effect on failure), 63 

. by creep or fatigue), 
230 (Table 5.2), 231 

Improving effect (of fatigue overstressinx), 265 
(of high loads on fatigue life), 258, 271 

Inclusions in metals, 43 
Initial imperfections (increase in 
Initiation of fatigue cracks, 229, 
In-situ recrystallization, 57 
Intergranular (corrosion), 5 

(fracture), 64 
(separation), 152 

Intermittent creep, 101 to 103 
Internal and surface cracks, 170 
Interstitial atoms, 43 
Invariants of the stress and strain states, 106 to 108 
Irregularity of random processes, 258 
Irwin parameter, Q , 138 
Isochronous stress-strain curves, 122 
Isotropy recovery by heavy straining, 106 

111 

Karman (buckling.curve of columns), 120 
Kneading (hot.of A-U4SG aluminium alloy), 82 

T » 
fatigue factor, 12 

r , stress-concentration factor, 12 
, stress intensity factor, 138 to 149, 160 to 163, 168 to 175 

105 

■). 84 

17 

Lamellae (slip.), 43 
Lamellar (pearlite), 61 

(slip in creep), 87 
Larson-Miller parameter, 96, 
Lattice (irregularities), 49 

(distortions), 53 
Lead (fatigue-creep of -), 103 
Limit (fatigue .), 3, 6, 17 

(loads), 10 
(hertzian elasticity ---- 
(proportional.), 75 
(true elastic.), 75 

Life (creep.), 97 
(fatigue-), 6 
(finite fatigue-), 6, 
(safe.), 6 
(unit of-), 6 

Lip (ductile . in fracture), 155 
(crack.buckling), 181 

Load (concentration factor in stringers), 260, 261 
(extreme values per flight), 258 
(gaussian components of.spectrum), 257 (Pig.5.73) 
(random.), 233, 254 
(sequences), 254, 258 
(spectrum), 254 
(statistics of rare --), 10 
(ultimate-), 10 

Loading (fatigue.), 11 
Local diffusion of vacancies, 41 
Loops (changes in stress-strain .), 204, 206, 247, 266, 270 
Low-cycle fatigue, 208, 209 to 212 
Low frequencies, 244 (Table 5.4) 
Lower yield point, 75 
Low temperature effects, 79 

. 
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Mttlntoimnco (inapoctionH), 225 
(probloma), 7 

MunnoUc chmjROs (lurinp futlRiio, 215. 21G 
Mart oils l Lo. 01 
Murions i tic trims format ion. 59 

(offool of strainlim on llio.). 02, 70 (Fin. 3.9) 
Moan component of the stress-intensity factor. 239 
Mean stresses (effect of . on fntißuo), 22, 239 
Moynr hardness. 82. Bl 
Misos (Von) yielding condition. 109 
Modulus of elasticity. 75 

(adiabatic). 2H 
(Isothermal), 214 
(tangent, secant). Ill 
(reduced Knnntm.), ill 

Modes of fracture. 151, 152 

IN 

Necking in tensile tests, 15. 73 
Neuher’s deep symmetrical notches. 1GG 
Neuber’s interpolation formulae on stress concentration factors. 21 
Newton unit of forces, N . 9 
Nucléation (crack.). see initiation of crack 
Noise due to avalanches of dislocations, 57 
Notation (fatigue.). 11 
Notch impact strength, 8G 
Notch (effect of sharp . on static strength). 129 

(fatigue.factor, K,,). 12 
(. sensibility factor, q), 12 

Notched specimens, 22. 129 to 133, 203 
(size effect in.), 132 (Fig. 4.3. 134 (Fig. 4.7) 
(stress gradient effect in.). 129 

Notch strength analysis (NSA) method, 178 

O 

Obstacles (or barriers) to slip. 41. 43 
Octahedral shear stress, 107 
Octahedral shearing strain. 108 
Offset yield strength. 73. 105 
Order recovery. 37 
Orthogonally anisotropic plates (slot in .), 145 
Overload improving effect in fatigue. 271 
Overstressing. 31. 265 

I» 

Physical process of cracking, 226 j 
Plastic (adjustment, development, process), 12, 37. 203 

