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Preface

In 1982 ,he Structures and Materials Panel organized a Specialists' Meeting on the "Behaviour of Short Cracks in Aircraft
Structures". The Meeting revealed the complexity of the short-crack growth behaviour and that a short-crack effect does exist,
at least under certain test conditions. It also indicated that diffeiences in test technique existed that made it very difficult to
compare the data obtained by individual researchers and to assess the significance of the short-crack effect.

In 1984 the Panel organized a Cooperative Test Programme with as objectives: the development of a standard test method for
the measurement of short-crack growth, the establishment of relevant short-crack growth data, to improve existing analytical
crack growth models and to define the significance of the short-crack effects.

The programme was devised in two parts; a "core" and a "supplemental" portion. The "core" programme set out to establish a
common test procedure and methods for data analysis. Test data were gathered on the same aircraft alloy - AA 2024-T3. The
"supplemental" programme focused on the short-crack phenomenon in other aircraft alloys and on crack modelling.

The results of the "core" programme are described in AGARD report R 732 while this report describes the results obtained as
part of the "supplemental" programme.

The cooperative programme was guided by a Panel sub-committee with the valuable assistance of two coordinators Over the
years the following panel nembers participated in the sub-committee.

P.Bascary (FR) W.G.Heath (UK)
H.J.G.Carvalhinhos (PO) R.Labourdette (FR)
K.l. Collier (UK) H.P van Leeuwen (NL)
A.Deruytterc (BE) R.D.J.Maxwell (UK)
M.Doruk (TU) C.W.Sking:e (UK)
J.L.Engerand (FR) A.Salvetti 0T)
J.M.Fehreib'ch (FR) R.Schmidt (US)
G.Z.I larris (UK) W.Wallace (CA)
L A.Harris (US)

The tests in the "supplemental" piogramine were performed by ten laboratories in eight nations represented by:

A.Ankara, METU, (TU) C.J.Mazur, AFWAL, (US)
A EBlom, FFA, (SW) H.Nowack, DLR, (GE)
A.W.Bowen, RAE, (UK) J.C.Newman Jr, NASA, (US)
M.1 I.Carvalho. LNETI, (1PO) E.PPhillips, NASA, (US)
R.Cook, RAE, (UK) J.L.Rudd, AFWA., (US)
M.de Freit2;s, CEMUL, (PO) L.Schra, NLR, (NL)
PR.Edwards, PP Data, (UK) J.Strunk, DLR, (GE)
R.A.Everett, NASA, (US) M.1 I.Swain, NASA, (US)
R.Galatolo, Univ. of Pisa, (IT) K.J.Trautmnann, DLR, (GE)
C.Kaynak, METU, (TU) R.J.1 l.Wanhill, NLR, (NL)
A.Lanciotti, Umiv. of Pisa, (IT)

The coordinators for the programme were,

for Europe - P.R.Edwards
for North America - J.C.Newman, Jr

Many thanks are extended to all who participated in the programme, especially to the two coordinators for their considerable
efforts in bringing to d successful completion this very valuable piece of research.

I .Zocher
Chairman. Sub-Committee on
Research for Short Crack Effects
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Abstract

AGARD Report R-732 reviews the results of the first phase of an AGARD Cooperative Test Programme on the behaviour and
growth of "short" fatigue cracks. That report describes, the establishment of a common test method. means of data collection,
anialysis and crack growth modelling in an aircraft alloy AA 2024-T3. The sccond and concluding phase of this Programme
allowed participants to test various materials and loading conditions. The results of this second phase are. describe~d In this
report.

All materials exhibited a "short-crack" effcct to somec extent. Thie effect was much less evident in 4340 steel than in the otlier
materials. For the aluminium. aluminium-lithium amtd titanium alloys, short cracks grew at stress-intensity factor ranges lower.
it somec cases much lower, than the thresholds obtained from long crack tests. Several laboratories used the same cradk growth
model to analyze the growth of short cracks. Reasonable agreement was found between measured aiid predicted short-crack
growth rates and fatigue lives.

Tltis publication was sponsored by the Structures and Materials panel of AGARD.

Abre'ge

Le rapport AGARI) R-732 rend conipte des rt6sultats & lit prcniitrc phase du programme collaboratif d'cssais AGARD si le
d~veloppeient des petites fissures. Ce rapport d&nt, N'laboration d'une iithtlode d'essai Lommune. les moycos sitflises pourh
la eollecte ci l'analyse des doiti6es, et ]I mod6lisation du ddveloppetncnt des fissures dans un allhageaeronautique AA 202413.
La deuxi~nie et derni~me phase (IC cc programme a perinis aux participants de tester divers matcriaux dans diff~rcntes
coinditions de solhicitatton. Les rdsultats obtenues lors dc cette deuxiine phase sont preset~s damis cc rapport.

Tous les mam&iaux testes ont presemit6 le d~faut "petite fissures" dan tine certaine miesure. Le plinmmcne etait beaucoiip momns
marquI5 dans le cas de l'acier 4340 thLe pour les autres mat~riaux. En cc qui comicerne les alhiages d'ahininitim. d'alimnim-
lithium et de tine. les petites fissures se sont ptopag~es sclon des facteurs d'ntcmisit6 de coltramie mlois clew%etc danis
certains cas. heauicoup iomis Olev~s que les scuils obtentis hors des essais sur h! d6veloppcmenit des grandes fissures.

Plusicurs laboratoires out utilMs le mnnc iaod~le dui ddveloppement des fissures pour analyser Ie dt~vcloppemmnt (hes pehite%
fissures Les pr~vsions concordent avec les i~sultats dans une large mesure en ccequi coiiccrtie les sitesses. de piopaigation des
fissures et l'endurice eni fatigtie.

Cette publication a a6 cautionis~c par he Panel AGARD des Structures et NMatriamx
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AN AGARD SUPPLEMENTAL TEST PROGRAMME ON THE BEHIAVIOUR OF SHORT CRACKS
UNDER CONSTANTr AMPLITUDE AND AIRCRAvr SPECrRUM LOADING

by
R. R. Edwards
P 11 Data Ltd.

