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ABSTBACT.

Plane stress crack propagatLon studies using centrally noEched

specimens were conducted on three typical alrfra¡ne materials (2024-T3

& 7075-T6 Alclad alloys and Ti-641-4V) to evaluate the effect of faÈigue

damage prLor to the formation of a crack on the subsequent crack

propagaËfon rate

The specirnens \rere subJected to fatlgue danage by strafn cycllng

at a constant amplitude Ëo a number of cycles less than the endurâDCê'

The crack growth fn these danaged specimens Iras comPared to that in

undamaged control specimens. The crack growth rate was evaluated

by perforrning an exponential regression analysis on the observec data.

Thecomparisonofthecracklengthandthecrackgrowthrate

of the dauraged r,rith the undamaged reveaLed a deiinite trend towards

faster crack growth in the danaged 2024.T.3 alloy; this effect ltas

apparent only after transition from the Ëensfle Èo the shear mode of

failure. No such trend was observed in eiËher the 7075 or titanium

tests. Ic was further observed that only the 2024 specimens exhibited

necklng ahead of the crack tip and it was sugested Ëhat ducEility

played a major role fn the effect of fatigue danage on the subsequent

crack ProPagation rate.
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CONVERSION FACTORS

lJfth the lncreasing adoption of the International System of

UniÈs (SIU) for measurements, much of the data publ-íshed is being

presented ln these unlts. A short sumnary of the converslon factors

bet¡¿een thls system and the British in-lb systen is therefore included

below; only those terms frequently used ltlËhln this reporË are given.
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1"0 INTRODUCTION

I.1 BACKGROUND

llhile the pherromenon of material degradation due to cycllc loading

(fatigue) has been recognized since late in the last century, rnost

studies have been confined to the establÍshment of S-N curves for use

1n engfneerlng design. tltrlle such data do afford a basLs for design'

the statistical- variation is rather broad and a relíable design is' by

oecessfty, very conservative. Furtheruore, sfûce the data is obtained

fn the forn of cycles to fallure (sudden and conplete fracture of the

specf"men), no indÍcatlon of irapendfng f ailure 1s avallabl-e. In instances

where sudden failure could be dangerous but where the strucÈural menber

must susËain hlgh loads (frorn weight considerations etc.), ft is necessary

to adopt the fail safe approach wherein the design is redundant and fail-

ure of one member t¡ould rioË be caËastrophic.

In addttion, most tests are conducted uslng l-aboratory speclmens

and Ít Ís dtfficul-t to relate these data to real structures. The data

1s Ëherefore used l¿ieh caution and the design is further evaluated by

full scale Ëesting - a very tÍme consuming and costly approach.

AttenpËs to study the mechanlsm of fatigue ¡qLth the aim of being

able to predict fallures more accurately have met with very lirnlted

success. These studies, however, have dealt wfth Ëhe microscopic nature

of fatigue and the resul-ts do not lend themselves directly to engineering

appllcatLons.

. The problem of brittle fracture whereln a ductile material fails

1n a brfttle manner at stresses far below the yield. strength in the
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absence of straÍn cyclfng proved to be the catalyst ln directing the

research towards a better understanding of the nacroscopfc nature of

fatigue. Although the phenomenon of brittle fracture is not necessarily

assocfated w1Ëh fatfgue, sËudÍes into its nature led to the development

of the theorÍes of FRACTURE MECHANICS whfch in turn can be used to

expLain and predict fatlgue failures. The development and use of Èhese

theories as applied to fatigue are detalled 1n Chapter 2.

1.2 FRACTI.]RE MECHÀNICS APPLIED 10 FATIGUE

Extensive studies have shown that ttre mechanfsm of fatigue Ls com-

prfsed of several stages:

(1) Plastic slip along the slip planes of grains.

(fi) Formation of mÍcrocracks along the sJ-Íp planes of graÍns'

(ffi) Jolnlng of microcracks.

(iv) Grorath of mÍcrocracks untÍl failure.

Figure 1 Íllustrates these stages on a non-dimensfonalized S-N curve

FLnal failure occurs when the crack has grovm to such an extent that Ëhe

renraLnLng area w111 not sustain the applied load; sudden and brittle

fracture then occurs. In this sense, a fatigue faÍlure is a static

failure preceded by crack lnitiaËfon and propagatfon.

As w111 be shoç¡n ln Chapter 2, the crack growEh phase and the

tLme to subsequent fracture are very predfctable and can be readlly

dfvorced fron size and geometry effects. The variability in the S-N

curve is largely a result of the crack LniËiation phase. A detailed

knowledge, thereforen of the crack propagatf.on and failure stages Í6

very useful in englneering desfgn. Wlth careful appllcation' a structure

can be desfgned much more confldently with ê saving'ln welght by supplementing
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the S-N data with fracture mechanics propert,ies. For such a procedure

however, considerable care must be taken not, onJ-y in the design but

also in subsequent fn-servÍce f.nspect,lons" For example, should one

deslgn for a lffe of N, cycles using the s-N curve wiÈh appropriaËe

confidence limits (as shown in Figure 2), an allowable stress of o1

nlght be dictated. rf, however, one could accept, rlgorous in-servÍce

lnspectLons aË perlodic intervals, a stress of ol night be specified

¿sssmpanied r¡lth inspectlons beginnlng at some time less than Nl .

Since the crack propagation and failure stages are consfderably more

predictable than the fnitiation stage, the detection of a crack would

mean thaË the cause of the variabillËy had passed and that the prÍnciples

of fracture mechanics could be used Ëo evaluate the renaining lffe. The

lnspectlon inËervaLs and the mini.muur flaw sLze which ¡oust be detecÈed

would be dictated by fracture uechanics prfnciples.