(changes in fatigue), 203 to 208 
Plasticity. 37 
Plastic stiffness diversification. 51 
Plastic strain processes in creep. 87. 95 ' 
Plastic straining (effect on martensite), 62 ; 

(effect on resistivity), 218 
Plastic range of equilibrium in deflected bars under compression. Ill 
Plastic residual strain. 75 ! 
Plastics (behaviour analogies with metals), 2G7 > 
Points (upper and lower yield.), 75 
Polygon!zation. 51. 57 

(in creep). 87 
Pop-in in static crack propagation, 159 (Fig.4.28), 1G0 
Precipitation process, 58, 59 

(effect of vibration on the.), 59 ( 
(effect of cold-working on the .). 82. 99, 101 ‘ 

Pro-cracked Cliarpy specimens, 192 H 
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Pro-load (effeot on fatigue), 271 
Pro-strain (critical tensile . for maximum ductility), 99 

(effect on stress-strain curves), 79 
Primary creep, 64, 89 
Prior torsion effect on tensile strength, 79 
Probability of survival, 17 
Propagation of cracks under fatigue, see crack propagation or growth 
Proportional limit, 75 

(effect of treatment on.), 75. 

Q 

Quality control, 8 
Quasi-cleavage, 150 (Pig. 4.18), 152 
Quenching residual stresses, 29, 54 

’ 

R 

R (fracture work surface density), 153, 157 to 160 
Random load sequences, 254 
Random process irregularity, 258 
Rapid buckling after creep, 111 
Rare defects, 10 
Rare loads, 10 
Rate of chemical reactions, 95 
Rate of creep, 93, 95 
Rate of straining (effect of the . in tensile tests), 75 
Ratios in fatigue: A-ratio, 11 

«¡‘-ratio, 12 
R-ratio, 11 

Recovery (of isotropy by heavy straining), 106 
(order.), 37 
(and simultaneous hardening), 53 

Recrystallization, 57, 58, 99 
(during loading), 79 

Reduction in area at the static failure, 63, 73, 75 
Relaxation, 93 
Residual austenite (effect on fatigue), 62 
Residual plastic strain, 75 
Residual static strength of cracked elements (general), 137, 176, 178 to 185, 192, 194 

(aluminium alloy bars in bending), 187 (Table 4.11) 
(aluminium alloy sheet materials), 139, 180 to 185, 249 
(steel bars in bending), 185, 189 to 191, 192 
(various sheet materials), 181 
(weldments in maraging steel), 194 

Residual stresses, 54, 106 
Residual stress (anisotropy), 106 

(changes in fatigue), 31, 205 to 208 
(fatigue effect of .), 29 
(induced by fatigue), 271 
(at crack-tips), 227 (Pig.5.41) 
(measurements), 56, 84 
(orders), 54, 56 

Residual tensile stresses in axially compressed pre-cracked specimens, 194 
Residual quenching stresses, 29, 54, 101 
Resolved shear stress, 45 
Rest effect (on carbon atom order), 53, 214 

(on creep of 2024-T3), 105 
Resting time per cycle (effect on hot-fatigue life), 249 
Reversed drawing, 47 
Reversed strain (effect on fatigue creep), 205 
Rolling (effect of hot-rolling on room temperature properties), 99 
Rolling direction of skin sheets in pressurized fuselages, 254 

S 

Safety factor, 9, 112 
Safety margins, 105 
Saw-cut simulation of cracks, 182 

!Si 
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Seule or Hizo effect in fatigue, 21 
Scatter, 0 

(In creep tosta), 89 
(factor), 254 

(in Initiation atul propagation of fatigue cracks), 231 
Screw dislocations, 41 
Secant modulus of elasticity, 111 
Secondary creep, 64, 89, 91 
Self-diffusion, 95 
Semi-circular surface cracks, 175 
Semi-infinite sheet (edge notch in .), 1G4, 165 
Sensitivity to crack of various materials, 181 (Table 4.8) 
Sequences of loading (effect on creep), 103 

(effect on fatigue), 254, 258 
Service operations (fatigue tests on components removed from .), 269, 271 to 273 
Shear (adiabatic.), 63 

(octahedral . stress and strain), 107, 108 
(mean . stress transformation into local tensile stresses at slip barriers), 106 

