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Samenvatting

Vermoeiing is een geleidelijk proces van lokaakldtrerlies. Het fenomeen
wordt vaak in verband gebracht met een opeenstgpehn beschadigingen,
veroorzaakt door spanningswisselingen. In metaksulteert dit in micro-
scheurtjes. Deze scheurtjes groeien onder vooridargisselende belastingen
tot er bezwijken optreedt.

Vermoeiing is in essentie een scheurgroeiprocessdbadeopeenstapeling (de
scheurgroei) begint in eerste instantie langzaaaarrhet proces versnelt tot aan
bezwijken. Bijna elk constructiemetaal is gevoelgr vermoeiing.

Dit proefschrift behandelt een aantal aspectendeamermoeiingscheurgroei in
aluminium legering AA5083, van het drempelwaarddige tot instabiele

scheurgroei.

Hoofdstuk 1 geeft een historisch overzicht en agnted van
vermoeiingsonderzoek. Hoofdstuk 2 richt zich op tdet opstelling die is
gebruikt voor dit werk en de nauwkeurigheid hiervan berekeningsmethoden

worden besproken.

De cyclische spanningsintensiteit wordt sinds 40 gezien als de belangrijkste
parameter om scheurgroeisnelheid te beschrijven.

Het effect van de spanningsverhouding (= de miremgédeeld door de
maximale cyclische spanningsintensiteitfactor) epsdheurgroeisnelheid wordt
toegeschreven aan plastische deformatie die m&tldurgroei gepaard gaat.
Bij een gelijke cyclische spanningsintensiteit i scheurgroeisnelheid voor
hogere spanningsverhoudingen hoger dan voor |agareningsverhoudingen.
Er wordt aangenomen dat dit effect veroorzaakt wdodr “crack closure”. Dit
is het vroegtijdige contact van plastisch vervormsdkeurflanken, nog voordat
de minimale cyclische belasting is bereikt. Bij Bog spanningsverhoudingen




treedt er geen contact op tussen de scheurflankéarede volledige cyclische
spanningsintensiteitsfactor gebruikt worden alsjvende kracht voor de
vermoeiingsscheurgroeisnelheid. Bij lagere sparsvedhoudingen kan alleen
de effectieve spanningsintensiteitsfactor, namélgkdeel waar de scheur niet is
gesloten, worden gebruikt voor de scheurgroei.

Het is mogelik om over een groot scheurgroeisndfitmject de
vermoeiingsscheurgroeisnelheid en de spanningsitegsfactor middels een
machts-functie lineair te correleren op dubbel-fdgasche schaal.

Echter, er treden vijf hellingsveranderingen oglénlog(da/dN)-logfK curve),
namelijk T1-T5. Hierdoor ontstaan er min of meerseaillende rechte stukken,
met elk hun eigen helling. De hellingsveranderingennen gekoppeld worden
aan verandering in scheurgroeimechanismes.
Vermoeiingsscheurgroeisnelheid per belastingwisgeli versus de
spanningsintensiteitsfactor bij verschillende spagsverhoudingen is het
onderwerp van hoofdstuk 3. Scheursluitingniveajrsgemeten door gebruik te
maken van kracht- verplaatsingsmetingen en doa@uwgnoeisnelheidsmetingen
aan verschillende proefstuk geometrieén. Doel antkerzoeken wat de invioed
van de spanningsverhouding is op de scheurgrobsidetn om na te gaan of de
hellingsveranderingen in de vermoeiingscurve heblgezijn van veranderingen

in het crack closure mechanisme.

Een vermoeiingsscheur groeit in het algemeen I|abdreop de
belastingsrichting. In aluminium legeringen treedak schuine scheurgroei op.
Deze zogenaamde shearlipvorming treedt op, onaeheek van 45 graden met
de belastingsrichting, zodra er een bepaalde sgtamisnelheid is bereikt. Het
transitiepunt T3 in AA 2024 en AA 5083 wordt algeanen verband gebracht
met de start van shearlipvorming en het transinepil4 met de voltooiing

ervan.
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In hoofdstuk 4 wordt aangetoond dat side grooveg]iti geval kleine krasjes
over de volle breedte van een proefstuk ter plazsehet scheurgroeipad, de
vorming van shear lips verhinderen. Echter, diteyddukken van shear lips
heeft geen effect op de scheurgroeisnelheid. Verdékt dat de
hellingsverandering bij het transitiepunt T3 ooktrepdt bij het (partieel)
onderdrukken van de shear lip.

De hellingsverandering ter plaatse van T3 in desgroeicurve kan niet langer
toegeschreven worden aan de start van de shesoriiping, nu blijkt dat de
ontwikkeling van de shear lip hier geen invloed legeft. Experimenten aan
proefstukken met en zonder side grooves en expetémeuitgevoerd bij
verschillende temperaturen en milieus tonen aan dkatshear lip een

omgevingseffect is.

In hoofdstuk 5 worden de resultaten besproken vgeranenten waarin het
scheurgroeipad middels gekromde side grooves isw@egken in een
voorgeschreven richting. Hierdoor treedt er eenlewging van het
scheurgroeipad op, waardoor er mogelijk een vemgngvan de
vermoeiingslevensduur optreedt.

Om dit te onderzoeken zijn er side gooves met Wdlsnde kromtestralen
aangebracht op proefstukken van AA 2024. De eeiske groove heeft een
kromtestraal die vrijwel het pad volgt van de tewechten ontwikkeling van de
shear lip. De tweede curve, met een kleinere kreinatal, dwingt de scheur te
groeien in een kleinere kromming dan de normalsvikeling van een shear
lip. Er is een verband gevonden tussen de mateerraging in scheurgroei en
de mate van “dwingen” van het scheurgroeipad.

Hoofdstuk 6 richt zich op vermoeiingsscheurgroehén drempelwaardegebied.
De drempelwaarde is, naar de ASTM E 647, gedefidieds de cyclische
spanningsintensiteit waarbij de vermoeiingsschéomeiding niet hoger is dan
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10" meter per belastingswisseling. Omdat het grootgdeelte van de
vermoeiingslevensduur van een groeiende scheur tspladt in het

drempelwaardegebied, is dit gebied van groot belangor

scheurgroeivoorspellingsmodellen.

Drempelwaarden bij hogere spanningsverhoudingtltearetisch vrij van crack
closure, zijn gemeten middels de ASTM E 647 methede middels een
alternatieve methode. De gevonden resultaten zigt met elkaar in
overeenstemming.

Met behulp van elektronen microscopie zijn de bwvéakken voor de
verschillende testmethodes onderzocht. Het gladéekllak, gevonden op
proefstukken die verkregen zijn middels de ASTM hoele, contrasteren met
het ruwere oppervlak van de andere samples. Hetclikrin gemeten
drempelwaarde wordt toegeschreven aan het feiedaerschillende condities

heersen bij de scheurtip.
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Summary

Fatigue is a gradual process of local strengthateolu It is a phenomenon of
damage accumulation at stress concentrations cdmgetlictuating stresses

and/or strains. In metals this results in microscapacks. These will start to

grow under continued cyclic loading until finalltaie occurs.

The process of fatigue is essentially a processradk growth. In general the
damage accumulation, i.e. crack growth, is slowhim early stages and at the
end of fatigue life it accelerates very quickly tods failure. All engineering

metals are sensitive to fatigue.

This dissertation deals with several aspects ajdatcrack growth in aluminum

alloy AA 5083 from the threshold regime to finasiability.

Chapter 1 gives a historical review and backgroainfhtigue research. Chapter
2 focuses on the test configuration which was usedhe experiments in this
dissertation and discusses the accuracy of theemysand the related

calculations.

The variation in stress intensity factor, the srastensity range, has been
considered to be the most important parameter surie the fatigue crack
growth rate for the last fourty years. There isefect of the load ratio (=
minimum stress intensity factor divided by maximatress intensity factor) on
the fatigue crack growth rate, which is generadigrdoed to the effects of plastic
deformation that accompanies fatigue crack growtithe same stress intensity
range, the crack growth rate is higher at highadlcatios than at lower load
ratios.

This effect is often assumed to be due to crackuck This is premature contact
of the plastically stretched crack flanks before thinimum load is reached. At
large load ratios no such contact can occur andotiaé applied stress intensity




range will be the driving force for crack growtht lawer load ratios, only the
effective part of the stress intensity range,whkere the crack is not closed, can
provide a driving force.

Over several decades of crack growth rates it $sipte to linearly relate fatigue
crack growth rate and driving stress intensity eaag a log-log scale by using a
power law relation. However five changes in thepslof the log(da/dN) as a
function of logQAK) curve, called the transitions T1-T5, can be obse. This
leads to several linear parts with different slopEse different slopes can be
associated with changes in the crack growth meshani

The fatigue crack growth rate as a function of #teess intensity range at
different load ratios is the topic of Chapter 3a€k closure levels, measured
using the compliance method, are compared withetidesermined by the crack
growth rate method, i.e. using the similitude cqcdor different specimen
geometries. The aim is to explain the influencehef load ratio on the fatigue
crack growth rate and also to determine if the esldpanges in the fatigue crack

growth curves are a result of changes in craclkuctosechanisms.

A fatigue crack often grows with a flat fracturerfaige perpendicular to the
loading direction. In aluminum alloys the crackritaften becomes slanted at
higher crack growth rates. Shear lips are formeabaut 48 with the loading
direction, when a critical value of crack growtlergs exceeded.

Transition T3 in both AA 2024 and AA 5083 is assted with the start of shear
lip growth and transition T4 is approximately asated with the completion of
the shear lip to full thickness.

In Chapter 4 it is shown that side grooves, in gaise small scratches along the
whole crack growth trajectory, suppress the devalp of shear lips.
However, the suppression of shear lips has notaffethe fatigue crack growth
rate. Furthermore, a change in the slope of thekcgrowth rate curve near

transition point T3 occurs even when the sheasl{partially) suppressed.




Since the crack growth rate dependence on thesstrgéensity range of a
specimen with a suppressed shear lip does notr difien that of a specimen
with a normally developing smooth shear lip, thigiarof the change in slope of
the fatigue crack growth rate curve, can not babated to the start of the
growing shear lip.

The results of tests with and without side grocared in different environments
and/or at different temperatures strongly sugdestthe shear lip is sensitive to

the environment.

Chapter 5 looks at the results of tests where thekcpath is forced in a pre-
described direction by introducing curved side geso This lengthens the crack
path and can thus increase fatigue [ife. investigate this, side grooves along
curves with different radii were applied on centracked tensile specimens of
AA 2024.

The first curve, with a large radius, more or ldsiows the expected
development of the natural shear lip. The secomgecuwvith a small radius,
forces the crack to grow at an angle higher thamdoin the natural shear lip
causing an overdrawing effect.

A relation is found between the degree of overdngwand the resulting

decrease in crack growth rate.

Chapters 6 focuses on fatigue crack growth inliheshold regime. The value of
the threshold stress intensity factor range isn@effin accordance with ASTM E
647, which means that the stress intensity facamge does not produce a
fatigue crack propagation rate larger thait®i® per loading cycle. Because in
many cases most of the lifetime of a growing creckpent in this regime of
very low crack growth rate, evidently near threghialtigue crack growth is one
of the important factors in development of matsriahd in the design and

lifetime assessment of structures.
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Threshold values at higher load ratios, which b¥initeon should be crack
closure free, were determined using the ASTM E ®éthod and an alternative
method. The two sets of results do not agree. Sigmectron microscopy was
used to study the resulting crack surfaces neasshioid for both testing
methods. The observed smooth fracture surfacedatan the ASTM E 647
specimens contrasts with the rougher crack suffiacéhe other samples. The
difference in threshold values is believed to be tbnsequence of dissimilar

conditions near the crack tip.
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NOMENCLATURE

= fatigue crack propagation /fatigue crgrkvth
= Crack Tip Opening Displacement

= Crack Opening Displacement

= Centre-Cracked Tension specimen

= Compact Tension specimen

= Single Edge-Notched Bend specimen

= crack length (mm)

= initial crack length (mm)

crack length interval (mm)

thickness (mm)

normalized K gradient, C= (i) (dAK /da) = -0.08 mm"

Paris coefficient

distance between reference and forced cratk(pan)

= Young’'s modulus

= fatigue crack growth rate (the amountratk extension per loading cycle)

= cyclic frequency (Hz)

= delay factor

= stress intensity factor (M#a)

= plane strain fracture toughness

= the value of K where the crack just startsiolps

= maximum level of stress intensity factor

= critical maximum stress intensity, minimum peaaless intensity needed to
break open the bonds in a cyclically damaged region

= minimum level of stress intensity factor

= the value of K where the crack just is fullyeop

= cyclic stress intensity range

= effective cyclic stress intensity range

= stress intensity range at a crack growth <at8*° m/cycle

= critical driving stress intensity, minimal cichtress intensity range that is
needed to establish a cyclic damage at a certagk growth rate

= critical driving stress intensity, minimal cichtress intensity range that is
needed to establish a cyclic damage at threshedd le

= Paris exponent

= number of cycles

= number of cycles to failure

= number of delay cycles

= load (N)

= maximum level of load (N)

= minimum level of load (N)

= load ratio (Rin/Pmax = Smin /Smax = Kmin/Kmax)

= critical value of R above which no closure bandetected

= value of R at threshold

= monotonic (plane stress) plastic zone size

= reversed or cyclic plastic zone size
= maximum level of stress (MPa)
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Shin = minimum level of stress (MPa)

AS = Shax-Smin

t = specimen thickness (mm)

trorced = width of a forced developed shear lip (mm)
thatural = width of a natural developed shear lip (mm)
ts = shear lip width (mm)

tsz = shear lip width in the z direction

U = crack closure factor &K e/ AK

Vs = signal voltage

Vi = measured voltage

Vg = ground voltage

W = specimen width (mm)

o = stress (MPa)

Oys = yield strength

v = speed of increase Kfnin (v = dKmir/da in MPa&m/mm)
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Chapter 1
Introduction

Chapter 1
Introduction

1.1 Historical review

1.1.1 Industrial revolution-1960

Introduction

Fatigue is a process of local strength reductione phenomenon is often
referred to as a process of damage accumulatioa material undergoing
fluctuating loading. This process occurs in engimge materials such as
metallic alloys, polymers and composites. To déscthe mechanical fatigue
process as a result of a repeated load working(para of a) structure, different
parameters are used, like: cyclic load, stressisiy and crack growth rate. The
maximum load is R the minimum B, [KN] and the ratio between the
minimum and maximum load (R/Pyay, that is often used as a measure of the
mean stress, is called the load ratio R. Crack tirawte da/dN is the crack
increment da per loading cycle increment dN. Thesst intensity factor K
[MPavm], working on the crack tip is calculated from thgplied load P and
actual crack length and direction in a constructidmle maximum stress
intensity is Kya, the minimum K, and the difference between bothAls, see
figure 1.1.

Fluctuating loads can lead to fluctuating localhhigfresses and microscopic
small cracks may appear. Once a crack exists truatsre, it will tend to grow
under cyclic loading. Even if the maximum of theclay load on a construction
is below the elastic limit of the material, fatigoray lead to failure.

Fatigue is a progressive process, the damage gesvslowly in the early stages

and near the end of a structure’s life it accetsraery quickly towards failure.
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. = . . .
= s cyclic stress intensity:
= S
-c% g AK = Kmax - Kmin
o 2
o 3

[J] load ratio:

£

a R= Ko

8 =

ﬁ Kmax

cycles [N]

Figure 1.1. Mehanical parameters to describe the fatigue loadiggtem.

Figure 1.2. Tay Bridc

One of the most famous tige failures is the Tay Bridge disaster. S
researchers claim that maybe fatigue caused faiafrethe 19 month o
bridge. The evidence is based on the eyewitnesstsethat the hig
girders piers oscillated from side to side eachetimtrain crosse the
bridge. These dynamic effects on the cast iron, logsnecting piers at
deck, resulted in fatigue cracks and finally in mhatically failure
December 2" 1879, the bridge collapsed taking with it a traimd
killing 75 people [1].
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However, details of the fatigue process may ditbetween materials. The

fatigue process can be defined generally as [2]:

“The process of the cycle-by-cycle accumulatiorioafal damage

in a material undergoing fluctuating stresses arains.”

First steps: description of the phenomenon

Fatigue of metals in structures has been studiezkghe beginning of the 19
century. Railroads, bridges, steam engines: a wiereut of new structures and
machines were developed, which were made of stedhe times of the
industrial revolution. Many of them were exposedcialic stresses during
service life and many of them failed, see figuéz 1.

The origin of failure was unknown, until Albert [&ade the first report about
failure caused by fatigue, in 1829. He observediof iron mine-hoist chains,
caused by repeated small loads. Ten years lat&B838, Poncelet, a professor of
mechanics at the école d'application, Metz, intoeduthe term fatigue in his
lectures. Rankine [4] recognized the importancstadss concentration in 1843.
He noted that fracture occurs near sharp corneosveMer, until then the

phenomenon was described qualitatively only.

Systematic experiments and microscopic observations

A major step was made by Wohler [5] in 1860. Wohkerrailroad engineer,
started performing systematic experimental reseamchrailroad axles. He
observed that steel would rupture at stress belmvelastic limit if a cyclic
stress was applied. However, there was a critiedliev of cyclic stress, the
fatigue limit, below which failure would not occufie found a way to visualize
“time to failure” for specific materials. In this-I$-curve approach the stress
amplitude,o,, is plotted as function of the number of cyclesditufe, see figure
1.3 [6].
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600

—>

400 P

300 f

200 L AA2014

PR P ....................... Fatigue strengt
100 F H

Fatigue limi

A o [MPa]

logN —»

Fatigue limit: the stress below which a  Fatigue strength:the stress at which
material can be stressed cyclically for an failure occurs for a given number
infinite number of times without failure.  cycles.

Figure 1.3. &N curves for low-carbon steel (fatigue limit) aAd 2014 (no
fatigue limit)

A logarithmic scale is used for the horizontal axidile the stress is plotted
using either a linear or logarithmic scale.
The first crack surface investigations where mageEtving [7] in 1903. He

showed the nature of fatigue craaksing a microscope, see figure 1.4.

Figure 1.4. Crack surface showed by Ewing & Humft903 [7].

22



Chapter 1
Introduction

Explanations and predictions

Around 1920 Griffith investigated the discrepancgtvieen the theoretical
strength of a material, and the true value, soneit000 times less than the
predicted value. He discovered that many microscapacks and/or other
imperfections exist in every material. He assumkedt tthese small cracks
lowered the overall strength. Because of the agpliead, high stress
concentrations are expected near these small ¢rablish magnify the stresses
at the crack tip. These cracks will grow more glyickhus causing the material
to fail long before it ever reaches its theoretgtaéngth. Any voids, corners, or
hollow areas in the internal area of the materildo aresult in stress
concentrations. Mostly fracture will begin in onfetloese areas, simply because
of this phenomenon [8].

Miner [9] understood that accumulation of damagad$eto failure and he
proposed a useful law, especially for engineerMmer’s law says that if a
material is exposed to a spectrum of k differemesst magnitudes, each
contributing ncycles at stress;,Sand N is the number of cycles to failure of a

constant stress,Sailure occurs when:

k
n
ZWI =C, where C is assumed to be 1. (1.1)
i=1 i

In 1954, Coffin and Manson [10,11] made an impdrtsiep to describe a
system in which fluctuating temperature leads tigfee. They assumed that
plastic strains cause fatigue. In the late 194@elstarted to make studies on
the impact of plasticity on metallic materials [1LB|e suspected that a plastic
zone around the crack tip, influencing the fatiguecess, would be responsible
for several effects, such as under-and overloaglifegts.

Summarising; in the first half of the 20th centuigtigue research was able to

describe the phenomenon fatigue with increasinguracy and predictive
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models became more and more reliable. Howeverk ¢cia@ctions as a result of

applied load were not well understood.

1.1.2 After 1960: Paris and Elber
An important push to understand the fatigue proeess made by Paris and
Elber. In 1961, Paris found a more or less linearretation on double

logarithmic scales between crack growth rate deddN cyclic stress intensity
factor AK for some part of the fatigue curve, see figuré [IL3]. This well-

known Paris’ law reads:

da/dN = CAK ™ (1.2)

where AK = KnacKmin @nd C and m are experimentally determined scaling

constants.
T ] Paris regime
Q i power law behaviour
9 y '
= a m
S — =C(AK
£ D el
q) = [&]
e N4 X
© < I
= I 3
: S <
> :
o :
3
©
C

stress intensity rangeAK [MPavm] —p

Figure 1.5. Paris’ Law: linear correlation betweenack growth
rate da/dN and stress intensity factdf on log-log scale.
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Paris’ law is generally accepted for a wide ranfydifblerent materials, however
the physical meaning is limited. The major issuthat time was how to explain
stress ratio effects. In 1970, Elber published mofas article titled “Fatigue
Crack Closure under Cyclic Tension” [14]. In thigicde he assumed crack
closure to be the cause of stress ratio-effectrBgk closure he meant contact
of the crack surfaces, at a load above the minirtaad. Elber assumed that,
when crack closure occurs, the effective cycliesrintensity rangAKe that
works on the crack tip, is lower than the expeaedappliedAK-range, see
figure 1.6. The crack growth rate is no longer aule of the wholeAK

magnitude, but only of a part of it.

E
Y
£ | e
> AK = Kmax - Kmin
g A Keff
(O] — —_
"é' l ...................................... * ........ K open AK eff K max K open
?
9 ----------------------------------------------------------- Kmm
»
cycles —»

Figure 1.6. Principle of Elber’s crack closure thrg

1.1.3 State of the art

During the last century, the philosophy of desigifted from a material defect-
free one to a defect-tolerant one. Development afuiate crack growth
prediction models for economical and safety readmetsame more and more
important. However in some areas of fatigue res$eaite focus just moved

from crack growth to the initiation phase.
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Nowadays, both initiation phase and threshold ¢etigrack growth are studied
intensively all over the world. Research is pusf@dvard with the release of
increasingly accurate equipment and new measuretaehhiques. Computer
simulations, finite element method (FEM) calculaoand scanning electron
microscope observations (SEM) are leading to a eteemderstanding of
material behaviour. Not only pure mechanical fagiglbut also fatigue
interacting with the environment is subject by edesble researche today. To
simulate service life conditions, fatigue experitsermre made in different
environments applying complex loading spectra. lidisfament of new crack

growth parameters are developments that may beceegan the near future.