1.3 SCOPE OF PRESENT STT]DY

In order to confidently predict thä ltfe during the crack propagation

phase, one must knor¡ the effects of any variables which are lfkely Ëo be

encountered 1n service. One such varlable is the ma¡s¡ial history.

Cracks wil-l usually, start at the surface in the reglon of a stress

concentratfon, and 1t is quite concelvable that a componenÈ could be

subJected to a considerable proportlon of its serrrj,ce l1fe before the

concentratlon were lnduced (as a scratchn nlck etc"). Converselyn a

sharp stress ralser r¡111 lnitiate a crack sooner than a blunÈ one and

the rnaterial some dLstance frorn the blunt ralser q"f1l have sustalned

more f.atigue danage try the tfme a crack has forneü. The question then

arises-ttWill thfs fat_l *age a
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An experimental progran was conducËed to evaluate this effect

and forms the basls for thls thesis.

Prior to discussung the specific study conductedu a brief resu¡né

of the underlying prínciples of fracture mechanics will- be presented

togeËher r¡fth a sunmåry of previous work done in the area of crack

growth.
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2.0 FUNDAHENTALS OF FRÁCTURE MECHÄNICS

A detafled treatment of the concepts of fracture mechanlcs is

beyond the scope of thf.s thesis; the readèr is referred to Chapters 4 e 5

of Barrois(t¡* f.ox a thorough presentation of these principles" A

brief sunmary Ís presented here sfnce the experinental progran ls based

upon these concepts.

2.I FAILURE THEORIES

As stated earliern metallfc fatÍgue consists of crack inftiation,

crack growth and fracture. Fracture occurs 1n a britt,le manner at a

net section stress much lower than the yield strength of the material.

Experience gaíned Ín service has shov¡n that very snall cracks (fron

fatigue, corrosion, quench shrinkage etc.) can reduce the sËatic strength

of components by 2O to 307". This problem is more severe in the ultra

hfgh strength alloysrwhich tend to be brittle"than 1n the rnore ducËile

low strength aIloys. Brittleness, however, Ls also a function of the

crack length and the high strength alloys usually have propertÍes aside

frorn theÍr strength which are desirable.

To characterizd the brittleness of a rneterial in its service

condftion ç¡hen a crack has formed, some quantity which ls lnvariant

for a given combinatfon of material, geometry and crack slze is requfred.

Grlfflth (2) proposed, for highly brittle materials, thaÈ this invaríant

quantfty Ls gÍven by the crack drÍvfng fotce $ (deffned as the surface

denslty of the elastic energy (U) released due to the Íncrease fn the

* BrackeËed numbers fn the text refer to references listed in Chapter 6
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surface area of the cracked sectlon).

Fracture occurs when the energy released exceeds the surface Ëension (T).

t"e" Ç4

where T

w decohesíon work

(2)

(3)

>27
1 dr,r= --2 da,

= totaL

ThLs condition of failure ls termed critLcal and is denoted by .S.
This concept of fallure, however, Ls noË readily applied to less brittle

naterials because of the inadequacy of the Èerm'rsurface tensionrr and

the difficulty in readiLy measuring its magnitude"

For thin sheets, Irwtn (3) fntroduced the concept of stress

intensity factor (K) given by:

xz = \9 (4)

where K is a function of Èhe external load, the crack length and the

geometry. FaÍlure occurs at a critical stress intensity factor K. and

K" approaches the lower lfmit KI. "" the specinen thickness increases.

Flgure 3 illustrates this Èhickness effect for three typfcal materials.

The llnir K fs terned the FR.{CTURE ToUGHNESS and has been shovm Èo beIc
an invariant for a given material.

If the crack and load are such that KcK., the rnaterial r¡ill

wlthstand the load unËll such time as the crack propagates (through

cyclic loading or an aggressíve environment) and resulËs 
.in 

K approaching

crLËical. l.ltren K = Kc, fracture occurs suddenly.

For examples on the appllcatlon of fracture mechanlcs to design,

the reader is referred to Ttffany & Masters (23).
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2.2 STRESS AI{ALYSIS OF CR.ACKS

Considerable efforÈ has been expended 1n the developüent of analyËical

relationshf.ps to evaluate the stress lntensity factor for various shapes

and loadlng configurations. The derLvations of these expresslons fs

beyond the scope of thl-s Ëhesis; a catalogue of solutfons rnay be found

in Barrols (1) and Parfs & Sih (24).

For a transverse through crack

loaded ln uniaxial tension the sËress

expressions

1n a thin sheet of inflnite r¡idth

lntensiÈy factor 1s glven bY:

factor:

(6a)

x=oñ,
where: o = gross section stress fn the absence of the crack

a = crack half length

The effect of the finite wldth of any specimen nay be accounted for by

the use of a correctÍon factor cr.

i.e. K=oñ-a.cr¡, (5a)

For a central transverse crack in a sheet of finfÈe width w, Isfda (4)

suggests the correctÍon factor:

",n = t ( 1+. 5948rn2 + . 4812m4+ . 3963n6 +. 3367n8+ .297 2nL 0 ¡ . 27 ¡3uL 2

Baharandi (5) suggests the finite width correcÈion

csr = (1-¡2¡-'s

r¡here n = (2a) lw fn both

ElongaÈíon measurements (by Baharandf) made at at least slx

locations ahead of the crack tip to evaLuate the stress lntensity

factor are coinpared r¡ith those caLculated usJ.ng both Isidars and

Baharandirs expressions in Ffgure 5. From thls comparison ft can be

seen that Isidats method ylelds a sllghtly higher value for K and is a
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better approximatLon than Baharandirs.

Expressions similar to those in equations 5 & 6 have been developed

for various other conblnaÈions of crack shape, specimen geomeËry and

loading manner.