Short transverse direction, 5, 110, 194 
Simplifying assumptions of plastic yielding theories, 105, 106 
Simultaneous stresses, 105 
Size effect (in fatigue), 267, 270 

(in fatigue crack propagation), 236 
(of the relative stress gradient in fatigue), 266, 268 
(in static strength), 132 to 135, 156, 157 

Slip (plane, direction, bands, lamellae), 43 
(cross.), 41 
(at grain boundaries in creep), 87 
(multiple -----), 45 
(progress during fatigue), 51 
(waves), 51 

Slots in thin sheets, 140 to 149 
Smith diagram, 29 
Softening during fatigue, 6, 49, 82, 122, 203, 271 
Solute carbon atoms (effect on stress-strain curves), 75 
Sorbite, 61 
Space lattice, 38 
Spectrum (load . intensity per flight), 258 
Stability (concept in static crack propagation), 152 

(of slow crack growth), 139 
(directional - of crack extension), 162 (Fig,4.31), 163 
(of lattice distortions), 53 
(of plastic strain barriers), 79 
(shape - of crack boundaries), 159 (Fig.4.28), 160, 175 
(of work-hardening), 56, 210, 265 

Stabilization by impurities, 53 
Stacking faults, 43 
Stages in fatigue crack propagation, 226 
States of stress and strain, 106 
Static failure, 5, 63 

(delayed . of plastics and glass), 100 (Fig.3.46) 
Static "fatigue" or delayed static failure, 5, 99 
Static fracture, 155, 156 
Static slow crack growth, 158 
Static tensile test, 73 
Static test of aircraft structures (purpose), 112 
Static strength (of notched specimens), 129 to 135 

(effect on sharp notches), 129 
(effect of stress gradient), 129 
(notch . analysis method, NSA), 178 
(relative notch.of thin steel specimens), 132 (Fig,4.4) 
(true . of notched specimens), 131 (Table 4.1) 

Static residual strength, Crack strength analysis method, CSA, 178, 179 
Statistic quality control, 8 
Statistical load distribution, 257 (Fig. 5.73) 
Statistics of rare loads and rare defects, 10 
Steel data: 

Various steels: 
tensile strength of round notched specimens, 131 (Table 4,1) 
crack sensitivity, 181 (Table 4.8) 
tensile properties and bending toughness, 189 to 191 (Table 4.12) 
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Steel data (continued): 
French 35 NCD 16 steel 

fatigue factor, 269 (Fig. 5.80) 
tensile properties versus tempering temperatures, 74 (Table 3.1) 

US H-11 steel 
static strength of notched specimens, 131 (Table 4.1), 134 (Fig. 4.7) 

Mild steel (changes in elasticity modulus and damping under fatigue), 212 to 214 
(effect of torsion pre-strain on the tensile stress-strain curve), 77 (Fig. 3.12) 
(effect of surface condition on fatigue, 230 (Table 5.2) 
(stress or strain changes during fatigue), 204 (Fig.5.4) 

Managing steel, 131 (Table 4.1). 175, 176, 189 to 191 (Table 4.12) 
Ultra-high tensile strength steels, 9 

Straining in crystals, 86, 87 
Strain (energy), 110, 111 

(low-cycle - fatigue), 208 to 212 
(-N fatigue curves), 208 to 212 
(permanent.), 75 
(residual plastic.), 75 
(true.), 73 

Strain-hardening exponent, 86, 87, 205 
Strength properties of steels (effect of treatment on the .), 74 (Table 3.1) 
Strength of Materials and of Structures concepts, 4, 5 
Stress-concentrât ion factor, KT , 12, 20 

(equivalent.), 20 
Stress-corrosion failure, 5 
Stress-intensity factor, K , 138, 146, 149, see also crack propagation 

(influence of stiffeners on the.), 260 (Fig,5.74) 
(measurements), 261 to 264 

Stress gradient, 21, 22, see gradient 
Stress (alternating . effect on creep), 47 

(mean - fatigue effect), 22, 239 
(residual-), 29, 31, see residual stresses 
(changes in - amplitude under fixed alternating strain), 209, 211 

Stresses (core . in tension), 129 
(crack-tip . field), 160, 161 
(distribution of . around holes and slots), 140 to 149, 160, 161 
(tensile.distribution in a notched specimen), 132 (Fig. 4.5) 