1.2 The fatigue process

1.2.1 Fracture modes

The driving force of fatigue crack growth is cyclaading leading to the cyclic
stress intensity rang®K. All stress systems near a crack tip can be duvighto

3 basic types, see figure 1.7. Each type is agsocwaith a local mode of crack
surface displacement [15]. In Mode |, the tensiaryden the crack surfaces are
pulled apart normal to the plane of the crack. Kraarfaces slide over each
other normal to the crack front in Mode Il, the @tieg mode. In Mode lll, the
tearing or anti-plane shear mode, the crack susfawave parallel to the crack

front.
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Figure 1.7. Different modes of crack surfadsplacements.
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Figure 1.8. Characteristics of the fatigue craclogth rate
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1.2.2 Different regions

For a better understanding of the causes and mesed fatigue, an exposition
IS necessary. Fatigue life can be divided intogfadi crack initiation and three
main regions. The crack increment rate per cycldMaersus stress intensity
rangeAK for these regions, i.e. da/ddK curve on a double logarithmic scale,
has a characteristic sigmoidal shape, see figur@ 1IThe following

characteristics are common to fatigue in all mgtatiaterials:

Region I:  (Fatigue crack initiation and) threshmddion
Region Il:  Stable crack propagation, more or legsar on a log-log scale
Region Ill:  Unstable crack propagation

Region I: Fatigue crack initiation and thresholdyien

The fatigue process starts with the developmentiofoscopically small cracks,
which is referred to as the initiation phase. Dgnimitiation microcracks appear
near a discontinuity in the material e.g. sites refative high stress
concentrations, such as particles or voids, socesaiclndents and corners.
Microstructurally short cracks, as they are comma@rmed, propagate by
shear mode (Mode Il) and are typically of the ordepne or a few grains in
length. The fatigue life of aluminium alloys is gowmed by crack initiation:

depending on the stress variation more than 90%eoduration is spent in this
phase. Some materials, for example steel and utamxhibit a fatigue limit.

Below this limit repeated stress does not leadatlure. Most other materials,
for example aluminium alloys, exhibit no such linaihd even infinitesimally

small stress amplitudes will eventually cause failu

Near-threshold fatigue crack propagation takes eplat crack growth rates

generally less than Tan/c, see figure 1.8.
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Region II: Stable crack propagation

Stage Il cracks propagate by Mode I. Figure 1.8 sshematic illustration of a

typical fatigue crack maturing from a Stage | tBtage Il crack [16]. The crack

path in Stage Il is now essentially perpendicutathe tensile stress axis. Crack
propagation in Region Il can be described by aalineelationship between

da/dNAK on a log-log-scale, the well-known Paris’ Law.

Ao

SURFAGCE

STAGE Il
(Tensile crack)

STAGE |
(Shear crack)

STAGE | toll
TRANSITION

Ao

Figure 1.9. Stage | and stage ltigue crack growth.

On a microscopic scale the most characteristicufeat of fatigue are the
striations that occur during Region Il crack growfrhe striations represent
successive positions of the crack front. Eachtsinas formed during one load

cycle. [15]

Region lll: Unstable crack propagation

For stable fatigue crack growth, like Region lle ttmaterial’'s crack resistance
should be larger than the crack driving force. legien Ill, the material
resistance can no longer withstand the increaseshgiforce. The crack growth

IS no longer a pure fatigue process, but accekenateidly, due to interaction
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between fatigue and static processes. The cracktigm@irection is now often at
an angle to the tensile stress axis. Total fatijees a summation of the cycles
spent in different regions, see figure 1.10. Theation of Region Ill growth is
short compared to the total fatigue life. For themson, Region Ill can be
neglected in fatigue life estimations without sfgraint loss of accuracy. Once
the maximum stress intensity factor,X reaches the fracture toughnessg, K

failure occurs.

Initiation + Region | Region I Region I

[ cyclic slip  crack nucleation Micro cracks ] [Macro crack growth] [ failure ]

< > <« > < >
N = negligible

N initiation T NRegion | N propagation

Figure 1.10. Fatigue life duration.

1.2.3 Fatigue crack growth mechanisms

As described in section 1.1, failure by fractureswiéictures is caused by cracks
that extend beyond a safe size. Cracks are alwagemt in all structures, as a
result of manufacturing defects, or as localizechage formed in service. A
crack can grow by different mechanisms such asp¢rsiess corrosion and
fatigue or combinations. A scheme for the mechare$rfatigue crack growth
under constant amplitude loading is given in figirgl [17]. According to this
plastic blunting process, crack opening (b), cradkance and blunting (c) are
associated with the loading or tensile part oflda®l cycle, while re-sharpening
of the crack tip (d) occurs during the unloadinggompressive part of the cycle.
Figure 1.11a shows a picture of a sample with alwaded crack. Loading
causes plastic deformation to occur in a regiorseclto the crack tip, the
monotonic plastic zone. Plastic deformation occlg movement of
crystallographic planes relative to each othep)skee figure 1.11b. This slip is

caused by dislocation movements. Dislocations iaeedefects in a crystalline
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material, which can move and multiply as resulsloéar stresses. The effect of
dislocation movement is a permanent deformationhemndening of the metal.

If the stresses at the crack tip are high, cradpggation will occur, see figure

1.11c. At maximum load, a certain amount of blumtiras occurred due to the
plasticity. In the unloading part of the cycle,urg 1.11d, the crack tip re-

sharpens. During unloading, a reversed or cychstm zone appears within the

monotonic plastic zone.

a No Loac

b Loaded
()

(b}

¢ Max Load
@

{a) (e)

d Load reducec

e No Loac

Figure 1.11. Fatigue crack growth mechani
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1.3 Mechanics and Physics

1.3.1 Introduction

At this moment, the cyclic stress intensity ranye is believed to be the

dominant mechanical parameter to describe fatigaekgropagation. However,
crack growth rate is also assumed to be affectedeweral other parameters
[18], see figure 1.12. These parameters can bealativiinto intrinsic and

extrinsic factors. The influence of intrinsic paeters, e.g. the material's
mechanical properties, and extrinsic parameterd) a8 environmental effects

and the loading system are discussed in the nbsestions.

HIGH MELTING POINT
SUBSTITUTIONAL ATOM SECOND PHASE

INTERSTITIAL ATOM COHERENT
g EDGE DISLOCATION PRECIPITATION SLIP LINES
f INCOHERENT

t PRECIPITATION

| Eiadiasetey .
\® +he Ty
.

+

s v + 4+t

o . 7 . +ts
L]

7« GRAIN
BOUNDARY]

ELEMENTARY PRECIPI—

CELL OR . TATION.

o IRON

hd SCREW
DISLOCATION
T INTERGRANULAR /
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LAYERS OF GRAIN

BOUNDARY
PRECIPITATES

Figure 1.12. Micro structural features in ralst[18].
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1.3.2 Influence of mechanical properties

Microstructure

The fatigue crack growth mechanisms and the etieaticrostructure on these
mechanisms are both localized near the crack bp.eikkample, environmental
interaction, surface roughness and corrosion-indlwtesure are related to the
microstructure. The environment and loading systeteract with micro-
structural features, which make fatigue properties relation to the
microstructure difficult to understand. In generaicrostructure has a stronger
effect on fatigue crack growth at lower crack growates. Explanations to
understand these effects are as diverse as thgseffemselves. But in general

the high K at larger da/dN is dominant over allestmechanisms.

Grain size

The effect of grain size on fatigue crack growtkiseance and the occurrence of
crack arrest at grain boundaries has been stugiesany researchers [19-20]. It
was observed that a change in crack growth meamas@netimes occurred
when the monotonic plastic zone size is approximaqual to that of the grain
size [21]. Grain boundaries can act as barriersraady times, a decrease of
fatigue crack growth rate is observed in the thokshegion, as illustrated in
figure 1.13 [22].

Grain refinement can be used to increase the fatiguit. But often the
thresholdAK is larger for larger grains. Grain size variagan a material are in
general the result of prior heat treatment and rd&ition. Not only grain size
and shape vary with such processing, but otherastiarctural changes, for

example texture and yield strength, occur simutiashy.
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Figure 1.13. Decrease in craclrowth rate near grain
boundaries in the threshold region [22].

Due to these complex temperature-related and datomrelated changes, it
becomes difficult to assess the underlying mechasisontrolling the crack

growth behaviour for materials having differentigrsizes.

Effect of yield strength

In general, agreement exists on the influence ngth of the material on
fatigue crack propagation in the threshold regdrhigher yield strength leads
to less plasticity and lower threshold values ftaek but to higher threshold
values for non-ferro metals. Ritchie [23] attempteexplain the effect in steels
through hydrogen embrittlement. He assumed thetemads of a small area
affected by hydrogen near the crack tip. Hydrogeakens the metal and results

in lower threshold values.
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1.3.3 Influence of the environment

Influence of moisture

Experiments conducted under very low water vapowssure have clearly
demonstrated that residual moisture, corresportdingry low partial pressures,
is sufficient to induce a significant effect on @tagrowth rates, especially in
combination with higher frequencies [24-27]. Fomurainium alloys, the

formation of hydrogen atoms and oxide layers orreshiy created fracture
surface at the crack tip during the fatigue pro@ssdescribed by the following

reaction:

2Al + 4H,0 - Al,O53¢ H,O + 3H,

Hydrogen atoms may diffuse into the plastic zonel &e transported by
dislocation movements. The influence of moisturefatigue crack growth in
AA 2024 is illustrated in figure 1.14 [26]. Thigyfire shows crack growth rates
for constant load amplitude tests in the near tiokes region in different
environments or different water vapour pressuredimms at ultrasonic
frequencies in ambient air (dots), dry air (cirglaad in a vacuum (triangles) at
a load ratio R = —1. The difference in crack growtn be explained by the
mechanism of surface diffusion of water vapour rooles into the crack tip.
Water vapour of ambient air is transported to trelc tip by diffusion where
chemical processes with newly created fractureased lead to the formation of
hydroxide, hydrated oxides and the release of lgeltoThe cycling frequency
and the partial pressure of water vapour contt@ssurface reaction at the crack
tip. Embritteling effects are explained by adsamptof hydrogen at the surface
or in the first few atomic layers which facilitatesslocation nucleation or by
diffusion of hydrogen ahead of the crack tip [28].2
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Figure 1.14 Fatigue crack growth in different emnments in threshc
region for AA7075-T6 [27].

Influence of temperature

A change in temperature often leads to a chandatigue behaviour. The rate
of a chemical (corrosion) reaction is temperatuspeshdent. In general, a
corrosion reaction will be faster with increasiegiperature. Corrosion products

on the crack surfaces may lead to extra crack mosu

1.3.4 Influence of the loading system

Influence of stress ratio

Crack growth is strongly affected by the load r&ioCrack growth curves show
a shift to lowerAK values with increasing R, see figure 1.15 [28).rovide a
physical explanation for such load ratio effectsyack closure theory has been
developed by Elber. This theory, based on the gssomof “early contact of
the crack flanks before the minimum load is reathedn give a qualitative

explanation for stress ratio effects. Besides thatan be calculated that the
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crack tip opening at for example R = 0.7 is higt@mpared to those at R = 0.1.
In the case of R = 0.7, the crack opens more widéle influence of distortion
of crack surfaces, for instance in the form of @cefroughness, will be small at

R = 0.7 and increases with lower R-values.

103
1c4

10°

da/dN [mm/c]

10°

107

AK [MPavm]
Figure 1.15. Stress ratio effect in AA 7075.

Influence of load frequency

The crack growth rate da/dN, is the result of alectibon of mechanisms
operative at the crack tip. Some of these mechaniame related to time
dependent chemical processes, such as corrosiampden absorption and
diffusion. High frequency fatigue tests in corrasifiuids frequently lead to

longer lifetimes (expressed in cycles) comparedeiperiments at lower
frequencies [29]. Crack growth rate, expresseda#dN] decreases with higher
frequencies, while the reaction time for chemicalcesses is believed to be
frequency independent. If a time dependent mechans involved and

dominates in the collection of mechanisms, differ@ack growth behaviour is
expected with different frequencies. In generagqfrency effects are more

pronounced at lower crack growth rates.
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Influence of loading history

The effect of an overload is related to the foromatf a large plastic zone. An
overload produces more plastic deformation aheatthefcrack tip. This large
plastic zone can result in compression ahead afridnek tip and in crack closure
behind the crack tip. Because of the higher craslstance of the material in the
plastic zone, and the loweakK.; due to increased closure, crack growth

retardation can be expected, see figure 1.16.
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Figure 1.16. Effect of overload on da/i

The effect of an overload normally acts over a smistance: after a certain
crack increment, the effect disappears and thekagamwth rate returns to its
original value. An underload can reduce the eféé@n overload. The underload
leads to compression and the plastic deformatidhbsi (partly) reversed. An
overload followed by an underload shows only a mmalgeffect on crack

growth, while an underload followed by an overldealds to retardation [30].
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1.4 Crack Closure

Elber discovered the phenomenon of crack closuderucyclic loading in 1970.
He proposed that crack closure occurs as a refutagk-tip plasticity. The
plastic zone develops around the crack tip as ild gtrength of the material is
exceeded there. As the crack grows, a wake ofipddigt deformed material
develops while the surrounding body remains ela3ties plastically deformed
material, stretches perpendicular to the planehef drack, causes the crack
surfaces to contact each other during the unloagerg of the cycle. Elber
assumed that crack growth is not driven by the Aillrange, but only by the
effective part. He postulated that this closureedfflowers the effect of the
applied stress intensity range&K and causes a decrease of the fatigue crack
growth rate, see figure 1.6. He introduced a newsstintensity range: the

effective stress intensity ranédq.

AKeff = Kmax - Kopen
=U xAK whereU=f(R)and g1 (1.3)

Five mechanisms of crack closure have been proppéasticity-induced crack
closure, roughness-induced crack closure, oxidaaed crack closure, viscous
fluid-induced crack closure and transformation-icehli crack closure, see figure
1.17 [31]. It has been showhat crack closure plays an important role in the
effect of the stress ratio on crack growth andhanrtear-threshold cragkowth
behaviour [32, 33].
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Figure 1.18. Star lip.
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1.5 Shear Lips

In aluminium alloys, the crack surface changes fflanto slant at higher crack
growth rates oAK-levels, and a so-called shear lip arises, sagdid.18. The
shear lip initiates at the plate surface and gragv$he stress intensiy)K (and
thus the crack growth rate) increases. By redutieg cyclic load level the
transition can be reversed [34, 35]. The starhefghear lip can be found in the
da/dNAK diagram of a constant load amplitude test asaamgé of slope in the
crack growth curve. When the development of theaship is completed, the
slope of the da/dMK curve changes again. These two points, i.e. tde and
completion of the shear lip, are marked respegtias! transition point T3 and
T4. The da/dNAK relation between T3 and T4 is about linear onltmy scale
and has the form of the Paris relation. Much hanberitten about the origin of
the shear lip. Summarizing this, the developmerghefar lips is only possible if

three conditions are satisfied simultaneously [36]:

1 there must be a material texture with a slipspokty near 45° with the
plate surface.

2: there must be a plane stress situation, leatdirghear stresses at about
45°,

3:  AKgx or da/dN must be high enough for initiation of ghear lip.

It has been shown that test frequency has a signifi influence on the
morphology of shear lips [30, 37]. In AA 2024 shéps are rough at higher
frequencies and smooth at lower frequencies. Ahalgear lip results in more
scatter in the da/dN-dK curve, while a smooth sHgaresults in a smooth

curve.
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Chapter 2
Fatigue Crack Growth: Measurement and Data Analysis

2.1 Introduction

As explained in Chapter 1, the cyclic stress intgriactor AK is believed to be
the most suitable parameter to study fatigue crgobwth. In this work
specimens are fatigued with a sinusoidal load afixed frequency on a servo-
hydraulic fatigue test system. As a result of ttyslic load, the crack tip is
exposed to a maximum and minimum stress intensitiie difference in stress
intensity is large enough, crack propagation witwar. This chapter focuses on
the test configuration on which fatigue experimehesse been conducted.
Moreover, the accuracy of the system and data sisaill be discussed here.
Almost all tests have been carried out at TU Ddlfie Netherlands, although

some tests have been performed at the Karpenkitutastviv, Ukraine.
2.2 Experimental techniques

2.2.1 Specimen

Three specimen geometries have been used in theaneh, namely centre-
cracked tension (CCT), compact tension (CT) andlsirdge-notched bend
(SENB) specimens. The shape and dimensions of #resshown in figure 2.1
a-c.

Standard centre-cracked tension specimens have rbhapuafactured according
to ASTM standard E 647 [1] using a length | = 34t,na width W = 100 mm
and a thickness t, varying from 4.8 up to 10.4 rAnstarter notch perpendicular
to the rolling direction is introduced at the centéthe specimens. This starter
notch with a length 2a= 10 mm is made by electrical-discharge machining.
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Besides centre-cracked tension specimens, expdsrhame been performed on

specimens with compact tension and single edgdiadtbend geometry. These

two types of specimens were cut out of the largeiginal centre-cracked
tension specimens. All specimens of the same aleytaken from the same

batch.

bttt

2a

Iq—p‘

-

<« W —p

EERE

Figure 2.1a. CC-specimen.

widthW: 100 mm
thicknessB: varying from 4.8
to 10.4 mm

&

S

O

A
A
>

@ d
v

Figure 2.1b. C-specimen.

widthW: 32 mm
thicknessB: varying from 4.8
to 10.4 mm

Figure 2.1c. SEN-specimen

widthW: 30 mm
thicknessB: varying from 4.8
to 10.4 mm

The yield strength and chemical composition of these different alloys

investigated are shown in table 2.1.
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Table 2.1: Yield strength (MPa) and chemical contpos(wt.%) of AA 2024,
AA 5083 and AA 7075 [2]

Ovs Mg [Mn |Si |[Fe | Cr | Cu | zn | Ti

[MPa]
AA 1.2- |0.3- |max|max | max |3.8- |max |max
2024 345 1.8 |09 |05 |05 |01 |49 |0.25 |0.15
AA 4- 0.4- |max|max |0.05-| max | max | max
5083 228 49 |1 04 |04 |0.25/0.1 |0.25 |0.15
AA 2.1- |max |max|max |0.18-|1.2- |5.1- | max
7075 162 29 |03 |04 |05 |0.28 |2 6.1 |0.2

2.2.2 Type of experiments
Four types of experiments are performed in thisaesh:

I constant load amplitude test
[l constantAK test
Il AK threshold test (recommended by ASTM E 647)

IV constant K. increasing ki, test

Figure 2.2 schematically shows the maximum and mum load P and the
stress intensity factor K respectively, versus lciaagth a [mm] for these four
different experiment types.

Characteristic for experiment |, the constant laatplitude test, is the constant
maximum and minimum load. In this test, both.Kand K., and thusAK
increase with increasing crack length. The loath &t defined as the ratio of

minimum and maximum load, remains constant.
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In experiment Il, the constadkK test, both K,,x and K, are kept constant. To
achieve this, the load must decrease with incrgasiack length. This type of
experiment has mainly been used in this work tatere pre-crack from the

starter notch.

Loads R.axand Rin Stress Intensity Factors
versus crack length a Kmaxand Knin Versus crack
length a
? 30 f 60
— 201 — 40
I ConstandP £ 10 % 20 /
T z T T T T
0O 10 20 30 40 50 ; 0 10 20 30 40 50
a[mm] —» a[mm] —»
160 30
e o
Il: ConstantAK  Z' 80 { N\ €
S T E o
0O 10 20 30 40 50 ; 0O 10 20 30 40 50
a [mm] —» a [mm] —»
160 30
i 120 4y i 20
I AK Z N\ E N\
threshold test = \ I
(ASTM) 0 SN S O
' ' ' = 0 10 20 30 40 50
0 10 20 30 40 50 <
a[mm] —» a [mm] —»
160 30
i 120 \ 1 0
IV: A Ky, test Z 80 N =
=, N— E 10 A
(Constant axr 5 40 T— a
increaSing K]in) 0O 1IO 2IO 3:0 4l0 50 E O0 1IO 20 30 4IO 50
NZ

a[mm] —» a[mm] —»

Figure 2.2. Different types of fatigue crack growttperiment:
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In experiment Il, the constadkK test, both K,,x and K, are kept constant. To
achieve this, the load must decrease with incrgasiack length. This type of
experiment has mainly been used in this work tatere pre-crack from the
starter notch.

Examples of such pre-crack procedures can be sedneifirst parts of the
diagrams of experiment types Ill and IV.

The accepted method for testing fatigue crack pyafian in the threshold
region according to standard ASTM E 647, requiregs Be constant anfiK to
decrease with increasing crack length, see figlireThe ASTM recommends
(1/K) (dK/da), known as the normalized K gradiastconstant. K., and Ky
both decrease with increasing crack length. Thdieppoad also decreases
continuously, in order to compensate for crack gnow

Experiment type IV, the constant,K-increasing K, test procedure, allonsK

to be decreased with constaniK see V.

The usage of the load ratio R is different in tgpes I-l1ll on the one hand and
test type IV on the other hand. For the first thiygges R is constant, while in

type IV, R increases with crack growth.

2.2.3 Test configuration
The test configuration is schematically shown gufe 2.3. The main parts of

the test configuration are:

-the fatigue test machine, brand Schenck
-the pulsed direct current potential drop equipmentndrdowden

-the control computer and software

The specimen is clamped in the fatigue machinerips@nd connected to the

potential drop apparatus which is used for cranlgtle measurement.
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The functioning of the test configuration is subded into two parts. In the first

part a potential drop signal is generated, whic mseasure for the crack length.
The potential drop signal (voltage) is sent to ¢bhatrol computer, where this

signal is converted to a crack length (mm) usimglération polynomial.

The second part actually controls the fatigue mazhi is a closed-loop system,
thus including a feedback signal. The output of ¢batrol computer, the load

command signal, is fed back into the input of teatml computer, the load

feedback signal.

Load feedback signal
(real load value)

I ’
:I <
1

Load command signal
(Pmax. Pmin, frequency)

Potential drop signal

(@)

F)max F)min freq

4.025 33.303 0.354 25
4.050 33.199 0.353 25
4.075 33.095 0.352 25
4.100 32992 0.351 25
4.125 32.891 0.350 25
4.150 32.790 0.349 25
4.175 32,690 0.345 25
4.200 32.891 0.347 25
4225 32.492 0.346 25
4.250 32.395 0.345 25

— o2 25

2.32¢] load table 32

A 28y el

Figure 2.3. Test configuration, containing fatigiest machine, pulse
direct current potential drop equipment and thetcolncomputer.

Almost all tests, except constant load amplitudstste are crack-length
controlled. This means that the actual crack |lengtiermines the load. Because
of this dependence, before starting the experimenksad table must be made.
This load table includes four columns. The firstuoaan contains the control

parameter i.e. the crack length (mm). The secomdtlaind column contain the
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maximum and minimum load respectively (kN). Thertbwcolumn specifies the
frequency (Hz).

A command signal, containing the pre-defined maxmioad, minimum load

and frequency, is sent from the computer to thgdat machine. The fatigue
machine carries out the task and returns a feedisaphal to the control

computer. Afterwards the control computer checksrissponse, with the values
found in the pre-stored load table. If there is iamatch between the current
feedback signal and the desired combination inltlae table, the command
signal is adapted in the direction of the valueshi@a load table. The control
computer not only ensures a correct implementatiotine load table, but also
stores all relevant data. This loop process isatggeuntil the end of the test.
The control software has been developed at TU D#i# Netherlands, in

coorporation with CIT, a software house.

2.2.4 Control program in detail

A correct signal handling of the control progranofsvital importance in view
of the required accuracy and reliability of the syww@ment results.