2.3 SUBCRITICAL FLAW GROI.ITII

If the stress lntensiÊy factor is less than crftical, the componenE

wtll withstand the applled load unÈ1l the crack grotts to such a length

that K = Kc . This period of crack growth is termed SUBCRITICAL FI'AI.¡

GROI.TIH.

2. 3. 1 Mechanisrns

The mechanisu of crack propagaËlon Ls relaEively complex and is

not yet cornpletely understood. However, at the erack front the high

stress concentratfon results 1n a zone of plastle strain (Ftgure 6)

which gives rfse to a residual coupressive sEress upon unloadlng

Under constant anplltude stress the crack front progresses at each

cycle during the load-rise sequence and upon unloading the crack closes

as shown in Figure 7. During thls conpressfve phase it 1s assumed that

shear causes darnage to the still- uncracked naterial; the darnaged area

fs l-arger the hÍgher the alternating stress. UFon loading, the crack

extends fnto the danaged area and eomes to a stop, r¿hen reaching a less

damaged area of the naterfal. ThLs results in Ëfup- striations observed

ou fatigued components"

Referrfng to Flgure 8, the crack begins ar a Polnt of lncipient

rseakness and remaÍns plane as lÈ propogates in a direction normal to

the maximum tenslle srress. Such a crack is termed a Eensile mode of

failur.e. For a constant alternating stress (o.) far above and below

the crack plane, the mean stress (om) in Èhe stfll uncracked section
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and the stress lntensity factor near the crack front increase wlth

crack length hence the crack progresses at an increasingly fastet rate

and the distance betv¡een the striations lncreases. Internittant crack

groerËh by bíg leaps (corresponding to a partiaL static failure) is

sometLmes observed.

As the crack progresses, shear llps forn at 45"; the r¿idth of the

lfps increases slowly with the mean stress finally extendfng Èhrough

the thickness unless failure occurs beforehand. A crack !/1th fully

developed shear lÍps is saÍd to be a shear mode of faílure.

I,Illhern (6) has investigated this transition from Èhe tensile to

the shear node and has found that it corresponds to a knee ln the curve

obtal-ned by plotting the crack propogation rate versus the alternating

stress lntensfty factor on a semf-Logarithrnic scale. ïhis knee is

readily discernÍble ln Figure l-l at a crack propogation rate of slightly

less than 10-5 in/cycle.

2.3.2 Correlatfon

Of prfme interest to the engineer is the crack grottth per cycle

or CRACK PROPOGATION RATE (da/dN) as a functLon of the stress inËensity

factor. Donal-dson and Anderson (7) have shown that the best comelation

is obtained using the alternating stress Íntensfty factor (AK); thefr

results are presented as Fígures 9 and 10.

In an aËternpt to formulaËe a nathematical expresslon fol afr.

crack propogatlon rate, Broek et al (31) observed that the best correlatíon

k¡as obtained using a polrer of the alternaÈing stress lntensity factor:

daldN = caKn

this expressl-on has also been used by other investÍgators with a value
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of n betrdeerr 2 and 3 belng the most cormonl-y reported. It should be

. noted that thls expresslon applies only after the transitlon to the

shear mode of fallure (i"e. at the higher crack propogation rates).

2"3.3 Effect of Load

Paris (8) investlgated the effect of type of load. His results

are presenËed as Figure Ll r¡herefn he demonstrates that a uniforrn

loadlng some distance from Èhe crack and a wedge type of load on the

crack produce the same crack propagation rate for the same alternating

stress lntenslty factor" For clarfty, Paris omits the finiÈe width

cofrectÍon factor fn calculating AK.

f.e. For the case of the central transverse crack in a uniforn

tensile stress field:

ÂK = Ao6

and for the wedge loaded crack:

¡r=Â4t{a ----- (8a)

2.3.4 Ef fect of Mean Str-ess

Although the mean stress does affect the crack propagatlon rate

to some degree, 1t Ls generally considered that lt ls of secondary

lmportance compared to the alternatíng stress. Frost and Dugdale (9)

Ëested a nÍld steel at four values of the ûean stress and did not ffnd

any slgnificant effect although they did find some effect for an

alumLnum ali-oy. Their results indLcated a crack propagatlon lal¿ of the

forn:

daldn = C.6$.s$,¿a ------- (9)

ç¡here C, y, B & a are material dependent constants

Extensive studfes by Broek and SchiJve (10) using both 2024-T3 and

7075-T6 aluminum alloys supported thfs relatlonship and suggested
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that Ëhe crack propogation rat,e is proportional to a Povter of the mean

stress 1n the order of 1'5 {i'e'Y = 1'5 in eqn' (9)}' Flgure LZ ts

typlcal of their results. They also observed that the more ductile

the alunlnurn a]_loy, the lower the crack propogatlon rate.

2.3.5 Effect of Stress Ranse

The effect of stress range (Ao) has been evaluated by Lehr and

Liu (l-1), Mcuvlly and I11g (43), Wei eÈ aL (4+) and Hudson (45) among

others. A!-1 have concluded that, at a constant mean sËress, the crack

propagatlon rate is a function of the alternating stress intensity

factor regardless of the alternatlng sËress range. Typical resulÈs

by Megvfly and I11g for a 2024-T4 aluninum alloy are Presented as FÍgure 13.

2.3.6 EffecE of FrequencY

Frequency effects were evaluated by Harturan et al (12) for a clad

2O24-T3 sheet in both dry and saËurated air. In both Ínstanees they

observed a slight trend tot¡ards a hÍgher crack propagation rate at

loúer frequencfes, Sftnil-ar resulËs ltere rePorted by SchiJve et aI (L3)

and by I11g and McEvlly (14). In all cases the shíft {n the crack

propagation rate due to frequency r.tas aPproximately 30 to 4O7" gxeater

at 13 cpm than at 1200 cpnn. Typical results by Hartman are Lncluded ln

Figure 14.