Fleer. hlanpshire
UNITED KINGDOM

and

.J, C. Newman, Jr
Materials lDivihion

Nx.Xi:X L~angley fesearch Center
Ilain1pton. Virgintia

USA

SUMMARY

Ani AGARD Supplemental Test Programmie onl the yrosub of "shiort" fatigue cracks. nas conducted to allow ptarticipants
to test sarious materials and loading conditions that vere of intierest to their laboratories. lTtt'i -two participants from
tcil laboratories in eight countries co-atribtited to the sulplemienltal test programnme. Each lalioratori ,nibnitted a paper o
their test antIanalysis results, and these papers are ichlded in thtis AGARD publication The objective of this paper is to
re% imy tile supplemnital test programmne aind to sunniarite the results obtained fromn all laboratories. Thle materials tested

- ~~~in thle supplemniital programme were. 202,1-T3 antd 7075-TOiumunin alloys, 2 )90-T8E 1aI! imntltnn alloy. Ti-GAl-
4V titanitum alloy atd '13,10 steel, Tests onl sinigle-edtge-iiotchi-teiisioni specimens %%ere condiucted under several constaint-
amtplitude loadiiig conditions (stress ratios of -2. - 1. 0. and 0 5) and spectrunm loading conditions (FALSTIAFF. Inverted
FALSTAFf'. GAUSSIAN\. TWIST. Felix and the rokker 100 spectra) 'I lie plastic-relica method %%as used to measure thle
growth of short cracks at thle notch root

ihe results front thle supenirtest programme shoe good1 agreement amiong tile several laboratories who measured
shor.-crack gro% t h rates oil t le alin innnm-lit lnut allo% I n this alloy, short surface crack!, at a notch grew tinder na-ed-iode
cotiditins (usually 30 io 35 degrees front tile loatdinig axis). .All iateriais exhibited a "-short-crack- effect to sonic extent .
Tlhe effect was touch less evidpent in the 41340 steel t han in th~e other materials. For thle alumnnin. almitiilttiaid
titanium alloys, short cracks grew at stresz-oitetsity factor railges lower, andl in -some cases mch lower, than the thresholds;
obtainied from long-crack tess tinder the -.title loadinig conditions. T'he sbhort-ctack effect-, were miore liroilotiice as tile stre-s
ratio became imore negative . lIns applied for both costantm -ampltudme antI spectrum loading For the 202-l-T3 aluntuin
alloy and tie 2090 aluininii-litlini alloy. tL~e -hort surface cracks grew eopial to or faster thant long cracks alien subjected
to the saine stres-s ratio (except I? 0 5) and to the saine sires-intensity factor range above the bung-crack threshold. The
short-crack gtoerh rate, for the 7073-''6 alumimutn alloY and the 'li.6AI' IV' tianii allas "ere equal to or slower than those
for long cracks unoder the sante stress rati Slidl thle sane stres-s-ititensity factor range al-nyc the long-crack threshold 'The
short'crack growth rates for -.he'13 10 steel usually agreed uithi the long-crack growth rates over a %%tde ranige in rates. excepit
for results at low growilt rates and at R = - I All materials, except 1310 steel, tested at the high stress ratio (I? = 0 5)
geuterlly shooed that short cracks grew slower thtan long cracks. above the lotig-crark threshold

Three laboratories usepd thle crack-groioth i nodel I F'\S'RAN) sslnch tilcorporates crack-closure effect., to Aitalyze the
growth of short cracks front simall (Inclusioit) defiets alonig tie ntchi suirface tit the 202 I-'I3 altuminunt alloy atnd 1310 steel
Trhe S111ined defect 1( Awe cre consistetit with e~periinital obiervat 'ons of intiat ion sites- at inclusion-particle clusters or
%oids left behtind by ,I;( inchliois during tile mtachiattig or puolishting proess Analyses uere conducted tinder coustait-
amphlitudle loading aid( spertite, loadinig (PA IS'l'A IT-' inScimud FA LSTlAFF. GAUSSIAN, T10'iST and Felix) Reasotiable
agreetnetut was fotund betseeii Itleasured and~ pretlitted short-i ck growth rates anid fatigue lives for most loadiig cotiditiont;

I. INTROI)UcriO

Linear-elastic fracture mnechanics thtods are widely act eptcd for daniage-toterance aiialvse, Ru' ,talv. there has also
buein a trenid towards tile lise of the same uptiuoholog. for fatigue (airability atalYses; To obtatit acceptably loitg liv's
without a sigiicant weight peial' !!,, itialyses ilitst assuitiea vcry suvN all initial crack Nuivrotis investigators [1 -181 liame
observed that tile groath characteristics of short fatigue cracks ill Ilatti and at ntchies dilffr fronit those of long cracks, it)
tile samte material. These studies liase conicetrated ott tite growth of short cracks raniging itt lentgtht from 10 putl to I tutu
Oit thle basis of litear-clastic frattire Itichtaitics (LETM), thesltort cracks grew miuchi faster thain woultd lie predicted fromi
long crack data. This bhlaviour is illnsutrated in Figure 1. where- the crack-growth rate is plotted againist the htiear-elastic
Stress-tittensity factor range, AK, The solid (siginolal) curve shows typical results for a givent mtaterial atiu envirotnmett
uindfer coitstaitt-aiiplit tde loading The sol id curve is tisually' obtaitedf fronm tests with loug cracks At low growth rates.
thle threshold stress-itensity factor range. NJtl,, is usuall obtainled from lould-redttct ton (K-decreasittg) tests Somety'pocal
experimienital results for shio~t t~racks lit plates attd at netcfes ate showit by tile dashied curves These results shon tltat short
,racks grow at -%K I-sels below thireshldh andh that they al-) cait grew fasler thatn long cracks at tie satte AKf level above
i hresluold

A Specialists' Meelittg orgatttzed by' thle AGAIID Structures atnd Mlaterials miatel (SNiP) ott -he Blehiaviotur of Short
Cracks in Aircrafi Strtictttres" I iSI meeale~title comptllexity of shunt-crack growth behas inir Many views were expressed
at thle data ob~aiiied fromi expertimenttal and artaly-tit al iinvestigations, bitt there %%,'s tin Coinsensus of opllioti. Soite tests
appecared to coniritile existence of tie short-crack effect. whereas other experimenters did ttc; conlfirtit thes e finudings
Durtig tfle roundl table iliscumsimn [1] hioweve'r. it buecaime clear that tests which thiu tnot cetifirtol thle existenice oftlte
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sliurt-craick elfcct had not inicluded coiniressve loadinig cycles. The applicabilit% of LEPNl conicepts to sliort-crack- grom ii
belisi jour uas also questioned. Soule of tile -classicalr short-crack experiments 11 3[ were xi~nducted at high stress, levels
which would invalidate L.EMy procedures, Nonlinear or elastit-plast a fraictulre it'L lianits .onitepts were also us'ed it explain
the obsersed short-crack effects. In addition. the metallurgical simtilitude IG[' breaiks dowii for short cracks (uau Ii eans
that the growth rate is no longer an average taken over mxany grains). Titus. the lo.-al growth behaviour is controlled b%
mietallurgical features [6. 12". If the xnatc-riai is miarkedl% anisotropic (iliffereirtes in mudulu5 and yield stress in differenit
cr'.stallographiic directioni). the local grain orientation will determine thle rate ofgroath. Cracl, fromit irregulanit-es and small
particles or inclusions affect the local stresses and. therefore. the (rack growth response. In the case of long crikis tuhlicl
have long fronts), all of these metallurgical effects are averaged user nian% grain&x except iii very coarse-'grailed miaterials,
LEFM atid nontlinear fiactiire ineclianiis concepts are only beginning to exptlore the tnfluieiie of ntallturgtcal features onl
stress-inteiisit% factors. strainieiiergy densities, i-itegrals and other crack-d..% ing, paramieters

As the crack SiW appiroachies zero. a crack size moust exist belou %%Inch the .issuiptiuiis of thle _NK tomept are %iolated.
Iloweser. tile transition front %alid to invalid coiiditions dloes not occur abruptly For mnati eaniering applicatitwis. a Al..-
based analysis that extends into the *grat, area'* of validity may still p~rove to be t.er% useful Certanil, fromt a structural
designer's viewpoint. z- single analysis miethiodology that is aplibcable to all (ratk si/cs is ver% ,lesrailc. If fer no other
reason thani that AK analyses are alread% beinug used for loug-crack jirobleina. the application of a AK analysi., to short.
crack probleis should be thorougly exp~lored.

Trhe outcomie of the AGAIIC SNIP meeting [I51 was to eiicooirage further actisity on thle gror di behaviour of short rmiks.
As a result, aii AGARD Cooperative Test Progratmme ass initiated in 1984 t.) investigate thle short-cook~ grontli beha% iour
under various loading condition-- for a coaitnion airframe almimnmn allo (2(Y24-1T3) amid to umprose inuthiodologies to) predlict
thle growth of short cracks The results from the Cooperative Test Programime ire reportesl in reference 19.

Tile objectives of thle AGARD Coopuerative Test Progruamme onl the flchg..iour of Short Cracks acre to. (1i define the
-sliort-crack- specimen. core-progrannic miaterial. and loadling cotuditiotis. (2) deselop standard test miethosds to mneasure
grcath of shiort cracks. 13) calibrate test tech-niques used In~ thle part!6zpating laboratories. k-1 estabish relevant short-crack
data tinder specified test coiuuitouis. j5) defie the- regune %%tere long-ciack data are applicable to short cracks. (6) implrove
existiuig analyiteal crack-growth miodels. and] t7) define thle -sigmufieance of thle short-crack effect

The 'shiort-crack- si.eciuien used in the cooperamie test progtanune %%as selected to p)roduice naituralI%-.,ccurrig cracks
ait materal defects aiid to propagate ciacks through a stress fiel siinudar to that -ntounteme.i in airsm Aft structures. ICLeri.
material -lefects refer to aclusion o1 cons~tituciut particles, voids or pits left by incl--,iiu partit les during iiachiing and
polishing, awl other tstontinuuties. S9ingle edge-notch tensile specimen-is miadle of 2Re 1- 173 aluminumn a! o% sh-t inaterial. as
Miomic in Figure 2. were used The cracks genierally initiated front lilt lusioii- parti]de clusters Or Volds onl thle notch strface
atid grew is surface cracks A wide i.,uigc in loathing conditionis %%as applied iii the test programimie. Tests wcre conducted
uinder several coustant-antphtude and spectrumi (FAL.STAFF [20.21' and GAUSS IAN 22[) loadiing coinditions Thirteen
laboratories participated ii the Cooperative Test Programme. see Ial)les I and 2

Several niethods of nieasuring tac gromtl 'f -shiort' rackb tiengtiis fromt about 10 fau) %ere considered. These methods
Nvere the electrical-potential incttlc-i [23p. ultrasonic surface wave j2-1[. nuaraur bind, :25.. aiid latcreplicas 152.For tile
aliuninun. aloy. the plastic-repica method a's found to be accurate for use doami to the siort-cratk it iigths requiresl ii thle
programme This imethod is very simiple to appl% but the data collection is %er.. labor nusi..e.N-riul thle growth of
short cracks was recorded by all p)articipaints using thle plastic-replica method

To verify thle existence and sugiiificamuce of the short-tcrack effects for other miaterials anid tinder diffierent loading conditions.
anl AGARD Suipplemuental Test Progra nine %as imiiiatecl iii 1986.

2. SUPPLEME NTAL TEST PROGRAMME

Trhe AGARD Supplemental Test Programmne onl thle groikthif -short* fatigue rtacks %%as ioiidiited toa.ll..a psiriclamts
to test various materials aiid loading conditions that aere of nitr-st t.- thi-i lahuorator% Tweiit%-to partouilmam '!-om teii
laboratories iii eight countrics contributesd to tile stiupletmental test prograiei sec Tablei- Each !aboratou.. ibi: e a
paper on their test aiid analysis results, and( these papers are inclutdeid iii till, AGAI3D puib!i-ation The obp-cti'.. ot tll,
paper is to stuicarize thle Supplememital test programmne and to reiilt the results obtained frot all particilants.

The supplemental test prograiini cmsiste' of lt0,)ig simgle-edge-notu lI aiid cc iter-crack teiiioii specuncir, iii. Ie of
various sheet materials tinder constan'1- and. 'ariable-amnplitt~le loadling. Trhe bcbic test , roccciires a'ud short-ick ps ie
design that were usetd in the AGARD Cooperative Test Pr. graimie [19] (referred t, ais th- Core Programine, %%ere s
used iii the supplemenital test progranlie. lii the c-ore test pirograiimie. all partic.lmiits tested 2V24.1'3 alumrinumn alloy
sptecimiens Thle wiaterials testesd in the supplemntal hirograi-.iine were. 202 I-r awid 7075-T6 aluiuiui alloys. 2090)- ThE
oluininuin-lithiumn alloy. Ti-6A1- IV titanium alloy and 134f -ted- Six laboratories .ested the- alumunim-linm allc-s Tale I
summtarizes the l,,boratory tes)t mnatrix in the supplemiental test progranrune. Table's 5 and 6:)uimiiar-ze the nwimm~ai cneucm a!
comoiti ittfs aiid mechanical properti for all materials tested. All tests% were courlutted at room temiperatiire all,, under

cirs-uiltr notch in thieshteet materials we.-e munitoresl cuider variouisloaditig lustu)ries Growthu of die siirt t.racks- a-as recorded

of -2. -1. 0. and 0.5%) and spe(tuiil loatdiitg coniditions (FALSTAFF [20.211, Invertesd FALSTAFF :281. GAUSSIAN :22j.
TWIST ]29]. Felix [301 and the * .ker 100 [31] spectra). Long-crark grotlit rate dlata for cracks greater tht, 2 inun in leitgth
a-crcobtainied for each of the conistanit-amiiplit ,td- and spectrumii loading coiiditiuns testes l y each participian'. The llong-craclk-
results were used to define the regiuie where bung-crack sdata are applicable to short cracks- in the niat-ria!s tested in thll
supplemnital programme.ct
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Three laboratories used ',he semi-empirical crack-growth model (FASTRAN 132,33]), which incorporates crack-closureeffects, to analyze the groith of short cracks from simall (inclusion) defects along the notch surface in tile 2024-T3 auminun

alloy and -1340 steel. The model was used to correlate long crack-growth rate data over a wide range in rates for various
constant-amplitude loading conditions. Using the long-crack-data, the model -was then used to predict crack growt. and
closure behaviour of short cracks emanating from semi-circular edge notches, to predict fatigue lives from an initial defect
size, and to predict crack shapes. Anal.ses were conductd under both constant-amplitude loading and spectrum loading
(FALSTAFF. Inverted FALSTAFF. GAUSSIAN. TWIST and Felix).

-The follor ig sections describe the short-crack specimens. materials. loading conditions, test procedures, and data analysis
procedures used to obtain short-crack growth rate data. The procedures used to obtain long-crack growth rate data from
center-crack tension specimens are discussed in reference 19.

2.1 Short-Crack Specimen

Tile short-crack specimen used in the core programme, a single-edge-iotch tensile (SENT) specimen (shown in Figure 2),
was used b) all participating laboratories in the supplemental programme. except the laboratory that tested the 4340 steel
Because of test machine capabilities, a smaller width SENT specimen. shown in Figure 3, was used for the steel. The
SENT-specimen was selected because naturally-occurring cracks would be produced at iiiatsrial "defects" and they %%ould
propigate through a stress field sunflar to that encountered in aircraft structures. The notch was semi-circular with a radius
ef 3.18 run. The stress concentration was 3.17 for the 50-inm %%ide specimen and 3.30 for the 25-nn wide specinen. based
on gross-section stress [3 i. Figure -1 shouss the normal stress distributlion near the notch root for the O-mm wide SENT

specimen (solid curve). For comparison, the normal stress distribution for a circular hole in an infinite plate is shown as the
dashd curve. The normal stress distribution for the SENT specimen is similar to that for an open hole in aill infinite plate,
but the stresses are slightly higher because of tie finite width Therefore. the SENT specimen sinlates a hole ill all aircraft
structure. but the side notch allows the notch root to be obser,-,l %ith a microscope and allows plastic replicas to be taken
with ease during testing.

The specimen blanks for the SEN r specimens uere machined from sheets of the various materials The loug dimension of
all specinens was parallel to the roiling direction of tile sheet. The semti-circular edge notch was careful3 milled and polished
to mininiize residual stresses at the notch root.

Specimens were tested in either wedge grips, hydraulic grips. or flat plate friction grips The grip lines are shown in
Figures 2 and 3. Ii some laboratories, bolt holes were also used in the gripping area to apply pressure in gripping the
sp-cimen. The specimens were not gripped directly. Either aluminum or plastic spacers were used betneen the speciinen
and the grip jaws. These spacers were used so that the specimen uould not crack its the gripping area

2.2 Materials

The supplemental short-crack test programme involhed five materials, two conventional aluninuin allo.s (202.1-T3 and
7075-TO). a new alummnmn-hthinin allo3 (2090-T8F-I). a titanium alloy (Ti-GA1-V). and a high-strength steel (4.130). The
tno aluminum alloys and the steel specimens were pro% idel by the NASA Langle; Research Center The alutninui-lithium
alloy was provided by Alcoa and the specimens were machined b% the Air rorce Wright Aeronautical Laborator% (AFVAI.)
The tianium alloy was prorided by Aeritama GVC and the specimens %%er- machined b3 the University of [isa. rables 5
anti 6 give the noiunal cheical coupo, itions and average tensile properties for the supplemental progianune materials.

I he notch-root region of the SENT specimens were either chemically polished (202.1-T3. 7075-T6 and 2090T8EU-1),
electro-pohshed (4340) or inechanically polished (Ti-Ai-.IV) to smooth macluning imarks on the nutf h surface and to debur
the edges of the notch. This also provided further assurance that there were no significant residual stresses pre sent at the
notch rout. The edges of the notche.s were inildl3 rounded during the polishing process, thus preeiting premat ire initiationi
of cracks at the edges.

2.2.1 Aluminum Alloy 2024-T3

The core-p.ograinme material was 2024-13 aluminunm alloy sheet (2.3 nun thick). This material was taken from a
special stock of alunmnnun-alloy sheets retained at NASA Langle3 Research Center for fatigue testing Fatigue-crack-groath
properties of this inaterial ate discussed in references 35 and 36.

Typical grain dimensions in the crack-growth direction. 2a (along tile notch root) and in tile crack-grotlth direct, in, c
(awax. from the notch root) were 25 pin and 55 jim, repectwely The graii dimension in the rolling direction was tpically
95 pm. Ciusters of inclusion particles were quite es idcnt th:unghout the imaterial. Referenuxs 19 and 36 gise a imure Lumnplcte
description of a microstructural examination of the core-progranlne material.

Specinmiens from thesame lot us1 for the core-programnme were provided to v-arious participats, Nowack, Trautmann.
and Strunck 1371 conducted additional tests at a tigh-P. ratio candition. while Cook j28j,. Blot -381, and \\anlull and Schra
1311 conducted tests under various aircraft load spectra.

2.2.2 Aluminum Alloy 7075-T6

The 7075-TO alumuns alloy sheet (2.3 mm thick) was also taken from a special stock of material retainel at NASA
Langley Research Center for fatigue testing. The fatigue-crack-growth properties of this i,,ateral are also discussed ill
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reference 35. Typical grain dirnens.,ns in the crack-growth directions, 2a and c, were 7 jam and-25 pm, respectively. The
dimension of the grains in the rolling direction was typically 30 jim.

Specimens from the same lot of material were used by Ankara and Kaynak [39] and Swain [.10] for short-crack tests, andi
Phillips (411 for long-crack tests, under-a wide range in constant-amplitude loading conditions.

2.2.3 Aluminum-Lithium Alloy 2090-T8E41

The alumninum-lithium 2090-TSE41 material was furnished by Acoa as a single sheet, 2.15 mm thick. with composition cs
specified in Table 5. The material exhibited a pancake microstructuie, typical of a rolled aluminum sheet, with an average
grain dimension along the short transverse direction (thickiiess of the sheet) of about 5 lina. The microstructure is beheved to

be predominantly recrstallized with the "pancake grain" appearance resulting from a small difference in orientation between
the fine grains formed within each one of the previous solidification cells of the Al-Li ingot that have become elongated in the
rolling direction. The Al-Li sheet was also highly textured. A texture analysis of the Al-Li sheet used in the supplemental
test programme was conducted by A. W. Bowen (Royal Aerospace Establishment) and is reported in the Annex. The yied
stress and ultimate tensile strength were 525 and 580 MPa, respectively (see Table 6).

Because this was a new material, very little baseline crack growth rate data were available. Thus, long crack growth rate
tests were conducted by Mazur and Rudd 1421 on center-crack tension (CCT) bpecimens as a parallel effort. for comparison
with the short crack results. The CCT specimens were produced from the same sheet as the SENT specimens.

Mazur and Rudd [42]. Carvalho and de Freitas (.13], Boa [38] and Swain et al. [44] conducted short-crack tets on
the SENT specimens under various constant amplitude loading conditions (I = -2, -1, 0 and 0.5). Short-crack tests were
conducted under various aircraft spectra by Mazur and Rudd (,12], Blom [38], Nowack et al. (37] and Cook [281.

2.2.4 Titanium Alloy Ti-6A1-4V

Annealed Ti-6AI-4V titanium alloy sheet, 1.5 mm thick, was supplied by Aeritalia GVC. Optical microscope observations
revealed that tie grain size in rhe rolling direction was about 8 ain and the typical dimension in the crack growth direction.
2a. was 5 jm.

Long-crack and short-crack tests were conducted by Lanciotti and Galatolo (.15] under constant-smplitude loading
conditions (/? = 0 and -1). Specimens %ere machined front a single sheet by tle University of Pisa.

2.2.5 Steel 4340

The steel specimens -ere manufactured from a single AISI 4310 steel plate. 9.5 mm in thickness. supphcd in the annealed
condition. The chemical composition of the steel is given in Table 5. All specimens were machined with the loading axis
parallel to the rolling direction of the plate and were ground to a thickness of 5.1 mn. Specimens were heat treated to
a hardness level of 45 on the Rcckwe! C scale. The yield stress and Atirnate tensile strength were 1400 aiid 1500 MPa
respectively. The teiipered martensite inicrostructure had prior austenite grain sizes of about 10 jim. Two types of inclusion