The data flow diagram, shown in figure 2.4, illasés how data is processed by
the system in terms of inputs and outputs. Inconsiggals, i.e. potential drop
and feedback signals, are continuously recordedeesived. The incoming
signals are buffered. Data is captured from thdepouh order to perform a
detailed analysis. The analysis is performed otoakbof captured data of the
feedback signal. The sample rate is defined asitingber of data points that is
sampled by the data acquisition hardware per secbmel software allows the
user to choose both the capture duration and thelsarate. For a correct
analysis of the feedback signal, a captured blogktrmontain at least 4 cycles.
Each cycle must be built up of at least 400 poimisprder to analyze the

frequency, Ra.x and Ri,. These two conditions, 4 cycles and 400 points per
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cycle, determine the minimum size of the captureation and the minimum
sample rate of the data acquisition hardware.

The received potential drop signal is convertedat@rack length, using a
calibration polynomial. The data set “actual craekgth-feedback signal” is
compared to the corresponding combination “cracigtle-desired load” found
in the load table. Once the data set deviates fledesired combination, the

command signal is adapted.

signal in buffer
P,Otenlt'ﬁ‘l firop ‘ Buffer,
signal (&) —»  ¢5ntaining a
Feedback R number of analysis o
anaril captures ‘ filtering and storage
Analysis of .
captures using Filtering and
| o . Fast Fourier storage of data|
signal out validation/ adapting Transformation
Comparison <
Command between
signal feedback signal
and load table
values

Figure 2.4. Data flow diagranlllustrated is how data is processed by the
system in terms of inputs and outputs.

The potential drop signal, i.e. crack length, iBuenced by many factors. In
order to smooth the potential drop signal, the m@ntrogram provides three
types of crack length filtering. The following metts may be used to restrict
the range of stored data:

-no filtering; in this case the actual crack lengthised

-average of a number of captures

-highest value in a number of captures
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Both the type of experiment and the test frequedetermine the capture

duration, what kind of filtering is applied and héwgquently a signal is stored.

2.2.5 Environment

It is believed that environment and/or test freqyemave a marked influence on
the fatigue crack growth rate behaviour and thrieshevels for most
engineering materials. Tests with a simulated (ghegy) environment allow
investigating of such effects on the crack groveter The majority of tests are
performed in room temperature air. Some testsigwiork were conducted at
different temperatures, using argon as a shielgagyor in an artificial seawater
environment.

A climate chamber was used to test specimens frelit temperatures. This
chamber provided temperature control for low arghhliemperature tests. With
this set-up a stationary state was reached witttuéiions in a range of + 2
degrees.

To create a marine environment, a specially desdidgterspexell was clamped
around the specimen. The cell covers the part eftést specimen where the
crack grows. To ensure that the load is not aftebte this corrosion cell, only
the lower cell wall was attached to the specimdme Tpper wall is open. A
barrel containing artificial seawater is conned®e pump system to circulate
seawater through the cell. The locations for the itwets and outlets are in the
middle of the cell, on the faces opposite to edtiero More details about the
corrosion cell are described in [3]. Artificial seater was prepared according to
ASTM D 1141 [4].

For tests in a shielding gas, the same Perspexvesllused. Again the cell was
clamped round the specimen, but the upper sidesealed with silicon rubber.
Two flow meters were built into the pipeline systeme before the inlet and the
other one after the outlet. Flow speed was mordt@ered possible leakage can

be detected by these flow meters.
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2.2.6 Potential drop technique and calibration

For measuring the crack length the potential drethod has been used. In short
this method correlates the crack length to the tebet resistance of the
specimen. A pulsed direct current, generated bytanpial drop apparatus, is led
through a specimen, creating an electric field. Ahgnge in the effective cross
sectional area of the specimen leads to a chantiesirelectric field, measured
by means of potential drop. If the cross sectiomea decreases due to a
growing crack, this results in an increase of tlextdcal resistance, which is
measurable as an increase in potential drop.

An advantage of this method is that even very smratk increments can be
measured. A disadvantage is that as the crackappsoach the plate edges of
the specimen, i.e. at the end of crack growth,pibiential drop method is less
reliable, due to excessive plasticity [5]. Notettpéasticity also increases the
electrical resistance.

The potential drop measurement is synchronized whth load signal. The
disturbance is measured at the maximum load, thtlteeamaximum opening of
the crack, in order to avoid an influence of (@)tcrack closure.

A correct and accurate calibration is essentiak Télationship between crack
length and corresponding potential drop is notdm@ third order polynomial,
see equation 2.1, has been used in order to thkatrack length a and potential

drop voltage V:
a=P,+PV+RV?+PV® (2.1)

The constants ;Pof the calibration polynomial can be found in sevevays,

leading to about the same result.

The first method uses constaliK loading. The specimen is clamped in the

fatigue testing machine and fatigued with a corisd& To avoid crack closure

and shear lip effects on the potential drop sigiyaical load parameters are R >
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0.5 andAK < 6 MPa/m for aluminium alloys. Crack length is optically
measured on one specimen surface using a travelcrgscope.

The second method uses a milling machine. The s@ecis only connected to
the potential drop apparatus. An artificial craskintroduced step by step by
milling. The crack tip is blunt, caused by the enitl with a radius in the order
of 2 mm, while in a real fatigue test a very shengck tip is present. Moreover
the plastically deformed area at the crack tip aafftuence the electrical
resistance of the material. Because of these tfextsf the reliability of this
method relative to the method described above eafess. An advantage of
mechanically creating a “crack” is that a straigtatick front is assured.

The third method uses a saw. The specimen is aipected to the potential
drop apparatus. A crack is extended step by steyy assmall jigsaw, with step
sizes in the range of 2 to 3 mm. After each extenghe crack length is
optically measured using a sliding gauge on botcispen surfaces and the
corresponding voltage is listed. This method isfulsend fast to determine a
calibration polynomial. In real tests, the optioaasured crack length deviates
less from the electrically measured crack lengtlhm case of the saw cutting
technique, compared to the other techniques. Howévis not clear why saw
cutting leads to the most accurate calibration pahyial.

For each unique geometry, for example for specimetisside grooves or with
a local variation in thickness, an additional catibn was made using the saw

cutting technique.
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2.3 Calculations

2.3.1 Stress intensity and plastic zone size
The stress intensity factor K defines the magnitofithe local stresses around
the crack tip. This factor depends on the load¢lcrsize, crack shape, and

geometry, with the general form given by [6]:

K=og,ma f (%) (2.2)
where:

o = applied (remote) stress

a = crack length

= specimen width

a
f (Wj = a correction factor that depends on specimen an

crack geometry

For example for a centre-cracked tension specimgn |

f(ij- secE
Wl W (2.3)

During (cyclic) loading metals show plastic stramesar the crack tip because the
yield stress is exceeded in that region, as atresplastic zone develops, see
figure 2.5. The shape and size of the plastic zare not exactly defined.
According to Irwin [7], the monotonic plastic zosize, 2§™, at a stress intensity

factor K, is calculated using:

W 1K)
2r) —ﬂ(a J (2.4)

ys
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where oy is the yield strength. The plastic zone is assutoebe circular in
cross- section.

As the nominal tensile load is reduced during teereasing part of the loading
cycle, i.e. the stress intensity is reduced fromyKo K., the plastic region
near the crack tip is put into compression by theosinding elastic body. This
compression leads to a reversed plastic zone.réiessed or cyclic plastic zone

size, 2§, depends on the magnitude/i€ and twice the yield strength [6]:

ore = 1[&} (2.5)

plane stress at surface

plane strain in the middle

Figure 2.5. Plastic zone: plane stress and planairs!

2.3.2 Crack growth rate

The rate of fatigue crack growth is to be determifrem the crack siza as a
function of the number of elapsed cychsThe ASTM E 647 recommends two
approaches: the secant or the incremental polynonathod [1, section X1].
The incremental polynomial method is mainly usethis work to calculate the
fatigue crack growth rate from a-N data. However, data obtained in the

threshold region, a third method is used. The tmethods are explained below.

59



Chapter 2
Fatigue Crack Growth: Measurement and Data Analysis

The secant technique
The secant or point-to-point technique for computthe crack growth rate
simply involves calculating the slope of the strailine connecting two adjacent

data points on the a-N curve. It is more formakpressed as follows:
(da/dN):(ai+1_ai )/(Ni+l_Ni ) (26)

Since the computed da/dN is an average rate oee(ath - §) increment, the
average crack size,= % (a1 + @), is normally used to calculan.

The secant method often results in an increasdtesaa da/dN relative to the
incremental polynomial method, since the latter auaally “smooths” the data
[10, 11].

The incremental polynomial method
The Incremental Polynomial Method for computingdidinvolves fitting a
second-order polynomial (parabola) to sets of qmimts. The form of the

equation for the local fit is as follows:
a=b, +b,N+b,N? (2.7)

The regression parameterg by, and b are determined by a least squares fit.
The rate of crack growth da/dN at,k®) is obtained from the derivative of the

above parabola, which is given by the following rgsion:

da/dN(a’Ni) :bl+2b2Ni (28)

The value ofAK associated with this da/dN value is computed gushe fitted
crack size, ja corresponding to N The procedure is schematically given in
figure 2.6.
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44.0

a=4.95x16- 4.21x10% N + 5.56x10 N? R
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Figure 2.6. The Incremental Polynomial Method fomputing da/dM
involves fitting a second-order polynomial to sgtsuccessive data
points. The rate of crack growth da/dN g is obtained from the
derivative of the parabola.
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Figure 2.7. For a very small crack increment, crackance it
considered to be linear. The least squares methogded to determine
crack growth rates in the threshold region.
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The least square line

The ASTM allows the use of a maximum of 9 data {soper data set in the case
of the incremental polynomial method. However, wiists in the threshold
region many data points are acquired over a veslilssrack increment. In this
case the incremental polynomial method leads tera scattered result.

For a very small crack increment, crack advancebsanonsidered to be linear
with the number of cycles. For this reason thetlegsares method is used to
determine crack growth rates in the threshold re¢#d.

The linear least squares line of the chosen sdata points can be represented

as.

a=h, +bN (2.9)

where the pand h can be found using the linear least squares methioe
crack growth rate da/dN at i the derivative of equation 2.6, trequal to b.

a-N data, obtained in the threshold region, is ggeed using the linear least
squares method and shown in figure 2.7.

For all methods mentioned, the valueAdt is determined using the calculated
average crack length from the chosen set of datagpo

Figure 2.8 schematically shows how to calculate db&INAK relation from

load and crack length data.

2.4 Overall accuracy

2.4.1 Sources of error
To make an assessment of the accuracy of the dsslts an analysis of the
possible errors should be made. All measurememtsathected by systematic

and random errors. Random errors are reduced wipariments are repeated
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many times and the results are averaged; systemabcs are consistent and
repeatable. Causes and behaviour of systematicsear® well known and
understood. First the errors are discussed indalguafter which the impact of

the errors on the ultimate result is considere Most important errors are:

Cyclic load Potential drop
=
2 A
3 g - G d #(aN)
i) X
e AN
3]
cvcles —» cvcles —»
da/dN-AK
5 -
5 © Calculated using:
® S -ASTM E647 or
23 -Moving average
S 5
—

cyclic stress intensity

Figure 2.8. Scheme for the calculation of the de4K relation from load
and crack length data.

Accuracy of the load cell

The load cell is part of the fatigue machine. ltasw@es the load and provides a
representative signal. A typical load cell sigrsaD+10000 mV, representing the
applicable load range. The accuracy of the loadisa@stimated as 1/1000 (10

mV) of the total load range, e.g. correspondin@%0 N in case of a 250 kN

load cell.
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Crack length

An error in crack length measurement leads to aarrect interpretation of the
load table, which can have large consequenceséoapplied load and thus for
crack growth. The crack length is influenced byhbcdndom and systematic
errors. The control program buffers the potentiapdsignal needed for data
processing. The filtering technique and the nundfetata points that are used
to calculate an average crack length can be adaptad experiment. Filtering
to reduce the random error in the crack lengthadigenerates a small positive
systematic error in the crack length, caused byareasing crack growth rate
during the procedure. However, the systematic enrtine average crack length
is negligible compared to the systematic error wuthe usage of a calibration
curve. The systematic error in the calibration polyial, estimated to be less
than 0.1 mm, is related to the method of calibratio

An example of a potential drop signal as funtiontiofe and the frequency
distribution of the corresponding crack lengthhiswsn in figures 2.9-2.10.

The data set is obtained under the condition tbafiltering is applied and no
crack propagation occurs. The shape, as showrgumefi2.10, is typical for a
normal distribution, described by a mean value argtandard deviation. The
standard deviation sd of the crack length measuremecalculated to be 0.05
mm.

A disadvantage of the potential drop method is ithédes not take into account
the shape of the crack front. This can also berdegbhas an advantage, because
it measures the cracked surface area. This suai@@emay be a good measure
for the crack growth resistance.

Close to the plate edges the potential drop metbdess reliable, but on the
other hand K is also not well defined there, se@ME 647 [9]. For this reason
nearly all experiments are provided with a prekramcedure to avoid effects
due to the presence of the starter notch and d¢eacjth values obtained close to

the plate edges are rejected for calculation.

64



Chapter 2
Fatigue Crack Growth: Measurement and Data Analysis
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Figure 2.9. Potential drop signal (V) versus tirhers
at a fixed crack length.

X =41.32 mm
sd= 0.05 mm
n = 30621 data points
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Figure 2.10. Frequency distribution of the corresgdimg crack lenth.
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External influences

Any voltage signal is measured as the potenti&gihce across two points.
However, a measured voltage will almost inevitaiolglude some amount of
unwanted signal. Noise or unwanted signal contatiminas added to the signal
voltage because signal wires act as aerials, gcépr environmental electrical
activity. Because of this, there are many (randfuctuations in the measured
values and the overall-result is a noisy measurésystem.

An ideal crack length measurement system respomiis to the potential
difference between its two terminals. In order iaimize noise, a measurement
system ground can be made, which is also influehgethe same noise too. If
both terminals are affected by the same noise,enisissliminated when the
voltage difference is measured, see figure 2.1fierefit of such a circuit is that
even larger distortions, being the same on bothitels, will theoretically have

no effect on the measured voltage.

noise
pd

—

Signal voltageVs Measured voltage/n,

Ground voltageVy

Measured voltage/, = (Signal voltagéd/s + noise) — Ground voltagé,

noise

Signal voltageVs Measured voltage/n,

¥~ Ground voltageV,

noise” "
Measured voltage/m = (Signal voltagéd/s + noise) — (Ground voltagé, + noise)

Figure 2.11. Principle of noise reduction/elimircati
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Sources of error

5 Environmental noise wires act &
RS ‘E aerials. Unwanted electric disturbance >
kG E
- Plate edges and notch effectscract
g length measurements not reliable 1 P>
5 plate edges and starter notch.
[¢}]
%
hat Partial crack closure, important i >
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g in plastically deformed material diffe
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Figure 2.12. Sources of err
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2.4.2 Accuracy

The precision of the test results needs to be densil. It is difficult to give a
general conclusion about the accuracy of the tesifiguration, the data
obtained and the finally calculated results. Thaesoa for that is the complex
mix of dependent and independent variables, seerefi®.12. First, it is
necessary to identify the independent and dependhmmbles. For example,
with a constanfAK test the crack length precision depends on thi&ration
accuracy, fluctuations in the measured signal aathoa of filtering. However,
the applied load depends on the crack length poeci®o. Both applied load
and crack length are involved in stress intensafgwdations, see figure 2.8. The
log(da/dN)-logQK) correlation ultimately calculated is determinggthe crack
length becausAK is also crack length dependent. The conclusionbsadrawn
that only the variable “number of cycles” is a hamdlependent variable.

To avoid large errors in the final results, a gahstrategy to reduce the effect
of unwanted noise in crack length measurementoliewed. Preceding the
experiments, the expected crack growth rate isnestid. The estimated crack
growth rate determines the filtering technique. dmpromise must be found
between the capture duration and the filtering wetlror example in tests with
a relative high crack growth rate, e.g. at lalfe an average crack length based
on a large number of captures is not allowed. Hareat a low crack growth
rate, e.g. in a&\K threshold-test, filtering is useful. At low cragkowth rates,
crack length can be measured frequently withoutdtaek length increasing
substantially. This gives the possibility to penforvery precise crack length
measurements. For this reason results in the thicesiegion generally are
highly reliable. Therefore, a crack length erraredo the measurement system
itself, is relatively unimportant in the threshotion, provided thahe optimal
combination of capture duration and filtering meths chosen. However, the
situation in the Paris region is different. Theat®ely large and increasing

crack growth rate forces the use of a small cagturation time.
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It will be assumed that errors in crack length doe to random noise in the
potential drop signal and a systematic error in ¢hibration polynomial. As
much data must be stored as possible. The largberuoh a-N data can be used
to minimise the random error.

Evidently, the higher the voltage (or crack lengthg larger the impact of an
inaccuracy of this signal on the final error in (da/dN)-logQAK), see equation
(2.2).
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Chapter 3

da/dN-AK relations in AA 5083 for different specimen
geometries

3.1 Introduction

In aluminium alloys fatigue crack growth dependsnaany factors. The cyclic
stress intensity factoAK is believed to be the most important parameter to
describe the fatigue crack growth rate da/dN. Haxebesided\K, the crack
growth rate is influenced by other parameters, ssclthe loading system (cycle
shape, mean stress, frequency), the fracture moaee I, II, Il or mixed
mode), the load history (multiple and single ovads and underloads) and the
environment (for example: temperature, shieldinghasphere and relative
humidity) [1-3].

An important factor is the mean load. The mean Igaaften represented by the
load ratio R (= RiW/Pmay. The effect of R on the fatigue crack growth reste
ascribed to plastic deformation that accompanig¢igua crack growth. The
effect is probably due to crack closure, i.e. preem&acontact of crack flanks
before minimum load is reached, see Chapter liosett4 and figure 1.6. At
large R-values no contact occurs and the full ad@lK drives crack growth. At
lower R, only part ofAK (AKg¢) is available to cause fatigue crack growth. At
the same&\K, da/dN is higher for higher R than for lower Riedo this effect.

This chapter focuses on da/di relations in aluminium alloy AA 5083. The

experimental work is divided into three test progsa

Test series 1
In test series 1, described in section 3.2, cohdtzad amplitude tests are

performed on AA 5083 using centre-cracked tenspmecisnens. Crack growth
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rates for a wide range of different load ratios areasured. The da/dAK
curves, presented on logarithmic scales, are faariwe dependent on the load
ratio R. The aim is to investigate the influenceéRobn the fatigue crack growth
rate and also to determine if the slope changegdaet more or less linear parts
of the log(da/dN)-logdK) curves are a result of changes in crack closure
mechanisms.

A so-called similitude approach is applied on thsttdata to investigate the

effect of R. This approach, withk as the similitude parameter, requires that:

“A similar K cycle applied to a crack in a standagpkcimen and to a crack in a
structure of the same material, will induce the sarack length increment in

both cases” [5].

Similitude is used here to compare da/fiKl+esults at different mean stresses,
l.e. at different R values. Similar conditions iengral also include similar
fatigue crack geometry in the same material withgame material structure and
heat treatment. If these conditions are not satisthe similitude can be adopted
only if these variables do not affect the crackeagton mechanism. To satisfy
these conditions as closely as possible, all tespEtimens with a centre-
cracked tension geometry are taken from the sarnuh laad fatigued under the
same environmental conditions.

The amount of crack closure can be quantified mWways:

1: The effect of crack closure can be found by tsigflog(da/dN)-logdK)
curves for different load ratios R, into one sinigig(da/dN)-logQAKe) curve. A
function U of R, with U =AKgs /AK is used to let the curves for different R

values coincide. The principle of this procedurshewn in figure 3.1.
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2. Crack closure can be measured directly by detenm load-displacement

curves. Load values where the crack opens andsct@sebe found by using this

measurement technique.

da/dNAK for different da/dNAK gff
R-values
zZ . : zZ
% I increasing R % I AK e = UAK,
o) © where U=f(R)

same da/dN for
different R-values

Y —_—) AK off —_—
ﬂ AK AK eff
differentAK for

different R-values

Figure 3.1. Principle of shifting da/c4K curves into one single da/diKy
curve [2]. A function U of R is used to let cunfes a range of different R
values coincide into one curve of da/diKz; At high R (R- R) the crack i
believed to be always open and not influenced bgkcclosure. Thus no
effect is observed for RR..

Test series 2

The amount of crack closure is possibly affectedh®s specimen compliance,
resulting in different crack growth behaviour inespnens with different
geometries [6-8]. In test series 2, described iotie 3.3, constant load

amplitude tests are performed on single edge-ndtdd®nd specimens, using
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three different R values. The results obtainedcarapared to the results found

using the centre-cracked tension specimens.

Test series 3

In test series 3, described in section 3.4, diceztk closure measurements are

performed on 3 different specimen geometries: eecrteicked tension, compact

tension and single edge-notched bend specimenasrdier to find a possible

effect of compliance on crack closure. These geoesethave been chosen

because of the large differences in compliance digigplacement curves, or

more specifically crack opening/closing loads, epenpared at different crack

growth rate regimes. An overview of all tests mgegi in table 3.1.

Table 3.1 Overview of test series 1, 2 and 3

Measurement type

Purpose

Results

Test series 1

Constant load amplitude tests
centre-cracked tension
specimens, using a range of
different R values

OMo calculate a da/dMK
relation and an R
dependent U function

Comparison between
U-values obtained fron
similitude approach

and U values obtained

Load displacement / crack

closure measurements on cent

cracked tension specimens,
using 3 different R values

To obtain Kyjesurelevels
rand U-values for centre-
cracked tension
specimens at different R
values

from direct crack
closure measurements
for the centre-cracked
-tension specimen
geometry

Test series 2

Constant load amplitude tests
single edge-notched bend
specimens, using 3 different R
values

Do obtain (da/dN)4&K)
relations for single edge?
notched bend specimen

Comparison between
U-values and crack

5 growth rate for centre-
cracked tension and
single edge-notched
bend

Test series 3

Load displacement/crack
closure measurements on cent
cracked tension, compact
tension and single edge-notchg
bend specimens. Measureme
are performed in 3 crack growt
rate regimes

To obtain Kyosurelevels
réor centre-cracked
tension, compact tensior
2@nd single edge-notched
ntsend specimens at
hdifferent R -values and
different crack growth

Influence of specimen
compliance on da/dN i
1 different crack growth
rate regimes

rates

Il
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The work presented in this chapter is a joint Dutdkrainian and Japanese

cooperation. Part of the experimental work has heerfiormed at TU Delft,
department of Materials Science and Engineering,Nbtherlands and part at
the Karpenko Physico-Mechanical Institute, Lviw thkraine.