2.3.7 Random Loadlng a¡d Overloading

Since, 1n real lífe, structures very seldonly experience the

constant amplltudes used in laboratory testing, the effects of random

loading and of overLoadlng must be known if the desígner is to nake

accurate use of the laboratory resulÈs.

SchiJve (15) investlgated the latÈer and observed that if overloads

are applied ln the course of crack growEh, each grouP of these overloads
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(1 to 3 cycles) w111 at first cause a delay of crack grohtÈh after

whfch crack extenslon tends to continue at the rate it v¡ould assume

fn the absence of peak loads. Figure 15 lllustrates his observations.

Such an effect is significanÈ in service if one considers that such

overloads could correspond to operatlonal Ínterruptions or start-uP.

Random loading tests conducted by Naunann (16), SchiJve and

DeRfJk (17) and Barrol-s (18) have shown that crack propagaÈion is a

speclfÍc case of a qulte general la¡.r on the behavior of notched specimens

accordlng to which any fatigue flrst Ímproves the fatigue llfe under

subsequent loads of lo¡¿er level by creating beneficial resldual

compressÍve sËresses at ttre notch roots subjected to tension.

2.3.8 Effecr of Heat Treatrnent

IË fs not unexpected that heaË treatmenË will affect the crack

propagation rate and Maurfn and Barrols (19), SchiJve and DeRiJk (20)

and Broek (21) have demonstrated this. Maurln and Barroisr results

for an AU2GN aluminum alloy are Presented as Figure 16.

2.3.9 Effe_ct of Environnent

Considerable effort has been expended in evaluating the effects

of the environment on the crack propagatlon rates. In general, aggressive

envlronmenËs induce higher crack proPagation tates than lnert; typical

results by Hartman (20) are presented ln Ffgure 17 wherein it is shown

that Ëhe crack propagaËíon raËe is hLgher in distilled water than in

dry air for an aluminum alloy. It should also be noted thaE an aggressive

environment can induce crack propagatlon undèr a static load but thls

ls beyond the scope of thfs thesis.

2.3.10 Effect of Strain Cvclfng

In the only such test, otNeill (22) investigated the effect of

straln cycling prlor to the lnducement of a fatlgue crack. His results
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(Figure 18) wtll be dlscussed ln Chapter 4 fn relation Ëo the results

observed by the author"

2.4 ST'}ÍMARY OF PREVIOUS WORK

Às has been shor+n ln the previous sectÍon, considerable effort

has been expended in eval-uating the effects of the many possfble

varfables on the crack propagatlon rate in varfous materíals. In it

6unmary, it has'been determÍned that:

(a) The transLtion from the tenslle to the shear mode of failure

corresponds to a knee observed in the curve log åfr vs AK.

(b) FollowÍng this Eransitlon, the crack propagatfon rate is

. proportional to a porrer of the alternating stress intensity
' factor.

(c) The type of load has no effect on the crack propagation

rate; it ls Ëhe alternatÍng stress lntensity factor whlch

ls luPortant.

(d) The mean stress is of secondary irnportance compared to the

alternatfng stress fnsofar as the crack ProPagation 1s

concerned.

(e) The stress ratio orr*/orinis of l-ittle importatrce; ít is the

alÈernating stress (onax-o¡nfo) trhtch is ímportant.

(f) the crack propagatlon rate is inversely proportfonal to the

cyclic frequency; the effecÈ of frequency is, however, slfghE

(g) Perlodl,c overloadlng temporarily retards crack growth.

(h) 1'he crack propagation rate is dependent uPon the heat Ëreatment

' of the rnaLerial.

(1) An agressive envLronment wfll accelerate the crack growth raÈe.
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3"0 EXPERIMENTAL PROGRAM

3.1 FORMULATION OF PROBLEM

In Chaptet 2, a sunmâry of previous studies done in the area of

crack propagation rras presented and 1t r¡as shor¡n that, while da/dN 1s

governed to a large extent by the alternating stress intensÍty factor,

the manner and condition of loading do have a secondary influence.

If the prfnciples of fracËure mechanics and crack propagation

are to be applied wlth any confidence, the engLneer nrust also know to

what degree Ëhe naterfal history prlor to crack initiatfon r¡ill affect

the subsequent crack growth" One such variable associaËed wlth the

material history is straÍn cyclíng.

A component with a blunt stress raiser will wfthstand more

strafn cycling prior to crack initiatfon Èhan will one wLth a sharp

stress raiser. In additlon, corrosfon pits, nicks etc. mâI arise

during servíce and will act as a stress rafser for crack initiatfon.

In all instances the nateríal rs1ll have undergone some degree of strain

cyclÍng (or fatigue damage) prfor to the forur,atfon of the crack.

The presenË study was undertaken to Lnvestlgate the effect of this

fatigue damage on the subsequent crack propagation rate"

3.2 I'ÍATERTALS

The materÍals tested were two Alclad alloys (2024-T3 and 7075-T6)

and one titanium alloy (Ti-641-4V). The mechanical properties are listed

in Table I while Table 2 lists the chenical couposftion of each all-oy.

Both tables are based on the rnanufacturer's cerËified inspection reports.
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3.3 PROCEDURE

The specfmens $¡ere first subJected to a specif,lc amount of fatlgue

danage by cycling at a constant stress arnplitude to a number of cycles

less than the endurance at the applied stress. A central through crack

was then put ln and the crack groÉrth under a constant alternating load

çras noniÈored vlsually"

3.3.1 Prefatigue

Prefatlgue rilas <ione using an Ansler Hlgh Frequency Vibrophore

(shown in Figure 2O); a Èwo Ëon dynanometer was used for the alumlnum

specÍmans ¡¡hile a ten Èon was used for the titanium. The naterial r¡as

oachlned to the shape shown fn Figure 19a and subJected to stresses of

13400 t 11840 psl and 294OO I 26880 psi for the alumlnum and tltanÍum

specímens respectively. ïhese stresses were chosen such that failure

would normall-y occur betnreen 5x105 and 106 cycles. All cycling r¡as done

at a frequency of 110 cps. Emery cloth (#400 grit)úIas placed between

the clamps and the specimens to al-levtatç fretting fatigue.