particles, spherical calciun-aliminate particles and manganese-sulfide stringers elongated in the rolling direction of the plate
were identified by X-ray analyses of broken specimens. 'hese particles and stringers were shown to serve as crack hitiation
sitein the SENT specimens.

Suvain et al- (,14] conducted short- and long-crack tests o'er a wide range of constant-amplitude load conditions (R = -1.
0 and 0.5) and under the standard helicopter spectrum. Felix/28, a shortened version of Felix f-301. Additional long-crack
data (R = -1, 0.1 and 0.5) were supplied by Wahiill and Schra (NLR).

2.3 Loading

A wide range of loading conditions was applied in the supplemental test programme. Fatigue tests were conducted under
several constant-amplitude loading conditions and uinder six spectrum load seqnences. The spectra were: FAILSTAFF [20,21].
Inverted FALSTAFF [28], a Gaussian spectrum [22], TWIST [291, Felix (or Felix/28) (30] and the Fokker 100 spectrum [31].
In all tests. the frequencies ranged from 5 to 20 Ilz.

Each laboratory was required to align their test machines and gripping fixtures tj produce a nearly iniform tensile stress
field on ali un-notched sheet specimen with strain gadges. Specimens (identical to the short-crack specimen witihout a
notch) were supplied to each laborator- for alignment verification. The alignment procedures are presented in Annex C of
reference 19.

Anti-buckling guides lined with teflon sheets, shown schematically in Figure 5, were used in all tests where compressive
loads were applied. They were loosely bolted toeether on both sid- Af 0- al,,, ; .. ; w........ .r wh-n .ic
ninimnun applied load was zero or positive. If a test was interrupted, the steady-state minimnium load was not lower than the
required minimum load in the test. The following sections briefly describe the various load historics.

2.3.1 Constant-amplitude loading

Four stress ratios, R = -2, -1, 0 and 0.5, were used in the prograinne. The large negative stress ratios were selected
because, as previously mentioned, the short-cracl, effect is more pronounced under compressive loading conditions. In
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contrast. th~e slort-cracjk effect is less e.ident at high positive stress ratios. At each ft-ratio. sc~cral stress levels we-re sclected
by thre participating laboratory. Table .1 give: a summary of tire stress ratios tested liy each laboratory

2.3.2 Standard manoenire load seqjuence FAL-STAFF

A large inumber if participanlts iii thue core programmlie carried out fatigue tests under the FALSTAFF (Fighter Aircraft
Loadint; STAinlard For Fatigue) loading sequence. fee Table 2. Those Laboratories conducting FALSTAFF spectrum lond
tests in the core programme ..ere inidependently checked b% a pr-gnuinx coordinator lo verif, the accuracy of their spectrum
loading. The retults of Elie on-line spectrum It 'dIepg accuracy verification are discussed in Annex T) of reference 19. This
E.(rcmae wa. +M le benc-ficend and resulted 'in seweral mnodifikation andI improvemients made at several laboratories on spectrum
l.m.d testing in the supplelpental test programm-e. twon laboratories [38,421 carried out tes~s onl the aluminn-lithium (2090-
TsEll) ai:ov usig tire FALSTAFF load sequence.

FALSTAFF i29.21. is based' on a large iunbe. of aitual flight load-time histories pertaininlg to five (liffereat fig*.iter aircraft
tyjies Operated b) tliree different air forces The load sequence represents the load-time history in the lower ning skin near the
wing rn.t of e. fighter aicraft. Tim essential propertes are summarized as follows. FALSTAFF represents a load sequence,
4 rired klif excessive peaks and troughs, coering a -block" of '200 flights. Thre block size conforms to average Eurtpean
anim.al fighter ntiliration. Flights in1 FALSTAFF belong to three different groups of mission types. flights with relpetiti~e
pattents of sesert .ianocurji.g tair-to-grour.d i-iissiolrs), flights %aith severe ra-inoeuvring (air combat) and flights with only)

liito mioderate rianicti ring (navigition uisrin). FALSTAFF contains taxi-load cycles and the xivajoritry of these are
,smlatea with a Crossing of thle adro-stress level. The complete FALSTAFF sequence consists of 35066 numbers, ranging
:magnitude froms I to 32 The -1ALSTAFF load levels" ranging from I to 32 are arbitrary units. The "zero"-stress level

corrtsponds; to FA1LSTAFF level 7.5269. The smallest load viariation (omiission leve-) considered is two FALSTAFF levels
or abouit 8 ;ierevilt of thle highest stress contined in FALSTAFF. The highest stress (-trineat toll level-) coniside-red is tlz
oae exMceeded once in one-hundred flignts. References 20 and 21 tive a complete FALSTAFF sequence in tabular form anti
give a "ORTRAN listing of the programn to generate the sequence.

2.3.3 Fighter nlaliocutre load sequerze Inverted FAL.STAFF

h~,xerted FALSTAFF j28] is a ,imple -inversion of thle FALSTAFF sequence. Part of the air-ground-air cycle and thre taxi
lorids arm apphie-! in tension whlil the gust and nlaneenvre load.- are applied in compression. such as nmighit be experienced
liv an tipper wing surface. This road seqncice was applied t,) SENT specimens from the saine lot of inaterial (2tf2-l-T3) ais

the core pni-grain t-- liniens 021j (Note that the use of 2024-T3 was for the purpose of comparing test results. Tlns alloy
wuni-I nor. of course. be used in practice as an upper %ng-skin material.)

2.3.4 Stanidard random load sequence GAUSSIAN

tIn te core- programnme, four laboratoies carried out fatigue tests esing a Gaussian type random luad sequeni e Only one
labioratory in thle stzpphemnental prograintrie conducted ter-ts under L~e Gaussian load .,equence. Nowack et at -37 carried
out tests onl thle ahirnimun-litlilin alloy.

-fhe Catssian load sequec-e 1221 is used(. fo.- general application tit fatigue testing The sequence was originally defined
in three forim, eavil one liaing a4 different iregularity factor (raltio of number of zero crossings to inimnhr of peaks). The
versi specificd for thre cort ttd stpph-nientAd test progra-ines L-.* Star With tOw narrowest bandwidth. The narrow bane%% idth
senuente hast anr irregularity factor (1) of 0.99. Herein, this particular sequience is referred to as GAUSSIAN.

The characteristic properties of the GAUSSIAN random load sequence are as follows. Tire sequence has, a frequency
distribution of level crossings eqlual to that of a stationary Gaussian process. Sequence length is defined I% ab-~it lop
mlean let-el crossings .VU) with positive slope. rhe number of peaks-N,(equal to the number of troughs) depends upon

th iregularil.y fhcter I Jn0 /X1 a 099. rhe total range of possible peaks and troughs is divided into J2 intervals Fir
= 0.9. thle spectrum shows very little variation in the mean value (nearly zero) antI the spectrumi is very close to an1

R = -1 L-ariable-amplitivie loading.

2.3.5 Standard transport gust load sequence TWIST

In the supplemental test programme, one laboratory carried out short- and long-crack tests undelcr the TWIST ioad
sequence on twvo niaterials. Bltoij [38S conducted tsetests on both 2021-T3 andl 2090-TSE-11 alloys.

TWIST 1291 is a European standa.rd gust k-ad sequence for flighit, s-.-mul.tion te-l-, on transport aircraft wing structures.
I oad spectra pertoning tu. the v.ing root stresses were obtained from a iluml,cr of tranisport aircraft L% pes. The standardized
flight load sequence was iak-cn as -lie average of the different load spiectra, Twis represents a load sequence that covers
a block of -1000 flighits. Tire 1000 flights are- coiliposeti of tell different flight t%. pes. Stress levels tin each flight have been
iirinailed by the onegl stress level.Smi, jiiieai stress ia flight) luider cruise conditioiis. The sevecrest flight has uic octurrence
of die highest peak level (Snu 2.6Sqf). The lowest tr-iugli (or ininmn stress) ti thle total sequence is Sinln 0.6S,,1 t.
Thre cumnulative number of load cycles per block of 4060 flights 15 3981665 cle.Reference ZJ9 hives a comlplete TWI~t
sequence in flight-types andi gives a FORTRAN listing of a programn to generate the sequenee.
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2.3.6 Standard helicopter load sequene Felix and 1kli'/21?

Tweo laboratories, in the supplemiental test pirogrammue, carriell out short- andt long-ciack tests under thle Felix or Felix/28
load sequences. Cook 128] condutctedl tests onl bothI 2024-T3 ana 2090-T8E-I I alloys loider Fei.while Swainl et al [-I'll ulsed
the shortened version (reh4x28) to test .13410 steel

Felix 130] is a standard load sequence for helicopters with 'fixeti' or seiirigid rotors, The' loadI sequence is eoinp,et of
140 sorties or flights. These sorties are constructed of 33 different load levels and the Inaxinurn load level uas scaled to 100
The minimum trough was level -23. 111 Felix, the milunber of fuill load cycles %%as over 2 milliot' cycles. fIn order to reduce
the time required to complete fatigue tests. a sliortenle( version. reclix/28. was developed. This version contains onl% about
160,000 cycles with the( imajority of alternating cycles at level 28 and below omitted.

2.3.7 Gust load sequence for Fokker 100

"'anliill and Selira (311 used the Fokker 100 gust load spectrumn to evaltmte short. aind long-crack behaviour onl the core

to obtain some long-crack data. This specilmeit, a bonded patch three htole crack tension (IMPT) bpecimen, was selected
for two reasons First, in the IMITIrr specimen, thle stress-intenlsity factor natural!, decreases with increasing crack length.
thereby enabling spectrum fiatigue tests to go tdown to lowv intensit ies without iliosing load she'dding. Anti second. unlike
pil-loadcel (compnact) specimens, the LITITspecimen is stiitable for load histories containing compressive loads. Hlowever,
the I3PTIIT specimen turned ot to be very sensitive to crack initiation onl thme side of the hole opposite the prilliry crack
(see [31)). Thus. time use of this specimen is not practical.

The rokker 1I0 test load sequence consists ofhlocks of 5000 dhiffereint flights. There are, eight dliciein flight types ranging
frein stormn to calmn conitions. There are eight guist load levels and three taxi load levels The flight stresses have been
expressed in no-dimensional formi I% dividing t hem by the stress p~ertaiing to thle uiiitsturbed crising flight or mnean stress
ill flight (S ,,)

2.4 Short-Crack Trest Cotiditions and Procedures

The test matrix for the stippleniental programiime is sumuniarived ill Table . For each mnatel ial group, ech ptarticipanit was
assgne orselcte Ci he coistnt-mplt ttleor pecrumloa coiilt ins~All test comilit ionts were tobe carried out at stress

levels selected by thle piarticiptai onl the basis of fatigule tests comticted oii a preliminary series of speciniens. For ech test
coiiditioii. there were two objectives' (1) obtain sdraec~c-cgt-gis-ylstata. aind (2) obtain surface-crack-depth
Inforimation. To achieve these objectives. two iypes of tests uere reqiredl.

Soiie speciiiieiis %%ere to be testedl to obtaiii snirface-crack-lenigthi-agaiins-vycles data (using the pilstic-replica imethod)
miitil one continuiotis crack was all the way across ilie notch root. The specimen w,s- then plulled to filre.

Soiie specimienis were to be tested until thme total surface-crack length alonig thle bore of thle notch was mulch less than) the
slieet thickness; The spec-lien w-as theii moniotonically pulled to filubre. Ani examnation of the fractutre stirface wcould reveal
thle surface crack (or cracks) so chat inforiiatioin onl the surface-crack shape could be obtainled.

2A.1 Short-crack measurement method

Several imethiouds of measuiriiig the growth of -shmort" cracks from lengths of 10 pint o 2 nin were considered iii the core
programime- Thes mlethods wvere electrical ptotenltial [231, tdltrasouiic surface waves: 12,1, marker bands [25j, auth plastic rep~licas
1261.

The electrical-poteiiiial method is widlely used in monitoring thle growthI of "bug" cracks. This met hod has been
successfully used tj monitor thle gro%%th of short cracks in steels aiid] superallovs f231 but tile sensitivity of this mnethod
for .slininuin allo~ys had not beeii established at the timie of thet piresent programmile. Several factors must be conisidered for
accurate aid reproducible electrical potential mionitoring of short cracks First, a calibration between iteasutred voltage aiid
crack size titost he established, Also. the electrical ptrobe must be accutrately located with respect to the crack location, The
coopierative programmeic objective of monitoring the growth of natinralv-inlitiated cracks and the possibility of multiple crack
iitiation sites would make the applicritiou of this mtethiod very difficult. if iio- impossible.

The uilt rasonic surface wave mtethiod 12,11 was shown to lie effective inl detecting astirface crack (or ultiple surface cracks)
at the root of a notch in -,um aluminum alloy- material. This miethod was capable of dletectiiig surface cracks (down to about
300 pill. Hlowever. referetice 241 also, denmonstrated that the hplastic-relilica method cotd d etcet a sturface crack or niultiple
surface cracks, as sniall as about 10 pLill.

The inarkcr-band method. usitng either a high '?-ratio or a smnall spike overload marker. could not be used to detect small
surface cracks [251. Reference '25 also 'I:..~ - -'-' - llimd coti be tised to mtoitor thme growth of -sliec"
cracks.

B~ecause the replica umethod was found to be acurate d]own to the short crack lengths required in the programnme, this
miethuod was selected ots the primary mtethiod. Each psarticipant could select atny other miethodl to monitor short cracks

-irtile th iyclbate their method againist tile replica miethiod. All1 participiants, however, chose the repllica miethiod.Thoide ethdi v- saimplr t apply, buit the method is very-labor ntensive. Many repilicas have to be taken to determne
crwck length ag .imst. cy-cles. Tile suggested lplastic-rehplica Itrocedtres; are presenited fin Annex E of refereiice 19.
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Figure 6 shows the area over which cracks %%ere to be monitored. T[le crack length or length,, (L,) were mneasured along
,he bore of the ntotchi The crack lenigthis were determined fromt obser'atioiis niade onl plastic replicas and werec defined as
the horizontal pirojecttion,. as shownt in Figure 7. [his figure is a miontage of photographs of replicas showing a clack and
the initiation site Tile vallues of I., anl their location werte recorded onl a "Data Chart' as a funtctioni of cycles. The D~ata
Chart. show ii in Figure 8, includes the specimen number, loading type. peak stress, and a grid uponi wh'ichi lie information
obtained fromn a replica was recarded. Each record o! crack length. location, and cycles were taken at specified cycle intervals
Replicas were taken at a cycle interval chosen so that at least 25 to 30 replicas were taken during one test. A test was
teriiatedl wheni a crack had grkwn across thle tot si specimen thickness , Th 'le estimated number of cycles to breakthiroiughi
(L = B) was obtaiined from fatigiue tests conductd by each participatit Retplicas were also taken wlnile tile Spc~iimen %%was
under teiisile load (Thle loading procedlires for tanig rehihicas tidrctsataipiueadspectium loading are preseiitedl
in thle next sect ion ) When a tet* was terinated the specimien was motiotonically pulled to failure, Sonie test specimens.
hioweser. iwe nionotonically pulled to failtire eaciy in life to (deterinte the shape of tile cracks. T[le daota charts p~rovidled
aipproxiniate locatiotis for deteriing crack initiation sites, for calculating stress-intenst3 factors, aind for applyinig the track
nom-imteractioi criteria (see reference 19). Thle miethods of calculating stress-internsit% factors and crack-growth rates are,
preseiited iii Section 2.5.

2.4.2 Constant-amplitude and spectrum loading-

Replicas werte taken while tile specimen were under tensile load so that aiiy cracks thant were p~resenit %would be open andu
allow the replica imaterial to infiltrate the cracks. '[le loatdinig procedures are ais follows.

Constant-aitplitude loaditig - '[le test was stopped at iieaii (or mnimum) load. T[le applied loadl was theii inuially
iiicreasedl to 80 percent of the imaxium test load. '[his load was lueld while a replica %%as takeni of the bore of the notch.
After the replica weas removed front thle notch, tile load was reduced to mnean (or ininitin) load and( thle testa was restarted.

Spectrum loaditig - Tlo take replicas tinder spectrum-load conditions. the test miachiine was progratnitied (or nianually set)
to stop -and hold at at specified peak level after thle desired nuimber of cycles had beeti cottipieted. The replica was takeii of
thle bore of the notch Thle specified level for tile various spectra %%as between 00 atid 80 p~erceiit of tile peak hexel in thle
spectra After the replica was reniovud from the notch, the test machinte was restarted and cotinued froi tile specifiedl peak
Ic' el.

2.4.3 Crack shape

'[le replica iiethiod providles iniforimation oiily on surface- or coriier-crack length (L) alonig the ntotchi root. Ti'le surface-
or corner-crack dep1th, c, as shown iii Figure 9, had to be dleterinied by either anl experittital or analytical calibration.
(Note that the suirface-crack leiigth is dlefinued as '2o"' and the coriiei-crack length is dlefinied ats "-a" Similarly, tile thickness
-"' is oine-hialf sheet thickness for surface cracks and is full sheet thickness for corner cracks, These definitions are consenient
for (dev-elopsing stres-ititetisity factor equationus, see Section :.5. R is always the ftill sheet thickness.) Results froti the core
pirogrammtie [191 inidicated that the crack shape for the 2024-T3 aliininuin alloy could be approximated by

c/a = 0 9- 0.25(a/t)2  I

for a/t ratios greater than about 0.05. 'No iinformiation was obtained it, the core progiaiiiiie onl the shape of cracks with an,
alt ratio less thuanu 004 Most participants used equation (1) to estimate crack depths iii the supplemental test programme.

Waimill amid Schira [31] determined crack shapes (townt to ext remely smtall a/t values (0 007). about 20 jait. onl the 2024I.T3
aluminumn alloy SENT specimens using the Fokker 100 load spectrum. 'This particular spectrum itiarked thle crack-frot
profile. Comparisons are iiade hieroini betweni their results atid equation (1).

Calvallto and (Ie Freitas [413] (deterinled crack shapes onl the 2090"l'SE41 alutmnunuiilitmiuiii alloy specimens. They' also
fouiid that thle Al-Li alloy fatigue surfaces were imarked quite well even under cotistant-atipitude loading The AI-hLm a10o',
however, exhibited an uintistial crack-surface orientationi (normtally 30 to 35 dlegrees to the loadiiig axis). Tflis orientatitoil
mtade it difficiult to initerpret the crack aspect ratio (a/c). T[hey arrived at a crack-shape equation imi thle forii of

C/o = 1.18 + 0.51(a/t) (2)

Cotnparisotis are iiade betweeti stress-ititensity factors atid short..crack growth rates, calculated uising either equation (1) or
(2) f~r the Al-Li alloy Also, a differenit interpretationi of the aspect ratio ((i/c) for the AI.Li alloy is made herein.

Swaini et al [441 determined the crack shapes on the AISI -13-10 steel SEINT specimens. T[hey, developedl an equation ini
the forum of

c/o =1I - 025(a/1) (3)

for a limiited range of data. Equation (3) shi.ws the same tretudi in crack shapes as observed ini the core prograinme for tile
aliiumiumn allov.

2.5 Short-Crack Data Analysis Procedures

fIn the following, approximate stress-ilttensity factor eqiiatiomis for a surface crack or a cormnet crack emnatinig frot a senm-
circular edge notch tire disctissed [19]. These equations were used by all participants in the suipplemtnital test piogranuuc.
These equmationis aire tised later to compare crack-grv-wth rates mteastired for short cracks with those measured for long cracks
as a funmctionm of thie strecs-iiitemsity factor range. A modification to these eqimatio- as nuade by Swain et al. 1-24] to account



for the dlifferenit stress concentration factor of the steel specimens (Fig. 3). The method of calculating the crack-growth rates
for short cracks is also presenitedl.

2.5.1 Calculation of stress-intensity factors

'The calculation of stress-inteusity factor assumies that either a semi-elliptical surface crack is located at the center of the
edge no'tch, as shown in Figure 9J(a), or a quarter-elliptical corner crack is located a. anl edge, as shown ill Figure 9(b). (Note
desfiition of a andl t in Figure 9.) For a surface crack located at other locations along the bore of the notchl, thle calculation is
adequate if the crack is small compared to thickness. However. if several cracks are close to one another then the calculation
is in error. No provisions have been made to account for multiple crack interaction in the calculation of the stress-itensity
factors Crack-growt h-rate data for cracks that may ble interacting with each other h~ave been ehininated froin the dlata sets
by using a 'non-interaction" criterion (see Section -1.2 in reference 19 onl Short-Crack Growth Rate Data and Non-Iteraction
Criteria). These criteria are also (liscusged in the present document, see Wanhill and] Schra '131).

To calculate thie stress-iutensitv factor at the point where the crack intersects the notch surface (0 = -/2), the crack
length, a. and the crack depth. c, most be known. For a surface crack. "2a" (or L) is the ptrojection of the crack onl a
horizontal p~lanle, as shoa ii in Figure 7 For a corner crack. "a" is equal to L. The crack dlepth, c, was calculated from
equation (1) for either a surface crack or corner crack at the notch in all materials except the alumninum-litlnuin alloy andl
the steel. Equation (1) is in good agreement with experimental measurements and analytical calculations made onl surf.ace
cracks growing fronm -n edge notch in an alunmintum alloy in references 19 and 25. Comparisons are made herein between the
crack shapes predlictedl fronm equationi (1) atid those, obtained fromi the results of tests oti 2024T3 aluminum alloy untder the
Fokker 100 load sequence antI the 2090-T81341 aluiiun-lithiuin alloy unider coitstaitt-aittllitte loading. Equation (3) was
used to calculate the crack depth, c. for the 4340 steel specimenms.

The stress-intetusity factor ratnge equation for a surface crack located at the veter of the edge notch. Figure 9(a), subjected