3.2 Centre-cracked tension specimen

3.2.1 Experimental set-up for constant load amplitde tests in centre-

cracked tension specimens

Different series of constant load amplitude tests earried out on centre-
cracked tension specimens of AA 5083, using a rafhgkfferent R values. The
aim of these tests is to examine the influencéefdad ratio R on fatigue crack
growth rate da/dN and also to find the criticalueabf R (= R) above which no
closure can be detected. The fatigue crack groveasorements are performed

on a computer-controlled servo-hydraulic fatigustitey machine.

Crack length was measured using a pulsed directmurpotential drop
measurement system. A test frequency of 10 Hz Wwasen since no frequency
effects on da/dM¥K were found in the range of 5-40 Hz [9].

The environment was lab air with a relative hunmydaf 35-45%. The
dimensions of the centre-cracked tension specirmema length of 340 mm, a
width of 100 mm and a thickness of 8 mm. All spesmns were fatigued until
failure. Data was analyzed using the proceduresngiv ASTM E647 [10].
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3.2.2 Results of constant load amplitude tests irgtre-cracked tension
specimens

Results of the fatigue crack growth tests are showigures3.2 and 3.3. Figure
3.2 presents the results of the constant load &ndplitests, figure 3.3 shows the
da/dNAK curve for R = 0.1 from threshold until failureoiFthis latter curve,
three constant load amplitude tests are combindd avdecreasingK test in
order to show the da/dNK behaviour from the near threshold area until the
very high value of da/dN near instability. At a ckayrowth rate of 16 pm/c, a
threshold valuéK, of about 2 MPd#m is found. On the basis of,K; at failure,

a critical K value, i.e. K of about 42 MPé&m is found from the test data, which

corresponds to data found in the literature [11].

10"

R=0.8

R=0.7

—>
L] *

R=05
10 -

R=04

x R=0.3

da/dN fum/c]

10t e R=0.2

+ R=01

- R=-025

10—2 R = '1

o dKeff/2

—— Paris Tensile

10° ] —— Paris Shear
1 10

AK [MPaVm] ——p»

Figure 3.2. Results of constant amplitude testsA@n 5083 ¢
different values of R. A parallel ifhby a factor 2 to the left
applied to the1Ke; curve to show the result better.
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It is suspected that a change in slope of the Bg(d)-logAK) curve, generally
indicates a change in crack growth mechanism. guré 3.3 five slope
transitions, T1-T5, in log (da/dN)-log\K) are shown. The first transition point,
T1, takes place just above the threshold-valuecat@k growth rate of about

10° um/c, while T2 takes place at about 0.5°30n/c. The change in slope at
about 10" um/c, T3, can probably be attributed to a differerack closure
situation due to the start of shear lip developménis believed that besides
plasticity induced crack closure the presence @&asHips will lead to an
additional amount of closure. In the crack growdinge below T3, where the
crack shows no shear lips yet and is still flag, so-called tensile mode, there is
only plasticity induced crack closure. Above T3,emh shear lips develop, a
superposition of two closure mechanisms is assumed;plasticity induced

crack closure plus crack closure due to shear lips.

107

10t )

—>

10°

10 A T4 complete shear lifs

da/dN fum/c]

T3 start shear lip

102

S\\
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10°

—
N
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1 10 100

K max [M Pa\/m] _>

Figure 3.3. Experimental fatigue crack growth ra¢sults for AA 508.
at R=0.1
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The latter can be attributed to a mismatch of shparfor closing crack flanks.
The completeness of the development of shear kpends on the thickness of
the specimen, or 0Kk for incomplete shear lips [12]. The shear lip uflyf
developed at transition point T4. The subject adashlips will be extensively
addressed in Chapter 4. From transition point T8l dailure, crack growth
accelerates dramatically. In this higfk region crack advance is no longer
determined by pure fatigue, but due to high thgsKalues, static effects, i.e.

instable crack growth, becomes important.

3.2.3 Crack closure relation in centre-cracked tensn specimens using the

similitude approach

Calculation procedure

A special computer program was written in ordeletathe log(da/dN)-log{K)
curves for a range of different R-values coincid&ione general curve of
log(da/dN)-logAKex). The effective stress intensity factdxKes (= UAK) is
obtained by using a quadratic closure function £Jpsposed by Schijve [13].
The crack closure function U = a+bR+cR found by taking a large number of
combinations of a, b and c, within certain bourearand calculatingKc for

all measurement points of the tests.

In general more solutions for U are possildlesingle solution for U can be
found by adding a constraint to the problem. Thielda\K results in figure 3.2
show that the curves for R0.5 are about the same, except at very high values
of Knax Where “static” fracture mechanisms are becomimgartant. This
coincidence of curves with R 0.5 means that crack closure is not important or
does not exist, above R = 0.5. It is thus assumadR = 0.5, is the limiting R-
value above which no crack closure exists, and thus1 for all R> R.. This
critical R value was confirmed experimentally byfpeming more tests in the

expected critical R range.
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Based on the assumption that U = 1 for R & &constraint is added to the
calculation procedure: it is assumed that thereaislependency between
coefficients a, b and c. The c value used is censitito be dependent of a and b
andtakenasc=(1-a—<-Rb)/ R2. For each combination on a and b, a power
law expression of the type da/dN A" is fitted through all da/dMK
points. Using a step size in a and b of 0.01 thskeen done 40000 times for all
crack growth data and each crack growth regimeraggig.

Besides usingK = K,ox — Knnin, the calculations are also performed ughkg=
Kmaxfor R <0 (ASTM E 647 recommendation [10]).

The combination of a and b that yields a maximumnetation coefficient, based
on a linear relation between log(da/dN) and Ad¢y), is considered to be the
optimal combination. Results are validated occadlgnby repeating the

calculations with a smaller step size of 0.001.

All data

The results for all da/dMK curves, i.e. calculated for all data points dfedent

R values, are shown in table 3.2, both in term3Jodnd da/dNAK. The
resulting da/dNAK ¢ points are shown in figure 3.2. A parallel shijtd factor

2 to the left is applied to show the result bettéste that by adopting U = 1 for
R = 0.5 means that the da/dW¥.; relation can be found without a crack closure
calculation, because it is equal for all coinciddadNAK relations for R> 0.5.
The calculation is only needed for finding the Lpmesssion, because then the

da/dNAK relation can be found for all R-values.

Two crack growth regimes: tensile area and growshgar lip area

The computer program can also be used to corrditiezent crack growth rate
regimes of the measured da/di¥- curves separately. The calculation is
performed for the tensile mode and the growing isHga regime of the
measured da/dMK curves separately, see table 3.2 for the reshtistesult is
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calculated for data points abovepuin/cycle, because not enough data were
available in this crack growth rate regime. Almtis¢ same U expression is
found for the two parts of the da/dNK¢ curves, U = 0.79+0.4R+0.04Rnd U

= 0.81+0.37R+0.02Ror the tensile and growing shear lip regimes eetipely,

see figure 3.4.

1 /‘J,-"L/
0.9 ——--"""""#-.FJ -
0.8 i
0.7 el
0.6 — |

2 0.5 |—' |

0.4 | tensile regime
0.3 — AK = Kpaxif R<0
0.2 growing shear lip regime
0.1

0

-1 0.5 0 0.5
R

Figure 3.4. U relations in tensile mode and growsingar lif
regimes.

Four additional fatigue tests at different R valwe=e performed and data is
used for validation of the calculated crack closetations. When the calculated
U (R) relation is used, the resulting da/AKz¢ curves of the 4 additional tests
fall into the same scatter band as found by theipue calculations for da/dN-
AK g
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All data withAK = K.« if R<0

In the foregoing calculations the fllK is used, also for negative R values. The
reason is that a negative,Ktheoretically can have influence on the resulting
crack closure relations. For the sake of completgrike calculations are also
performed for the condition thatK = K. if R < 0. This implies that the
compressive part of the loading cycle has no imibgeon the crack growth rate.
Using all da/dNAK curves, relations for U and da/dN are calculatssh table
3.2. The calculated da/dNK.; relation is almost the same as without the
restriction thatAK = K if R < 0, but U is different. For R = 0.1 it iswo
found that U = 0.89, while without this restrictidrwas found earlier that U =
0.83. It is not clear which expression for U ddsesi crack closure better.
However there is a slight tendency for a betteretation when the fulAK =
Kmaxr—Kmin 1S used in the calculation. Probably other typéscrack closure
evaluation, can give more information. The nextisacdeals with such crack

closure measurements.

Table 3.2da/dNAKgk relations and U (R) relations for AA 5083 in didat
crack growth rate regimes, da/dNpim/c, AK ¢ in MPa/m

U (R) found by | “Paris eq.” UatR=0.1j]UatR=0.1
similitude = da/dN = (measured) | (similitude)
All data 0.79+0.40 R 0.4x10" 0.83
+0.04 R AK o281
All data with 0.87+0.17R+0.18 0.4x10"
AK = Knaxif | R? AK g2 0.89
R<0
Tensile mode | 0.79+0.40 R 0.3x10"

. 492 0.83 at da/dN =
rTegglme below |+0.04 R DK eff 0.83 3107 e
Growing shear| 0.81+0.37 R 17.5x10" _
lip regime +0.02 R AK 218 0.85 0.85 a{ da//dN -
T3-T4 1.3 10 pum/c
Stabilized | -----
she_ar lip 0.86
regime
above T4
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R=0.7 R=0.5 R=0.1

Completed shear lip are%

da/dN da/dN = 1.3um /c

Growing shear lip ¢ da/dN = 0.15um /c

Tensile area l S da/dN = 0.03um /c

AK —»

Figure 3.5. Scheme of different crack growth regi.
Nine specimens are [-cracked to 3 dferent crack growth rates
three different -values

O O O Specimen Extensometer
Fatigue crack = \

/\\

/ Fatigue crack \ 1 E
Hole pair 1 Hole pair 2 \\
O O O Hole pair
T ——

Figure 3.6. Holes c1 mm diameter are drilled into the specimen to a
depth of 0.5 mm. These holes are for fixing thersameter. The holes ¢
drilled close to both crack tips at both sideshas specimen, i.e. four pairs
of holes per specimen.
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3.3 Crack closure measurements using load displacemt curves

3.3.1 Experimental set-up for load displacement mesarement in centre-
cracked tension specimen

Nine centre-cracked tension specimens were fatigaded with a constant
stress amplitude using R values of 0.7, 0.5 andré&spectively. Direct crack
closure measurements were performed on these spegifliased on measuring
compliance. The fatigue crack growth was interrd@ethe moments that crack
growth rates of 3xI®um/cycle (tensile area), 1.5x1@um/cycle (growing shear
lip area) or 1.3um/cycle (stabilized shear lip area) were reacheel figure 3.5.
The crack opening or closing load levels were foubg measuring
displacements as a function of the applied lodub#t sides of each crack tip, in
total 4 per specimen, see figure 3.6. Note thatltbibution of crack closure is
not necessarily uniform over the entire cross eaati the specimen and for this
reason the measured opening and closure pointsahlaeal character.

An example of a load displacement curve for R =i®ghown in figure 3.7.

Prop |

I:)min

o
U= (PmaX' Pop) / (Pmax— Pmin)

Figure 3.7. Load displacement scheme. The two tanigpes are drawn and
the intersection point of these two lines is defias B,. Py is 15% less than
Pmaxfor the preceding fatigue crack growth cycle.
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During a number of cycles load and displacemenewecorded simultaneously.
Pop Is defined as the intersection of the two linesgent to the load
displacement curve at higher and lower load respygt This corresponds to
the load where the crack just becomes fully opem@ateasing load or starts
closing at decreasing load. The maximum load agplikeiring the load-
displacement measurementg,, s kept 15% lower than the maximum value of
the preceding fatigue load in order to avoid eHeat the measurement on the
crack closing load. The calculated values for theclk opening load, &, are
averaged. Characteristic hysteresis loops for tRre@lues are shown in figure
3.8.

P =35kN | da/dN =0.15pm/cycle

Piop = 29.8 kN

P, (R=0.7)
P (R = 0.5)

Pop

Poin (R=0.1)

o

Figure 3.8. Load displacement curves for thre-values.

3.3.2 Results of load displacement measurements fogntre-cracked tension
specimen

For R values of 0.7 and 0.5 a linear load displaggmelation is found between
Pmin and Ry, At these R values, the crack does not close edfte minimum
load is reached, see figure 3.7. This means tla@karlosure is absent for R
0.5 in the measurefiK range. This observation is in agreement withftigue
test results, see figure 3.2. For R = 0.1, the Idmglacement curve is not

entirely linear; a crack closure effect is found.
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The results for U = (Rx—Pop)/(Pmax—Pmin) are given in table 3.2 for the three
crack growth rate regimes tested. The differencetsvéen the measured U
values for the three crack growth rate regimessanall. This means that the
crack closure level is about constant over the widd/dNAK range tested.
Even closure levels that are measured in the ggpwirear lip regime, do not
differ from those found at higher and lower crackvgh rates. The shear lips
that develop in AA 5083 have a smooth appearanoggesting that an
additional crack closure contribution due to theedepment of smooth shear
lips is absent.

The crack closure levels for the tensile and treashp regime, measured using
either the compliance method or the crack growtle maethod show good
agreement, see table 3Rowever this agreement is remarkable. From the
literature [14-17], it is clear that crack closubehaviour is influenced by
specimen thickness. Closure is suspected to be mmopsrtant in thin
specimens, due to the predominant plane stress 3%t increasing specimen
thickness or decreasing stress intensity facta,rtie of the lateral surfaces
becomes less important. The stress state then ebdram plane stress to plane
strain. Since the distribution of crack closur@as necessarily uniform over the
entire cross section of the specimen, the measyexding and closure loads are
related to local phenomena. For this reason difteevalues were expected for
direct crack closure measurements using compligseeion 3.3.1) and closure
measurements using fatigue crack growth ratesi¢se8t2.3). In the latter case
the crack growth rate da/dN is a measure for theuce. Closure found in this

way probably represents an average over the ceati®is.
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3.4 Other specimen geometries

3.4.1 Comparison of fatigue crack growth in centresracked tensile and

single edge-notched bend specimens

Initial fatigue crack growth experiments were pemfied on centre-cracked
tension specimens at TU Delft. Tests were carrigcaba frequency of 25 Hz in
lab air, with a relative humidity of 35-45 %. Cralelkgth was measured using a
pulsed direct-current potential drop measuremestesy. After pre-cracking
these centre-cracked tension specimens, single-remighed bend specimens
were cut out at the Karpenko Physico-Mechanicatitiie, Lviv, Ukraine.
Subsequently, fatigue crack growth rates for R15 0.5 and 0.7 were measured
in these single edge-notched bend specimens. Thendions of the specimens

are given in figure 3.9.

N 4

O OO

Figure 3.9. Cutting of compact tension and singlge-notched

bend specimens. Compact tension and single edgeetbend
specimen geometries are pre-fatigued in centrek@ddension
geometry and afterwards cut out of the originalspen

The crack length on the single edge-notched beadimgns was measured on

both lateral surfaces by using an optical microscefith a resolution of 0.01
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mm. An additional calibration of the crack lengi@dhno be performed for these
single edge-notched bend specimens, because it okasrved that the
propagating crack front became irregular, i.e.drack length varied along the
thickness. Therefore, for a number of samples #igue crack growth was
stopped at different crack lengths, and thus differAKs. They were
subsequently broken and the average crack lengtigdhe fatigue crack front
was measured. On the basis of these results a lenagth correction factor was
introduced.

Results of the fatigue tests are shown in figuré®a&8and 3.10b, whe&K and
AK¢ are plotted for centre-cracked tension and sirgfdge-notched bend
geometries respectively. The results for R = 0& rawt shown: the measured
curves coincide with that for R = 0.7. For both metries a significant effect of
the stress ratio on the fatigue crack growth ratebserved. This indicates that
crack closure is probably responsible for diffeeso crack growth rate at R =
0.1and R=0.7.

T 100 i A Ce 100 S A ®
52 t e T L2 ®
BB A 53 vy
Lrry R=01@ O r Y ey - R=01@ O kS
c\é 101 1 R=07A A {_ﬁﬁegn (\é 101 R=07A A uﬁé
=) & — A5
< S s 039
3 107 & 3 107 ok
© A o® © §)AP
LA @ [eyauY ]
AA & o &‘
10° 5 10° T
1 1C 1 10
AK [MPavm] —» AK e [MPavm] —»

Figure 3.10a. Fatigue crar Figure 3.10b. Fatigue cra
growth rate da/dN versuAK in  growth rate da/dN versuAKg; in
centrecracked tension and sint  centreeracked tension and sing
edge-notched bend specimens. edge-notched bend specimens.
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Comparison of the da/dN AK ¢ curves for the different geometries, see figure
3.10b, shows no effect in the crack growth ratgeametween 10till 10° um/c.
Near the threshold region, i.e. for da/dN <*in/c, a tendency towards higher
crack growth rates is observed for single edgehmsutcbend samples. Figure
3.11 provides a closer look at thgXand KyosureValues in this region. Note that
in this investigation the centre-cracked tensian@as were tested in lab air at a
relative humidity of 35-45 % (in the Netherlandshile the single edge-notched
bend specimens were tested at a relative humidélitP®5% (in the Ukraine).

It is well known from the literature [18-20] thattigue crack growth in
aluminium alloys is sensitive to the environmentis#l air can be considered as

an aggressive environment for AA 5083.
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Figure 3.11. k,oand Kyosure Values for centre-cracked tension and
single edge-notched bend specimen geometry at Rm@dsured
using the compliance method.
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The impact of environmental attack, which in gehaifl be more pronounced
at relatively low crack growth rates, increaseshwitumidity. A higher relative
humidity leads to an increase in fatigue crack ghorate. At higher rates such

an effect is not observed.

3.4.2 Load displacement for three different geometes

Direct crack closure measurements using compliarere performed on centre-
cracked tension, compact tension and single edg#ed bend samples. All
samples were pre-cracked in the centre-crackeddtespecimen geometry and
afterwards cut out of the original sample accordmfgure 3.9. B, values were
measured for R = 0.1, 0.5 and 0.7 in the 3 cradkwtr regimes: tensile,
growing shear lip and stabilized shear lip, searggd3.5.

In the cases of R = 0.5 and R = 0.7, the crackdidclose before the minimum
load used in the preceding crack growth was regdh@dKyi, > Kqp, for this
reason B, values were measured below,P

Figure 3.12 shows the results of the measurementsrmed on the samples of
the three different geometries. A linear dependefdy,, on K. is found. K
increases with increasing, K. Results for the crack closure parameter U for R =

0.1 are summarized in table 3.3.

Table 3.3: U values for different specimen georastat different crack growth

rate regimes, measured using compliance, R = 0.1

centre-cracked compact| single edge-

tension tension | notched benc
Tensile mode regime 0.83 0.86 0.83
Growing shear lip regime 0.85 0.87 0.90
Stabilized shear lip regime 0.86 0.87 0.95
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Figure 3.12. k.x and Kysie — Values for centreracked tensiol
compact tension and single edge-notched bgmecimen geometry
different R-values.

3.5 Discussion and conclusions

Crack closure relations

The crack closure relation obtained by similitudethe tensile mode regime is
U = 0.79+0.40R+0.04R as was already indicated in table 3.2. For tlevingy
shear lip regime U = 0.81+0.37R+0.02RThese U formulae are almost
identical, e.g. for R = 0.1 it can be calculatedttt = 0.83 and U = 0.85,
respectively.

Thus both measurement methods give about the sssul for U for R = 0.1 in

both crack growth regimes. However the slope ofda&NAK; curve (on a
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double logarithmic scale) is very different for tiweo regimes, i.e. 4.22 and 2.18
respectively. Both “Paris lines” are also shownfigure 3.2. Because the U
functions are almost the same in both regimesditierences in crack growth
behaviour in the tensile and shear lip regimesnmdrbe attributed to differences
in crack closure behaviour. This means that shpardo not have a separate
closure contribution. If there is crack closuregritthis will be the same in the
shear lip and the tensile regimes. The closure am@si is probably only based
on residual plastic deformation along the crackkfa i.e. plasticity induced
crack closure, in both regimes.

This latter conclusion is also confirmed by tesithvside grooves along the
crack path, see Chapter¥here it is shown that shear lips in AA 5083 do not
have any effect on the crack growth rate. Furtheemslope changes, as shown
in figure 3.2, occurred to an equal extent in faéigrack growth tests performed
on specimens with and without shear lips. Sincetiat@l crack closure due to
shear lips can be ruled out as a possible caushaddtifferent crack growth rate
behaviour in the two crack growth rate regimesrehmust be another reason for
this behaviour. Because shear lips do not affeetctlack growth rate in this
alloy, it has to be concluded that shear lips aietime cause of retarded crack
growth rate above T3, but that both the occurrerichear lips and the retarded
crack growth rate are the consequence of anotherd)jmechanism that has to

be found yet.

Specimen geometry

There seems to be a relation between the speciampli@ance and the degree in
which crack closure depends on the crack growthnedime, see Table 3.3. The
three geometries can be ranked in the order okedsorg compliance according
to single edge-notched bend — compact tension treceracked tension. In this
same order they show a decreasing closure dependenicthe centre-cracked

tension and the compact tension specimens, U staohover a largAK range.
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At plane strain conditions, i.e. at lowé&Ks, the da/dN -AK curves are

invariable for the different geometries. HowevdrhmherAK, a difference in

U-values is found for the centre-cracked tensioth single edge-notched bend
geometry. This is thought to be due to the fact thack closure is determined
not only by the situation close to the crack tipt &lso by crack face contact at
locations behind the crack tip. Crack opening amglea given K are different
for the different specimen geometries, see figud8.3Since the faces have
contact over a finite distance behind the crackttip part of the loading cycle
during which the crack is opened, in case plagtiriduced crack closure is
significant, can expected to be larger for a speniwith a larger compliance.
Thus at higherAK the amount of crack closure depends on the smarCim

geometry.

open

SENB [ closed

N

crack tip

open

CCT - closed E
\

crack tip

Figure 3.13. Different crack opening anglessingle
edgenotched ber ard centrecracked tensiogeometry
due to a difference in compliance.
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Chapter 4
Shear Lips in AA 2024 and AA 5083: Linear Side Groees

4.1 Introduction

A major development in the description of fatiguwaak growth was the notion
that the fracture mechanics parameter K can be asedcontrolling parameter.
This resulted in the well-known Paris power-lavatigin, da/dN = @K™, where
AK = KnarKmin @nd C and m are experimentally determined scalorngstants
describing the material’s crack growth behaviodr ver a large crack growth
rate range it is possible to linearly relate thgalithm of fatigue crack growth
rate, log(da/dN) with the logarithm of the driviaggess intensity rangAK.
However some changes occur in this linear relateaging to several parts with
different slopes, see figure 4.1. The transitiodsTb indicate slope changes,

which are associated with changes in the crack tijravechanism.

log da/dN

I Tensile area

logAK —>

Figure 4.1. Transition points in aluminium allo

A fatigue crack often grows with a fracture surfacented perpendicular to the

loading direction. Sometimes the crack front beconséanted due to the
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formation of shear lips. These shear lips make ragleaof about 45 with the
loading direction. In some cases the original craglwth direction is
maintained, but also a deviated growth directiamloa observed.