For each naËerial, five specimens were cycled to approxínately

907 of the endurance; for the 2024 aLLoy, a second series of five

specimens rlere cycled to approximateLy 457" of ths endurance. For each

materlal, five control speclmens lrere prepared and left ln the undanaged

condítíon. Table 3 lists the specirnens and fhe tesÈs conducted.

3.3.2 Craclc Gror¿th Studies

Foll-owing the induceüent'of the fatigue damage, the specimens were

nodfffed to the shape shown fn Figure 19b. The central crack was started

by centrally drilling a 1/16 in dfameÈer hole and making two ffne saru

cut6 extendlng 1/B in either side of the centerline

Ustng a Gilnore Unlversal Glosed Loop testing nachine (shown ln
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Flgure 21), the specimens were cycled at 6 cps. at a stress of 14578

t 12889 psf. and t7778 ! L6644 psÍ for the alumin,m arrd tftanium respectÍvely.

Once the crack was lnitiated on both sides, iÈs growth r.ras monitored

vfsuall.y using a Beck Vernier Microscope as shown 1n Figure 22.

3.4 RESULTS

the measured crack length vs. number of cycles are presenÈed

graphically as Figures AF-l through AF-7 fn Appendix A. appendix À also

llsts the data in nunerical form (fables AT-1 through AT-7). The results

rüere analyzed as detailed Ln Appendix B; a regression analysis was

performed on the measured crack length vs. number of cycles and the

resulting expression dlfferentfated to evaluate the crack propagation

rate da/dN. As trends only were sought, atr approxlmaÈe solution to the

. alternating stress intensity factor çr¿5 madei

LK = Loã ----- (10)

çrhere L = 2a = totaL crack length

The dL/dN vs. ÂK data are presented as Appendix C.
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4"0 OBSERVATIONS AND DISCUSSTON OF RESULTS

4.1 CRÄCK LENGTH vs. NUMBER OF CYCLES

As a firsË approxlmatlon to evaluate the effect of fatigue damage

on the crack growth rate, a comparfson ldas nade of the df,/dN vs ÀK

curves of the damaged wlth the undamaged specimens. The best comparÍson

rsould be to statlstically compare the mean curves from the lurnped data

at varíous values of N but conslderably more data çrould be required to

enable such an analysls to be represenÈative. In the absence of such a

statístical analysis, Ëhe author has compared the scaËter bands of the

individual tests. these are PresenÈed as Figures 23, 24 and 25 for the

2024r 7075 and titanium alloys respectively.

In Ffgure 23, a deflnite trend is observed tov¡ards a longer crack

length for increasing prefatigue damage in the 2024-13 alumfnum alloy.

No such trend is observed for efÈher the 7075-T6 aluminun or the

Ti-641-4V alloys.

Referrlng again to Ffgure 18, one observes that the authorrs

results for the 2024-T3 tests appear to be in direct contradiction l¡iËh

OrNelllrs. OtNeill, however, based hls curves on t$¡o tests each and

varied the stress as r¿ell as the number of cycles Ín prefâtiguing his

specimens. In any event, his results on the specimens danaged to 2x106

cycles fall very close to the undamageci ando had a greater number of

tests been conducted, would probably have fallen t¡ithin the scatter

band of the undamaged.
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4.2 CRACK PRO?AGATION RATE VS.

ALTERNATING STRESS INTENSITY FACTOR

The above comparison is, horsever, lncomplete as the êrack length

fn ltself means Littl-e when it cones to desfgn. A more neanlngful

comparlson fs made using the crack propagatlon rate and the alternatfng

stress intenslty factor fn Figures 26, 27 arrd 28. Agaln, ín the absence

of a statfstlcal analysls, the observed scatter bands have been

compared.

As for the g vs. N curves conpared in the previous section, the

dg/dN vs. ÂK results show an effect of prior fatigue damage only for

t}ne 2024-T3 alloy. From Figute 26, the trend Ís tor¡ard a higher ,crack

propagatíon rate for increasing fatigue danage. It will be noted thaË

thÍs effect is apparent only after the knee ln the curve. As noËed in

92.3"1, this knee corresponds to the transition from the flat tensile

to the 45o shear fall-ure. I! was further observed by the author that

specimen neckíng ahead of the crack tip-was very pronounced for the

2024-T3 alloy foll-owing the transLtion to the shear fallure node;

this necking was less apparenÈ in the 7075 and titaniurn specfmens.

4.3 DISCUSSION

The fact thaË the effect of prlor fatigue darnage was observed

only l-n ttre 2O24 aluminum alloy fol-lowfng the translÈion Ëo the shear

faflure node and that, of rhe three materials tesÈed, this was the only

material to exhlbit necking ahead of the crack tip, suggests that ductility

plays. some rol-e ín this effect. From Table 1, Èhe ratlos of ultlmate to

yleld srrengths are 1.47, L.10 and 1.02 for cli.e 2024,7075 and titanium

alloys respectively. The elongations are resPecÈfvely 19.0r 10.5 and
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10.02. These data shor¿ thatu fron the standpoint of ductilltyo the

2024 aLLoy clearly stands apart fro¡n the others.
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5.0 CLOSURE

5.1 ST'MMARY AND CONCLUSIONS

Three typical airframe rnaterial"s (2024-T3 & 7075-T6 A1clad alloys

and Tí-641-4V) in sheet form r¿ere subJected to fatigue daurage by straÍn

cycling at a constanÈ amplitude to a number of cycles less than the

endurance. The crack growth Ín these danaged specimens was compared

to that in undanaged control specfmens" The crack groltth rate ltas

evaluated by performlng an exPonentfal regression analysis on Èhe

observed data.