to remnote uniform stress [251, is

A i K - I r ,,, (4Ia)

for 0.2 :5 a/c :S 2 aiid a/t < 1. Equations for Q, the shape factor, aitd Jr, thme boundary-correction factor, are- given ill
Annex F of reference 19.

For a corner crack, the stress-inteitsitv factor is

AKI = A ,S V-.-/ Q F,,,(b

for 0.2 < a/c : 2 atid a/t < 1, where

Fl ,,i( 1, 3 - 009 a/c) for a /c :5 1
Fc,i F,,1 (I + 0.01 c/a) for a/c > I

Thme stress range (AS) is full ranige (S~x-5,, for coiistant-amtilthtide and spectrumi loaditng. For examtple, AS = 2Sr,;x
for R? = -1Itk-dimg. For spectrum loadittg, thme highest peak stress is Sl,, atir the lowest trough is S1111

2.5.2 Calculation of crack-growth rates

The calculation of crack-growth rates for cottstant-atttllittde amnd spectruin loadinig is a simiple poitnt-to-p~ointt calculation:

dal/dN = Au/AN =(a2 - a1)/(i%2 - All) (-5)

where at is the crack letigthi at X, cycles. The cycle interval, i%2 - NI, is the initerval betweeti replicas. Thle cycle itnterval
was chosen so that at least 25 to 30 replicas were taken dlurinig a test.

Thme correspomnding stress-intensity factor range (AK) is calculated at am average crack length. a, (see Fig. 9) as

0 = (01+ a2)/2 (6)

using equations (1) to (3), for crack shape, arid equtatioti (4) for the stress-ititetisity factor.

2.6 Long Crack-Growth Rate Tests

Fatigue crack-growth rate tests were coniuucted on long cracks (leiigths greater thtati about 2 min) under the various
censtant-amihlitude stress ratios antI various spectrtui load sequtences used in the suippletnental test programmie. '[le objective
was to generate near-threshold fatigue crack-growth rate data for the various tmaterials using a load-shedding procedure. This
load-shedding procedture is coiusistent with the guidelintes; of thme ASTM Stattdard Test Method for Measuremetnt of Fatigue
Crack Growth Mate., (F&MA7-7) '1 - -'!sc Ont cettu-taLk tnsioni spectituim. iiade froim the sanne sheet of
material that was used to nmake the SENT specimnens. Thlese data were used to (definie the regime where bung-crack dlata are
applicable to short cracks The resuilts from rtme boug-crack tests are given iti references 28, 31 aud-371-to 415. Best-fit linies
or test data ott long cracks arc compiatred huereitn with short-crack data for all materials anid loaliiig cotnditionus used in the
supplemaental- test programmite.
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3. SHORTCRACK EXPERIMENTAL DATA

Some of the experimental data generated in the Supplemental Test Programme on short-crack growth behaviour li tle
various materials are summarized here. Data generated under various loading conditions are compared with long-caec data
generated under the same load history. These data ill establish the regions where short-crack behaviour is significantly
differeit 'from long-crack behaviour 'ie crack-growth rate data are presented as a function of the stress-intensity factor
range (AK). Note that short-crack data is presented-as da/dN (crack-growth rates along the notch root) while Ioug-crack
data is dc/dN. Herein, the equivalence between da/dN" and dc/dY as a function of AK is assumed. For some materials.
ho%%cver, the growth rates in these two directions may be siguificantly different.

As previously mentioned, several cracks may initiate along the notch root in each specimen and it was appreciated that
as the cracks approached each other they could affect each other's crack-growth rates. Accordingly. a simple system for
rejecting crack-growth rate daia, where such interaction could occur, was devised (J. Foth. IABG. Vest Gern'-uy) Tis
noi-interactiou criterion is described in Section 1.2 of reference 19, and it will not be repeated here. The non-litcraction
criterion was-used by each participant to screen their data and only valid data were presented.

3.1 Aluminum Alloy 2024-T3

For completeness, some typical short-crack growth data generated in the AGARD Cooperative Test Programme on tile
core-progranune material are presented here. Figures 10 to .12 show int detail the crack-growth rate data obtained I), the
various participants under each load history, respectively. Each figure refers to one stress lesel and one particular load history
(constant-amuplitude or spectrum loading) The individual participants are identified by a letter. The long-crack data (solid
curve) are also shown for comparison. For all stress levels and load histories, the results from the %arious participants agreed
well The scatter in the data is attributed to experimental error and to cracks growing through dlilferent imicrostructure that
is not accounted for in the analysis. For ahnost all of the load histories, crack-gro%% th rates for short cracks were found to be
significantly higher than those for long cracks at the same stress-intensity factor ralge.

Under constant-amplitude loading. the higher crack-groth rates for short cracks were most significant for tests conducted
at negative stress ratios (R = -2 and -1). The results for R = -2 are shown in Figure 10. Short-crack results at the R = 0
tet condition showed about tile saine rates as long cracks for the same AK for AK-ranges above the long-crack threshold
(AKth). The R = 0.5 short-crack tests, on the other haitd, showed slower growth rates than long cracks for the same AK
for AK-ranges above the long-crack threshold. For constant-aiplitude loading, the most sigificant event was the growth
of short cracks belov the long-crack thresholds for all stress ratios considered. Growth of short cracks were recorded at
AK values as low as 0 6 MPa-m1 ! 2 These low values of AK for short cracks were front 15 to 30 percent of the respective
long-crack thresholds.

The short-crack growth rates obtained under FALSTAFF loading (fig. 11) were found to be about a factor-of-I times
faster than those for long cracks for .AK values around 10 MPa-m 1/ 2. The crack-growth rate data for long cracks under the
GAUSSIAN loading (Fig 12) did not cover the sate stress-intensity factor range as short cracks but an extrapolation of the
long-crack data uould be expect,4d to show significant differences in rates for the same AK.

In the supplemental programme. Cook [28] conducted short-crack tests on the 202,4-T3 material under the Inverted
FALSTAFF load sequence. Tite Inverted FALSTAFF sequence is typical of tile load sequence that the upper wing surface
of a tactical aircraft experiences during flight, that is, the loading is primarily compression-compression with tensile ground
loading, as shown in Figure 13 A comilparisoin of short-crack growth rates measured under the two spectra is shown in
Figure 14,. File -'* symbols show the data generated by the Royal Aerospace Establishnment in the core programme. The
open symbols. Inverted FALSTAFF data, compare well with the FALSTAFF data for a given value of AK. These results
suggest that the crack-driving forces on tle short cracks are nearly identical for both spectra. Cook concluded that the
explanation for this behaviour was dle to crack closure diiferences between the two spectra. A discussion ott the crack-
opening stresses (or effective stress ranges) for the two spectra is presented in Section ,.2.2. The results may also be
explained by consideriiig the local stress-strain behaviour for the normal anid inverted FALSTAFF spectra.

The solid curve in figure 14 shows the results of long-crack (load-shedding) tests comducted under the FA LSTAFF spectrnm
[19]. These results show that short cracks under both normal and inverted FALSTAFF gron imch faster than tile long cracks
for AK val ies below about 20 MPa-nm f2 The long-crack data is expected to reach a threshold at about 4 MPa-min/2. based
oii constant-amplitude data for an It ratio of -0.27 (overall spectrum stress ratio based oii tho lowest and highest stress level
in FALSTAFF). see Aunex G in reference 19.

Blon [38] carried out tests ont the core-prograntte material under the TWIST spectrum. Figure 15 shows the short-crack
growth rates measured oii tests conducted at two different stress levels. The short-crack data extended down to AK values
of about 7 MPa.in 1/ 2 . These data indicate that a stress level effect may exist. The high stress level tests caused lugher
growth rates at a given AK value. Long-crack tests conducted under a TWIST load-shedding procedure are shown as the
solid curve. These results slow a long-crack threshold at about 23 MPa-i 11 2 . Tile apparently high threshold under the
TWIST spectrum maybe an artifact of hw" bn~d-J-,=ic... *.,gr !: (e-,:; by a tv apid tedtotiui in loutd wiIi crack
extension) The long-crack threshol for TWIST would, again, be expected to be about ,1 MPa-int /2 based oil the overall
spectrum stres ratio (R = -0.23). ltowever, the TWIST spectrum may produce a lot of fretting debris which may inuuce
higher closure loadts and. consequently, a higher threshold. A more detailed exaiiinatio of this behaviour itay be justified,

\anhill and Schra 31] studied the short- and long-crack growth rate behaviour under the -Fokker 100 load spectrtium.
Figure 16 shows Kmf. stress-intensity factor calculated using the mean stress ii flight aid the current crack length. against
the crack-growth increiient per flight. daldF. The short- and long-crack data did not overlap but an extrapolation of the
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!ong-crack data would be expected to show significant differences in rates for the same AK and short-crack growth below
tile long-crack threshold.

The long-crack results under the Fokker 100 spectrum in Figure 16 also show some large differences. Wanhill and Schra
[31[ used three different specinen types to obtain their data (center-crack, SENT and BPTltT speieins). They concluded
that the primary difference between long cracks for center-crack and SENT speciniens was due to diffeient constraint being
developed during the peak load application because of different specimen configurations. Also, there may be differing start-up
effects during which crack-closure levels gradually rise and stabilize [19]. The reason for the large difference between the
results from the BPTHT specimen and the other two specimens is not knowu.

The Fokker 100 load sequence was also found to mark the crack surfaces while the crack sizes were extrtemely small [311.
A comparison of crack shapes meaured during spectrum loading and those determined from constant-anplitude tests in
the core prograimme [19] are shown in Figure 17, (Note that Wanlull and Sehra used the reverse defiutioi for crack leigth
and crack depth in their paper [31] but their data have been replotted in Figure 17 using the same nonenclatuie that was
used in this report ) Figure 17 shows c/a plotted against alt (a is measured along the notch root and e is crack depth). An
a/t value of unity is the breakthrough conditions where a surface crack has become a through crack. The x-symbols show
W\anhill's and Schra's tesults which show that a crack has initiated with a c/a ratio of about 0.-I. The inclusion-particle
clusters, that are elongated in the c-direction, would suggest that an initial c/la value should be much greater than uity.
The data obtained from the core progranie (open symbols) provided ino infornmtion oic/la values below aii O/t ratio of
about 0 04 The dashed curve shows the predictions from a crack-growth analysis using equation (4(a)) where the nitial
(c/a), ratio was assumed to be 4, The solid curve is the crack-shape equation (equ. (1)) used iii the core and supplemental
prograinnes Trile large differences between tile imeasured and expected crack shapes suggest that further studies need to be
conducted to determine wiiether these differences are due to loading effects.

Nowack. Trautinann and Strunek [37] also conducted some additional short-crack tests oii the core-progranmnme material
under the high-l? ratio test condition.

3.2 Aluminum Alloy 7075-T6

Ankara and Kaynak [39] conducted short-crack tests on 7075-TO aluinuin alloy over a wide range in stress ratios tR = -1,
0 and 0.5). Figure 18 shows some typical data at a stress ratio of zero. Additional short-crack data have been provided
by Swain [40] Long-crack testo oii this material were also performed by Phillips [.11.] Above the long-crack threshold, tile
short-crack data agreed quite well with the long-crack data (solid curve). But the short cracks did grow below the long-crack
threshold, as was observed in the core-progranmme material, 2024-T3.

Nowack, Trautnann and Strunck [37] also conducted some long-crack tests on a 7075-T6 alunmium alloy sheet material
under the GAUSSIAN load sequence to compare with their test results on the aluminumn-ithimu alloy. 2090-TSE41.

3.3 Aluminum-Lithium Alloy 2090-T8E41

The primary material of interest in the supplemental test programme was the 2090-T8EI1 alumnumu-lithnin alloy. The
use of aluninum-lithimn alloys in time aerospace industry would save substantial weight (8 to 12 percent). Six laboratories
agreed to test this alloy under a wide variety of loading conditions (see Table ,1). The long-crack data on center-crack tension
specimens were determined by Mazur and Rudd-i42]. These results were supplied to all participants so that they could
compare long-crack data with their short-crack results.

Very early in the test progranne, the unusual crack-surface orientation at the notch root, as shown in Figure 19, became
evident, Cracks tended to grow at 30 to 35 degrees to theloading axis Tile surface and corner cracks that initiated along
the bore of the notch would be subjected to nmixed-mode loading conditions (K 1. Kit and Kill) around the crack front
This crack orientation behaviour is a consequence of the propensity towaids planar slip characteristic of sonic alunmium-
lithiun alloys [46], in combination with the detected preferred crystallographic orientation (see the Annex). A minimumn
yield stress and tensile strength has been frequently found at 50 to 60 degees to the working direction ii aluniuunm-lthiimn
mill products and attributed to the presence of a {110)[1i2 texture [.17.18]. This texture is present in the supplenenital
programme aluminum-lithimn sheet as the main component at mid-thickness of tile sheet and one of the three components
at 1/4 thickness [281.

As previously mentioned, a systematic slant (about 30 to 33 degrees from the loading axis) of the cracks was found
in all short-crack tests on the alumifinum-tithium ailov except, surprisingly, the TWIST spectrum [38. Later, tests ing
Mini-TWIST [401 also showed that the cracks do not grow on a slant for this spectrum either. For all constant-aniplitude
loading conditions and all other spectra tested (FALSTAFF, GAUSSIAN and Felix) the cracks tended to grow Oil a slant.
For a slant crack, the remote stress causes a resultant shear-stress and noriial-stress component on tile crack plane. Mixed
mode conditions exist along the crack front. Simplified models for these conditions were attempted by Mazur and Rudd [12]
and Carvalho and de Freitas ['13]. The model presented in reference 13 will be briefly reviewed here. At the point where
tIme surface or corner crack intersects the notch-root surface, the crack tip is subtected to Mode I and II conditloon The
indsinum depti iocation is subjected to Mode I-aid Ill conditions.

For ain embedded elliptical crack of length 2a and depth 2c subjected to uniform uniaxial tensile stress a and uniform
shear stress -, the stress-intensity factors are giver in reference 19. Vhen the ellipse becomes a circle (a c), then the
stress-intensity factors are given by

KI (7)



K11  -i]2/(2 - z,)[(cos 0) 5/-7i/Q (8)
K11= i-](2 - 2v)/(2 - r')](i1 9) vr-naQ (9)

where Q 7r2/4l and 9 is thle angle mieasured onl the crack plane lietweeii the sliear-stress direction and the point of intelest
on thle crack front.

Onl the basis of equations (7)-(9), approximate eqluations for ntjxed[nlode stress-intensity factors were obtained for at slant
surface crack at the edge of the notch. It was assunied that the liotndatry-correction factors l (or r,, for a corner clack)
ire the saine for all three modes. The equations for the three modes, in terins of the remote applied stress S, are.

K1  S(si112 ) Vi ", , (10)
K11  S (2/(2 - r')](cos 0)(sin 03 cos )/iQ1%()
If1I 1 = SJ(2 - 2t,)/(2 - i')[(siit 0)(sin 0 cos 3)/iQ P1,,, (12)

where 0 is thle amigle iniestired between tile loading axis and tile plaine of tile crack. Front thle otixed-inode equationis, an
eqivalent stress-intensity factor, 1(1q, wats calculated froit the strain-energy release rate G. For plaiie stress conditins,

G= [I2+ Kj, +t (I - ,')K2 1] /E (13)

and
Kcq = (1.1

Trhe equivalent stress-intensity factor range. AKfq, was calculated front equation (1.4) be replacing S with .s

For the potint where thle crack fronit intersects tile inotch surface, 0 is equal to -,,/2 atic the eqttivaleitt stress- inteity factor
ra nig e is 

L K

Carvalho anic dhe Freitas [413] carried out short-crack tests for a wide raitge of constaitt-aiiplttidle conditioits (see Table I)
Somie typical resuts for 1R = 0 loading are shown iii figure 20. A comnparisont between using the itixed-niode eqtiation
(eqn. (15)) and the htorizoittal purojection of the crack (eqit. (4I)), Mode I oitly, shows that data using eqitatior (1a) agree
better with the bujg-crack data (solid curve) [-121 above the boug-crack threshold The data usinig the itixco-itode equationi
fall well ,thle loft of the long-crack data. Whether the itixed-itode equaltion is miore ar utrate thtan tising the ioriital
ptrojection nmust await further study, but thle simptllicity anid good correlatioit sith eqtuatioin (Ia) does allow the use of currenit
hife-preditioit nmethiouhologies.

As previously discussed, Carvalho anid d~e Freitas 113] deterined crack shapes onl the abintinuni-lithitin alloy They
developed a crack-shape eqtiation (eqn. (2)) froit their expeitueittal data. Figure 21 shows at coinparisoit betwecet short-

crak dta edued siig eitatoi (2 orerpattit 1) cor-prgranni eqatin)Thieulta redutced with ie icore,-progranite
equatioit agreed better Nwth de bug-crack udata [41 for stres-iitteitsity factors above the bung-crack threshtold.

The untusuial orienttationi of the crack surfaces mrade tile interpretationi of the crack aspect ratio (doa) difficult. Figure 22
shows a scemnatic of tile fracture surface onl the aliinolttunalywith a coriter crack. 'File crack length, a, is mecastired
as t le htorizontal projectioni aiid a' is tie leingth mteastured onl thle crack surface. Because of the acute anigle with the horizontal
pilante, there is a large differenice between the ratio c/a and c/az'. Note that the a/t ratio is identical to thle al't' ratio If the
c/ut' ratio is plottedl agaitist the a'/t' ratio for the3 altnitiniin- littill alloy, then better cotieatuoti with tile core-hprogranmme
is obtaied, as shiowin ii Figure 23. Again, thle solid curve is eqjuationi (1) (core-progranune results are openi symbols) and
the dashed curve is the puredhictiont fromt a crack growth analysis using equtatin (Ila), This may expulaini why equatioit (1)
correlated sltort-crark dhata better thait equationt (2).

Several laboratories tested the aluiitiui-lithiui alloy under the sante loading condittoins A t~ picatl comiparison between
short-crack growth rates determined by Carvalito aitu do Frettas [13], Maztur and Rudd [12] and Swain et at. [14] are showni
in Figure 24. Rtestilts fromt the three laboratories agreed quite well. Part of tile scatter iii the data sets is due to plottinig
results front all stress levels tested (SnlAS 80 to 105 MPa). These results show that usimng thle horizointal projectiont (Mode I
oiily) stress-uttensit) factor raniges against crack-grouth rates. it short-crack effect does exist. These results are quite siitlar
to those for the 202143 aluiumn alloy in the core p~rogrammeit (19].

Figares 25-27 show short- anid lon6-crack tests restilts on the altiiiuin-litlnun alloy tested under the GAUSSIAN 137j,
TWISTr [38] amid Felix [28] load equences, respectively. Agaiin, these restilts clearly show that a short crack effect exists
uind~er all spectra tested. Short-crack growth rates were either faster thait bug-crack growth rates or the short cracks grew
ait stress-itensity factor levels below the long-crack threshold.

3.4 Titanium Alloy Ti-6A1-4V

Laniteotti amid Gahatolo [45] conducted short-crack tests oit Ti-6AI-4V titaiiui alloy for two stress ratios (R = -I and
0). Figure 28 shows some typical data at a stress ratio of -1. Part of tile scatter iii the data sets is due to Pulotting results
front Al stress levels. Long-craick tests oi this material were also pterformed [45]. Again, above the bung-crack threshold, tile
short-crack data agreed reasonably well witluthe long-crack dhata (solid curve). But the short cracks grew fater than long
cracks at the samne stress-itemisity factor range and also grew below the long-crack threshold.
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3.5 Steel 4340

Swain, Everett. Newman and Phillips [,14] studied the crack initiation and short-crack growth characteristics of a high-
strength steel (AISI .1310). Unlike the core-progranne material, where multiple cracks initiated at the notch root, the
single-edge-notched steel speeiens (Fig. 3) usually intiated only a single ciack at the notch loot and the crack-surface
profile was extremely fiat Some typical initiation sites are shown in Figure 29. Two particles weie identified at the nitiation
sites: (1) a Spherical calcim-alumninate inclusion particle, 10 to 10 pin in diameter (Fig. (29a)) and (2) alt elongated
inanganese-sultide particle, 2 to 5 in wide along the notch root (Fig. (29b)).

They carried out short- and long-crack tests on the 4340 steel over a wide range in constant-auplitude loading conditions
(R = -1, 0 and 0.5) and under the Felix/28 helicoptet spectrul. Unlike the other niaterials, the short-crack data and
long-crack data agreed(l qite well. even down to and including the long-crack threshold, for the positive R-ratio aid Fehx/28
tests The only difference observed between short and long cracks otn the steel was under the negative stress ratio conditton.
Figure 30 shows the short-crack data at R= -1 (symbols). Long-crack tests were also perfornied ott tile same material 1,14j
and the scatterband on these data is shown by the solid lines. Above tile long-crack threshld, the short-crack data agreed