With reference to figure 4.1, transition T3 in alaam alloys AA 2024 and AA
5083 can roughly be associated with the start @&faship growth and the
transition T4 with its completion, see also figdt2.

The transition usually starts when a critical vahkfeda/dN, or equivalently
AKefr, for a given material is exceeded [4.2-4.6]. Iigegions on AA 2024 and
AA 5083 have shown that the change in crack grawtlde (T3) is at a critical
rate of crack growth of the order of Qrb/cycle. The completion of the
transition (T4) occurs at higher values, aboyini/cycle [17-19], depending on
the material thickness [6, 23], see figure 4.3.

This trend could for example be observed in theearment presented in figure
3.3, Chapter 3. Note that the transition can bensad by reducing the cyclic
load level [10, 17]. This chapter focuses on thewgng shear lip regime
between T3 and T4, within the Paris region.

Tensilef& Single shear

Transition region

1
Shear mode i
1
1

Double shear

~__

\ Transition point T3

" Transition point T4

Figure 4.2. Development of shear lips in a constaatd amplitud
test. At T3 the shear lip starts, at T4 the surfiaagsompletely slant.
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S — length
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45° dewiatio
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t t t

cross-sections A- A

Figure 4.3. Double shear lip width development icoastanidKeff test. Th

specimen thickness and shear lip width are t and, tespectively. Tt
transition length is longer for a thicker specimen.

An important difference between AA 5083 and AA 20i4the frequency
dependency of shear lip behaviour. In AA 5083 sima@btear lips develop over
the whole of the frequency range between 5 and ZQ1Hl], while in AA 2024
the appearance of shear lips is frequency dependetawer frequencies, < 1
Hz, smooth shear lips are formed, while at higlegdencies, from about 10
Hz, rough shear lips develop [7-9]. Rough shea hpve an enhancing effect
on crack closure, while smooth shear lips show ffeceon crack closure [10,
11, 21].

In figure 3.2, Chapter 3, a shift to the right bketfatigue crack growth rate
curves for decreasing R values is observed. Thisistgenerally considered to
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be the result of crack closure. Crack closure issed by contact of the crack

surfaces before minimum load is reached. At higReralues contact of crack
surfaces is less, because of the larger averagengpef the crack. At very high

R, the opening is so large, that no closure awiflloccur at minimum load.

The closure effect can be caused by plastic deftwmat the crack tip. The

effect is not expected to be homogeneous overgbleirmen thickness. It has a

maximum effect near the plane stress surfacesdfflbecimen, see figure 4.4.

thickness

plane stress at surface

plane strain in the middle

Figure 4.4. Plastic zone in plane str-plane strain.

It is possible to create a predominantly planarssauation by using very thick
specimens or low K values; in these cases mosteofracture surface is in plane
strain, except for the specimen surfaces [12, 13].

To investigate plasticity induced crack closuré¢ha growing shear lip regime,
l.e. between T3 and T4, it is essential to be &blmeasure it. As crack closure
has an effect on da/dN, (accurate) measuremerg/dNdcan be assumed to be a
measure of the amount of crack closure.

A first step to measure the influence of crack ateson da/dN is conducting

tests on specimens in which closure is reduceduhras possible. An almost
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crack closure-free status can be expected in at®itu where plane strain
dominates over plane stress.

In this chapter, the possibility of maintaininglane strain state at the crack tips
in a centre-cracked tension specimen of arbitréwgkhess during constant
amplitude experiments has been investigated by emehting linear side
grooves, involving AA 5083 (section 4.2) and AA 20@&ection 4.3). A linear
side groove is a small scratch along the crack tirgath over the full width of
the specimen. The assumption is made that by tiad side grooves in
centre-cracked tension specimens a predominantipeplstrain situation is
created, because the influence of plane stressgtegormation in the flanks is

diminished, see figure 4.5 [14].

no side groove side groove

More closure at higher R Possible effect of side grooves

T 4+— R T 44— R

2 prd /

8 8

[¢] [¢]

U / THRIralh

5N\ AEN
residual no residual
AK  —* plasticity AK — plasticity

Figure 4.5. Possible effect of side grooves. A <rasection i
schematically shown of a specimen with and wits@ié grooves:

(a) before deformation at the flanks, (b): aftefatenation at the flanks

Plasticity induced crack closure is caused by ptadgéformation. It has
maximum in the plane stress flanks of the speciBgnriroducing sid
grooves in cent-cracked tension specimen, a predominantly plaren
situation is created: the effect of deformatiorttad flanks is diminishe
In a da/dM4K plot a shift of the curves to the left is expdcta the
direction of lower closure levels associated wikdjher R-values.
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This means that plasticity induced closure, dueth® extensive plasticity
associated with the plane stress edges, will becestl If crack closure can be
minimized in this way, it is to be expected that tta/dNAK curves at different
R values will shift into a narrow scatter band. Theves for lower R values will
shift to the left in the direction of high R values

Besides linear side grooves over the full lengthhaf specimens of AA 5083
and AA 2024, experiments have been conducted oaimpas of AA 5083,
using side grooves with varying lengths along ttaek growth path, see section
4.4. The influence of the environment on shear liphaviour is also
investigated. For this purpose, constant load dogw®i tests were performed

using different environments and temperatures i(gedt5).

4.2 Linear side grooves in AA 5083

4.2.1 Experiments on AA 5083: different types of de grooves

Side grooves with different depths and geometriesevapplied to centre crack
specimens. The grooves were created by puttingadcbcon the surface using
the edge of a chisel. Four different types of gid@oves were examined (see
figure 4.6) these are:

-type A, a sharp groove with a depth of 1 mm

-type B, a rounded groove with a depth of 1 mm

-type C, a very small scratch of 0.1 mm

-type D, specimens reduced in thickness, withalé grooves.

In type D specimens, the original thickness of 8 mas locally milled down to
a thickness of 6 mm. The milling was performed caesufficiently large area,
so that the original plane strain/plane stressagsduo of a test plate with 6 mm
thickness and no side grooves was reached.

During the experiments, the crack length was meaksusing the pulsed direct

current potential drop technique. For this purpeseh geometry was calibrated
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first using the saw cutting method; see Chaptese2tion 2.2.6. Subsequently
the specimens were fatigued to failure by constaat amplitude tests in

laboratory air at a frequency of 10 Hz.

Three test series were performed. In test seriasdl?2, all linear side groove
geometries mentioned above, were applied to cenaeked tension specimens
of AA 5083 and tested at R = 0.5 and 0.1. In tesks 3, the fatigue behaviour
in the presence of a very small linear side grotyee C, was compared to that
of specimens without side grooves, using R = 0cb@f. For specific load data,
see table 4.1. The data were analyzed using tleeguoes given in ASTM E647

[15].

Table 4.1: Parameters of test series 1,2 and 3

AA 5083 Phax R Geometry
[kN]
Test series 1 | 40 0.5 All geometries|,
Types A-D
Test series 2 | 25 0.1 All geometries|,
Types A-D
Test series 3 | 83.5 0.1 No SG / type C
35 0.5 No SG /type C

4.2.2 AA 5053: results and discussion

Side grooves over the full width of the specimed Kot result in an effect on
the crack growth rate compared with a specimenawittside grooves at the
same nominal thickness. Thus introduction of sidsoges does not have the

intended effect, namely changing the crack closutation.
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However, no shear lips were formed in any of thecspens with side grooves

of type A, B or C. The reason for shear lip supgias probably lies in the plane
strain situation at the surfaces of the specimen®duced by the side grooves.
Shear lips always initiate and grow from the spetinsurfaces towards the
centre. A plane stress situation at the specimdaileads to maximum shear
stresses on planes inclined at 45° to the specsudace. Shear lip formation
needs shear deformation on planes oriented abSutid the plate surface [2].

A plane strain state suppresses this type of deftoom

Crack growth direction

Cros: sectior
side groove

A

A: Sharp groove¢with a depth of 1 mr
Effective crossection plate: 6 mm

B: Rounded groo\ with a depth of 1 mr C
Effective crossection plate: 6 mm

C: Very small scratch0.1 mn
Effective crossection plate: 7.8 mm

D: Referenc: milled down to 6 mt

Figure 4.6. Different types of sigrooves and tunnelling effect.

Figure 4.7 shows da/dNK plots for 4 different geometries at load ratidOd
and 0.1. The different geometries A-D only havenal§ effect on the da/dMK
results. This suggests that introduction of sideoges in this material does not

influence crack growth rate significantly. For gdometries, except for type C,
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tunneling occurs. In geometries B and D the craoktfat the surfaces lags
behind relative to the centre, resulting in a conekack front. For a sharp side
groove, geometry A, this effect is reversed andoacave crack front is

obtained, see figure 4.6.

Test series 1 Test series 2

R=0.E R=0.1
£ £
= =
Z 10 /. g 10
3 7 3
© ©
/
‘ 4
107 /’ 10*
/
102 10°
10 —> 10 —
AK [MPam] AK [MPavm]
Geometry A Figure 4.7. da/dN versuaK
- Geometry B for different side groov

- Geometry C geometries at R = 0.5 d 0.1.

= (Geometry D

Figure 4.8 shows results of test series 3, i.eeex@nts with and without small
side grooves, for two stress ratios. The crack graates da/dN for the series
with scratches (side grooves type C), show no ggmt deviation from those
for specimens without scratches. The latter spatsmbeowever, did show the
development of shear lips. Therefore, the assumpkiat shear lip formation is

the cause for the transition phenomenon T3-T4 isooect.

105



Chapter 4
Shear Lips in AA 2024 and AA 5083: Linear Side @eso

Test series 3
R =0.5/0.1
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—

10!
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— 10°
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Ke)
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Figure 4.8 da/dN versu4K for R=0.1 and 0.5, with and without side grooves.

4.3 Linear side grooves in AA 2024

4.3.1 AA 2024: experiments with linear side grooves

Research on AA 5083 showed that suppression ofr dipsa using linear side
grooves, has no effect on the da/did—~elation, see section 4.2. For materials
that form shear lips, a dependency of the formihghear lips on the frequency
was found. The transition from a tensile mode ghear mode depends on the
environment [2]. However, the frequency effect iA B083 is only small and
the shear lips formed are smooth. For this reakenirifluence of linear side
grooves is investigated in the more frequency-seasaluminium alloy AA
2024.

Two test series have been conducted, test seiaesl 6. They were performed
on AA 2024 specimens, using 3 different frequendies 1, 10 and 25 Hz. In
test series 4 and 5 specimens without and withatisede grooves of type C,

were examined respectively.
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Test series 4 was performed to show the effectheftest frequency on the
fatigue crack growth rate in AA 2024, while testisg 5 was performed to
investigate the effect of linear side grooves omMdNaAK. Constant load

amplitude tests were performed in normal laborataiy on centre-cracked
tension specimens. Specimen dimensions were W =0l = 340 mm and t

= 6 mm. The details of the loads used are givaabte 4.2.

Table 4.2: Parameters of test series 4 and 5

Prax frequency|

AA 2024 [KN] R Hz]
Test series 4 30 | 0.1 1
no side grooves | 30 | 0.1 10

30 |01 25
Test series 5 30 | 0.1 1
with side grooves 30 | 0.1 10

30 [ 0.1 25

4.3.2 AA 2024: results and discussion

Test series 4: AA 2024, different frequencies,ide grooves

In AA 2024 a different behaviour was observed comgao AA 5083. The
results of tests at 3 different frequencies arevshim figure 4.9. Plots of da/dN
versusAK using a load ratio of 0.1 and the correspondiagttire surfaces are
shown. In contrast with the findings for AA 5088gar lip surfaces are rough at
higher frequencies (10 and 25 Hz) and smooth ataiver frequency of 1 Hz.
This difference in shear lip roughness is suspettele responsible for the

difference in the crack growth rate.
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————

A
Test series 4

Figure 4.9. da/dI-AK relatior
for different frequencie e
Three crack surfaces &
shown, from top to bottom
10 and 25 Hz respectively.

Test series 5

Figure 4.10. da/dFAK relation
for linear side grooved and n- ©
side grooed specimens. T ©
photo shows the crack surface
normal slant crack surface (tc S
and suppressed shear |©
(bottom). The specimens w -
fatigued at a frequency of 25 |
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Test series 5: AA 2024, different frequencies, Windar side grooves

At all frequencies the results for tests usingdnside grooves are the same as
those for specimens tested without side grooves gz (which have smooth
shear lips). For clarity, only the effect of thedar side groove at 25 Hz is
shown in figure 4.10. The same effect is foundther test at 1 and 10 Hz. The
picture shows two fracture surfaces of AA 2024 das\pThe fracture surfaces
shown are the result of tests at a frequency dfi25the only difference is the
presence or absence of side groove. Side groouse ¢he crack to remain flat
and eliminate the frequency effect by suppresdnegformation of rough shear

lips at higher frequencies.

4.4 Partial side grooves in AA 5083

In test series 6, see table 4.3, additional expmarimmwere performed with side
grooves along the full width on one side of thecapen, and with varying
lengths of 0, 20 and 30 mm on the other side. Gagnaewas used for the side

grooves, see figure 4.6.

Table 4.3: Parameters of test series 6

Prax frequency
AA 5083 R

[KN] [Hz]
Test series 6 95 0.1 10
Partial side grooves

Figure 4.11 shows examples of fracture surfacesgecimens with varying side
groove lengths. In specimen A there is only a sideove on one side; in
specimens B and C there are also partial side goown the other side with

lengths of 20 and 30 mm respectively. In specimersh&ar lips develop
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immediately on one side. The other side remainsosimand follows the side

groove.

Figure 4.11. Side grooves, with varying len

The shear lip is suppssed totally at one side, the upper ¢
and partial on tle other side over respectively A: 0 mnr
10mm and C: 20 m.

At the end of the partial side groove, in specimé&nand C, the shear lip
develops quickly until full shear is achieved. Fotonger partial side groove,
the shear lip develops faster: in specimen C tarshp grows in a relatively

short distance to the full specimen width.

Figure 4.12 shows three specimens with none, odevan linear side grooves
over the full width, respectively. Despite the diffnces in the specimens, the
crack growth rates are equal for all specimens.

The growth rate of the shear lip and shear lip lwviglcan be predicted. [2, 3, 20,
21, 22]. The shear lip widthh is chosen as a parameter to quantify slant growth.
In [2] the shear lip width is defined as = (t - t;) / 2, where t = specimen
thickness and; t= width of tensile part of the crack surface, $igare 4.3.
However, the shear lip width that covers more thalf the specimen thickness,
l.e. 2t > t, cannot be obtained. It was thought [2, 31 enéarger shear lip width
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could only be obtained in a thicker specimen. Bt &eries 6, using partial side
grooves, it is found that the shear lip can be segged on one side of a centre-
cracked tension specimen. The growing shear liptr@n other side of the
specimen has the possibility to grow to more thalf the specimen thickness.

Thus the side groove technique enables one totfiato in (thinner) plates
where 2t> t. Moreover, the results from test series 6 prdearly that §is not

dependent on the specimen thickness as long &s t >

Figure 4.12. Effect of side groo.
A: normal shear li

B: suppressed on one s

C: suppressed on both sic
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4.5 Influence of environment on transition point T3

4.5.1 Environment and transition point T3

Probably a number of crack growth mechanisms, operat the crack tip,
influence the crack growth rate. The elimination amfe or more of these
mechanisms can lead to another dominant crack graveichanism. A change
in slope of the log(da/dN)-logK) curve indicates a change in the dominant
fatigue crack growth mechanism. At transition poli such a change takes
place. After this transition the crack growth ratereases less rapidly with
increasingAK than before, and there is a possibility for tbenfation of shear
lips.

Several test series (see sections 4.2-4.4, tassskr2, 3, 5 and 6) were carried
out in which the development of shear lips was segged by side grooves with
different shapes and sizes, at one side or at9dés of centre-cracked tension
specimens. The crack growth rates found in thesesseshow no significant
deviation compared to those of specimens withal¢ grooves. Thus no causal
relation exists between da/dN and shear lip dewedoy, but the shear lip width
is indicative for da/dN. In other words, the asstiomp that shear lips are
responsible for the T3 transition phenomenon iscootect, but if shear lips are
not suppressed, the start of shear lip developmcant be associated with
transition T3.

The change in slope at T3 in the log(da/dN)Ad¢) curve and the
corresponding shear lip formation are probablythetresult of a change in the
stress situation, but they are both the resultnotler mechanism. A change in
fatigue crack growth mechanism, represented by TtBetransition point, is
probably due to the environment. If this assumpistrue, the development of
shear lips in an inert environment will be differdrom that in a corrosive /

aggressive environment. To assess this hypothegts,series of tests were
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performed in different environments (test series afjd under different

temperature conditions (test series 8).

4.5.2: Different environments

Test series 7: different environments

The influence of the environment on the T3 traasitpoint was examined
through a comparison of crack growth rates obtainatifferent environments,
namely an aggressive environment (sea water), eh @amvironment (with dry
argon as shielding gas) and a reference environ(nentnal lab air). Constant
load amplitude tests were performed on AA 5083 ispeas, using a frequency
of 10 Hz. The test configuration was as descrime@€hapter 2, section 2.2.5.

Results are shown in figure 4.13.

T 10t
3
_
< seawater 3
é N
= ¥ |
S 10° 7l
8 7 =
102 ! argon | |
- s = =
lab air ]
10° T I

AK [MPavm] —»

Figure 4.13. da/dF4AK curves for different environments, namely
seawater, lab air and argon.

The transition point T3 in the case of seawatesheted to a higher da/dN,
compared to the reference curve. The formation ledas lips shows a
corresponding shift; they are formed at a highackmgrowth rate, compared to

normal lab air. The effect of argon is that a driaenehange of crack growth is

113



Chapter 4
Shear Lips in AA 2024 and AA 5083: Linear Side @eso

observed. Rough shear lips are formed immediatellyeabeginning of the test.
Unfortunately, the airflow in the cell surroundititge crack was not completely
turbulent, which is believed to be necessary toaterea pure a argon
environment. Rough shear lips were formed on the sf the specimen near the
inlet of the clamped cell. On the other side, nibar outlet, a smoother crack
surface was formed, because some air remained nprasethe cell. This

asymmetry resulted in asymmetric crack growth:ghmving crack on the side
of the rough shear lip lags behind. This demoresrétat even a small amount
of disturbing lab air containing moisture can haveignificant effect on the

crack growth rate in this aluminium alloy.

Test series 8: different temperatures

The rate of a chemical (corrosion) reaction isrgijlp temperature dependent. In
general, a corrosion reaction will be faster witicreasing temperature. If a
corrosion mechanism is involved in crack growtlshét in T3 due to a change
in reaction speed is expected at different tempezat Environmental effects
have been studied over a temperature range from°@4to —20 °C. Constant
amplitude tests with J2,=30 kN and R = 0.5 were performed on centre-cracked
tension specimens, using a frequency of 10 Hz.

What has to be taken into account in these testsisa change in temperature is
accompanied by a change in relative humidity. Amefce test series was made
in normal lab air, at a temperature of 18 °C amelative humidity of 50%. The
relative humidity decreases to 10% at higher teatpegs, while it approaches
almost 100% at temperatures below zero. However,atsolute amount of
moisture in the air, expressed in mass per untingel is constant for higher
temperatures, but becomes less for temperaturesvbehich condensation
occurs. Based on the specific combination of teatpee and relative humidity
of lab air, the point of condensation can be foamdabout 7 °C. Below this

temperature moister will condense easily insidecti@ing system.
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The effect of temperature on fatigue crack growstishown in figure 4.14. The
reference curve at a temperature of 18 °C and uheeof 45°C gave the same
result and are shown in this figure as one curve.

A temperature of 45 °C did not result in a shiftleé T3 transition point relative
to 0 °C. It is a first indication that the amouritrooisture, not temperature, is
responsible for the change of slope near T3. Adrigamperature will force a
faster chemical reaction. However, probably the amh@f humidity in the air
rather than the reaction time determines the effecta/dN.

For lower temperatures, 0 and —20 °C, a shift doavds of T3 in terms of
da/dN and a divergent curve compared to the reterenrve is found, which
can be explained as follows. At lower temperatutke, amount of moisture
available to attack the fresh surface that is falrdaring each fatigue cycle,
becomes less. However, even at low temperatureanadl smount of water
vapour is still present in the surrounding enviremt With increasing crack
growth rate, (> 0.1lum/cycle) the influence of the corrosion mechanism
decreases; the crack tip moves too fast for theosimn mechanism to stay fully
operative. This process is observed as a plateathhanlog(da/dN)-logkK)
curve. Above a certain crack growth rate (abouty@®cycle), the influence of
the corrosion mechanism on the crack tip can bé&entgl.The curve changes to
the original slope at the end of this plateau, km@g the T4 transition point.

This is marked on the crack surface by the appearahmultiple shear lips.
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Figure 4.14. da/dFAK curves for different temperatures.

Figure 4.14b. Fracture surfaces of samples testetifferent temperature
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4.6 Summary, discussion and conclusions

In the present chapter the possibility of keepingemtre-cracked tension
specimen in plane strain during a constant ammgituekperiment by
implementing side grooves has been investigatedudber of findings and

experimental observations are summerized below.

1. If crack closure is caused by early contachefdrack flanks, which would be
especially important near the plane stress edgéiseo$pecimens, a shift in the
log(da/dN)-logQ\K) curves at lower R values in tests with side ge®0is
expected. Test results however clearly showed shppression of shear lips,
using linear side grooves, has no effect on théMlaK relation and no shift of
crack crowth curves was observed.

2. Normally in lab air shear lips in AA 5083 havesmooth appearance. It is
found that smooth shear lips can be suppressethdiyng a scratch along the
crack growth path. Different side groove geometdasase different tunneling
behaviour: a sharp side groove promotes initiatibthe crack in the flanks. All
types of applied side grooves prevent the developmieshear lips in AA 5083.
A remarkable effect is found: constant amplitudggen specimens with shear
lips and suppressed shear lips show the same daKikesults; i.e. the same
transitions T3 and T4 are present. Thus the growshgar lip cannot be
responsible for the slope change in log(da/dN)A&g(after T3. It can only be
stated that shear lips start to grow near the stbpage T3. The shear lip has no
effect on da/dN, it can only be associated witliNalt seems that both the start
of shear lips and the slope change are the re$u#tnother, yet unknown
mechanism.

3. Since the development of shear lips is not these for the gradually
changing slope of the log(da/dN)-lag{) curve, transition point T3 can

probably be attributed to an environmental assistadk growth mechanism. To
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assess this hypothesis, constant load amplituds tesre performed under
different environmental conditions, namely seawatab air and argon. In
normal lab air, no frequency effect in the rang& @b 40 Hz on T3 was found
in AA 5083 [16], however the effect of differentv@@nments on the fatigue
crack growth in this material is evideRbr AA 5083, it is not entirely clear why
the mechanismf frequency dependent crack growth is not similathe effect
of different environments. Results of series maddeu different temperature
conditions show a strong dependency on the absalateint of moisture.