The comparison of the crack length and the crack growth rate

of the damaged vrith the undanaged revealed a definite trend tor¿ards

faster crack growth Ln the dauraged 2024-T3 alloy; this effect was

apparent only after the knee in the dL/dN vs. ÂK curve. No such trend

r¡as observed fn either the 7075 or titanium tests. It was noted that

priot studies by Wilhen had establlshed that this knee corresponds to

the transition from the tensl.le to the shear mode of faÍlure. It v¡as

further observed Èhat only ttre 2024 specímens exhlbited necking ahead

of the crack tip and it r¿as suggested that ductility played a major

rotre in the effect of fatigue dauage on the subsequent crack propogation

rate.

5.2 SUGGESTTONS FOR FURTHER STUDY

Although a trend tov¡ards a deleterious effect of fatfgue darnage

was observed in the more ductile naterfal, further studies should be-

undertaken to evaluaËe this more fuIly. The author suggests that!
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(1) The material evaluated by the author be retested in the same

uranner but that close attention be pald to the crack length

at which the shear lips forn''

(2) Using the authorrs results and the results from (1) aboveo

a statistical analysis be applied to the dL/dN vs. AK results.

(3) The effecË of ductilfty be further evaluated by conductf.ng

crack propagation studies on materials heat treated to varying

degrees of hardness.

The experlence gained by the author has also shown the need for

the developnent of a devfce which wouLd contlnuously rnonitor Èhe crack

growth; Ít is also desirable that such a moniÈor be able to differenËlate

between the tenslle and the shear failure modes' It is the authorfs

opÍnlon Ëhat ultrasoni.cs r.¡ould be best suited to this purPose.

It should be furËher noted that, although a considerabl-e amount

of work has been done investigatfng the effects of the many posslble

variables, further work is required in order to clarify their effects"

A detafled program should be undertaken to evaluate and tabuLate the

design factors associated with these varÍables.
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A. Aluminun A11oys (A1c1ad)

Type

TABLE 1 T,IECHANTCAL PROPERTTES

No of
Tests

2024

7075

T3

T6

UTS (ksi)

B. Titaniun A1loy (Annealed Ê Pickled)

6

4

Max.

62.7

78. 0

Min.

Type

2eo YS (ksi)

62.I

76.7

Ti- 6A1 - 4V

Max.

Hard-
NESS

44.0

7L.4

Min.

Rc- 36

[.rTS (ksi)

Elongation (%)

40. 8

69.2

L

Max.

169 .6

T

19. 0

10.5

Min.

150.0

zeo YS (ksi)

16. 5

10. 0

L

165.5

T

Elongation (%)

T32.7

L

10. 0

T

9.0

I
N'

I



A. Aluminun Alloys

Type

2024 T3

Max

707s T6

Si

TABLE 2 CHEMICAL COMPOSITION

Min

Fe

.50

.50

B. Titaniun AlloY

Max Max

Cu

.50

.70

Type

Ti-6A1-4V

Min

4.9

2.0

IUlt

N{ax

3.8

r.2

c

Min

0. 025

0.9

0.3

Fe

Max

Cr

0.3

0. 14

Min

N

0.1

0.4

0.72

Max

Zn

.18

H

Min

.25

6.1

6Sppm

Mg

0

Max

5.1

0.16

Mln

1.8

to

l1

V

Max

L)

I.2

2.r

A1

0ther

6.45

E^

.20

Tot.

.05

.05

.15

.15
!N

oo
I
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TABLE 3 SPECIMEN IDENTIFICATION

Condition 2024 T3 707s '16 Ti-6A1-4V

Undarnaged

45% damage

90% damage

24-1 thru 5

24-6 thru L0

24-IL thru 15

75-1 thru 5

75-6 thru 10

Ti-1 thru 4

Ti-5 thru 9
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A¡1 355 Steel
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FIGURE 4

FINITE WIDTH SHEET
$¡ITH CENTRAL THROUGH CRACK
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REDUCTION OF DATA

The crack propagatlon rate vras evaluated by performfng a polyno¡nial

regression analysis on Ëhe f, vs. N data to obtain an expression of the

form:

f, = F(N)

and then differentfating

dtldN = d{F(N)}/dN

It was found that the best

of the form:

fLt was obtaíned usLng an expresslon

I = exptf (n)] (B-3)

where n 1s kllocycles.

A standard library routine r¡as nodffled to perform the regression

analysis. Thls was done by performing a polynornial regression on the

naËural logarithm of the crack length (In t) and the number of cycles

expressed in kilocycl-es (n).

L.e. 1n0 = f(n) (B-4)

It was found that, in all instances, a second order polynonial

gave the best fit to the data and the crack length nas given by:

g='exp(a+gn+1n2) ----- -(B-5)

The crack propagatlon rate was therefore given by:

df,/dN = .001d9/dn = .001(g+2rn)exp(c+Bn+yn2) ------- (8-6)

The regression was performed on each indivldual tesÈ and on the

lunped data for each series of five tests.

From the regresslon equatlons, the crack length and the crack

propogatf.on rate were evaluated aü specific inEervals of N. To slurplify

the calcul"atlons, the alternating sËress intensity factor was evaluated

aË each poÍnt uslng equatlon 5 (i.e. Èhe finlte width correcËlon facËor
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was neglected in the calculatlons) but using the total crack length g

fnstead of the half length a. The constant î was furÈher omltted in the

calculations. The neË result of these approximations lras a calculated

sÈress lntensity factor fairly close 1n numerical value to the exact

value suggested by Isida; for the range of crack length/wldth considered,

the approximate value is sllghtly lower than the exact as shor¿n in

Appendix C, Tables CT-l through CT-7"

The resulEing ÂK vs. dL/dN values are plotted ln Appendfx C as

Ffgures CF-l Èhrough CF-7. Also incl-uded fn Appendix C are the nurnerical

val-ues used in obtainLng the above curves.