reasonably well with the long.crack data. But, again, the short cracks did grow below the log-crack threshold. Tit e results
reinforce the previous conclusion from the core programme that short-ciack effects are more pronounced tinder coiniressive
loading.

4. MODELS OF SHORT-CRACK GROWTH BEHAVIOUR

Many investigators have shown that LEFM concepts are inadequate to explain short-crack growth behavou [1 -18]. Using
nonlinear fracture mechanics, some investigators have tried to explain the growth ofshurt cracks ii plates and at notches. In
particular, the J-integra coincept and all enpirical length parameter [3,4] have been used to correlate short-crack and long-
crack growth rate data. The physical interpretation of the length parameter, however, is unclear. Several other researchers
(12.171 have also introduced "length" parameters into crack-growth models These length parameters have been associated
with inicrostructural features (or barriers to crack growth) such as grain size. Short cracks have been observed to slow down
or stop at grain-boutidary locations Marty other investigators 15-11,33] have suggested that crack closure [50] (or lack of
crack closure in the early stages of crack initiation) may he a major factor in causing some of the differences betuecti the
growth of short and long cracks. Reference 51 has shown, on tle basis of crack closure, that a large part of the short-crack
effect in ain aluminuin alloy was caused by a short crack emanating froit a defect "void" of incoherent inclusion particles and
a breakdown of LEFM concepts.

Il the supplemental test programme, several participants used the crack-closure model, FASTRAN 152], to calculate crack-
openiug stresses, short-crack growth rates and fatigue lives. In the following sections, the model will be briefly reviewed.
Some examples of how crack-opening stresses vary as a function of load history for short cracks are shown. Comparisons
of experimental and predicted short-crack growth rates on two of the materials used in the test programme are presented.
Sinilar comparisons are made between experimental and predicted fatigue lives

4,1 Analytical Crack-Closure Model

The crack-closure model developed in reference 32, and applied to short cracks in references 33 and 51, was used by several
participants in the supplemental programme to analyze crack growth and closure utder constant- and variable-amplitude
loading The following includes a description of the clcsure model and of the assutlptions made mi the application of the
imodel to the growth of short and long cracks.

The closure model [32] was developed for a central crack in a finite-width specimen subjected to uniforn alpplied stress.
This model was later extended to through cracks emanating from a circular hole it) a finite-width specnuen also subjected
to uniform applied stress [33]. The model is based on the Dugdale model [53], but modified to leave p' tstically deformed
material in the wake of the crack. The primary advantage in using this model is that the platic-zone size and crack-surface
displacements are obtained by superposition of two elastic problems. a crack in a plate subjected to a remote uniform stress
and a uniform stress applied over a segment of the crack surface.

Figure 31 shows a schematic of the model at maxinun and minimum applied stress. The model is composed of three
regions: (1) a linear-elastic regicn containing a circular hole with a fictitious crack of half-length c' + p, (2) a plastic region
of length p, and (3) a residual plastic deformation region .long the crack surface. The physical crack is of leugth C' - r,
where r is the radius of thie bole. (The model was also assumed herein to apply for a crack emanating from a semi-circular
notch.) The compressive klastic zone is w. Region 1 is treated as an elastic continuun. Regions 2 and 3 are composed
of rigid-perfectly plastic (constant-stress) bar elements with a flow stress, co. The flow stress (o) is the average between
the yield stress and the ultimate strength. The shaded regions in Figures 31(a) and 31(b) indicate material that is in a
plastic state. At any applied stress level, the bar elements are either intact (in the plastic zone) or biokeni (residual plastic
deforiation). The broken elements carry compressive loads only, and then o'ly if they are in contact. The elements yield
in compression when thr contact stress reaches --or, To account for the effects of state of stress ott plastic-zone size, a
'n.strait f"ctor " rd 'elvat tcii flow stre-s for the intact elements in the plastic zone. The effective
flow stress cko, under simulated plane-stress conditions is ao and under simulated plante-strain conditions is 3oa0 . For thin
sheet material, fully plane-strain conditions may not be possihle. Irwin (54] suggested accounting for througli-the-thickness
vaiatioi iIn stress state by introducing a constraint factor (a = 1.73) to tepresent noitinal plane-strain conditions. For the
core-progranune material (2024-T3), a constraint factor of 1.73 ;s found to correlate crack-growth rate data for various
stress ratios (-2 < R _< 0.7) in the near threshold region [19] and to give crack-opeinig stresses in reasonable agreement
with experimental measurements [55] made on the core-programme material.
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The closure model is used to calculate crack-opening stress as a function of crack length and load history. The applied
--stress level at which tile crack surfaces are fully open is denoted as S, the crack-opening stress. The crack-opening stress

calculated for a through crack was also assumed to apply at each location along a surface- or corner-crack front. The crack-
opening stress is then used to calculate tile effective stress-intensity factor range, AK,ff [501. In turn, the crack growth rate
is calculated using a AKeff.against-crack-growth.rate relationship detcrmined from long-crack data. Generally, long-crack
thresholds art, ignored because reliable methods to measure or calculate crack-opening stresses during load shedding are not
available.

4.2 Crack-Opening Stresses

The influence of the initial defect "void" size on the crack-closure behaviour of short cracks under constant-amplitude and
spectrum loading is presented here. For all loading conditions, Irwin's plane-strai constraint factor of 1.73 was assunied to
apply for the growth of "short'" cracks in the 2024-T3 aluminum alloy. A constraint factor of 2.5 was assumed to apply for
"short" crack growth iii the 4340 steel speciniens These results are used later to predict short-cruck growth rates and fatigue
lives,

4.2.1 Constant-amplitude loading

Tle closure model was used to study the influence of defect void size ol the closure behaviour of short cracks growing from
a notch [19), as shown in Figure 9(a). Some typical results of calculated crack-opening stresses nor;nalized by the maximum
applied stress as a function of half-crack length, a, are shown mi Figure 32. The crack-growth simulation was performed
under tile four stress ratios used im the core and supplemental test progranunes with an initial defect (void or crack) size al
of 3 pmn, c, of 12 pmn, and a defect-void height, h _> 0.4 1m, The particular values of Siax/eo used in tile simulation are as
shown. Experimental and nunerical results from the core programme suggest that part of time short-crack effect may be due
to an initial defect void height that is sufficient to prevent closure over the initial defect surfaces, In the core programme.
cracks were found to initiate at inclusion-particle clusters or voids left by the removal of these particles from the machining
or polishing process, For defect-void heights, h, greater than about 0. pin, the initial defect surfaces do not close, even
under the R = -2 compressive loading. The newly created crack surfaces, however, (to close as the crack grows and the
crack-opeing stresses are shown by the solid curves. The crack-opening stresses start iniitiall at tile mininulin applied stress,
but rapidly rise and tend to level off as the crack grows. The high R-ratio (R = 0.5) results show that the crack is always
fully open, that is, So = mn, Results at R = 0 stabilized very quickly after about 20 1in of crack growth. Negative R-ratio
results showed the largest transient behaviour on crack-opening stresses. Results at R =. -2 had not stabilized after about
100 in of crack growth. The results at the negative stress ratios are also strongly influenced by tile maxinum applied stress
level [33,51].

4.2.2 FALSTAFF and Inverted FALSTAFF load sequence

The closure model, FASTRAN, was also used by Cook 128) to calculate tihe crack-opening stresses under the two variable-
amplitude load spectra. The initial defect-void size (u, ci, h) was the same as that used for the constant-amplitude loading,
previously discussed. Figures 33 and 34 show crack-op-ning stresses plotted against crack length, a. for the FALSTAFF
and Inverted FALSTAFF load sequences, respectively. Only a small part of the opening values calculated from the model is
shown in the figures. The dashed lines indicate the peak stress (Snx) and the lowest stress (S ) in tile stress spectra. As
pointed out by Cook [28], tile effective stress range foi "short" cracks was nearly the same for both spectra (crack lengths less
than about 0.025 mi). And crack-growth rates for short cracks should be about the same under either spectrum. However,
the crack-opening stresses in the Inverted FALSTAFF load sequence rise more rapidly than in time FALSTAFF sequence
In both sequences, the openiig stresses tend to level off after about 0.25 mn of crack growth For long-crack lengths, the
effective stress range for FALSTAFF is about 40 percent larger than the Imverted FALSTAFF sequence, and consequently,
the crack-growth rates should be about ) times faster under FALSTAFF.

4.3 Short-Crack Growth Rates

Ili this section, comparisons of experimental and predicted short-crack growth rates are iiade only on two materials'
2024-T3 alummnum alloy and 4340 steel. Similar procedures would be reqiiired for the other materials 'rie 2090-T8E4I
aluminum-lithium material, however, may require some major modifications in the analysis because of time mixed-mode
nature observed in snort-crack growth. To apply the closure model, an effective stress-intensity factor against crack-growth
rate ielatmon nmust he obtained. Tile crack-growth rates measured on long cracks were correlated against AKe using the
closure model for a wide range of constant-amplitude stress ratios. Center-crack tension specimens were used to obtain
crack-growth rate data oi long cracks (c > 2 mn in the 2024-T3 aluminum alloy [19 and in the 43,10 steel [44]. The
effective stress-intensity factor [50) is given by

AKetr = [(Smax - So)/(S, ax - S,,AK (16)

where So was calculated from equations given in reference 56.

4.3.1 Aluminum alloy 2024-T3

To establish the AKff-rate relation for tile aluminum alloy, a constraint factor (o) of 1.1 was used for rates greater than
7.5E-07 m/cycle (end of transition from flat-to-slant crack growth) and a = 1.73 (equivalent to Irwin's plane-strain condition)
was used for rates lower than 9.0E-08 mn/cycle (beginning of transition from flat-to-slant crack growth). A constraint factor of
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1 73 was also found to give calculated crack-opening stress levels in quantitative agrecent with experimniital mieasuremnts
of crack-opeiig stresses isadc near tile beginning of list load~reduction theesliold test 1541. For iiitermecdiate rates, a was
varied linc'.irly with the logarituss of crack-growth- rate

Instead of using an equatioin to relate crack-growth rate to Iga table-lookup procedure was chosen, Tile priliary
advantage in sing a table is that thle ba.seine data can be describd more accurately than wilth a multiple parameter
equation, especially in the transitional region (fiat-tD-slaic crack grorwth). The effective stress-intensity factor range against
crack-growth rate relation is listed in the followting table:

A% I4,ff de/dN,

'NP-11im/2  ni/cycle

1.43 3.56E-10
2.42 3.05E-09
3 30 6.IOE-09
4 410 LS2E-08
5.50 4,004-f8

11L0 4.32E-07
27.5 1 78L-05
49.5 2.54E-O4

lIi tile losv-growmii rate regimse near aisr at threshold, sonie teats [571 have indicated that tile threshold develops beiause of
a rise in crack opening stress This rise has not beeii accounted for in tile analysis of tlic threshold test data. Therefore, aii
extraprolatioii of the long-crack data into the region below the bung-crack threshold was used because thlrelata (lid not extend
to low AKf 1 r values where short cracks were expected to grow. The crack-growth model required a baseline AK.5 -rate
relatioa in tire low A\Keff region iii order to predict tile growth of short cracks. For A Kcf values below or above thle extreme
values listed i the table, a poner law using tire first-two or last-two points, respectively, was used to obtain rates. The uipper
limiit for the power-law relatiomi is, of course, defined by fracture toughness. A lower liit~ or short-crack threshold. (AKelt,,
was established in Aniiex B of refereiice 19 aiid is 1.05 NMPa-rni/2. (See reference 19 for miore details on the dexelopuient of
thle AKff -rate relation.)

lIi the "ollowiiig, conmparisons asre niade betwcen the nieasured and predicted ciack-growili rates against 8ss-urenitN
factor range (AK) for shsort cracks uiider constaist-ainplitride amid spectrum loadiing. The experiieiital data aisalyzed with
the non-iiteraction criteria [19] were used Results for the long-i-ack data oil tile saime iiateriasl and loadiiig arec also shown
for comparison To comspare the short- aiid long-crack growth rate data, thit rate dai/dN is assumed to be equlivalenst to
rfc/dN for the samie AK value. Thle short cracks are growing iii thle a-direction while the loug cracks are groNllig iii tile
c-direction, rhis assuniption also applies iii predictiiig short-crack g-rowth behaviour fronts long-crack results.

Constant-amplitude loading.- Fjig.mr 35 shows a comiparison for the R -2 loadiig froiit the core programsmle 1191'
Ex~~~~o F~-ietl(,77 each 'stress level are (denoted by a tsarticular-symbol. The solid curves show predictionis fronm tire

eciu e msodel for various mnaximunt applied stress levels. Thle dashied hune shows long-Lrack data generated iiider the Sallie
coi ditions These results show a strong influence of stress level (S0155x) onl tile growth rates for short cracks. The short cracks
gins' ftster at hiigier stress levels for the salue value of AK. To iiake predlictionis. the iiitual crack mie wyas selected as 3
by 12 by 0.4 /111 ansI an effective stres-iintensity factor threshold, (AIKcjf)th, was chioseii as 1.05 MPamnh2. This iinitial
defect size was selected becauise "shor" cracks tended to inlitiate at inclusion-particle clusters or voids oii or near thle iiotchi-
root ssirf,:e Thiese msaterial defects were of about tire same size as assumed in the analysis. The reasoirs for selecting tis
particuilar defect size andr effective threshold value are dliscuissed iii Annex B of reference 19, The predictioiis front thle model
show a similar stress-level effect on the growth of short cracks. Although the iiiitial crack-growth rates fronii th n iodlel were iii
qualitative agreemuent with thle meassred rates, tire miodel predicted slower rates in the id-rauge than those inasrired. The
predicted rates approached thle long-crack rates iiore rapidly than iii the test. As u~rns inusly mniitioned, irwin's jilanie-strans
c-oiiuition (n = 1 73) was assumed for tire growth of short cracks. Thle actuals behaviour, however, miay be clo:,cr to plaiie
stress for short cracks.

At 50 NIPa. the predhictions show that the crack nearly arrested. 'Fise lnininiuni rate occiirredl at a AKlffy of 1 08 Mila-
mull/2 Ainother prediction was marie at an apsplied stress level of 19 NIPa. The predictioni demronstrates that a short crack
canl iiiitiate amid grow froiii a defect, but ms the crack-opening stresses rise (decreasing the value of AI~ff), the crack canl be
arres'ed. Hfere tile crack was arrested at a AK valtue of about 3 MPa-l/2.

TWIST load ,,cquence - Blomi [381 used FASTRAN to predict short-crack growth rates for 20244~f3 specimleris subjected
to ire TWls'r -load seqtreice, see Figure 36, fltre tire "average" crack-growth rate is plctted against tire "mnaximumsn range"
stress-ilteirsity factor (see Section 2.5 1 and 2.5.2). Tire predicted crack leiigthi against cycles curve was treated sirmilar
to thle exprerimseiital data. Crack leiigth (2a) and cycles weci taken froint the an,,lysis at eqtual cycle intervals betweens the
initial crack length (6 3im) and brreakthirough ('2a = 1). The prerdicted results for the TWIST spectislm shtowved a ver% auiall
stress-ls'vel effect Tire anaslyses, however, teinded to predict rate-s along thle sipper scatter b~and of tire imeasmiri-n rate,; for A K
valuews belowe tile long-crack threshold. f lie psredlictedl rates approached the loug-crack dlata (dashed currve) at a Alf valise of
abrout 25 NlPa-iim 2 

TheSe results suges that tile clo,)ire norel, with tire current ssumsptioiss, would underpredict fatigue
lives onl notched 2024l-Tl3 aluminusm alloy shinelss subjected to the T~IVS' spectrum,



4.3.2 Steel 4340

To establish the AKeff-rate relation for the 4340 steel, a constraint factor (o) of 2.5, reflecting plane-strain conditions,
was used over the entire range of crack-growth rates from the center-crack tension specimens {44]. Again, a wide range in
stress ratios (R = 0 5, 0 and -1) was used to obtain long-crack data, The closure model correlated tile long-crack-growth
rate data quite well over a wide range in rates. The effective stress-inteasity factor range against crack-growth rate relation
is listed in the fol!oiaing table:

AKrfI, dc/dN,

MPa-in t 2  ia/cycle

530 2.OE,09
730 7.0E-09

15,0 4,3E-08
50.0 5.51-07

120.0 3 OE-05

A long-crack AKff threshold value of 3.75 *\lPa.im/2 was selected to fall within the range of "effective" thresholds for
crick-growth rate data from the three stress ratios.

Figure 37 shows the pretictions of short-crack growth rates from Swaii et al [,14] using FASTRAN for 4340 steel specimens
subjected to the Felix/23 load sequence. Again, the "average" crack-growth rate is pltted against the "maximum range"
stress-intensity factor The predicted crack length against cycles curve was treated in a similar way to the experimental
dhta Crack length (2a) and cycles were taken from tile analysis at equal cycle intervals between the initial crack length
(a, = 8 Im) and breakhrough (2a = t). Tie predicted rates from the Felhxj28 spectrum fell along tile upper scatter band
of the measured rates for short cracks These predicted rates were also slightly higher than die experimental rates for long
cracks (dashed curve).

4.4 F tigue Life

Figure 38 shows a comparison between the experimental and predicted fatigue lives for SENT speciiens made of 43.10
steel subjected to the Felix/18 spectrum. The test data, from reference 44, are shown as symbols (symbols with an arrow
indicate that the test was terminated) The large antount of scatter in fatigue lives was attributed to different size defects
at the crack initiation site (targer defects caused shorter lives). The calculated fatigue lives (solid curve) were made usiig
FASTILAN with a AKff-rate relationship that was obtained from long-crack data (see Section 4.3 2) and an iimtial mean
defect size. The initial defect "void' sizt, was a, = 8 pin and c, = 13 In Thii flaw size was determined from a statistical
analysis of a large number of crack initiation sites. Thie void height (h) was assumed to be about 4 pin. The AKef threshold
for short cracks was assumed to be 3 75 MPa-nmt / 2 (saine value as for long cracks) The predicted lives for the Felix/28
spectrum were somewhat shorter than the test lives. This behavior is consistent with the fact that the model teided to
predict slightly higher crack-growth rates for short Cracks (see Fig. 37).

5.0 SIGNIFICANCE OF THE SHORT-CRACK EFFECT

Because the use of fracture mechanics (AK-based) methodologies to characterize the growth of fatigue cracks mn metals is
well established in the design of aerospace structu-es, the significance of the short-crack effects a. expressed here in the same
twrminology. The experinental data generated in the AGARD Cooperative and Supplemental Trest Progranmnes and the
analytical crack,-closure model have identified severl significant features of short-crad groA th beha% iour im. various aerospace
materials under a wide range of load histories. These features are briefly discussed in the following sections.

At stress cencentrtions typical of aircraft structures, short craccs initiate very early ii tile fatigue life, if the applied
stress levels are above the fatigue limit As non-destructive inspection (NDI) techniques improve, wiiichl is iievitable, smialler
crack sizes wii be detected in aircraft structures. In particular, Wanhill [58J points out that as the design philosophy changes
from a fail-safe approach to a damage-tolerance or durability evaluation, a better understanding of the behaviour of short
cracks is required, especially in aircraft engines The growth of these short cracks is strongly influenced by load history
and stress level The growth differences between short and long cracks, at the same stress-intensity factor range. w,.:e more
pronounced for load histories which included compressive loading. Short-crack growth behaviour in tests with on1! pusitive
loading was nearly the same as tile behaviour of long cracks for growth above the lung-crack threshold. Short cracks tended to
grow well below the long-crack threshold even for positive loading in aluminum, alhimrum-lithium, and litaniium alloys. For
the 4340 steel, however, short-crack and long-crack behaviour were nearly identical, except for load histories which included
compressive loading But why do short cracks grow faster than long cracks? The answer to thins question liesin several reasons.
(1) the loss of similitude- 16] which occurs when stress levels are too high and smnall-seale yielhing conditions are exceeded,
(2) local -iirostructural features are favorable for rapid crack growth or ev,.o' ,r, t 1 2 and,3 tht i,.,.t ,.i ,. c.az
closure ii the early stages of crack growth [5-11,33], Perhaps, the most sigilicat feature of short-crack growth behavior,
observed in the test prograinines, was the growth of short cracks well below time long-crack thresholds. This observation