4. A series of experiments on specimens of AA 5088 varying lengths of
side grooves, shows that the development of shgsid suppressed over the
length of the partial side groove. At the end o #hde groove, the shear lip
develops quickly until full shear is reached. Almo® difference in crack
growth rates is found between specimens of AA 5888 scratches on both
sides, where shear lips are fully suppressed, s@es with shear lips on one
side, or specimens with full smooth shear lips.

5. In AA 2024, both plasticity-induced and sheg@rihduced crack closure, the
latter occurring at higher frequencies, have aiBggmt effect on the fatigue
crack growth behaviour. However, the da/dK-curves at higher frequencies
with suppressed shear lips, are identical to tradsa low frequency, i.e. with
smooth shear lips. The results of test series dwsthat linear side grooves
eliminate both shear lips and frequency effect&4n2024. By suppression of
rough shear lips, that are formed at higher freqesn it becomes possible to
separate the contributions of plasticity-induced snear lip-induced closure.
The results obtained indicate that a corrosion @esm is held responsible for
the shear lip phenomenon and the associated craskigrate behaviour.

It is thought that the corrosion mechanism graguédkses its influence at
increasing da/dN from T3 to T4. This causes theeslchange. At T4 no
corrosion enhanced crack growth is left. The slopFeases roughly to the
value it had before T3. Thus: the lower slope g(da/dN)-logQK) between T3
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and T4 is caused by a time dependent corrosiork @emvth mechanism that
gradually loses effectiveness because of a higlemkarowth rate. Below T3
the corrosion mechanism is fully operative, whileowe T4 the enhanced
mechanism no longer exists.

For AA 2024, a dependence of shear lip formatiornttenfrequency is found,
resulting from environmental effects. When the logdrequency is lowered (or
the environment is made more aggressive, e.g. aggehfrom air to salt water),
it is found that the start of shear lip developmienshifted to higher values of
AK or da/dN, and flat tensile mode crack growth @avdured. A possible
explanation can be that the more aggressive emmgahhas an impeding effect
on (the start of) dislocation movement along thp slstems near the plate
surface.

There is a possible cause for the impending effidot. effect can be thought to
result from foreign atoms or ions, products of ar@sion reaction near the
surface, diffusing into the matrix. They settle mdalocation lines where the
lattice spacing is higher than elsewhere. Theesatiht of foreign elements near
the dislocation lines has a lowering effect onttital internal energy, i.e. it will
require energy to move the dislocation lines outheg environment. The (start
of the) movement of dislocation lines thereforedmes more difficult.

There probably has to be a little initial slantwgtio at the surface, before shear
lips can grow to a larger width. If this initial edor lip growth is prevented by
hindrance of dislocation movements near the sur&ueear lips will only start to
grow at higherAK¢+. Subsequent shear lip development will occur latéis
explanation is consistent with the observation thatacuum, shear lips develop

almost immediately when the crack grows, even foeiry low AKg and for a

low frequency [26,27]. In the absence of contanmmathere are no obstacles

for the dislocation movements needed for the sfashear lip growth.
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Chapter 5

Forced Crack Path Deviation

5.1 Introduction

Earlier investigations, reported in section 4.hdve shown that the introduction
of linear side grooves with a depth of 106 over the full width of centre-
cracked tensile specimens of AA 5083 suppressedotingation of shear lips
during fatigue crack growth. This type of side gredowever does not affect
the crack growth rate [1] in this material.

It is well known from literature that in AA 2024defrequency in combination
with the environment have a significant influencetbe morphology of shear
lips and on the crack growth rate [2-4]. It wasrfduhat a flat fracture surface
was promoted by an aggressive environment or bywaftequency in air. A
higher da/dN is needed to develop shear lips iroeeraggressive environment.
Also the shear lip appearance is dependent onrdwudncy. In air smooth
regular shear lips were found for low frequencigkile very rough shear lips
were found at higher frequencies. For tests peddrnm vacuum, almost
directly rough shear lips were formed at AK levels. It was also found that
rough shear lips had an enhancing effect on crixdure and that smooth shear
lips had no effect [3, 12].

It was also shown in section 4.3.1, that the dad#ijdendency in frequency-
sensitive AA 2024 sheet found at higher frequenwigls suppressed shear lips
are identical to those found at lower frequencié wmooth shear lips. The
results showed that linear side grooves eliminatth lthe shear lips and the
frequency effect in AA 2024 [5].
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It is of interest to try to force the crack pathaircertain direction by introducing
curved side grooves, to lengthen the crack pattpasdibly also the fatigue life.
As shown in figure 5.1, the shear lip width in #thdirection, § , is defined as:

tsz = (t-t)/2 , where t = specimen thickness anithé width of tensile part of the
crack surface. When the shear lips are assumedike @n angle of about 45

relative to the surface, it follows that &t

ts, . U
J 4+—>
4>

tsy i

Figure 5.1. Schematic cross section of a ce¢ cracked tension
specimen containing a fatigue crack developing shes.

There are several methods to predict the developofeshear lips in AA 2024
[6, 7]. A rough estimate, developed by Schijve [8hich is valid for constant
amplitude testing, uses the following equations:

t,, = 285x10°AK 2, (5.1)
where AK ¢ =U xAK (5.2)
and U =0.55+ 0.3R+ 0.F (5.3)

These equations are used to predict the developofetite natural shear lip
width.
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Side grooves along different curves where appliedcentre- cracked tensile
specimens of AA 2024, which were subsequently f&tigested at a low
frequency. Two curves are applied.

A curve with a large radius of 162.5 mm is chosenfdllow almost the

predicted development of the natural shear lip. ®tieer one, a curved side
groove with a smaller radius of 68.9 mm, causemiial slant growth that has
an angle larger than 45This curve forces the crack to grow at an angi@dr

than found in the natural shear lip.

The expected shear lip width,tand the forced shear lip width of the applied
curves will be replaced from now on Byitaand iceq respectively.

At a certain moment, in case of the curved sideggs with the smaller radius,
trorced DECOMES larger thanat.os From this point forewards the crack will be
forced out of the natural path and the forced pattomes larger than the natural

path. This is called as “overdrawing”.

,.f-——f’/—/ -

A B C

Figure 5.2. Side views of different side groovengeiie:

A: side groove along a curve with a radius of 16215

B: side groove along a curve with a radius of 68.9 md a
C: linear side groove.
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5.2 Experimental setup

Constant load amplitude tests were conducted iorédbry air on AA 2024
centre-cracked tension specimens. Specimen dimengiere W = 100 mm, | =
340 mm and t = 6 mm.

All side grooves have a depth of 0.1 mm and weeated by putting a scratch
on the surface using the edge of a chisel. Betwkerstarter notch and the
beginning of the curved groove, a linear side geowith a length of 10 mm was
applied.

The details of the loads and side grooves usegiges in table 5.1 and figure
5.2. da/dNAK results from a linear side grooves representgdference curve
since the da/dMK relation for specimens tested at low frequencyhvand
without linear side grooves is the same.

The crack length was measured using the pulsedtditerent potential drop
technique. All specimens were fatigue loaded ufgilure. The data were
analyzed using the procedures given in ASTM stah&a647 [10].

Table 5.1. Load data

AA 2024 Prax | R Side grooves

Frequency =1 Hz | [kN]

Test series 1 30| 0.1 Curved; radius = 162.5 mm
Test series 2 30| 0.1 Curved; radius = 68.9 mm
Reference curve 30| 0.1 Linear side groove
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5.3a 5.4a

da/dN [um/c]

AA 20224 AA 2024
Curved side groove Curved side groove

Radius = 162.5 mm Radiiis = 68 9 mn

101 101 ;
E Reference . E Reference
10° /4 o 100 ——//
f £ 7
3
prd /‘ \
10 f’ K % 10 f; y
Start retardatic © Ii' Brealldng olu
[ [
10% 10° =| Start retardatic =
103 103
10 10
AK [MPavm] AK [MPavm]
5.3b 5.4b

CaealaA wi) g

Figure 5.3. Results for the line  Figure 5.4. Results for the liar
side groove and the side groove side groove and the curved side
with a radius of 162.5 mm. groove with a radius 68.9 mi
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5.3 Results

Figures 5.3 and 5.4 illustrate the effect of thleegyrooves along a curve with a
large and a small radius, respectively. In thegedMiAK diagrams the measured
fatigue crack growth rates are compared with refezedata obtained at 1 Hz

using a linear side groove.

5.3.1 Curved side grooves, large radius

Figure 5.3b shows a picture of the crack shapeirdddlan case of a radius of
162.5 mm. It can be seen that the crack, at le@st the specimen surface,
follows the prescribed path of the curved side geod he side groove not only
draws the crack down at the surface, but the whwéek front is drawn
downwards. However, the degree of crack deviationthe middle of the
specimen as a result of the forced path, is less tihat at the surface.

Starting at a crack length of approximately 22 mwhich corresponds to AK

of 13 MPa/m, crack growth retardation is observed, see figuda, and a gain

in fatigue life is obtained.

T Loading direction

\ Crack growth direction

Deviation in the middle

Deviation at the flank

Figure 5.5. Forced crack path deviation. Degr¢ bending in the
middle of the specimen differs from that at thakla
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5.3.2 Curved side grooves, small radius

Figure 5.4b shows some pictures of a specimen sidld grooves along a curve

with a radius of 68.9 mm. Again, retardation inorgrowth is observed. The

natural shear lip angle is now smaller than thdeatige crack is forced into by

the curved path. The crack breaks away from the gidove at a crack length of

about 25.5 mm, which corresponds ta\l& of 15.3 MPa/m. At this location

several black spots are visible in the crack wakach indicate crack surface

fretting and thus increased crack closure, seedi§uib.

40 |
35 ——reference
= 30 —— large radius
E small radius
o 25
o J
X 20 //
15 /
10 - _/
5 | i
0 1x10° 2x1C 3x1C 4x10°
N [cycles]
Specimen Total fatigue life 11-25 MPa/m
(cycles) (cycles
reference 32.610° 47.x10°
large radius 3380 54.310°
small radius 34.5x10 62.%10°

Figure 5.6. Fatigue life for different crack pathesxpressed in cycle
Shown is the total amount of cycles and cyclesdspenegiondK 11-
25 MPavm.
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5.4 Discussion and conclusions

5.4.1 Curved side groove with a large radius

Gain in cycles

Both plasticity induced crack closure and craclsgte induced by rough shear
lips can have a significant effect on the fatigusck growth behaviour. In case

of side grooves along a curve with a large radaugain of cycles is obtained

over theAK range between 11-25 M#a. This is where the forced shear lip
width is larger than the natural shear lip width, torceq™ thaturar

The reference test spends 47.0xdgcles over this range, the test with side
grooves along the curve with a large radius 54.3x¥6les, see figure 5.6. The

gain in cycles is 7300, which corresponds to 13%awever, the absolute gain

in fatigue life, expressed in cycles, is less intgo. More important is the

mechanism underlying this behaviour.

Overdrawing effect

It can be calculated that the increase of crackasararea of the forced path for
the large radius side grooves relative to the veaed during natural shear lip
development is close to 5%. This indicates thatbesase in cycles cannot be
attributed to an increase of length of the forcestk path only.

For a better understanding (of this effect of “alrawing”) crack growth rates
must be compared between the natural and forcedr dipe width. For this
purpose, some factors are calculated as a funafierack length and plotted in
figure 5.7.

Figure 5.7a shows the development of the forcednamaral shear lip width as a
function of crack length. Comparison between thenah and forced shear lip
width is simply made by subtraction, see figureb5The difference in shear lip

width (mm) is now defined ag&ty = torceq thaturar
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The increase of the crack path is calculated ak@arface of the natural shear
lip per mm crack length divided by the crack suefat the forced shear lip per
mm crack length, see figure 5.7c.

Figure 5.7d shows the crack growth rate delay fadefined as a ratio of crack
growth rates, i.e. delay factqr#+ da/dN(reference) / da/dN(large curve).

As above mentioned, the prescribed path more srft#ows that of the natural
shear lip in case of the large radius side grodvetsthere are some differences.
From a crack length of about 22 mig.dyis larger thanyt.s This means that
the amount of artificial shear exceeds the amodimadural shear from this
point. As a result crack growth retardation is adrced, as shown in figure
5.3a.

If the overdrawing of the shear lip causes the ofegkincrease in cycles, then
there must be a relation between the amount odoaeing,Aty, and the change
in crack growth rate 4f

From figure 5.7d it can be seen that the delaysstdrabout 22 mm{¥£ 1), rises
to a maximum value off= 1.6 at bout a = 37 mm and decreases from thakcr
length onwards.

The maximum of f appears at a slightly larger crack length thanntiagimum
of Aty. This observation is in agreement with [5.11)w#s shown there that the
effect of a change in shear lip width on da/dN¢ase of a relative large shear
lip width, is only noticeable after a certain crackrement.

It can be concluded that there is a relation betvegethe one hand the degree of
overdrawing and on the other hand the delay factor.

However, it is not clear why “underdrawing”, i.det suppressing of shear lip
development Oridceeq < tawra,» has no effect on crack growth rate, while

“overdrawing” or forced > thaturarl€@ds to crack retardation.
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Figure 5.7. Development shear lip widths (a)difference between the forc
and natural shear lip widthtg (b), increase of crack surface (delay factor f
(c), d) and crack growth as a function of crackgtmin case of a large radius
side groove.
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5.4.2 Curved side groove with small radius

Breaking out effect

The development of the natural shear lip width.4 the forced shear lip width
trorced, @S @ function of the crack length for the smaiéelhius side groove (= 68.9
mm) is shown in figure 5.8. From point 1 to pointh2 same situation exists as
for side grooves with a radius of 162.5 mm: thdiarl shear lip width exceeds
the natural shear lip width. A small retardatiorcrack growth is observed as a
result. However, after point 2, at a crack lengti2®5 mm and &K of 15.3

MPa/m, the situation is different.

5 h— tforced / /
= thatural / /
4 |
2: breaking out / /

tforced and tnatural [mm]

3
2 1 \
1 4
— <4— 1: start retardation
0 —— . .
5 15 25 35 45

Figure 5.8. The forced shear lip width,ceg and the natural
shear lip width (t.wra) @s a function of the crack length in case of

small radius side grooves.

Besides the effect of “overdrawing” there is anotbhf#fect. The crack breaks
away from the side groove. In terms of energyeéms more efficient to change
the cracking direction. During the process of brmegkaway from the side

groove the crack reinitiates. This new directiopéspendicular to the previous
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shear lip crack growth direction because the tvem@$ of maximum shear stress

both make an angle of 45° relative to the loadimgation, see figure 5.9.

Crack growth direction
>

| ?._.-‘ _Breaklng ou‘tj

Figure 5.9.Reinitiation of the shear lips after breaking aweym the
side groove. This “zig zag effect” of the sheaslgauses a
significant closure effe

This “zig zag effect” of the shear lips causesgmificant closure effect. Thus
breaking away at a low frequency leads to largarshe-induced crack closure
effects, comparable to those found at higher tesfuencies in AA 2024. The
da/dNAK relation is similar to that found at 25 Hz foregimens without side

grooves.

Plastic zone

Possibly a relation exists between reinitiationsbéar lips and the size of the
monotonic plastic zone, however this assumptionomy supported by
experimental results of a limited number of conskaad amplitude tests [5.31.

is observed that during the devolopment of the shyes, the monotonic plastic
zone at the tip develops in an asymmetric way [SMaterial above the
direction in which the shear grows, is more pladiycdeformed, see figure 5.9.
Plastic deformation leads to strain hardening wiicturn generally leads to a
higher fatigue crack resistance. If this asymmatfastically deformed zone in

the shear lip direction becomes too large, it ipaapently “energetically”
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favorable to change the cracking direction. Theckcrthus reinitiates in the

direction of undeformed material, see figure 5.10.

Main crack growth direction

Direction in which

the shear lip grows
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Chapter 6
Fatigue Crack Growth in the Threshold Region

6.1 Introduction

The value of the threshold stress intensity factimge AKy, is defined in
accordance with ASTM E 647 [1], meaning that thisss intensity factor range
does not produce a fatigue crack propagation aageet than 18° m per loading
cycle. Near-threshold fatigue crack propagatioregagenerally are at the
transition between fatigue crack growth regionsd H, see figure 1.8.

Fatigue crack propagation in the threshold regiasa become more and more
important, since the focus of fatigue design haiftesh from a defect-free
material towards a defect-tolerant material. Whethemall defect or an already
existing crack in a structural material will traosh into a growing crack under
fatigue loading, thus leading to material failuea question of great practical
importance. Because most of the lifetime is spehis range of very low crack
growth rates, evidently near-threshold fatigue kragowth is one of the
important factors in the development of materiaisl & design and lifetime

assessment of structures.

Experiments in the past have shown that findingaagde crack growth
threshold valué&Ky, which is valid for a wide variety of loading sitiions, may
not always be possible. Fatigue crack propagatiesr the threshold cannot
simply be described as a function of the cycliestrintensityAK and the stress
ratio R. In many cases it is influenced by cracksuale, although the
mechanisms of crack propagation at the thresheldchair exactly known yet.
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There are three main aspects that influence thevomlr of fatigue crack

propagation in the threshold region. The fatigugckrgrowth threshold value
AKy 1s not only a function of the material propert{esg. the microstructure,
grain size) [2-4], but also depends strongly on tye of loading, i.e. test
frequency, wave form, stress ratio, variable orstamt amplitude loading [5-7],

and the environment (e.g. temperature and typehefsurrounding) [8-11].

Besides these main aspects, fatigue crack grovithada not always geometry-
independent since thickness effects sometimes oEatigue crack growth rates
over a wide range oAK have been reported to either increase, decrease,
remain unaffected as specimen thickness incred$eskness effects can also
interact with other variables, such as environmamd heat treatment. This
means that the influence of the thickness of aispat on the fatigue crack
growth rate is a mixed effect [6.1 section 5.1.3].

Obviously, fatigue crack growth in the thresholdgiom is much more

complicated than fatigue crack propagation at higipeed, for example in the

Paris region where less material dependence is\dtke

In this chapter two approaches are discussed fiashely the generally accepted
crack closure concept and the new unified apprdacfatigue crack growth.
Subsequently, the experimental results/Afy, tests, obtained by using two
different test methods, are presented. The metbbdsen for this research are
the ASTM E 647 procedure [1] and the constapi,dhcreasing K, test
method. Finally, a comparison is made between thesasurement methods.
Both procedures are discussed and a possible exarfor the differences in

the measured threshold levels is given.
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6.2 The crack closure concept and the unified appezh to fatigue

6.2.1 View on crack driving force

Although the vast majority of researchers acceatlcrclosure as an important
phenomenon affecting fatigue crack growth, a fewpskal papers have been
published [12-15]. These papers question the impeod of plasticity induced
crack closure and suggest that fatigue crack greWwtuld be described by Kk
andAK instead ofAK and R. The difference between these views focusse
the question of which parameters should be usedriamg force for fatigue

crack growth. The two views are further discussethe following sections.

6.2.2 Description of fatigue crack growth thresholdusing plasticity induced
crack closure

In the early 1970s Elber proposed that plastioijuced crack closure plays a
significant role in fatigue crack growth [16]. Heggested that the crack growth
rate is determined by the stress intensity rang¢y@den a so-called closure stress
intensity and the maximum stress intensity in eaalte, see figure 6.1a.

This traditional concept of crack closure is ddssai by the parameter U(R) =

AKw/AK, enabling the description of experimentally obser stress ratio

effects.
A
1K (Re , DK i ef)
_l T / <+ AKth, eff
_____________ i No crack growt
R —»
Figure 6.1a. Definition of th Figure 6.1b 4Ky, as a function

effective stress intensity range. R.
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Also fatigue crack growth threshold values werenfibuo depend on R. A
common way to present the threshold dataA&a-R plot, see figure 6.1b. The
intersection point of the two linear parts of thist has the coordinat@sK, ef
and R. This AKy, e value is believed to be the effecti&y, for fatigue crack
growth. The corresponding .Rralue is the critical R above whichKy, is
supposed to be independent of R and equaKig.q because of the absence of
crack closure.

In general, crack closure is considered as an tapbfeature for explaining the
fatigue crack growth behaviour, however, theresamme problems. Donald and
Paris [17,18] proved experimentally that crack wefes is only partial:
measurements performed at locations remote fromcthek tip show lower
opening loads compared to measurements taken meardck tip. Since crack
opening and closure points depend on the locatiberev measurements are
performed, AK¢s cannot be determined unambiguously using this tgpe

experiment.

6.2.3 The Unified Approach to Fatigue

The so-called unified approach to fatigue formuddtg Vasudévan [19,20] uses
two parameters to describe the driving force fdrgtee crack propagation,
namely AK and K,a This avoids the complicated R effect caused laclcr
closure. Experimental results of fatigue crack glothreshold tests, carried out
by Vasudévan and Sadananda [21], are explaineddiyrang that the fatigue
crack growth rate is determined by b&K and K. They define two critical
values at the threshold level, namal;,, and Kn.. . Values of eitheAK or
Kmax below these critical values do not lead to crackwgh, or more precisely,
lead to crack growth rates belowan/c. The two parameter description for
the fatigue crack growth threshold condition assed withAKy, and K
are schematically illustrated in figure 6.2 [22]hiF AK-K .« plot gives the
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critical driving forcesAKy, and Knax,th* needed for crack advance near the
threshold value.

The idea behind this description is that the rexjugntAK > AK,, ensures a
sufficiently high cyclic load amplitude to inducecharacteristic cyclic damage,
while the requirement [y > Kmax,ﬂf allows the peak load to break open the

bonds in the cyclically damaged region [15, 22].

Kmax,, th
15 - N !I T | T T T .| T
i | : :
1 2 :
: ;| da/dN = 10° m/c
10 :_ _— !I g e _:
= r No e é ]
= Fcrack |« R=0line
© - CE - : -
t growth : ]
S = 1 R=066line -
S b e ipelatans b R e =
X - : gl T 1
< ‘ — kLT .
——— 1 - DKy
No:icrack growt ]
O 1 R P | Sy T o L | it

0 5 10 15 20

Kmax [MPavm]

Figure 6.2. Tw-parameter description usindKy* and Kyax i for the
threshold of fatigue crack propagation. Higher vedufor the crack growl
rate are also shown. No crack growth means da/dN<° m/c.

Consequently, there are two thresholds that must ib® exceeded for a crack to
grow. At low R values (and especially when R isateg), the threshold value
for Knax (= Kmax,th*) limits the fatigue crack growth, while at high Bs R

approaches 1, the threshold value/d€ (= AKy) limits the fatigue crack
growth. In this description a possible crack cleseffect on fatigue crack

propagation is not taken into consideration.
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6.3 The ASTM E 647 test method and the constant K, -

increasing Ky, procedure

Threshold tests have been performed in two difteresys on centre-cracked
tension specimens of aluminium alloy AA 5083. Thengple of the two
threshold tests is shown in figure 6.3. The statidad ASTM test method,
figure 6.3a, is compared with the constaptk increasing ki, method, figure
6.3b. Obviously, in both test procedurés decreases with increasing crack
length.