-75-

APPENDIX C



q,

ù
Þrg
tl

zÉ
€

-76-

18

,AK ksi6

FIGURE CF-I

RESULTS - 2O24-T3 I.TNDAMAGED

ô
o
N
o

o 2q-r
E 24-z
Qza-r
A,zrt-c
Nzq-s

REDUCED



ao

" 4r"%oofñ -
AN

-77-

18

ÂK kstÆ-

FIGURE CF-2

REDUCED RESULTS - 2024-T3 452 DA}IAGE

^rpR6
ôR

#.
^6#&

Ð
É

æ.A
@ò

r¡,

o
g

Ê

z5
.É

@A
tro
o

A
o



-78-

6os
og

N

o2ó-u
824-12
Qzr-u
àzc-tt,
Nz¿-rs

18

ôK kel/î;

FIGURE CF-3

REDUCED RESULTS - 2O24-T3 9OZ DA}TAGE

eo
33 oo

#..
.&s

#..&sll.
@"

cq[N
(tr l5

êq
dß

\

ê
o
\,

o
o
>ìo
ê

E,

"É



-79-

o75-r
ÇJzs-z
Qzs-r
Azs-q
Nzs-s

FIGURE CF-4

REDUCED RESULTS - 7075.T6 UNDAMAGED

A
¡aq

aotr#e
.,&"

^ë0

"d
"'Ëo6A

ô
oè
^Aoë

osa
oq^

{,
o
Þro
é

z
at

€



N CAN

"s4s 

oo o

à9" "
o

-80-

O75-6
[Jts-t
Ors-s
Azs-g
Nzs-ro

FIGURE CF-5

REDUCED RESULTS - 7075-T6 9OZ DAI'fAGE

o
tào
ct
v 

1o-"

€
rt

à.bibo
bo

Þ
tr
d

€
-t\^W

tr"o-
B6
ê
o

Ao
E]

A
o



-81-

tr

dNO.t
rttl
dd{d
t<F.HF

oEo<

tro

q
EP

á
â

@

tr
Õo

tr

tÍ
€lNE ia

ü

o<
u
€<

E
€<

?.
ts"

?"
3

ts

dl/dN (ln/cycle)

FIGURE CF-6

REDUCED RESULTS - Ti-6A1-4V I'NDA}IAGED



lÉ
l{

€d
NO

J.

D¿

ç
N

-82-

drldN (1o/cycIe)

FIGURN CF-7

REDUCED RESULTS - Tt-641-4V 907" DAMAGE

o
tr
oâq

aø
oo

BÃ
Oo

ffi
oo î ? ì î î& ËÉÉËÉ

ôo o o ö 4 4-&
oo&o

oÉo
oÊo

oÉo
o4rr.

þ"
oÞ*

o4@

'ile 
"



lOOPC DAMAGE
DA / DN A1( AK

(APPROX) (EXACT)

7156
7276
7 428
7 613
7830
8085
8376
8705
9076
9490
9949

1

t
7

1
7

1

t
1

7

t
1

2
2

2
2
2

2

2
2
2

2
2
â

I
@
t¡)
I

3625
37 79
3837
3981
4150
4348
4573
4828
51 14
5432
5784
6173
6601
7070
7 582
8742
8753
IrrlB
07 42
0930
77 B€t

27 t8
3730

1
7

1

1

1
7

7

7

7

t
t
t
7

!
1

1

t
7
a

2

2
o

2

.0458

.!027

.7642

.2324

.3076

.3905

.4817

.5825

.69'+2

.8182

.9569
, tt27

1669
2797
27 35
3 310
39 27
4576
5283
60 52
6 89 2
7816
8836
9970
1234
2648
4238
6031
8059
03 61
2982
5974
940q
3334
7863

TABLE CI.T

2024 DA/DN VS AK

SOPC DAIIAGE
DAl DN AK 

^K(APPROX) (EXACT)

!.7 492 0
!,7572 0
1.7686 0
1.7835 0
1.8022 0
1.8245 0
1.8507 0
1.8810 0
1.9157 0
1.9548 0
1.9987 0
2.0478 0
2,7024 7

2.1630 1

2.230A 7

2.3042 I
2.3 864 t
2.4772 2
2.s7Bt 2

2.6899 2
2.8148 2

U

I

3887
3949
tt038
4154
4299
447 2
4675
4909
5176
5477
5813
6188
6603
7061
7564
I 777
8723
9385
0110
0900
1763

1.7242 0.1 026 t
!,7392 0.159 2 7
1.7 560 0 .2777 7

7.7746 0.2786 7
1.7952 0.3429 1

t.8r79 0.4112 7
1.8426 0.4845 7
1.8695 0.5638 1

1.8986 0.6500 7
1.93 02 0.7+47 1
1.96¡+2 0.8490 7
2.0008 0.9647 1
2.0403 1.0937 1

2.O82e, t,2382 t
2.t2BI 1.4008 7
2.7768 1.5843 7

2.2257 7.7924 t
2.2852 2.0291 7
2 .3 454 2 .2993 2
2.4100 2.6088 2
2.4794 2.9643 2
2.5539
2.63 43

UNDAMAGED
DA / DN r ¿.trz LK

(APPROX ) (EXACT )3

3693
3809
3 940
4085
4245
4+21
4672
r+820
5045
Ã.)o o

55t+9
5830
6131
6453
67 97
7 765
7558
'7 916
B42t
8896
9401
9938

7

7

!
7
7
1

t
I
!
7

t
7

I
t
1
7

t
t
t
7

t
7

o .2269
0 .257 I
0.2904
o .3247
0.3611
0,3996
0.4407
0.4845
0.s316
0.5821
0.6366
0.6955
0 .7 592
0.8284
0.9036
0.9855
1.0750

.7 .77 2B
t .27 99
1.3975
1 . 5 26 B

1.6691
1.8259

correctLon fact,or

ln/cyclex10-r+'psi6'x 10s
using Isidarg finlte wtdth

2.0509

I
2
3



UN DAMAGED
DAl DN AR AK

( APPROX) (EXACT)

0 .67 24
0
0

t
1

t
t
1
2
2
2
a

e

?