should have tile largest impact on design-life calculations, L.ong-crack data that include a threshold clearly catnot be used
in analyses that treat the earlystagesofcrack growth in 'luminum, aluminum-lithium and titanim alloys because it leads
to prediction of infinite life for crack sizes as much as an order-of-magnitude larger thin the crack sizes actually monitored
iii the test programmes Thus, the use of long-crack thresholds in datmage-tolerance and durability analyes is likely to be Z
non-conservative. This topic should be thoroughly investigated.



1-16

fIn the future, the short-crack effect may have a large impact onl design-life calculations if procedures are adioptedl that treat
the fatigue process ats entirely crack growth [59] Basing all life calculations onl crack-growth aiial~ses seeis ieasonable in
view of test- results in this study and others (60,611 in which crack g-rowth was; actually monitored over inure than 90 percent
of the total fatigue life A crack-growth-based approach to (designi life may be at viable alternative to traditional "crack
initiation" safe-life analyses currently used for such structures as lauding g-ar. helicopter rotoi systems, aitt turbine enigiines.
One advantage of a crack-growth-based proceduire is tiat the measure of damiage "crack sixe" is a pihysically measurable
quantity that can be used to gain a better understandduug and evaluation of life-prediction amilyses. Another advantage
would be the use of a single analysis procedure for all life calculationis. rather than one p~roceduire for initiation and asuothei
for crack growth, Disadvantages of the crack-growth-based ptrocedure are that generation of short-crack data is imore (difficult
than classical fatigue testing and mnore compllex str:ess analyses wcould be required. Ilo%%ever, withi continually imuproving

comiputerized stress aiialyses aiii encouraging results fromt modlels to predct short-crack effects. at coninued explorationi of
crack-growth-based life design is warranted.

6. CONCLUSIONS

Ani AGARD Supplemental Test Programme onl the growth of "short"' fatigue cracks was conducted to allow p~articip~ants
to test various miaterials and loading conditions that were of interest to their laboratory. T%%enty-tao p~articipaints froni ten
laboratories in eight countries contriblutedl to the programmune. The materials tested iii the supplleintal iprograinfe were:
2024-T3 and 7075-T6 aluininuni alloys, 2090-T8E41 aluminum-lithium alloy, Ti-6A1-.IVr titanitum alloy and -1340 steel, Six
laboratories conducted tests onl thle allulminuml-lit hitmi alloy. Tests onl single-edge-notch tension specimens acerecomiducted
tiner several constant-amplitude loading conditions (stress ratios of -2. -1. 0, and(0 05) an1( spectrum loadhing conditions
(FALSTAFF, Inverted FALSTAFF, GAUSSIAN, TISIT, Felix and the Fokker 100 slpecra)- Tile plastic-replic .. ethod was
used to ineasure tile growth of short cracks at thle motch root.

Three laboratories used the crack-growth model (FAS mi\AN), which incorporates crack-closure effects, to anlal~ze tihe
growth of short crarks fronii smnall (iinclusioni) defects alonig tlua- inotchi surface iii 202-1-T3 aluminon alloy aiid 4340 steel.
Analyses were conducted undier coimtaiit-aiiplitude loadinug itnd spectrum loading (FALSTAFF, Inverted FALSTAFF,

GAUSSIAN, TWIST aiiu Felix).

Short-crack tests aitr analyses coinduicted onl single-edge-notched tension fatigue specrincis miadle of various aircraft
miaterials support the followinug conclusions:

Supplemental 'rest Programmne

I Short-crack growth rate datm fromn several participlants agreed well for coiistaiit-amii~tude tests conductecd onl the 2090-
T81341I aluiiiiiitii-lithiuur alloy. All piarticip~ants showed about the samte amount of scatter in growth rate data.

2 Tile short-crack sp~ecimien and plastic-replica monitoring techniique, dheveloped in the AGARD Cooperative Trest Pro-
gcammue. allowed the various participants to obtain short-crack data onl other materials aild tinrder ilifferet load histories.

3. Several participiants successfully used tile crack-growth analysis p)rogrami, FASTRAN, to preilict. short-crack giowth rate
behaviour in alunmmun alloy and steel specimiens.

Experimental Results

I Nlaterjalsv 2024-T3 and 7075-T6 altumanum alloy, 2090-T8E41 aluminutn-litiiimn, ani Ti-6A1-4V titanium alloy exhibited
a strong short-crack effect tiider biothi constant-amplitude- and spectrum loading. Short cracks grew at stress-initenisity
factors well below the boug-crack thiresholdls. In many cases, short cracks grew faster than long cracks at the Samte
styess-inteiisity factor range.

2. Trime 4340 steel dlid not exhibit a significant short-crack effect. Short-crack and long-crack g~owtu rates agrel edcll for
miost test condritioins, A slight slmort-erack effect was observed tinder coiusrant-amiplitudne loadiiig with at stress ratio of -1.

3. Thme 2090-T8SE4I aluninuni-lithiuni alloy muaterial exhibited all extremely oblique crack surface profle in the shiort.-crack
specimencus. This nutsual behiaviour is attributed to the highly textured microstructure.

4C Sltort-crack growth rate datat for thle 2090-T8-I aluiumi alloy correlated well with long-crack data using the horizontal
projectionis of crack lemigths aundl Noda I stress-intensity factor analysis.

5. For all materials, further study is needed oii tlte particular crack shapes that dievelop at the crack-imiltiatiop sites tinder
both constant- and( variablc-antplituule loading.

6, Short-crack tests on the lIiverted FALSTAFF spectrum, pirimuarily a coipeso-omi- uui IUU.a~euiiLC exibited
siuuular growth rates as FALSTAFF, prilmarily a tension-temsiou load sequence.

Analytical Results

The analyticil ciack-closure miodel, FAS'rRAN, was applied only to the 2024-T3 alurniiuni alloy andtile 434'0 steel
sluecimuclis.
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1, For mio~t cotwant-atiillitide loadhing (I? -2. -1I and 0), the "analytical crick-closure" miode! predicted growth rates
and stress-level effects like those observed in tests. For R = 0 5, the model gencrally predicted higher rates than those
observed in tests.

2. For FALSTAFF and Inverted FALS'IAFF loadiag. the "analytical crack-closure" model predicted effective stress ranges
consistent with experimentally measured growth rates on the 2024-T3 alumnmi alloy short-crack specimens.

3. For the Fehix/28 spectrum, the "analytical crack-Liusure" niodel Ipredli~ted blightl) higher gruth rates aiid slightl) lo%%cr
fatigue lives than tests on 4340 steel short-crack specimienis.

7. NOMENCLATURE

a one-half surface-crack (or total corner-crack) leiigth, in

0, initial one-hialf surface-defect (or crack) leiigthi, in

I? full sheet thickness, in

c surface-crack depth or through-crack leiigth, in

cz initial surface-defect (or crack) depth, in%

C, crack length plus hole radliis, sit
E mnodulus of elasticity, NW a

F botindary-correctioii stress-intensity factor

C strain-energy release rate, N/it

hi one-half samrface-defect (or crack) height, in

I irregularity factor for Gaussian sequence

K, K; 'Mode I stress-intensity factor, NMPa-nstI2

K11 , K;;;1 Mode 1Il and Ill stress-intensity factor, MI'a-mil/2

K'f ~ men stress-intensity factor in, flight, 2\11a-0/t2

1(T streas concentration factor
L, total leng-th of surface or corner crack along bore of notch, in

IV cycles

Q shape factor for surface or cortier crack

R? stress ratio (SeijnlSniss)
r semni-circular notch radius, in

S applied gross stress, INJIa

Sinax maximumn appslied gross stress, MNPa

S,.f mean stress iii flight, MIPa

Sminitininsum applied gross stress, MIa

So, crack-openiig stress, MPa
t one-half (full) specimecn thicknress for surface crack (corner crack), ni

W specimnt width, in

XIY Cartesian coordinates

a constraint factor

0 angle between load axis and crack plane

AK stress-intensity factor range, MPa-tri/ 2

A Ic If effective stress-intensity fact or, .\lPa-inlf2

(A KeIy)ih effective threshold stress-intensity factor range, N[Pa-um/2

AA'ih long-crack threshold stress-intensity factor range, MNaNmt/2

v P'oissoi's ratio

p length of tensile plstic zone, it

170 flow stress (average between o, and at,), MI'a

u ultimate teei5le stieagclu, MXIIa

ays yield stress (0.2 percent offset), MPa

o'YY normal stress acting in y-direction, MPa

parametric angle of ellipse

W length of cyclic plastic zone, In
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TA BL 1,1
Participants in Short-Crack Cooperative Teot (Core) Progriiiie

Country Laborator) Participants

D~ance Centre dI'Essais Aeronautique de Touousc A. Ilibeige
* C EAT

Deutsche Forschungsanstalt fur Left- und If Nowack
Geriaiw Rlaumfahirt-DLR1

(a) Industrieartlageii Bet riebsgesellschaft J. Fot h
- IABG P. Ileuler

Italy Unlisersitv of Pisa G. Cavallinli
R. Galatolo

Netherlandls Nistionaal Lucht-en Ruiitevaart laboratorium Ri. J 11. W-nlull
-NLR L. Schra

Portugal Laboratorio Nacional deC Engenharia e
Technologia lntlustrial-LNETI MI. 11. Cairvallho

Centro dle Mecanica e Materiais (Ia
Universidade Teunica dle Lisboa -CEMIUL NM. (de Freitas

Sweden Aeronautical Research Istitute -FFA A. F. Bloim
Tuirkey- Middle East Technical University -METrU 0. A. Ankara

C Kay-ak
United Royal Aerospace Establishmnent- RAE P. It, Edwards
Kingdom D S. Lock

R. Cook
NN. N. Sharpe

The Johnis Hopkins University JIIU 1. Y. Lee
United J. Cieslo%%ski
States
of National Aeronautics and Space Administration M. II. Swain
America - NASA Langley Rlesearchi Center E. P. Plillips
(bxc~d) .1. C Newman. Jr

Air Force Weight Aeronautical Laboratory- C. M\azur
AFVAL--FIBEC J1. Rudd

(a) P. Hleider, IABO, conducted long-crack tests on core-programme material under
GAUSSIAN loading.

(b) F. Adams and( J M. Potter, U.S. Air Force Wright Aeronautical Laboratory, machined
core- programmue s ecimens.

(c) E. P1. P Vlis NAS Ugley Research Center. concted loiig-crack tests oin
core-programme mat erial uniler constant-amplitude and FALSTAFF loading.

(d) WV. f.Starpe, The Jolins Hlopkins Uiversity, coinducted crack-closure
measurements on short cracks 1271.
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'I'A 1 L E1 2

Laboratory Te~st Matrix in Short-Crack Cooperative Test (Core) Progran:nw

Constant Amplitude Loading (a) Spectrum Loa(Iii-,g
Participant R? = -2 -1 0 0.3 FALSTAFF GAUSSIAN

If \I I. 1I MI I. If MI L If NI 11 If mI I. If M 1

France x xx x xx x x N) xx
CEAT,

Germany X x X X X X X
-DLR
Germany XX XX XX x X xX
-IABO;
Italy X X XX XX x x x
-Pisa
Nethlerlands X x X X x x
-NLR
Portugal- X X XX XX x X X X
LnEi'/cEmul,
Swedeni XX XX XX x xx x
-FFA
Tbirkey XX XX XX x X Xx
METU

United XX XX XX XX XX x X X X
Kingdom
-RAE

USA-JHU XX XX XX x X X X
USA-NASA XX xX XX XX x X XX
USA-AFWAL XX XX XX x X X X X XX

a 11, NI anrl L represent high, medium and low stress levels, respectively
b1) Tests conducted at I? = 0.1 for 1I, MI and L stress levels.

TABLE 3

Psi ticipants in Supplemental Short-Crack Growth Programme

Country Laboratory participants

Germnisy Dcutsche Forschumigsanstilt fur Loft- uiid If. Nowack
Raumffart-D1,R K if. Trautiianii

J. Strunck
Italy Uiiiversity of Pisa A. Laiiciotti

R. Galatolo
Nethierlands Nationaal Lnclit-en Ruiitevaartlaboratoriuni R. J. If. lWanhill

- INLR L. Schra
Portugal Laboratorin Nacional de Engenliaria e NtIf . Carvalhio

Teclinologia lndustrial-LNETI
Centro de Niecanira c Nlateriais da NI. (Ie Freitas

Universidade Teciiica de Lishoa-CENIUL
Sweden Aeroiiautical Research Institute-FFA A, F. lBloni
Tuirkey Middle East Techiniral Uiiiversity--MNETU 0, A. Aiikara

C. Kaynak
United Royal Aerospace Establislinent-RAE R. Cook
Kingdom (a) 1). S. Lock

1. R. Edwards
NI. If. Swain

Uniited National Aeronasutics and Spa5ce Adniministrationm R. A Everett
States -NASA fLaiglev Research Centpr j C. Ne-"-
of E PR Phillips
Amierira ______________________________________

Air Force Wright Aeronautical Laboratory- C. Mlazur
AFWAL-FiBEC J. Rudd

(a) A. WV. Bowen, Royal Aerospmace Establishmnent. provided a texture analysis of lie
2090-T8E341I alunminum-litliumn alloy (see Anmnex).
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17ABLE 41
Laboratory Test Matrix in Supplemental Short-Crack Growth Progra.-

Constant Amplitude Spectrum Loading
Maeil Laboratory FALSTAFF FALSTAFF GAUSSIAN TWIST Felix Fokker

1? -2 -1 0 0.5 (Inverted) 100

2090.T8E4; USA-AFWAL X X X X
(a) Portugal-

LNETI/CE.MUL X X X
Sweden-

FFA X X X
USA-NASA X
Germany-

DLR X
England-

RAE X
2024-T3 Germany-

(b) DLR X
England-

RAE X X
Sweden-

FFA X
Netherlands-

NLR X
7075-T6 Tlurkey-

(c) MIETU X X X
USA-NASA X

Ti-6AI-4V Italy-
(d) Pisa X X

4340 Steel USA-NASA X XX X
(e,f) (g)

(a) U.S. Air Force Wright Aeronautical Laboratory p~rov'ided the 2090-MSE11 alumninum-lithium
)alloy, material and specimens.

(b) Core-programme material 119j provided by NASA Langley Research Center and specinmens
machined y U.S. Air Force Wright Aeroniautical Laboratory.

c) NASA Langley Research Center provided the 7075-T6 aluinutm alloy material and spcimen~fs
ld) University of Pisa provided the Ti-6AI-4V titanium alloy material and specimens

e)NASA L~angley Research Center provided the 4340 steel material and specimens
()R, Wanhmill, Nationaal Ltmcht-en Ruimitevaartlaboratorium, conducted long-crack tests oim

4340 steel (R =-1. 0.1 amnd 0.5).
(g) Felix/28, a shortened version of Felix (30), wvas usedl onl the steel specimens.
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TABLE 5

Nominal Chemical Composition of Materials in Supplemental Test Programme

Element 2024-T3 (a) 7075-T6 2090-T8341 Ti-6AI-4V 4340 Steel

Silicon .16 .07 .10 .27
Iron .33 .22 .12 .3 Balance
Copper 4.61 1.59 3.00 - .11
Manganese .57 .16 .05 .69
Magnesium 1.51 2.56 .25 -
Chromium .02 .24 .05 .79
Zinc .06 5.68 .10
Aluminum Balance Balance Balance 6 .007
Titanium .07 .15 Balance
Lithium - 2.60
Zirconium .10 -
Carbon .1 .39
Vanadium 4 .39
Nickel 1.75
Molybdenum .25
(a) Core-programme material (19).

TABLE 6

A ile Properties of Materials in Supplemental Test Programme

Ultimate Yield stress Elongation
tensile (0.2-percent Modulus of (51-mm gage

Thickness strength, offset), elasticity, length),
Material B, mm MPa MPa MPa percent

2024-T3 (a) 2.3 495 355 72,000 21
7075-T6 2.3 575 520 70,000 12
2090-T8E41 2.15 580 525 78,200 5
Ti.6AI-4V 1.5 970 920 115,000 8.5
4340 Steel 5.1 1500 1410 190,000 7.5

(a) Core-programme material [19I.
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Constant-omplitude loading

R = constant

Short crack Long crack

from hole from hole

do dc

dN dN

Short cracks Long crack

Long crack

(K decreasing test)

AKth dK

Figure I.- Schematic fatigue-crack growth rate data for short and long cracks.
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Figure 2.- single-edge-notch-tension (SENT) fatigue specimenl.
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Figure 3., Single-edge-notch-tension (SENT) fatigue specimen for 4340 steel.
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LOAD

GRIP JAW

/n_ 2
GUIDE PLATE 0o. 0

I-V

0i 0

SPECIMEN NOTCH

01
FI I

RUBBER 01 0SPACERS " 0

LOAD

Figure 5.- A typical test stand showing guide plates for compressive load tests.

2r

CRACK VIEWED L1
IN

NOTCH ROOT L

BB

END VIEW

(a) Crack in notch root, (b) Crack length measurements.

rigure 6.- Notch configuration and crack-length measurement in notch root.
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Crack length, L (2a) -

Initiation site

Figure 7.- Montage of photographs for surface replicas showing crack-length
measvlrenlent.

RARD Short Crack IJATR CHAIRT
Record of crack lengths and map

Page 2 o f 2 Loading Type R-1
Specimen no_ A-15-o5 Peak Strzss ;O. 0 MP a

0.1Imm grid

------B--------->
25,000 Cycles

L2 o~ioa_ mm

L3 mm
L4 mm

L5 mm
30.000 _Cycles

LI 0,201 mm

L20o o. mm

L4 L5 mm m

35,ooo Cycles
LI 10.351 mm

L3 0.05z mm
L-4o.ioi mm

L5 MmT
4-01000 Cycles

L3 0.1ilo mr.1
L4 o.1b5s Tm

LS 0.032z mm
4-5,000 Cycles

LI o0 q1I mm

15 L3 0.250 mm
J-44 L4 t.2 mm

L5_0.153 mm
. ..... 50,oo0 Cycles

-A LI .20 mm

T L 0314 mm

L5 o.IbS mm

Figure 8.- Example of Data Chart for multiple cracks at notch root.
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SSection A-A

B 2t

0 7r/12 (a) Surface crack

(b) Corner crack

Figure 9.- Definition of dimensions for specimen, surface-crack and corner
crack configurations.
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R - -2

6-4 Short crack data 19 /
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o srf
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m ~A f ~~ '1 data E193

L 
P P

NN 'FTMN N

U
MN M~N M N

UN "

0 1 2

10 to 10

Range of stress intensity
factor AK (MPa../m,.)

Figure 10.- Typical results from core-programme under constant-amplitude loading
(R " -2) at Smax " 50 MPa after "non-interaction" analysis.
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2024-T3
FRLSTRFF

S Short crack data C193105 max 170 MPa

z
,a w

LD10 
Long crckN IN,=W data C193

1 t#0 . 0 NN
OIV N 

N 
fln

L N 4

10 I0 1 0

Range of stress intensity
factor AK (MPa-1 )

Figure II.- Typical results from core-programme under FALSTAFF loading
at Smax , 170 MPa after 'non-interaction' analysis.
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100 Short crack data £19)
Smax = 145 MPa
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-o 0-
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• € H
-° H

I0 -O H

Range of strcms Intensity

factor AK (MF'a • [)

Figure 12.- Typical results from core-progra-ae under GAUSSIAN loading
at Smax - 145 l4Pa after "non-interaction" analysis.
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Smasx
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0 YI •Ij.-

Smn Time

(a) FRLSTRFF

Smax

0

Smin Time

(b) Inverted FALSTAFF

Figure 13.- Typical flights in FALSTAFF and Inverted FALSTAFF load sequences.
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o Inverted FRLSTRFF
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o 0

o8c0xbo FRLSTRF
F

n iC7 0 x0 Long crack

00data C193

0
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0 1 2

10 t0 10
Range of stress intensity
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Figure 14.- Comparison of short-crack growth rates under FALSTAFF and Inverted
FALSTAFF load sequences for 2024-T3 aluminum alloy.
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2024-T3
TWIST

Blom 3P)
-4 Short crack data

u Smax HP Long crack
>, data E383S x 2 75

o225

8E x

-o x

x 00
S0-

6  x x

. x V

0a a 0 0 0
~ 0 00

o 000
Co 0

0 2O
10 10 10

Range of stress intensity
factor AK (MPa.W)

Figure 15.- Comparison of short- and long-crack growth rates under TWIST load
sequence for 2024-T3 aluminum alloy.
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- 10 Long crack data:
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-o I
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Mearn stress intensity factor
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Figure 16.- Comparison of short- and long-crack growth rates under Fokker 100load sequence for 224-t3 aluminum alloy.
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1.2 Model prediction £19]

V0

o Eqn. ()o 0

x.._ 0--g~. 0 0___

x
.8 X X 

X
x

c a .6 x
x

4 ,x 2024-T3

x Fokker 100 £313
.2 o Constant amplitude £19]

0
0 .05 .1 .15 .2

a/t

Figure 17.- Comparison of crack shape (c/a) against crack size (a/t) under
constant-amplitude and Fokker ICO load sequence.
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Figure 18.- Comparison of shor- and long-crack growth rates tnder constant-
amplitude loading (R a) for 7075-46 alminum alloy.
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Loading

Axis

(0) (b)
Figure 19.- Photos showing initiation sites (1) and fati gue failure profiles at

notch root for 2090-T8E4) alumi num-lithium alloy with (a) overall
slant fracture and (b) multi-slant fracture leading to 'V"-shape
crack-.surface profile.
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X= X 0.
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106 X 0
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Range of stress intensity
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Figure 20.- Comparison of short-crack growth rates under constant- ampli1tude
loading for 2090-T8E41 aluminum-lithium alloy using Mode I and
mixed-mode (I and 11) stress-intensity factor formulations.
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10- 2090-TSE41 ]
0Short crack data YO0

I l04 Carvaiho ct al (43) x ~o 0
>1 x Eqn.(I) o

o Eqn.(2) 0
E x

100

,a
x

'a X0

U
'. -7 Long crack
U data C42)

100
10 10 t0

Range of stress intensity
factor AKI WMa-X)

Figure 21.- Comparison of short-crack growth rates under constant -ampl itude
loading for 2090-TSE41 aluminum-lithium alloy using two different
equations for predicting surface- or corner-crack depth, c.

300'

Figure 22.- Schematic of fatigue failure surface for 2090-78E41 aluminum-lithium
alloy showing various crack-length and thickness neasurements.
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1.2 0 Model prediction 1191

c/ x x x
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Figure 27.- Comparison of short- and long-crack growth rates under Felix
load sequence for 2090-T8E41 aluminum-lithium alloy.
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Figure 29.- Typical crack-initiation sites for 4340 steel SENT specimens
showing (a) spherical calcium-aluminate inclusion particle and
(b) manganese-sulfide stringer site.
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Figure 31.- Schematic of' analytical crack-closure model showing crack-surface
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Figure 33.- Calculated crack-opening stresses for FALSTAFF load sequence
showing maximum and minimum stresses applied in sequence.
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ABSTRACT

The United States Air Force developed two primary sets of design requirements to

ensure the structural integrity of aircraft: damage tolerance and durability. The
purposes of these design requiremente are to ensure structural safety and preclude the
occurrence of expensive maintenance and repair costs, respectively. These requirements
are generally satisfied through the use of linear elastic fracture mechanics and crack
growth rate data experimentally generated for long cracks. Recently, various
investigators have indicated that short cracks may grow significantly faster than long