The ASTM procedure recommends to start the testfatigue crack growth rate
below 10° m/c, see section 8.6 of [6.1]. In general thegfati crack growth rate
is strongly influenced by the amount of plasticattefation near the crack tip. A
disadvantage of the ASTM method, resulting from feet that K.« decreases,
Is that both the plastic zone size and the avecagek opening decrease with
increasing crack length. To avoid effects on crgickvth, K..x must be reduced
in small steps. In view of this, section 8.6.2 ot tASTM standard [6.1]
introduces the normalized K gradient, C, whichhis telative rate of change of
K (also called K shedding) with per unit crack gtbwdefined as C = (1/K)
(dK/da). This normalized K gradient is limited tanamerical value equal to or

greater than —0.08 mifn Since the load ratio R is kept constant, thismeea

C

/K., )(dK, . /da)

max

(1/ Kmin) (dein /da)

(1/AK) (dAK / da) > —-0.08 mm' (6.1)

Both Kax and Ky, and thusAK are reduced at the same rate to keep the stress
ratio R constantAKy, values can be determined as a function of R, usirsy

time consuming test procedure. The fatigue craokvtir thresholdAKy,, is the
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asymptotic value oAK at which da/dN approaches “zero”, see sectior2308
[1].

For the constant K - increasing K, procedure, the maximum stress intensity
Kmax and thus the monotonic plastic zone size remeorstant, while K,
increases with crack length. The speed of incredsbe applied K, will be
further explained in section 6.5.1.

A disadvantage of this method is the variable stratio. R is not a fixed value
for this type of experiment and increases as thekcgrows.

In this test the crack grows until the driving ferand the resistance to cracking
of the material are in balance and crack arrestrsc€rack arrest is assumed to
be obtained when da/ai10"° m/c is reached. NowKy, and the corresponding

Ry, are found.

R = constant
Ll P :
K i IAKO I AKg
N 2K = DK x € 7™) Ak =aKx[1-27%
| ° Aa
2 ¢ — %
Figure 6.3a. ATM E 647- Figure 6.3b. Constant ,cincreasing

method 4Ky is the cyclic stress Kmin method.
intensity at the beginning of the
test.
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6.4 Threshold measurements using the ASTM E 647 nieid

6.4.1 Experimental conditions

AKy, levels were measured according to the ASTM E 64athod. The
dimensions of the specimen (AA 5083) were a thisknef 8 mm, a length of
340 mm and a width of 100 mm. The notch length twamm. Measurements
were performed using the test configuration descriim Chapter 2. Tests were
carried out at room temperature in a normal lale@auironment using a constant
load frequency. A number of different load frequesownere used in the range
between 10 and 25 Hz. All tests were performed &cleenck testing machine.
For this test series, a C value of —0.06 Thivas chosen, which leads to a lower
Kmax decrease rate compared to the maximum allowed|& \ad —0.08 mn.
The reason for this is to ensure that the influenicK shedding is minimized.
All tests started after initial fatigue crack gromfrom the notch at a crack
growth rate below I m/c. At the end of each test, once an averagekcrac
growth rate of da/d&% 10° m/cycle (or lower) was obtained, the load was kept
constant at R, in order to prevent damage to the fracture susfacsl
specimens were broken after the tests and check&edcrack length and
asymmetric crack growth. A number of different, stamt positive R values
were used to find the correspondifii, value. The data were analyzed using

the least square method, as described in Chapter 2.

6.4.2 Results found using the ASTM E 647 method

Results are presented in figure 6.4 and table 6.1.

The da/dNAK curves for different R values, except for R = @ad 0.86, are
plotted in figure 6.4. From this figure it can b&es that the curves for R = 0,
0.1, 0.2 have lower crack propagation rates tharcthves for R = 0.5 and 0.7.

The curves for R = 0.5 and R = 0.7 almost coincide curve in case of R =
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Table 6.1 AKy, and the corresponding
different stress ratios R for AA 5083.

R AKin | Kmax, th
0 2.2 2.2
0.1 2.0 2.2
0.2 1.8 2.3
0.4 15 2.5
0.5 14 2.8
0.6 1.3 3.3
0.7 1.3 4.3
0.86 1.3 9.3

AA 5083, fatigue crack propagation threshold

10”7
©
£ 108
Z
3
- 10° e
10 o — R=0
H — R=0.1
I R=0.2
10t | — R=04
i R=05
i — R=0.7
10%? I
1 2 3 4 5 6
AK [MPa\m]

Figure 6.4. da/dN as a function 4K, tested with the AST
E 647 method for different R valu
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0.86 is not shown, because this curve is the sarferaR = 0.7. Figure 6.5b
shows the results diKy, as a function of R. ThAKy, value at the point of
intersection of the two lines added, is believebdahe effectivé\K, value for
fatigue crack growth, denoted as the effective @@k, o« The R value at the
intersection point is defined as.RKy, has a constant value and is independent
of R for R > R, because of the absence of crack closure.

A simple linear R dependent U function is calcudateee figure 6.5a, using a
number of different threshold values taken fromddhl and figure 6.5b. This
function takes the form of:

U= 059+ 067R (6.2)

The assumption is made ths ¢ = UAKy, (= 1.3 MPa/m) and that U = 1 for
R>0.6.

The two parameter description for fatigue crackaghoin the threshold region,
MKy and Kuaxin, found by using the ASTM E 647 method, are shawfigure

6.6. Crack growth only takes place when both thoksbonditions are met.

6.5 Threshold measurements using the constant,K -increasing

Kmin method

6.5.1 Experimental conditions

In case of a threshold test, using the constapt Kincreasing K., method, the
AK can be decreased over a shorter crack lengthpaed to a similar test in
case of the ASTM procedure. For this reason theteon K, - increasing Kin
method can be a fast alternative for the lattethoekt Before the constant,k; -

increasing K., method can be accepted as an alternative to thélAsSandard
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AK ¢, [MPavm]

AK ¢, [MPavm]

—>

—>

Uversus R
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crack closure closure free
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Figure 6.5a. U (:4K,eif AKip)
versus R calculated wusi
values taken from table 6.1
Is assumed thatlKy, o= 1.3
MPavm and U = 1 for R-0.6.

Figure 6.5b:4Ky, as a functio
of R. Threshold values w
measured using the ASTM
647 methoc

AKty, eff

Figure 6.6: Unified approac
concept. The two parame
description for fatigue cra«
growth are shown for the de
from figure 6.5

AK
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Kmax= 6 MPa/m
Rstar = 0.5
K dem/da AKth
/ / / [MPa/m/mm] Rin [MPa/m]
0.25 0.8 1.1
0.5 0.8 1.2
1.0 0.8 1.1
g —»

Figure 6.7. Loading scheme and test results fdrdeses 1. The influenc
of speed of increase of.K (dK/da) is investigated. The resulting values
for R and4K at the crack growth threshold are about the same.

max= 6 MPa/m
dKin/da = 0.5 MPdm/mm

-~

AKin
Rstart F\)th [MP a\/m]
0.5 0.8 1.1
0.7 0.8 1.1

a —»

Figure 6.8. Loading scheme and test results fdrdeges 2. The influence
Rqiart IS INVestigated. The resulting values fit, and R, are about the

same.

dKin/da = 0.5 MPdm/mm

/
7

a

Rstart= 0.7
Kmax R AKth
[MPavm] "l IMPaym]
6 0.80 1.1
12 0.90 1.1
18 0.93 1.1

Figure 6.9. Loading scheme and test results fdrdeses 3. The influenc
of KnaxiS investigated. The resulting,Ralues are different but théKy,

values are about the same.

152




Chapter 6
Fatigue Crack Growth in the Threshold Region

method, a good understanding of the influence efetkperimental conditions is
important. The experimental conditions are defing® parameters:

. the rate of increase ofl, (dKx/da in MPam/mm),

. the initial R value

. the (constant) Kax value

Three tests series have been conducted in ordewdstigate the influence of
the above-mentioned conditions on the results sf iethod and aluminium
alloy. Tests have been carried out using the sgmaeirmen geometry and test
configuration as described in section 6.4. The desee analyzed using a simple
‘moving average’ method; see Chapter 2, sectior22.3

Test series 1: di/da is varied

In the first series, see figure 6.7, the speednofeiase of the applied X is
varied. Ky is kept constant at 6 MRm and all tests start at R = 0.5. The
highest speed in test series 1 is limited to,ga = 1 MPam/mm, due to the
accuracy of the potential drop method in combimatath the pre-stored load

table.

Test series 2: Ris varied

In the second series, see figure 6.8, the initialaRie, Ry, IS varied K IS
kept constant at 6 MRan and in all tests the speed of increase @f, ks
constant, namely 0.5 MFPa/mm. In case of Ry = 0.5, the minimum stress
intensity Ky, is approximately equal to the opening stress sitgrK,, while

for R = 0.7 this is higher than the opening stietmsity.

Test series 3: KIS varied
In the last series, see figure 6.9, thglalue is varied. All tests start at R = 0.5

and in all tests the speed of increase qfi,Kis constant, namely 0.5
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MPa/m/mm. Note that in case of a relatively high.k the test starts at a crack

growth rate larger than Fan/c.

The da/dNAK relations obtained for all these tests shouldhgesame: if there
Is any difference in results, the experimental domas are supposed to be

responsible.

6.5.2 Results found using the constant kK - increasing K, method

The results are presented in three parts, seri@sahd 3 respectively. Figure
6.10 shows the results for the investigation of speed of increase of .k,
figure 6.11 the influence ofRiand figure 6.12 the effect of K.

Results of test series 1, with the rate of incredd€,,, as the variable, show no
effect on R, and AKy,, where R, and AKy, are the R and thAK values at
threshold respectivelyThis means that the influence of the rate of ineeea
within the tested range is absent.

Results of test series 2 show that using eithgr R0.5 or 0.7 does not result in
a change iM\Ky and R,. This is what was expected, because both tegts sta
almost in the absence of crack closure. Howevst, deries 3 shows that the
effect of Kyax0n Ry, is significant.lt is seen that R increases with increasing
Kmax OKih is found to be a constant value, which was expefite R, > R,
because of the absence of crack closure.

The relation R, could be predicted with the following expression:

R, = (kﬂ] 6.3)

K max;th
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Looking more closely at the results, it can be olese that the crack growth rate
near theAK-value shows large fluctuations. An explanatiogiigen in section
6.7.

In general &\Ky, value of about 1.1 MR@n is obtained, using this test method.

Some more experiments are performed, withR 0 and 0.5 and a speed of
increase of K, = 0.5 MPam/mm using different K. statvalues, see table 6.2.
Crack propagation does not occur in all casestadse 6.2.

The unified approach to fatigue defines two critmack driving forces, namely
AK and Ky It can be seen from figure 6.6 that at least valalesut 2.2
MPa/m and 1.3 MPdm are required for K., and AK respectively to obtain
crack propagation. No crack propagation occurs latwden these two
requirements are not satisfied, which agrees w#lstresults shown in table 6.2.
A test using Kiax star= AKstart = 2.5 MPalm leads to a combination of,R= 0.41
andAK, = 1.5 MPalm. In case of a K saivalue of 9 MPam andAK g = 4.5
MPaVm the crack grows until a threshold value of adoitMPa/m.

Table 6.2. Measurement results using different Kistaxt values, showi
start conditions at the beginning of the testsuiregnents, needed |
fatigue crack growth and threshold values obtainedn{cates that r
crack propagation has been obser

start conditions requirements threshold values
Rstart Kmaxstart| AKstart| Kmax> | AK > Rin AK
0 2.0 2 2.2 1.3 XX XX
0.5 2.2 1.1 2.2 1.3 XX XX
0.5 2.4 1.2 2.2 1.3 XX XX
0 2.5 2.5 2.2 1.3 0.41 1.5
0.5 9 4.5 2.2 1.3 0.87 1.1

156



Chapter 6
Fatigue Crack Growth in the Threshold Region

6.6 Influence of load shedding

It is found in the constant J - increasing Ik, tests, that, as long as,k is
larger than a critical threshold value, X, variation in K., values has no
influence onAKy, which is then about 1.1 MPa. The AKy, ¢ obtained by
using the ASTM standard test method has a valuabofit 1.3 MPém. The
reason for this difference is not yet clear, bighould be due to differences in
the test methods used. Three kinds of tests weredaut in order to find out if

the prior loading history influences the valueMfy, in ASTM tests.

Experiments

Tests 4, 5 and 6 were conducted on AA 5083 cemaieked tension specimens,
using the decreasinK procedure at fixed R, according to the ASTM. The
loading schemes and tiA, values found are given in Figure 6.13. All tests,
except for one pre-crack procedure, are performeden crack closure free
conditions, i.e. at R = 0.7. Test 4 starts withhhigalues for K.« and Ky,
causing shear lips to develop, while test 6 strtsAK too low to give rise to
shear lip development. Test 5 is pre-cracked at ®1= Under this condition
shear lips also develop. After the pre-crack pracedthis test continues with R
= 0.7 in order to propagate without crack closditee load shedding value C is

chosen as—0.06 mmn

Results

Test 4 shows the transition point T2 at da/dN =D08’ m/cycle, identical to
what was found in earlier tests, see Chapter 4hréshold value of 1.9 MRan
was found in test 4, which is significantly highban the value of 1.3 MRa

that was measured in both tests 5 and 6.
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Discussion: Remote crack closure

It is suspected that the high threshold value ouali.9 MP&am obtained from
test 4 is the result of the large residual pladéformation near the starter notch
formed at the start of the test. It may be thas fimevents the crack tip from
completely closing at the end of the test. The tdemote crack closure” was
introduced by Newman [6.23] and He [6.24] for thienomenon.

loading scheme pre-crack AKy, resul

? 26.
E R = 0.7

4 & Kmax = 26.7 MP&m 1.9 MPa/m
= AK = 8 MP&/m
3

a—>
f 8.8
€ _\ R =01
>
& Kmax = 8.8 MPam
o -
5 08
a—>

? 8.¢

6 % 6.2 R _: 0.7
g Kmax = 8.8 MPam 1.3 MPa/m
= AK = 2.8 MPVm
N4
<

'

a

Figure 6.13. Loading scheme of tests 4, 5 and iéferl@nt pre-crack
procedures are applielAfter the pre-crack procedure all tests continutghwi
R= 0.7 in order to propagate under a crack clostrez condition. The loa
shedding value C is chosen as —0.06 mm

In order to understand the influence of the loadwjory that causes remote
crack closure, the following parameters are catedlaccording to the equations

given in [25]:
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- the maximum and minimum vertical crack flank deésgment Vmax andVpin)
see equations 6.4 and 6.5.

- the monotonic plastic zone sizej)2see equation 6.6

-the maximum and minimum Crack Tip Opening Displaeat (CTODLR\.x and
CTODy,), see equations 6.7 and 6.8.

V. = 200 ma a’-x° 6.4
o = (6.4)
20 . PR
o= —Mmn . /9°—-X (6-5)
min E
1KY
er :]_T( a'ys J (66)
2
CTOD,,, = 4 Koo (6.7)
mEo,
CTOD,,;, :E—Kmi” K (6.8)
T Eo

ys

The Vi, and theV,;, indicate the maximum and minimum crack flank
displacement at the crack centre, i.e. in the meiddithe specimen, based on the
applied stress and crack length, see figure 6.3} [2

The monotonic plastic zone size can be used asdioation only of plastic
deformation due to the loading history at the beigig of the test. The CTQJx
and the CTOR, are an approximation for the maximum and minimurack

Tip Opening Displacement respectively.
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Figure 6.14. Crack flank displacement V at positk

The values of these quantities for tests 4, 5 aade@given in table 6.3. At the
moment the threshold condition is reached, thekdlaok displacemenv at the
centre of the specimen, see equations 6.4 ands&alculated, using the applied
stresss and crack length in combination with the starter notch length of %
mm.

A much larger plastic zone size and CTOD is invdlairing pre-cracking of
test 4, than of tests 5 and 6. Thus in test 4 nmcte residual deformation was
induced along the flanks of the pre-crack comp#&oeatie other two tests. At the
moment the threshold condition was reached in4gsite crack opening at the
centre should vary between 381 and 27um. These values are of the same
order as the maximum CTOD at the moment the prekonaas formed, i.e. 27
pm. It can therefore be imagined that the crackkflaiisplacement at the
threshold condition is not large enough to preweack closure in the middle of
the specimen. This is the phenomenon of remotk @iasure. The mechanism

Is schematically illustrated in figure 6.15.
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Table 6.3AKy,, [MPa/m], crack flank displacement at the cerrfum] Crack
Tip Opening Displaceme@TOD [um] and monotonic plastic zone siggum]
for tests 4, 5 and 6.

pre-crack AK K maxth K min,th \% CTOD Ip
load data V max, centreth | Omax pre-crack | I'p pre-crack
\ min, centreth 0 th los th
[MPaym] | [MPaym | [MPavm] (] " L] [um]

AK=8

R=0.7 38 27 2232
4 1.9 6.2 4.3

Kmax=26.7 27 1.3 18

Kmin=18.7

AK=8

R=0.1 16 3 248
5 1.3 4.3 3.0

Kmax=8.8 11 0.7 57

Kmin=0.8

AK=3

R=0.7 18 3 248
6 1.3 4.4 3.1

Kmax=8.8 13 0.7 57

Kmin=6 2

E open crack closed crack

v
&
¥
¥ 3
v

pre crack test pre crack test

Figure 6.15. Remote crack closure. Large plastiodeation causd

by a relative high Ka.xVvalue at the beginning of the test leads to crack
closure in the middle of the specimen at the tholeskevel and thus to

a higher dk,.
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The CTOD values of test 5 and 6 during pre-craclirgy quite low, namely 3
um. At threshold levely,,, values in test 5 and 6 are large enough to prevent
contact of the crack flanks in the middle of the@men. Thus in these specific
tests, if crack closure occurs, it does not ocauhe middle of the specimen, but

perhaps closer to the crack tip.

6.7 Comparison of the ASTM E 647 method and the Catant

K max-increasing K, procedure

Fatigue crack propagation in the threshold regsm@mare complicated than that
in the Paris regime. The fatigue threshold behavi®umot only sensitive to the
material properties and the loading system, buat tmishe environment.

Figure 6.16 shows two da/diK curves in the near-threshold area. They were
found by using the ASTM method and the constapiicreasing K., method
respectively. The ASTM curve was performed withighh constant R (0.86)
with the expectation thadK = AK 4, thus closure-free crack growth. In the
second method, R increases.

In figure 6.16 four characteristic points (A-D) at@own:

A: start of the constant }increasing K, test. The test starts with R = 0.1 and
K. = 6 MP&/m, and the speed of increase ofidKni/da, is chosen as 1
MPavm/mm.

A-B: this range shows a difference in the da/dNuiltssfound by both methods.
The cause of this is that the constapt.Mncreasing K., method is influenced
by crack closure leading fiK ¢ < AK at lower R. For the ASTM method at R =
0.86 it is expected th&K . = AK.
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— ASTM method: AK{,=1.3 MPa/m, R=0.86
Constant Khax AKw=1.1 MPa/m, Kna= 6 MPa/m

ASTM E 647 method

Al B C
D C Al A T
107 \ K
T A
Y
=) 10° / Rt \
E /  closure
Z N R R NN
ke c
] 109
© \4 Constant K, method
v A B CD
10°¢ -- L 1]
O ‘ |
K
10-11 "
1 y ¢4 5 6 o
— » AK[MPavm] closure &
ASTM E 647 constant K, -increasing ki

AIAT [ AK o= AK

AKeff = Kmax - I'<c|osure

B AKer = AK (ASTM) = AK (CKay  (for CKparmethod: RR,)

C AK =AKy, R=Ry

AKeff =AK

D N/A

AKer =AK = AKy,  R=R;,

Figure 6.16 da/dN versuglK with loading schemes for the ASTM E 647 an
constant K,,cincreasing K, methods.
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B: at this point both curves coincide. R has grawvaw to about 0.6 in the
constant K.ocincreasing K., method. This means that also here a crack closure
free situation has been realized.

B-C: the results are the same for both test metHod®othAK; = AK.

C: the ASTM curve shows a sudden change in sldps.duspected that from
here crack closure starts due to the low load Jeledpite the high R-value. This
is not observed in the other method, whefg tnd R (about 0.8) are relatively
high and a closure free situation is maintained.

D: here also the constant,k-increasing k., method shows a transition in
crack growth rate. ThAK value at this transition is lower than for the F\%
method. The crack growth now stops in a closure $raiation, meaning that the
correspondind\Ky, may be a real intrinsic material property (witlpect to the
environment) that is not influenced by an extringienomenon such as crack

closure. Note that following the ASTM definitidkKy, is reached for da/dN =

10" m/cycle. In figure 6.16 it is shown that this défon can lead to problems
if the constant Kaincreasing K, curve is considered. The ASTM method has
its transition point T1 above 10 m/cycle, while the constant,Kincreasing
Kmin method has its transition point below it.

Two differentAK threshold values are found at™0m/c. For this material a
value of 10" m/cycle (which is much smaller than 2.5 8@n, the order of the
atomic spacing) probably would be a better criteribowever the physical
meaning is less. On the other hand, fatigue craaWity at the threshold is not a
stable, continuous process along the whole craxk.fiThe fatigue crack growth
rate is an average value over a number of cycles. ASTM method has very
low crack opening values at the threshold. This tad to crack closure

especially when rough crack flank surfaces are éokrm
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ASTM E 647 constant Knax-increasing Kmin

T —>  AKy T — MKy

~
~

c —»

AKi et = DK — correctiomAK DK, o = AK
due to: -surface roughness cc

-oxide induced cc

-load shedding

static end static end

failure

fatigue fatigue

250um
- MKy = 1.3 MPa@m, R =0.86 - DKy = 1.1 MP&m, R, =0.83
- surface smoothed by friction - rough fracture surface

- not a “crack closure free” situation - a “crack closure free” situation ?

Figure 6.17. Fracture surfaces in the threld region of an
ASTM sample and of a constantKincreasing K, sample.
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Figure 6.17 shows micrographs of the fractureas@s$ in the threshold region

(da/dN= 10-10 m/cycle). The fracture surfaces of samples resyitiom both

methods are observed. The fracture surface of tR€M\sample in the near
threshold region, (C), is smooth, while the surfateonstant Kacincreasing

Kmin method (D) is rough. The fracture surface of tI&TA sample is probably
smoothed by contact between the fracture surfdtcemseans that the ASTM
method will not reach a crack closure free situatibhis is in agreement with
the higherAKy, compared with that of the constantXmethod, although the

difference between these threshold values is small.