Stress level changes (effect on fatigue crack growth rate), 232 
Stress-strain curves (changes in ----- by hot soaking), 120 

(effect of ageing on .), 79 
(effect of cold-rolling on .), 79 
(effect of fatigue on .), 82, 120 
(effect of the martensitic transformation on-), 79 
(effect of pre-straining on .), 79 
(effect of the test rate on .), 75 
(-features), 73 to 75 
(isochronous-), 122 
(.of crystals), 86 
(static and cyclic.), 203, 204 (Fig. 5.2), 205 
(steps in-), 75 

Stress-strain relations, 109 
Striation (spacing and formation during fatigue), 226 to 229 
Stringer load-concentrat ion factor, 260, 261 
Structural (fatigue), 3 

(hardening), 59 
Structure of metals, 82 
Substituted atoms, 43 
Supersensitivity of fatigue gauges, 223 
Surface (conditions, effect on crack initiation and growth), 230 (Table 5.2) 

(cracks), 170, 174, 176 
(residual stresses), 84 

T 

Tangent modulus, 111 
(decrease in . by fatigue), 112 

Tear energy specimens, 196 (Fig. 4. 49) 
Technical general aspects of fatigue, 265 
Temperature effect (on fatigue), 245 

(on stress-strain curves), 79 
Temperature of equicohesion, 99 
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Tempering process, 61 
Tensile local stresses at slip barriers under mean shear stress, 106 
Tensile properties of metals at low temperatures, 79 
Tensile strength of notched specimens, 129 to 135 
Tensile strength - fatigue limit correlation, 74 (Table 3.1) 
Tensile strength - Brinelle hardness correlation, 84 
Tensile test (static .), 73, 110 

(creep.), 73 
Tertiary creep, 64, 89 
Testing (fatigue . representativeness), 3 

(of service removed components under fatigue), 269, 271 to 273 
Texture of metals, 38, 82 
Theory of brittle material strength, 135 
Thermal stresses, 4 
Thermoelastic damping, 214 
Thickness effect on brittleness, 156, 158, 162 (Pig.4.29) 
Thick plates (various orientations for crack specimens), 196 (Pig.4.48) 
Third order residual stresses, 56 
Tide-marks, 14, 226 
Time before creep buckling, 112 
Time-temperature correspondence, 91, 96 
Time under load (effect of the . in hot-fatigue), 245 
Titanium alloy sheets (crack growth rate), 234 (Table 5.3) 

(low-cycle fatigue), 211 (Pig. 5.18) 
Torsion, 63 

(effect of prior . on tensile strength), 79 
Total elongation under intermittent creep, 103 
Toughness (fracture .), 138, 153 

(fracture toughness energy density, Q ), 138, 153, 158, 183, 186, 194 
Transient creep, 89 
Transverse short direction, 5, 194, 196 (Fig. 4.48) 
Trapped or blocked dislocations, 49 
Treatment (American notation for heat-treatment of light alloys), 82 

(effect of the heat-treatment on the proportional limit of steels), 75 
Tresca yielding condition, 109 
True elastic limit, 75 
True strain, 73 
True strength of notched specimens, 131 (Table 4.1) 
Truncation of the load spectrum (effect on fatigue life), 256 
Tube eccentricities, 120 
Tubes (strength under biaxial stresses, 110 
Twins, 45 
Twin position of crystals, 43 

U 

Ultra-high strength steels, 9 
Ultimate loads, 10 
Ultimate strength, 73 
Understressing, 31, 265 
Units of life, 6 
Upper (and lower) yield point, 75 

V 

Vacancies and their local diffusion, 41 
Visco-elasticity, 37 
V-notches, 129 to 133 
Volume increase of steel above the yield stress, 106 

W 

Waisted (or hourglass) specimens, 3, 15 
Water environment (effect on fatigue crack growth), 241, 242 
Waves (slip-), 51 
Weibull theory of brittle material strength, 135 
Welbourne strength analysis method of cracked sheets, 182 
Wohler S-N curve, 15 
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Work-hardening, 38 
Work-softening, 51 

Yielding, 105 
Yielding conditions, 109 
Yield points, 75 
Yield strength (offset ----), 73, 105 

(correlation with free mean path of dislocations in ferrite), BO (Fig. 3,20), 82 