cracks for the same crack-driving force. The end result may be unconservative life
predictions when situations arise where short crack lengths are included in the
analysis. To accurately predict the growth of these short cracks, the short crack
phenomenon must be understood.

The objective of this paper is to describe the work of the Flight Dynamics
Laboratory as a participating agency in the AGARD Supplemental Test Program on Short
Cracks. The manufacturing and testing of 2090-r8F41 .luminum-lithium short and long

crack specimens were performed under this effort. Constant amplitude and spectrum
fatigue tests were conaucted at various strers ratios and stress levels. The short and
long crack results were compared to verify the existence of any short crack effect. As
a result of the unusual fracture patterns in the aluminum-lithium short crack tests, an

analytical approach considering combined Mode I and Mode II type fracture was considered
and compared to the standard Mode I analysis used in the previous AGARS Core Test
Program.

t. INTRODUCTION

Recently, a number of investigators 1I-81 have reported that small/short fatigue

cracks propagate at rates significantly faster than long cracks subjected to an
equivalent crack-driving force. In addition, these short cracks have been observed
growing under conditions that are well below the threshold stress intensity factor
estimated using current techniques (Fig. 1). This dissimilar behavior between long and
short cracks has been attributed to a number of factors including crack closure [1,2),
plasticity effects, microstructural interactions, violations of the continuum
assumptions of solid mechanics, and violations of linear elastic fracture mechanics
(LEFM) principals 13).

Investigators of these phenomena define short cracks in various ways. Three of the
more common definitions are 131:

a. Cracks having lengths less than the dimension of the microstructure (grain

size), typically on the order of .001 mm - O.O5mm (0.00004 inch - 0.002 inch).
b. Cracks having lengths less than the plAstic zone size, typically 0.Olmm - lmm

(0.0004 inch - 0.04 inch).
c. Cracks having lengths which are phys !ally small, typically 0.5mm - Imm (0.02

inch - 0.04 inch).
The first and second definitions result in a violation of the assumptions of continuum

mechanics and LEFH, respectively. In the third definition, a physically short crack is
long in terms of the continuum mechanics and LEFM definitions; however, it too behaves
differently from long cracks for the see crack driving force. As one can imagine, the
existence of the short crack effect Is embroiled in controversy. However, one thing
appears certain; the current 4nalysis procedures for predicting the growth behavior of
physically small cracks are inadequate.

The United States Air Force developed two primary sets of design requirements to

ensure the integrity of aircraft structures: damage tolerance and durability 19). Tlhe
purposes of the damage tolerance and durability design requirements are to ensure
structural safety and to preclude the .. iutLe uf expensive maitena,. a'l rpair
costs, respectively. The damage tolerance design requirements include the assumption of
the existence of initial fatigue cracks in the most critical locations of the structure
from day one. The sizes of these initial cracks are based on NDI capability. For close
tolerance fasteners this initial primary damage size is assumed to be 1.27 mm (0.05
inch). towever, If life enhancement fastener systems are present (e.g., interference-
fit fasteners, cold-worked holes, etc.), a smaller Initial primary damage size of 0.127
mm (0.005 inch) is assumed. Also, locations adjacent to the primary damage are assumed
to have initial 0.127 mm (0.005 inch) cracks for both clearance-fit and life enhancement



2-2

fastener systems. Damage tolerance analyses are performed to predict when these initial
flaws will reach a critical size. For the above mentioned sizes it can be seen that the
"short crack effect" could significantly affect the damage tolerance lives predicted in
aircraft design, schematically illustrated in Figure 2.

The most commonly used practice in Air Force durability design today is to assume
the existence of an initial fatigue crack representative of the initial fatigue quality
of the structure. The initial quality is a function of the material selected and the
manufacturing and assembly techniques used. The initial flaw size normally assumed is
0.254 mm (0.01 inch). Durability analyses are performed to predict when this initial
flaw will reach the functional impairment crack size, af . Commonly used definitions of
functional impairment are fuel leakage and ligament breakage. Again, Figure 2
schematically illustrates that the "short crack effect" could significantly affect the
durability lives predicted for aircraft structure. Recent work has been performed to
improve durability design by more realistically representing the initial fatigue quality
of tile structure with a distribution of initial flaw sizes rather than a single flaw
size [101. The short crack effect should be accounted for in the determination of this
distribution of initial flaw sizes. In addition to airframes, the short crack effect is
also important in the design of aircraft engine components, where critical crack lengths
may be similar to those of short cracks. Thus, researchers are devoting much time and
resources to understand and predict tile behavior of short cracks.

This paper describes short and long crack growth rate tests on 2090-T8E41 aluminumd-
lithium by the Flight Dynamics Laboratory in an attempt to validate the existence of the
short crack effect and develop a short crack data base. Fatigue tests were conducted
on single-edge-notch tension specimens under constant and variable amplitude load
conditions. Long crack tests were conducted on center-crack-tension specimens under
similar loading conditions for comparison with tile short crack results. This program is
the Flight Dynamics Laboratory's contribution to an AGARD (Advisory Group for Aerospace
Research and Development) Cooperative Supplemental Test Program on Short Cracks.

2. TEST PROGRAM

The test program involved single-edge-notch tension (SENT) specimens made of 2090-
T8E41 aluminum-lithium sheet. The SENT specimen geometry is depicted in Figure 3. This
specimen geometry was chosen because it allows the generation and measurement of
naturally occurring cracks similar to those that would occur in bolt holes of aircraft
structures. The stress concentration factor for this specimen geometry is 3.17, based
on gross section stress.

Tile 2090 specimens were produced from a single sheet of 2.3 mm thick ALCOA
material. Since this is a new material, very little baseline crack growth rate data are
available. Thus, long crack growth rate tests were conducted on center-crack-tension
(CCT) specimens (Figure 4) as a parallel effort for comparison with the short crack
results. These CCT specimens were produced from the same sheet of 2090 material as tile
SENT specimens. This should eliminate any manuf uring variability due to different
batches of material. Baseline mechanical pr rties and the nominal chemical
composition are presented in Tables I and 2, respectively. Note the low plane stress
fracture toughness in Table I (brittle material). This is a result of the material heat
treatment (T8E41) and is probably the cause of much of the difficulties in the short
crack testing, as will be mentioned.

CCT and SENT specimen blanks were sheared Irom the sheets of material to a size
larger than the final specimen dimensions. The long dimension of the specimens was
parallel to the rolling direction of the material. Each specimen blank was milled to
its final dimensions and engraved with a code number giving its location in the sheet
(Fig. 5). The notch was then milled into the SENT specimen blanks with final milling
cuts of 0.25, 0.1, and 0.05 mm using newly sharpened tools. The final radius of the
notch was 3.18 mm (0.125 inch) (Fig. 3). A wire EDH (Electric Discharge Machine) was
used on the CCT specimens to induce the flaws (Fig. 4). Great care was taken in tile
milling of the specimens to minimize residual stresses. Once machining operations were
complete the specimen surfaces were deburred and polished. Chemical polishing of the
SENT specimens was performed at NASA Langley Research Center. The chemical polishing
was necessary to smooth machining marks and debur the edges of the notches to prevent
premature crack initiation caused by defects in those locations. The polishing also
provided additional assurance that no significant residual stresses remained in the
notch vicinity. The specimens were chemically polished in a solution of 80% phosphoric
acid, 5% nitric acid, 5% acetic acid, and 10% water by volume. The polishing cycle
was five (5) minutes at 105

0
C. This resulted in the removal of about 0.02 mm (0.0008

inch) of material from the specimens. The specimens were then individually wrapped and
distributed to various participants in the AGARD effort.

Thc SENT taike,5 were tL..d by the Flight byaamIcs Laboratory using a servo-
hydraulic MTS testing machine. The machine used MTS hydraulic grips lined with plastic
spacers between the grip jaws and the specimen. These spacers were used to prevent
fracture of the specimen in the grip area. An anti-buckling guide plates was used on
all specimens to limit out-of-plane displacements of the specimen when compression loads
were applied (Fig. 6). Load monitoring and load sequencing were accomplished using a
computerized data acquisition system. The accuracy of the load system was + 1% of the
intended load. All tests were conducted at a frequency of seven (7) Hertz under room
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temperature laboratory air conditions.

Prior to any short crack testing, an alignment check was performed on the test
machine and grips to ensure a uniform stress field throughout the cross-section of the
SENT specimens. Both bending (lateral and torsional) and tensile misalignments were
considered. The grips were shimmed to meet target tolerances. A description of the
procedure and results of the alignment tests are documented in Reference 11.

Long crack tests were also conducted in a servo-hydraulic MTS test machine. These
tests were conducted in accordance with ASTM Standard E647, "Test Method for Constant-
Load Amplitude Fatigue Crack Growth Rates Above IOE-8 m/cycle" (12J. Long crack growth
neasurements were visually monitored using a scale mounted on the test specimen. A
sufficient number of readings were recorded to obtain a representation of the crack
growth rate curve. The variable amplitude tests, although not covered by this ASTM
Standard, were conducted in a similar manner. Load-shedding tests were also conducted
to obtain threshold stress intensity values.

A wide range of loading conditions were applied in the short and long crack
testing. Fatigue testing included three (3) constant amplitude loading conditions (R -
0, -1, -2) and one variable amplitude loading spectrum (FALSTAFF) 113). The inclusion of
compression loading in the constant amplitude test matrix was a result of expectations
that the short crack effect would be more predominant urder those conditions owing to
crack closure effects. The FALSTAFF spectrum (Fighter Aircraft Loading STAndard For
Fatigue) is a general European test spectrum for fighter aircraft lower wing skins
covering ex host of mission scenarios including taxiing (compression loading): FALSTAFF
is however tension-dominated.

The plastic replica method was used to document the short crack growth in the notch

of the SENT specimen. A detailed description of the procedure used to take a replica is
presented in Reference I. Replicas were taken at selected intervals throughout the
fatigue test so that sufficient readings could be obtained before the crack propagated
through the thickness of the specimen. To obtain a replica at each interval the cycling
was stopped at zero load. The specimen was then manually loaded to 80% of the maximum
applied tensile load for constant amplitude tests and to 100% of the load level number
22 in the FALSTAFF spectrum. The replica was then made and cycling resumed for the next
interval. All necessary data were recorded on the replicas for later analysis. Once
the crack grew through the specimen thickness, the specimen was fractured to reveal the
crack shape for comparison with the assumed shape. The replicas were then examined
under a microscope with magnifications of 60-600X. A scale in the eyepiece of the
microscope allowed crack measurements with a maximum resolution of 0.001 mm at the
highest magnification. Each crack was first detected and measured at low magnifications
and followed through consecutive replicas until it joined another crack and/or
propagated through the thickness. Higher magnifications were subsequently used on
earlier replicas to track the cracks back to their origins (usually inclusion particles)
or as far as possible.

i .___A_A_____S___
3. ANALYSIS

As a result of the unusual crack growth at acute angles with respect to the loading
direction in the short crack tests, the data were analyzed using two approaches. The
first approach was the standard Mode I type crack growth analysis where the horizontal
projection of the cracks on to a plane normal to the specimen loading direction were
measured for use in the crack growth rate and stress intensity factor calculations (Fig.
7a). The second approach was a combined Mode I/Mode II approach where the actual crack
lengths are used in the analysis (Fig. 7b).

For the standard Mode I approach, two possible cases were considered for the
calculation of the stress intensity factor (14). The first was a semi-elliptical
suriace crack located in the center area of the notch. The second was a quarter-
elliptical crack located at an edge of the notch. Figure 8 allows tie pertinent
dimnslons for the two crack types. The crack depth was calculated from the following
eqdat!or for both types of cracks,

a/c = 0.9 - 0.25(a/t)
2  

1

where ,, c and t are defined in Figure 8. This equation was verified by a comparison
with the experlmental data generated in the AGARD core test program (2024-T351 material)
to ensure t.44 it is a close representation of the actual 'rack shape. This was
accomplished hy frazturing the SENT specimens after each fatigue test and observing the
shape of the crack.

The stress-intensitl i'etr tange equation for a surface crack located at the center

of the notch is (141,

AK - AS(3.14a/Q)FSN 2

and for a corner crack,

K (3.%4a/Q)UF N
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for 0.2 < a/c < 2 and a/t < 1, where

F! FS(1 .13 -O.09a/c) for a/c < l 4

FC 0 FSN(1.00 + 0.04c/a) for a/c > 1 5

The stress range (AS) is the difference between the maximum and minimum stresses
(S X" S i ) applied for constant amplitude and spectrum loadings. Equations for the
ap~e paSnctor (Q) and the boundary correction factor ( F ) may be obtained from

Reference 14.

The crack growth rate (da/dN) was calculated for constant amplitude and spectrum
loading using the secant method,

a2 -1ada/d14 = An/AH = -N 6

The corresponding stress-intensity factor range (AK) was calculated at an average crack
length, a

a = (aI + a2)/2 7

For the combined Mode I/Mode II approach, the calculation of the stress intensity
factor was formulated for the problem of unlaxial extension of an inclined crack in an
infinite plate (Fig. 7b) [151. The equations describing the stress intensity factor for
the Mode I and Mode II solutions are,

KI = S sin
2 
(na) 8

and,

KiI S sinscoss(ra) 9

Using the Strain Energy Release Rate,
K
2  

K2 Kl
2  

l

G= IL1 = G,+ 10
E I + 1I = E E

one can obtain an equivalent stress intensity factor for the combined Mode I/Mode II
case,

KX S sin(ma) II

Accounting for the variou, geometry differences between the solution for an infinite
plate and the SENT type ciack growth specimen, the following equivalent stress
intensity factors are obtained for cracking at an angle in a SENT type specimen
geometry:

surface crack AKIII AS sin8(3.14a/Q)NFSN 12

corner crack AK1,1 = ASinB(3.14a/Q)NFCH 13

Correction factors, shape factors and the stress range for the above equations are
essentially the same as in the Mode I case except that the actual crack length should be
used rather than the horizontal projection. It should be noted that to satisfy the
equations for the edge effects and correction factors, the a/t ratio should be obtained
using the horizontal projection of the crack so that the ratio does not exceed one. The
crack extension (da/dN) is calculated using the actual crack length in the same manner
as in Equation 6.

4. RESULTS AND DISCUSSION

Prior to conducting short crack tests, S-N curves were generated for the various
constant amplitude test conditions proposed (Fig. 9) (R - 0.5, 0, -1, and -2). The SENT
type specimens were placed in the fatigue test machine and cycled to failure at various
stress levels to generate this data base. This was accomplished to gain insight into
what stress levels to use for the short crack tests so that they could be completed in a
reasonable length of time. Because of a slight variability in these data and the high
slopes, conservative stress levels and replica intervals were chosen for the Initial
short crack testing. As a result of this conservatism, it was not uncommon to take ISO
replicas during a qigle short crack t,,gr. n¢ t%:-p- i , . Luntained no cra,&s
and tLu, were not used.

Long and short crack tests were conducted under constant amplitude (R- 0, -1, -2)
and spectrum (FALSTAFF) loadings. Subject to specimen availability and test duration,
multiple specimens at different stress levels were tested for each of the above
conditions. Table 3 shows that this was not always possible. Cracks on the order of
0.01 mm (0.0004 inch) were detected and tracked in the test program using the replica
method. Figure 10 (a through d), Figure 11 (a though d) and Figure 12 (a through d)
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graphically present the resulting crack growth rate data for the long crack, short crack
(Mode I analysis) and short crack (Mode I/Mode II analysis), respectively,

The various plots in Figure 10 (a thru d) represent all the long crack data
generated to date for the 2090-TBE41 aluminum- lithium specimens. The solid lines on
the plots represent visual fits to the data. These lines are used in Figures II and 12
for compariscn with the short crack data. The long crack test results for the CCT
specimens are typical of common aluminum materials. There was little observed out-of-
plane crack growth and the material responded favorably to the various loading
conditions. One observation worth noting was that at positive stress ratios It was very
difficult to get a crack started. However, it appears that this material is very
sensitive to compression loading which results in immediate crack initiation and growth.

The short crack test data for the 2090 aluminum-lithium specimens were very
difficult to generate as compared to the previous 2024 aluminun AGARD Core Test Program.
This aluminum-lithium material's resistance to crack initiation and subsequent fast
crack growth resulted in great difficulty in obtainig an acceptable number of crack
growth measurements during each test. More importantly, in the short crack test
program, the cracks grew at an angle in the SENT specimens. Every crack observed during
the constant amplitude short crack tests grew continuously or in a zig-zag pattern
across the specimen at 60 + 5 degrees with respect to a plane normal to the specimen
loading direction (Fig. 13). This high angle indicates that the crack growth occurred
mostly in shear. This high angle also made it difficult to determine the crack shape
for comparison with the assumed shape and to detect any possible tunneling problems.
Fig. 14 illustrates examples of the fracture surfaces for various specimens. As can be
seen in Figure 1

4
a, the crack shape is distingu hable; however, the more common

occurrances are represented by Figures 14b and c, which do not reveal a crack shape.

With a little imagination, one might argue that the cracks in Figures 14 b and c were
actually tunneling. It was also noted that while testing at R - -2 the cracks were

always corner cracks regardless of the stress level. This may be the result of
buckling during the tests. The anti-buckling guide was designed to allow minimal
specimen freedom (some buckling) so as to reduce anti-buckling guide interference with
the specimen being tested.

Results of the short crack data analyzed using a Mode I approach are plotted in
Figures 11 a thru d. Figures 11 a, b, & c represent the R - 0, -1 and -2 results,
respectively. The solid lines on these plots are long crack data and the dashed lines
represent a fit of the short crack data using a Paris type equation of the form,

da/dN 4 C(U)' 14

The empirical constants C and n were determined using a linear regression analysis. For
Mode I short crack data, these constants are C - 1.2588E-10 and n ,, 2.8169 for R 0,
C - 7.6116E-10 and n - 2.4916 for R - -1, and C - 3.81JOE-10 and n n 2.6261 kor R -2.
The results of the FAISTAFF spectrum tests are presented in Figure ltd. The solid line
represents long crack data and the dashed line is a visual fit to the short crack data.

The short crack d ta analysed using a combined Mode I/Mode II approach are plotted
in Figures 12 a thru d. Figures 12 a thru c represent the R - 0, -I and -2 results,
respectively. The solid lines represent the long crack data and dashed lines represent
a fit to the short crack data using a Parls type equation as described above. The Paris
constants are C - 6.4203E-10 and n - 2.8751 for R - 0, C - 3.3846E-10 and n - 2.5540
for R - -I, and C - 2.0992E-I0 and n - 2.6169 for R - -2. The results for the FALSTAFF
spectrum are presented in Figure 12(d), where the dashed lihe represents a visual fit to
the short crack data.

As can easily be seen by comparing Figures II and 12, the combined Mode I/Mode I
approach tends to increase the stress intensity factor for a given crack growth rate.
The result Is a more pronounced short crack effect. One problem with th,. combined Mode
iMode II appioach is that the data no longer tend to coalesce with the long crack data.