4

8035
9441
0960
26I3
4424
6 418
8628
7087
3837
6925
0406
4346
8820
3 916
97 4I
6419
409 B

TABLE CT-2

7075 DA/DN VS

1

1

1
1

t
7

1

t
t
t
1

t
7

t
7
2

2

2

4166
4337
4537
47 67
s028
5323
56s2
6018
6 +22
6B6B
7358
7895
848r1
9126
9828
0 594
1428
2338

7

!
7

7

L

1

7

2
a

2

¿

2
2

2
2

2

2
2

7851.
8071
8329
8626
8965
9348
977 6
0255
0785
137 4
2025
27 44
3539
4415
5386
6463
7660
8998

AK

lOOPC DAMAGE
DA/ DN AK AK

(APPROX) (EXACT)

4
c

6

0o
0.
0.
1.
t.
1.
t.
1.
1

¿.
¿.
a

a

o.
e

4.
4.
5.
6.

6837
7998
I 246
0 593
2058
3660
5421
7364
9519
19 1B
4598
7603
0983
47 97
9114
Ir013
9590
5953
3234

1.3 847
1.4023
7 " 4225
1.4454
1.4710
1 .4 gg 6
1.5314
1.5663
1.6048
1.6469
1.6929
1 .7431
!,7 97 8
1.8573
! .9 279
7.9927
2 .O 682
2.1509
2 .240 6

7
1

t
T

t
7

L

7

2

2
2
2

2

2

2
2
2

2

7440
7 667
7 927
8222
8553
B I23
9336
9791
0294
0 847
1455
2!2 2
2855
36û0
4543
s516
6588
7777
9L00

I
@
s.
I
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TABLE CT.3

TT.6AL-4V DA/DN VS 
^K

DA/ÐN

'0.2427
0.2589
0.2765
0.2951
0.3147
0.3354
0.3573
0.3805
0.40 50
0.4310
0.4587
0.4880
0 . 5193
0.5525
0.5880
0.6258
0.6662
0.709¿+
0.75s6
0.8050
0.8571
0.9147
o .97 57
1.0411
1.1114
1.1870
1.2684
1.3 560
1.4505
1.5524
1.6624
1.7813
1.9098
2 .0487
2 .1992
2,3622
2.53 B9
2,7307

1.706s
!,7 243
!,7 t+32

1.7631
! .7 84t
1.8062
I a oo q
l.VAJ¿

1.8 540
7 .87 97
1.9066
1.9349
1.9646
1.9947
2 .0282
2.0623
2 .097 I
2.1352
2 .17 42
2 .2750
2 .257 6
2.3021
2,3487
2 .397 4
2 "4482
2.5013
2.5568
2.6148
2,6754
2 .7 387
2.8049
2.8747
2.9463
3.0219
3.1008
3.1834
3 .2697
3.3600
3.4545

2,7475
2 .77 03
2.1945
2 .2200
2 .247 0

2 .27 54
2.3054
2.3369
2 .37 07
2.4049
2.441 5

2,4801
2.5792
2.5629
2.6075
2.6542
2 .7 033
2.7 548
2.8089
2.8656
2.9252
2.9880
3.0539
3.1232
3 . 196 2
3.273r
3.3543
3.4401
3.5307
3.6269
3.7290
3.8374
3.9533' 4.0771
4.2707
4.3534
4.5087
4.6781

0.2460
0.2650
0.2849
0.3060
0.3282
0 .3 517
0.3765
0.40 28
0.It307
0.4604
0.49 20
0.525',7
0.5615
0.59 99
0.6408
0.6847
0.7316
0.7 819
0.8360
0.8940
0.9'564
1.0236
1.0959
7.7739
1.2581
1.3490
7,4472
1.5535
1.6687
1.7934
7,9287
2.0755
2.23 50
2"4084
2.s972

1.7564
7,7 74!
1"7929
!.8!29
1.8342
1.8567
1,BBO5
1.9056
7.9322
1.9601
1.9896
2.0206
2,0532
2.0875
2 .723s
2 .7672
2.2009
2 .2425
2.2862
2.3319
2 ,37 99
2.4302
2.4829
2.5381
2.5959
2.6s66
2 .7 207
2 .7 867
2.8564
2 "9295
3.0061
3.0864
3.1705
3 .25 B7
3.3512

2.2114
2 "2342a /)coa
1.4J99

2 .2840
2.371+
2.3404
2 .37 t7
2.4036
2.4380
2 .47 42
2.5726
2.s530
2.59 56
2.6406
2.6879
2.7376
2.7902
2.8455
2.9039
2.96 53
3 .03 0 2
3.0986
3.1709
3 .2.47 7

3 ,327 B

3 . 413 4
3.5040
3.6003
3 ,7 027
3.8120
3 . I28 I
4.0543
4.1891
4.3349
4.4933

U N DAMAGE D
AK AK

(APPROX) (EXACT )

TOOPC DAMAGE
DAl DN AK 

^K(APPR)X ) (EXACT 

'