Note that a stepwise crack growth is observed mesparts of the fatigue curve
for both methods. Crack propagation is probabhayksdl by grain boundaries. It
takes about 30000 cycles to cross a boundary. Tdek growth then restarts
and grows over a distance in the order ofimd until the next boundary is
reached, see figure 6.18. The material consisgraihs with a length of 200
um, a width of 8Qum (in crack growth direction) and a thickness ofu@, see

figure 6.19 [26]. The observed stepped crack advarictum is much smaller
than the grain width. The crack front does not grnawevery cycle over the
whole cross section, but grows locally, see figbr&8. This stepwise crack

growth behaviour differs from that in the Parisiogg
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Figure 6.18. ~N plot showing plateaus at very low crack growth
rates. Crack propagation is probably delayed byigf@oundaries (1)
It takes about 30000 cycles to cross a boundary&Bck growtr
then restarts until the next boundary is reached (3
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Figure 6.19: Grain size and orientatic

6.8 Discussion and conclusions

Two threshold parameter requirements

In the unified approach to fatigue it suffices seuwo threshold parameters, i.e.
Kmax and AKy . The two threshold parameter requirements can il
calculated from the measured combinationd\kf, and R. It is shown that if
these requirements are not satisfied, no crackagatpon will occur in AA
5083.

Only two tests are enough to find the parametrredholds below which no
crack propagation takes place. The.K requirement, with a value 2.2
MPa/m, is found using the ASTM procedure at R = 0 K. = K,5). The
other requirement, thAK,, with a value=1.1 MPa/m, is found using the

constant Kincreasing ki, method.

ASTM threshold values affected by crack closure
Threshold values have been measured by means &Sh& method and the

constant Kcincreasing k., procedure. Results found by using the ASTM
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method at higher R values, do not agree with dateeated by the constant
Kmacincreasing K., method. The difference in threshold values obtairsed
believed to be the consequence of crack closure theacrack tip. Scanning
electron microscopy is used to study the resultiegr threshold crack surfaces
for both testing methods. The observed smoothudracturface, obtained in the
ASTM specimen, contrasts with the rougher crackaserfor the constant ¥,
increasing K., method sample. A smooth fracture surface suggesttact
between crack surfaces, whereas a rough surfaceaied a crack closure free
situation. This strongly supports the assumpti@t the ASTM threshold values

are affected by some form of crack closure, evdngit load ratio.

Two methods: dissimilar conditions near the crapk t

An important question at this point is whether &rgctowth in the threshold
region for an ASTM test at higher R values is laditby the appliedK. If this

IS so, the question arises what is causing th&kalasure at high R?

Two options are examined in the following sectidhe influence of the
environment and crack opening values near thelibles

Measurements in the Paris region, made under \@rygnvironmental
conditions, demonstrate the sensitivity of cracbwgh to the environment, see
Chapter 4. Results of test series made in thehhblésegion, using the constant
Kmaxincreasing K,, method with dK,,/da as a variable, showed no difference
in the resulting combination of yRand AKy.. Environmental influence in the
tested range (di./da = 0.25-1 MPam/mm) is unlikely. The environmental
effect is either the same or absent, since tedts avfferent K. values and
different increasing rates of the,i result in identical threshold values. In case
of the ASTM procedure, the crack tip is exposeth@environment for a longer
period of time, compared to the faster constani Kincreasing K;, method.

For example the ASTM method needs1zb cycles while the Kqx - increasing

Kmin method spends-EO6 cycles to find the samAKy,. Presumably, a time-
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dependent, but a ¥, independent mechanism, is involved. This time ddpat
mechanism may be more pronounced in the ASTM methodsidering the
different crack surfaces of the ASTM- and the cansK,. - increasing ki,
samples.

The possibility of contact between two fracturefaces, due to for example
surface roughness, depends on the degree of clokthg crack. The possibility
of contact in case of a low crack tip opening vatukrger than in case of a high
opening value. The difference in threshold valuésthe two applied test
methods can probably be explained by a differeriagack tip opening values.
For this reason the CTQIJ astm and CTODR,» ckmax Values near the threshold
value are calculated, using equation 6.8. The absotalues are small: the
CTODi, values are about 0.5 and 1 um for the ASTM proeednd the K.y -
increasing k., method respectively.

This means that the crack tip opening in case efABTM method is almost
half of that of the constant K, - increasing K;, method. Due to a constan.
and an increasing ., the CTOL), value in case of the K - increasing K
method increases during crack propagation. Thigevdecreases in case of the
ASTM procedure because of a gradual decrease bfiyl and Kqyn.

The ASTM E 647 procedure versus the constgpt-Kncreasing K., method

An advantage of the time consuming ASTM procedgréhe possibility to
measure threshold values for a range of fixed Reslwhich is impossible in
case of the constant K - increasing K, method. However, in case of the
ASTM method, crack arrest occurs not simply assalteof the lowAK, but
probably by a crack closure mechanism.

The constant Kax- increasing ki, method is suitable to measure crack closure
free and thus possibly the true effective threshadtbe. However, the test
method is not able to determine threshold valuésvetr R. Crack arrest occurs

when the crack driving forc&K becomes equal taK . At higher K« values, a
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crack closure free situation can be realized. GCaqunsatly, in contrast to the

ASTM procedure, threshold values at higher R atesapsitive to the method of

testing.

Probably in the threshold region a combination @chanisms is operative in

the damaged zone around the crack tip, dependinipeimnteraction between

loading system, material properties and environaleobnditions. Even a

combination of both testing procedures and twogtegi approaches are not
sufficient to understand the fatigue crack growth the threshold region

properly, due to a lack of observable evidence.aWkesting procedure is better
IS not a question of judgment since only partly poehended mechanisms are

involved.
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Chapter 7
General Discussion and Conclusions

7.1 Introduction

This dissertation deals with fatigue crack growthatuminium alloys: from
threshold to instability. The main objective of ghiesearch is to contribute
toward a deeper understanding of the fatigue phenom

Extensive investigations have been performed ireotd find R dependent
closure functions, see Chapter 3. The formationsbéar lips has been
manipulated (Chapter 4). In Chapter 5, fatigue lcraths have been forced in a
pre-described direction and threshold values arasored using the standard
method and an alternative test procedure, see @hé@pirhe main findings are
presented separately in these chapters.

The outcomes of some experimental results are mtradiction with the
conventional fatigue conceptTherefore a general discussion and some
conclusions are presented in this chapter covehadollowing themes: crack

closure, shear lips afkK-threshold.

7.2 Crack Closure

7.2.1 The classic fatigue approach and stress rateffects

In the classic fatigue approach, the cyclic stietnsity range\K is considered
to be the most important fatigue driving force. Aajor advance in
understanding stress ratio effects was made by’Ellidroduction of the crack
closure concept in 1971. Crack closure rationaliaad ratio effects by allowing

for the effects of residual plastic deformation atite resultant residual
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compressive stresses acting on the crack flanksthedip of a growing fatigue
crack. In this approach, the shift of fatigue csert@ higheAK levels for lower

R values is the result of crack closure.

Crack closure has generally been accepted for tharethirty years as a crucial
retardation mechanism in fatigue crack growth, #me& concept is successful
applied to a wide range of fatigue data. It hasobex the customary
Interpretation of stress ratio and transient logdiffects and has been applied to
many fatigue life prediction models. However, somsults found in this
research, cannot be explained or are even in abati@ with the crack closure

theory.

7.2.2 Fundamental problems with crack closure

Plasticity induced crack closure

In Chapter 3, crack closure relations for AA 50828rev discussed. The U

formulae for the regimes investigated, namely #resile mode regime and the
growing shear lip regime, are about the saBexause of this, the difference in
slope in log(da/dN)-lod{K) indicates that the different crack growth beloavi

in the tensile and shear lip regimes cannot beagxgdl from a different crack

closure behaviour. However, the stress situationdeto change from plane
strain to plane stress with increasifnl. It seems that the larger amount of
plastic deformation in the wake of the crack hadnflmence on crack closure

levels for this material.

It has been shown in Chapter 4, that introductib(slarp) side grooves has no
effect on the fatigue crack growth curve. da/diKlresults obtained from tests
on AA 5083 specimens with or without side grooves about the same. Also a
partial side groove does not lead to a changedrfatigue crack growth curve. It

means that elimination or removal of a substanti@it of the plane stress
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plasticity induced crack closure, namely at thekrsurfaces , does not lead to
any effect on da/dN kK. However, based on the crack closure approach, a

change in the fatigue crack growth behaviour isg¢@xpected.

Shear lips

Shear lips are usually associated with plane stresditions at the surface and
are thought to introduce large surface roughndsstsf The plastic deformation
Is larger for the shear lip part of the fatigueckréhan for the tensile mode part
in the middle of the specimen. In the unloading pérthe fatigue cycle, shear
lips are supposed to be the first part where magchrack surfaces will touch
causing crack closure. It has been shown in Chagtend 5, that side grooves
suppress the development of shear lips. Howeves, hthve no effect on the
da/dNAK relation. In lab air, transition point T3, segure 4.7, takes place at
about the same crack growth rate for all measuredhlRBes, thus with and
without side grooves.

Roughness induced crack closure, found in AA 2G24igher frequencies, can
also be prevented by side grooves, see Chapteowevéer the T3 transition
takes place at the same crack growth rate and iftoo$hthe fatigue curve is
observed. This means that rough shear lips formetti® fracture surface of AA

2024 add extra crack closure without any effecRon

Direct crack closure measurements

Crack closure levels have been measured by usingntethods, namely: 1)
direct crack closure measurements and 2) the ogaswth rate method on
centre-cracked tension, compact tension and sirgdge-notched bend
specimens, see Chapter 3.

In the case of direct crack closure measurementeri@s of centre-cracked
tension specimens were pre-fatigued until a certasck growth rate was

reached and subsequently compact tension and sewge-notched bend
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specimens were cut out of the original centre-azdctension specimens. By
doing this, the loading history and thus the crapgkconditions are largely the
same for all geometries. Direct crack closure messants were performed on
each geometry, while specimens were prevented fatigue crack growth. In
spite of differences in geometry, the same clofoi@t was expected for all
tested geometries because of the same loadingnhistdowever, these
measurements showed different crack closure poiritse (stabilized) shear lip
regime for centre-cracked tension and single edgehed bend specimens. This
means that crack closure is not well defined ared résults of measurement
depends on the place of measurement and the spegeonenetry.

Besides these direct crack closure measuremefmigydaests were performed
on each geometry. Different U values were foundcenmtre-cracked tension and
single edge-notched bend specimens. This differanté can be explained by
crack opening angles: crack opening angles areerdift for different
geometries. Since the faces have contact at & filstance from the crack tip,
the part of the loading cycle at which the crackopened, is larger for a
specimen with a larger compliance, i.e. a largaclkciopening.

Two driving forces4K and Ky ax

The classic crack growth rate method essentialippares theAK values for
different R-values at corresponding crack growttesaAK values, i.e. the
driving forces for fatigue crack growth, are fittedo one scatter band using an
R-dependent U formula, whemKes = UAK = UKpax — UKmin. A major
limitation is the impossibility to account for thabserved role of K. The
influence of K. is not taken into account since U works on both.and K,

in this formula.

However, according to the unified approach desdribe Chapter 6 crack

advance only occurs foAK > AK™ and Knx > Kmax. Some cracking
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mechanisms are directli.x dependent. It is found in the constant.K-
increasing kK, tests that as long as,k is larger than a critical threshold value
Kmax, Variation in K,., has no influence oAKy,. Therefore a better approach
for the threshold region would bAK. = Ky — UKyin. Then, the effective
crack tip opening can be calculated from the rpgaliad Kya.x and UK,, which

IS Keosure, @nd U attains a physical meaning.

Similitude approach

Fatigue crack growth data for AA 5083 specimenshwvand without side
grooves are comparable, which means that in bo#iesgaaccording to the
similitude approach, a “similarAK¢+ was applied. However, different crack
fronts were observed: a straight line in the cdsade grooved specimens and a
growing shear lip for specimens without side gr@vEhe crack tip conditions
are evidently dissimilar. In addition, a differeptane strain-plane stress
situation can be expected. The growing shear Bpdeto a mismatch between
the two crack surfaces and thus to crack closuvserh by surface roughness
effects. In spite of this, the same fatigue crackagh curve is measured for AA
5083 specimens with suppressed and normal grovaiegrsips.

Direct crack closure measurements on three diftegeometries with similar
crack tip conditions proved that even these sinutarditions are not sufficient
for measuring unique closure points close to thelctip.

It seems that there are some fundamental problarssess state which is more
plane strain does not lead to a difference in nmealsda/dNAK, the fatigue
crack growth curves of specimens with dissimilarc&rtip conditions in case of
(partial) suppressed shear lips are the same anectdcrack closure
measurements on specimens with unique crack tiglitons, show different

closure points. Because of these uncertaintie®mventional models, da/dN-
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Kes relations found in laboratories on standard spewsncannot apply directly

to lifetime prediction models for actual structures

7.3 Shear Lips: an environmental effect?

The start of the shear lip in normal lab air, angition point T3, takes place at
about the same crack growth rate for all measuredlires, thus with or without
closure, see Chapter 4.

It is remarkable that shallow scratches are sefficito suppress the
development of shear lips. Furthermore, the changwack growth rate as a
function of AK at transition point T3, which is normally couplealthe start of
the shear lip development, occurs even when tharshp is (partially)
suppressed. Since the da/dK- relation for a suppressed shear lip does not
differ from that of a developing smooth shear tipge change in slope of the
fatigue crack growth rate curve, can no longer thebated to the start of the
growing shear lip.

The effect on the da/dWK relation in the Paris region of different
environments is known. A more aggressive enviroreqg. seawater, leads to
a shift of T3 to a higheAK, while an opposite effect is observed for
experiments performed in an inert shielding gafhiaagdry argon. This means
that an environmental effect must be involved amig this environmental effect
Is responsible for the transition point.

Tests on specimens with and without side groovesexperiments in different
environments and at different temperatures indicttat the shear Ilip

development is the result of an environmental &ffec
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7.4 AK-threshold

7.4.1 ASTM threshold values affected by crack closa

Threshold values have been measured according TdvASSandard E 647 and
to the constant Kqcincreasing K., method. Results found by using these two
methods do not agree. The difference in threshaldes is believed to be the
consequence of dissimilar conditions near the ctigck

Scanning electron microscopy has been used to stielyresulting crack
surfaces formed near threshold for both testinghods. The observed smooth
fracture surface, obtained in the ASTM E 647 speaisn contrasts with the
rougher crack surface for the constant,Kncreasing K, sample. A smooth
fracture surface suggests contact between cradacssr whereas a rough
surface indicates a crack closure free situatione icrographs strongly
support the assumption that some form of crackucgseven at high load ratio,
Is present in the ASTM specimen and affects thestiold values found.

The observed crack closure can probably be exmldiyea difference of crack
tip opening values. The minimum CTOD values arellsi®@d and 1 um for the
ASTM procedure and the K - increasing K, method respectively. This
means that the crack tip opening in case of theM$Talmost half compared

to the constant K. - increasing ki, method.

7.4.2 The constant K,.-increasing K, method versus the ASTM E 647

procedure

Crack arrest in the threshold region does not osouply as a result of a low
applied AK, but is probably influenced by a complex envir@amtal/crack
closure mechanism, see Chapter 6. Because of aposnast results, the ASTM
E 647 procedure for measuring threshold valuesdeudebate. Since threshold

values at high load ratio, where R>&te sensitive to the method of testing, the
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ASTM method can probably no longer be used to nreasnique threshold
values.

The constant Kacincreasing k., method is suitable to determine crack closure
free and thus possibly the intrinsic threshold galdowever, the test method is
not applicable to determine threshold values atelo®R. Crack arrest occurs
when the driving force represented Alg, due to a fixed K.« and increasing
Kin, becomes less than td<” . At higher Kyax a crack closure free situation
can be realized. Consequently, in contrast to t&dM procedure, threshold
values at higher R are not sensitive to this metifddsting.

However, even a combination of both testing procesius not sufficient to
understand the fatigue crack growth in the thrashmegion properly, due to a
lack of observable scientific evidence. Which t&gtprocedure is better cannot
be judged, since only partly comprehended mechanasminvolved.

Defining an intrinsic threshold value is only pddsi with respect to the
environment, since a combination of mechanismsperative in the damage
zone around the crack tip, depending on the interabetween loading system,

material properties and environmental conditions.

7.5 Crack closure and environment

The appearance of a crack surface is, in gendifalited by the environment
and/or plasticity. For example, tests on AA 202dved clearly that the absence
of lab air leads to a rougher crack surface ana ¢bange in crack growth rate.
This crack growth retardation is explained by thassic term “crack closure”:
the crack closes due to the reduction in stress afaximum load, crack face
contact occurs in the wake of the crack tip befoeeo load is reached, thus

lowering the cyclic stress intensity by decreashmeginterval where the crack tip
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feels tensile stresses. In this view, the shiftdfigatigue curves to highekK
levels, i.e. the R effect, is the result of cratsare.

Crack closure is a general (mechanical) term, camgy effects on the material,
in particular on the crack surface, like oxide fatran, roughness effects, plastic
deformations and phase transformations.

It is shown in Chapter 4 that reducing plasticitythee surface by implementing
(partial) side grooves does not lead to a changa shift in the fatigue crack
growth rate curve. Furthermore, it has been shdwah drack closure cannot be
directly responsible for the transition points T®la'4. The start of the shear lip,
at transition point T3, takes place at about theesarack growth rate in lab air
for all measured R values, thus with and withoosuate. A dramatic change in
the environment leads to a large change of tramsgpioint T3 and only to a
small shift of the whole fatigue curve. These clengre related to the impact of
environment on the material.

Probably environmental mechanisms are respongiblthé characteristic shape
of, and R effects on, the fatigue curve for AA 508Be appearance of the crack
surface, normally identified as crack closure his tesult of these mechanisms.
Therefore crack closure can be regarded as a semwmiad effect. If so, the
influence of crack closure on fatigue crack groesdinnot be properly accounted
for, unless these “supposed” crack closure effaatsthe associated appearance
of the crack surface are explicitly recognized las tesult of environmental

iImpact on the material.

7.6 Conclusions

The main conclusions of this research are sumntbe&®ow:

* The crack closure relations obtained by similitdde the tensile mode
regime and the growing shear lip regime in AA 5@88 almost identical,
namely U=0.79+0.40 R+0.04Rnd U=0.81+0.37 +0.02°Respectively.

183



Chapter 7
General Discussion and Conclusions

Because the U functions are almost the same in begimes, the
differences in crack growth behaviour in the tenaihd shear lip regimes
cannot be attributed to differences in crack clesaghaviour.

Linear side grooves with a depth of 1@ over the full width of centre-
cracked tensile specimens suppresses the formatishear lips during
fatigue crack growth.

Constant amplitude tests on centre-cracked teggéeimens of AA 5083
with shear lips and suppressed shear lips shows#me da/dNAK
results. Therefore the growing shear lip cannotrésponsible for the
slope change in log(da/dN)-lakK).

The da/dNAK curves in frequency sensitive AA 2024 at higher
frequencies with suppressed shear lips, are iddntiic those at a low
frequency.

Since the development of shear lips is not the eedaos the gradually
changing slope of the log(da/dN)-ldd{) curve, transition point T3 can
probably be attributed to an environmental assistedck growth
mechanism. Results show a strong dependency aabgwute amount of
moisture.

The lower slope in log(da/dN)-laf§K) between T3 and T4 is caused by a
time dependent corrosion crack growth mechanisr dhedually loses
effectiveness because of a higher crack growth. B#ow T3 the
corrosion mechanism is fully operative, while abowv¢ the enhanced
mechanism is no longer effective.

Tests on specimens with and without side groovek experiments in
different environments and at different temperaunelicate that shear lip
development is the result of an environmental &ffec

Results found by using the ASTM method at highevaRies, do not

agree with data generated by the constapi-Kcreasing k,, method.
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The difference in threshold values obtained is eveld to be the
consequence of crack closure near the crack tip.

« The ASTM threshold values are affected by some fofrarack closure,
even at high load ratio.

* The constant K.cincreasing K., method is suitable to determine the

crack closure free threshold value.

7.7 Future development

Far-reaching changes have taken place in the é&sgtykars in the field of
fatigue at the level of materials, measurement rigcles and computer
simulations. This progress has led to a deeper rataaeling of the fatigue
process. As a consequence some standard testilngdaeare under pressure,

because experimental results are inconsistentasitiblished theories.

New or highly improved applications demand the ttgw@ent of economically
attractive new engineering materials and processaufnologies; examples
include the development of complex laminated stmattmaterials such as Glare
and Zappi. Another example of a new category ofemals is self-healing
materials, using advanced (chemical) mechanismsrettuce microscopic
damage in case of cracking. The general appearahdatigue and failure
mechanisms of these materials differs from “cldssiaterial behaviour.
Advanced Finite Element Method calculations areduse determine the
material response on cyclic loading and to simutaek advance.

Advances in existing measurement techniques ancela@went of new
characterisation technology have led to a betteerstanding of the sensitivity
of materials to damage under cyclic loading. Howgewthe experimentally

observed correlation between crack growth rateNlafad cyclic stress intensity

185



Chapter 7
General Discussion and Conclusions

AK cannot yet be adequately reproduced over a latess intensity range by
FEM models.

Fatigue approach

For environmental, safety and economical reastresdévelopment of accurate
fatigue life prediction models is essential. Howeguwbe fatigue process from
initiation to failure is not completely understodéiven advanced parameters,
theories and computer simulations are not ableesziibe the complex process
properly. Since the fatigue process is not completenderstood from a
theoretical point of view, it cannot be modellecaiphysically relevant manner.
New damage parameters need to be found in ordehdracterize the fatigue
behaviour of structural materials adequately. Evilye the development of new
and improved measurement techniques is a key coemparf the strategy to
increase the knowledge of the cyclic damage procssie effects on fatigue
cannot be properly accounted for unless the carttob of the environment is
explicitly recognized as a driving force. A reforfation of the fatigue process,
probably in terms of a “damage zone” including eowmental effects, is
needed to describe the fatigue process more aeburat

In general, well-formulated theories provide urafion and show how
apparently unrelated phenomena are aspects oathe sffect. In spite of this,
no theory by itself can prove anything. The finabqgf comes from the
combination of experiment and observation. Thedrgutd make sense of the
experimental data.

Evidently, the development of new and improved me&sent techniques is a
key component of the strategy to increase the kedgé of the cyclic damage
process. This demands the development of new tests.

The proposed tests must allow measuring of a nundfe(partly new)
parameters in a configurable test environment. rRaiers and measurement

techniques should include: crack length (potemtrab, laser technique, optical
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scanning); failure characteristics (acoustic emargsheat dissipation, infrared
technique); stresses, displacement (extensometéeg)perature, humidity,
pressure (environment control system); load anguieacy (mechanical control

system).

This innovative and exceptional test will involveglm experimental demands.
An extensive range of measurement equipment mustvhgable in order to
monitor several parameters at the same time witima cycle during non-
standard test scenarios. The mechanical contraérsysnust offer a smooth
control, sensors and software must support a higturacy, and fast data
acquisition and processing is required to manageuieed signals
simultaneously. Monitoring all parameters at theesadime is important because

changing one parameter will often lead to changeshers.

In addition, the development of a cycle-by-cycleprach instead of
considering average crack growth over a range alesy is an important

challenge facing fatigue research and engineenmacfipe in the near future.
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