This implies that the stress intensity solution used for the combined Mode I/Mode I

approach may not be accurate or that the short crack data can no longer be compared to
the long crack data (Mode I deia). The inaccuracy in the combined Mode I/Mode I data
may be in the crack shape or in accounting for the edge effects. Although the combined
Mode I/Mode It approach appears to be more appropriate for these short crack data,
additional analyses are needed to improve the fit for larger cracks. For simplicity, it
would be best to use the Mode I short crack results.

In general, independent of -he analysis chosen the test results indicate that the
short crack effect does exist (a 2090 aluminum-lithium when 1EFh Is used to analyze the
crack growth rates, especially for the negative R-ratio tests. The effect also appears
to be independent of the test conditions (i.e. constant amplitude or spectrum loading).
A* psviwualy mentlonca, there wna dillitcuty obtaining short crack data for this
material. This was a result of tliv iluminur lithl-m's variability in crack initiation
time (Fig 15) followed by poor crack growth ptopertits, which in turn may be attributed
to the materia temp r. An example of this variability was a crack which initiated and
failed a specimen in 300,000 cycles, while the following test using the same test
conditions resulted in a life to f-ilure tf 2,500,000 cycles. No defects were observed
on either specimen prior te testing. Two explanations for this inconsistency are that a
possible defect existed in the one specimen beneath the surface, where it was
nonvisible, or there were residual stresses in the other specimen from improper
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machining and polishing procedures. Most of the variability in the aluminum-lithium was
observed for positive stress ratios at low stress levels. Any compression loading
generally caused cracks to initiate quickly and consistently. One simplifying aspect of
the aluminum-lithium chort crack tests was that, independent of the stress level, it was
unusual for multiple cracks to initiate and propagate in each specimen.

There was considerably less scatter observed in the 2090 aluminum-lithium short
cracks data than expected. Much of the scatter that was present can be attributed to
errors in the calculation of the stress intensity factor, 6K. The shape of the cracks
growing in the specimen is assumed to be elliptical, based on experimental data.
However, a physically small newly initiated crack may not establish that assumed shape
for a period of time.

5. CONCLUSIONS

Short crack tests were performed for constant amplitude and spectrum loading on
2090-T8E41 aluminum-lithium. The constant amplitude tests were conducted for stress
ratios of 0, -1, and -2, while the spectrum tests involved FALSTAFF. The replicate
technique used to monitor the growth of the short cracks proved to be adequate for the
test conditions. Cracks on the order of 0.01 mm (0.0004 inch) wore measured during this
test program. One major problem encountered was too much varia ility in the initiation
and growth time of the short cracks, resulting In many useless but necessary replicas
taken to ensure that sufficiently small rackq would be measured. The short crack data
were analysed using Mode I and combined Mode i/Mode It approaches. They were then
correlated with long crack data generated using standard ASTM test procedures. This
correlation indicates that the "short crack effect" does exist when t.' bhort crack data
are analyzed using current LEFM methods, particularly for the negative R-ratios teqted.
The effect is also evident when the FALSTAFF spectrum is applied. Overall, the program
successfully demonstrated the existence of the "short crack effect" and provides a
necessary database to develop new analysis tools capable of accounting for this effect.
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Table I Baseline Mechanical Properties for Table 2 Chemical Composition of 2090-TBE4l.
2090-78E41.

Percent
Element Volume
Silicon 0.10

Ultimate Tensile 580 MPa Iron 0.12
Strength Copper 3.00

Yield Stress 525 MPa Manganese 0.05
0.2% Offset Magnesium 0.25

7ercent 5 Chromium 0.05
Elongation Zinc 0.10
Fracture ** 22 MPa,5r- Titanim 0.15
Toughness Zirconium 0.15

Lithium 2.60
** For 2.3 rm thick material. other 0.05

Aluminum Balance

Table 3 Test Conditions for Short and Long Crack Tests.

TEST TYPE LOADING CONDITION MAX. STRESS NUMBER OF
SPECIMENS TESTED

LONG R = 0.5 69 MPa
_________I ___

CRACK R =0 34 MPa ... ... _ _

R= -0MPa - Wt1
34 MPa I

R =-2 WitMa
34 MPa 1

FALSTAff 137 MPa 1
117 MPa I.

SHORT R 162 MPa 12t 2

CRACK ..... 151 MPa 2
R -1 9B MPa 2

_82 MPa 2

R=2 6B MPa 3
________________ 54 MPa _____1______

FALSTAFF 
204 MP 2

* Load-sheddl ng type test.
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SUMMARY

Within the AGARD Cooperative Test Programme on tile behaviour of short cracks,
a common airframe aluminium alloy (2024-T3) has been investigated and tile significance
of the short crack effect analysed from tests conducted on a single edge notched fatigue
specimens of sheet material [!J. Tile follow up Supplemental Test Programme dealt with
other alloys such as Ti6AI4V, steel 4340,A 7075 and Al-Li 2090, all of them of interest
to the aerospace *ndustry. 'File present report describes the results obtained for tile
Al-Li alloy at LNETICEHUL.

NOMENCLATURE

a, c crack dimensions
B angle between a slant crack and the applied stress
da/dN fatigue crack growth rate
B Young's modulus
EDX Energive Dispersive X-ray analysis
Fs, boundary correction factor for a surface crack
Fen boundary correction factor for a corner crack

parametric angle defining a point on crack boundary
G strain energy release rate
K stress intensity factor
KI, KII, Kill stress intensity factors respectively for opening, sliacng and

tearing modes
AK stress intensity factor range
LKeq equivalent stress intensity factor range (=/EG)
KT elastic stress concentration factor
L, T, S longitudinal, long transverse and short transverse directions
N I number of cycles corresponding to the first detection of a crack
Nf number of cycles corresponding to a through thickness clack
V Poisson's ratio
Q shape factor
R stress ratio (= Snin/Smax)
S applied stress
Smax, Smin  maximum and minimum applied stress
AS applied stress range
SEI Scanning Electron Microscope
00.2 yield stress (0.2 percent offset)
o uniform uniaxial tensile stress

one half (full) specimen thickness for surface (corner) clack
uniform shear stress

MATERIAL AND SPECIMENS

Tle material was an Al-Li Alcoa alloy (2090) of nominal composition shown in
Table I, in tile .,oak aged condition T8E4.

"ihe yield stress (0.2% offset) and the ultimate tensile strength were given as
526 MPa and 568 MPa respectively. The constant amplitude fatigue limits were first
estimated as 40% higher than those of 2024-T3, but following preliminary experiments
were later estimated for (KT = 3) as 160 - lo - 60 - 50 MPa, respectively for R=O.5,
0, -1, -2 loadings.

Tihe bi:gle edge notch teniie koLNT) specimens were of the same type and nominal
dimensions as the ones used in the Core Programme (Fig. 2 of Ref. 1). They were prepared
by the Air Force Wright Aeronautical Laboratory, USA, and received in the chemically
polished condition. The notch was semiclrcular with a nominal radius of 3.18 mm. The
stress concentration factor (KT) was 3.17 based on gross section stress.

Typical photomicrographs of the 2090-T8E41 sheet are shown in Figs. 1 and 2. The
scanning electron micrograph (Fig. 1) shows a slight elcl given to tile material by
the mechanical polishing procedure. Most of the lioh -t; 1 ', rm aL x.wuiLibteats are

of the AI,CiF- t a,, t.ead to be aligned in the rolling direction, some being also
rich in Ti (EDX analysis).



The optical micrographs of an etched sample show a pancake type of structure
(Fig. 2). The average grain dimension along the short transverse direction (thickness
of the Al-Li sheet) is approximately 5 am. Using only optical metallography it is not

quite clear if part of the microstructure consists of grains or subgrains. However,

on the basis of back reflection Lauegrams of the sheet that gave non-spotty,well-defined

Debye-Scherrer rings, it is believed that the structure is predominantly recrystallized,

the "pancake grain" appearance resulting from the small differences in orientation

between the fine grains formed within each one of tile previous solidification cells

of the Ai-Li ingot that have become elongated in the rolling direction during processing.

The non-uniform intensity of the same Lauegram rings showed the Al-Li sheet to be
textured.

EXPERIMENTAL PROCEDURE

Specimens were tested in a servo-hydraulic MTS fatigue machine with bolted "U"
grips. Plastic spacers were used between the specimen and tile grip jaws, so that the
speciwens would not crack in the gripping area.

Careful alignment of the testing rig was carried out according to the instructions
of the Core Programme (Ref. 1, Annex C). Anti-buckling guides lined with teflon sheets
were used for all tests where compressive loads were applied. If a test was interrupted

tile steady-state minimum load was not lower than the required minimum load in the test.

A complete description of the fatigue testing procedure can be found in Ref. I.

Fatigue tests were conducted under several constant amplitude loading conditions
in laboratory -air, (average temperature 23 ± 40C and relative humidity 65 ± 3%). In

all tests the cycle frequencies ranged from 5 to 15 liz. The real specimen thickness
was less than the nominal thickness of 2.3 mu: the actual values (2.14 to 2.19 mm)
were used when load conditions were calculated and crack length measurements corrected

for replica shrinkage.

The stress ratios, R = -2, -l and 0 were used. At each R ratio the stress levels
were selected according to the ultimate strength, yield stress, and estimated fatigue
limit. Table 2 shows the selected maximum gross stresses and the local notch root
elastic stresses at maximum and minimum applied stress. Tile highest R = -2 and R=O

loading conditions cause tile notch root to yield respectively under compression and
tension. All conditions at R - loading are elastic. These conditions were similar

to those of the 2024 Core Programme.

A total number of 18 notched specimens was received, the main objective being
to obtain surface crick length against cycles data. The specimens were fatigue tested
until one continuous crack grew all the way across the notch root thickness and then
the specimens were pulled to failure.

Each test was interrupted at regular intervals to allow obtaining the notch surface
replica as described in Ref. 1, Annex A. The replica material used was 0.04 mm thick

acetyl cellulose and the replicas were sputter coated with a thin layer of Au prior
to observation in a SEM at 9 keV. Systematic analysis of several replicas starting from
the last one allowed the location of crack initiation. Measurement of the crack length.

projected in the horizontal/short transverse direction, was carried Out for each rep1i-a
and registered in the appropriate AGARD chart maps together with the correspondi-g

number of cycles.

RESULTS AND DISCUSSION

From tile 15 tests effectively run, only 11 provided meaningful data. For these
the number of cycles corresponding to the first detection of a crack (Ni) and to the
length of the main crack equalling the thickness of the specimen (Nf) have been
represented as a function of the experimental conditions in Fig. 3. The percentage
of life corresponding to crack initiation varied from 10 to 70%, with no systematic
variation with either Smax or AS. The number of cracks detected in each test did not
seem to vary systematically with either Smax or AS. The first crack initiated usually

halfway between the centre and the edge of the notch. Characrteristic length at first

detection varied between 5 and 70 i'm.

In all tests the last replica showed tile through-thickness crack to appear with
most of its length as a microscopically straight line at approximately 300to tile rolling/

test direction or to have a V shape characterized by the same 300angle. Fig. 4 shows
the trace(s) of the fatigue surface(s) on the notch surface, illustrating a typical
example of each case. When secondary cracks occurred, tho __ - raca !c trhfrt$a
orientation is evident in them (Figs. 5 and 6). Tile V configuration can result either
from tile intersection of two cracks or from the deflection of one crack. Most of the
cracks started with an initial horizontal length of 5 to 50 lim but assumed the typical
300orientation shortly after (Figs. 7 and 8). The "asrrations" that sometimes connect
different parallel lengths of the cracks do not seem to be 'i.zaya elated to sitort
transverse grain size (Fig, l).

This crack orientation behaviour is thought to be related to the propensity towards

planar slip characteristic of some Al-Li alloys [2], in combination with the detected
preferred crystallographic orientation. A minimum tensile/yield strength has been
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frequently found at 50 to 600 to 'he working direction in Al-Li alloy mill products
and attributed to the presence of a (l01 112] texture (3, 41. This texture is in
fact present in the Investigated 2090 alloy sheet as the main component at mid thickness
of the sheet and one of three components at 1/4 thickness [5]. If the replicated plane
at th. root of the notch is assumed to be (III), Fig. 12 shows there are four 10]
directions contained in (1I1) planes which give traces on the replica at 30, to tile
rolling direction. The ( 110 ) (112] texture seems then consistent with crack propagation
assisted by favourably oriented (111) [110] slip systems.

The fatigue and the tension fracture surfaces have respectively a transgranular
and an intergranular/intersubgranular appearance, illustrated typically by Figs. 9
and 10. Delamination of the pancake structure is evident in Figs. 10 and II.

For the R - -2 and R - -I fatigue tests the fatigue fracture surfaces showed a
black powdery deposit, assumed to be fretting debris, aefining conchoidal marks. EDX
analysis showed this fretting product to be rich in Al and Cu, probably Al Li 11. These
marks corresponded to sucessive positions of the crack front when the fatigue tests
were interrupted to take replicas, and as such they give indications of the crack shape.
For each mark the crack depth c and crack length a or 2a were measured according to
Fig. 13 and a plot of c/a against a/t was obtained for seveial specimens, as shown
in Fig. 14. Despite the poor correlation, an experimental equation of crack-chape
c/a against specimen thickness can be obtained as:

c/a - 1.18 + 0.51 (alt) (0)

Crack growth data were obtained on length-cycles coordinntei and'analysed on crack
growth rate - stress intensity factor range coordinates. Both projected crack length
and actual crack length were considered.

Analysis based on projected crack length

The AK equation for a semi-elliptical surface crack located at the centre of the
edge notch or for a quarter elliptical corner crack subjected to remote uniform stress
can be obtained [I, 61 respectively as:

Al< = AS Fs/Q Fsn (2)

AK = AS Xr./Q Fen (3)

where AS is full stress range, Q is the shape factor and Fsn and Fcn are the boundary
correction factors given in [6.

For both the shape and the boundary correction factors the crack length and crack
depth must be known. In the Core Programme c/a was calculated as:

c/a= 0.9 - 0.25 (a/t)
l  

(4)

Figs. 15, 16 and 17 show, respectively for R - -2, -1 and 0, the short crack growth
rate against the stress intensity factor range assuming cxack depth calculated by Eq.(4)
and using the projected crack length, as per instructions. For each loading condition
the short crack growth rate data is compared with the available long crack data
generated under the same loading conditions on the same material, obtained by a
different laboratory (7]. Fig. 18 shows for R = 0 the short crack growth rate against
the stress intensity factor range assuming the experimentally determined crack depth
Eq.(1). Comparison of Figs. 17 and 18 shows that for the same AK the crack growth rate
is not significantly different and therefore only Eq.(4) was used henceforth.

Analysis based on actual crack length

As mentionna ptrvio..ly. a systematic 300 slant of the cracks was found in all
the tests. The remote uniform stres* has tI'cn a shear stress component in the crack
plane and a normal stress component. Mixed mode con--ico,. of 'rack propagation exist
and a i=mplified mcdel for these co.!ditions wans nt 'ted in ordo -, -
accurate analysis of the data.

At the points (A) where the crack intersects the notch surface a mixed mode composed
of mode I plus mode II exists and at the maximum crack depth (B) a mixed mode composed
of mode I plus mode III exists (Fig. 19).

ar slant crack of length 2a in a sheet, subjected to a uniform stress 0 remote
from the crack and making an angle 0 with the direction of 0 (Fig. 20), the stress
intensity factors KI and KII are given [81 uy:
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= senl / u (5)

KI = sen/ cosp/ i ' (6)

For an elliptical crack of length 2a and depth 2c subjected to uniform unxaxial
tensile stress a (Fig. 21) or uniform shear stress T (Fig. 22), the stress intensity
factors are also found in Ref. 8. When the ellipse becomes a circle(c - a)they are
given by:

K, = 2c 4 (7)

• cos . . x (8)KII= r (2-v)

___ Pr_.__r- (9)Kill = x (2-v) -- f9

On the basis of Eqs.(2) and (3) an approximate stress intensity factor equation
for mode-t 1, 11 and Ill, can be calculated for a semi-elliptical surface slant crack
at tile edge of a notch. It assumes that tie boundary correction factors Fsn and Fcn are
the same for the three modes, that the shape factor Q for modes II and III are the
ones in Eqs. (8) and (9) and the applied stresses are taken from Eqs. (5) and (6).

For a surface crack, in the special case when the ellipse becomes a circle, thle
equations for the three r.odes are:

K, = 2S sen2 
/ 1 . Fsn (10)

KI1  x (2-v) S sen/i con/ rrF Fsn (11)

Kil 1 z-- . S . sen . cosi 4xa, . Fsn (12)

and the strain energy release rate G is, for plane stress conditions:

G= + K2l + (1 - u) IQIHI (13)

Fig. 23 compares crack growth rate against stress intensity factor range for modes
1, I and II, for a slant surface crack growing under R - -1, Smax - 80 11Pa conditions.
The greatest contribution to the total AK can be seen as being given by mode II.

For the same surface crack, Fig. 24 compares crack growth rate against E.G. valuescalclate as ' , 2 +K21 1
calculated as K

2
, K1 + KII (at points A) and K2 + (I +v ) KIi (at maximum crack depth,

point B). As can be seen, for a given crack length the E.G. value at point B is smaller
tan at point A, so plots of AK against da/dN were obtained only for these points A
and using a AK = / (E.G) to compare with long crack data [7].

Such plots are shown in Figs. 25, 26 and 27 respectively for R = -2, R = -1 and
R - 0 loading conditions. Direct comparison with Figs. 15, 16 and 17 shows that for
a given AK a greater short crack growth rate is obtained with this mixed mode analysis,
owing mainly to the 300 crack slant orientation.

Tile actual short crack effect will then be greater than any detected on the basis
of the Eqs. (2) and (3) using the projected crack length.

CONCLUSIONS

The present study of the crack propegation behaviour of short naturally occurring
cracks in an Al-Li alloy (2090 - TgE41) leads to the following conclusions:

1. A 300 slant cracking pattern was obtained in all tests. This behaviour is quite
different from the one found for the 2024-T3 material tested in the AGARD Core

2. The systematic crack orxentation is probably related to the texture of tIe Al-Li
sheet.

3. Using the Core Programme type of analysis and the crack projected lengths:

3.1. At equival ..t nominal AK levels short crack growth rates were definitely faster
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than long crack growth rates for constant amplitude loadings R - -2 and R a-1.

For R - -2, short cracks grew faster at higher stress levels for the same AK.

3.2. For R - 0, short crack growth rate was only slightly faster than long crack growth
rate for equivalent AK.

3.3. For R - -2, R - -1 and R - 0 short cracks grew below long crack threshold U th'

4. The attempted mixed mode analysis shows the enhancement of the short crack effect
described in conclusion 3.
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Table I - Cnemical composition of 2090-TSE41

Percent
i IIlement

Volume

Copper 2.4 - 3.0

Lithium 1.9 - 2.6

Magnesium 0.25

Zirconium 0.10

Iron 0.12

Manganese 0.05

Chromium 0.05

Titanium 0.15

0.05 max. each
Others

0.15 max. total

Aluminium Balance

Table 2 - Local notch-root elastic stresses

Maximum

Loading Gross Stress ,. K0.2
Smax (MPa)

90 0.54 -1.08

R = -2 70 0.42 -0.84

55 0.33 -0.66

105 0.63 -0.63

100 0.60 -0.60

R = -1 90 0.54 -0.54

80 0.48 -0.48

170 1.02 0

155 0.93 0

R 0 150 0.90 0

140 0.84 0



Figure I SEM micrograph of polished Figure 2 -Optical micrograph of etchedsample sample. Electrolytic etch
(boric/fluorboric acid
solution, 20 V)

29

Smax (Po) 19. 
x---

4- 4

50-4- 0 1 0

19e 10i I91N (cyclas)

Fig~ure 3 -Cycles range between first crack detection and through thickness
length
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Figure 4 - SEM photographs of halves of Figure 5 - Replica at 103.000 cycles for

fatigued specimens tested at: the specimen tested at R=-2,
a) R--I, Smax=

7
0 MPa; b) R-0, Smax 55 MPa

Sm ax .170 MPa . Electron beam
parallel to long transverse
direction

Figure 6 - Replica at 8,800 cycles for the Figure 7 - Replica at 75.000 cycles for
specimen tested at R-2, Smax = the specimen tested at R--2,

90 MPa SmaxllO MPa. Arrow indicates
crack initiation site
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Figure 8 - Replica at 75.000 cycles for the Figure 9 - Typical fatigue fracture
specimen tested at R-I, Smax -80 surface (R-O, Smax - 170 MPa).
MPa. Arrow Indicates crack Arrow indicates crack
initiation site initiation site. Electron beam

parallel to tension axis

Figure 10 - Typical tension fracture surface Figure 11 - Typical tension fracture
(R-I, Smax-8OMPa).Electron bean surface (R--I, Smax=80 MPe).
parallel to tension axis Electron beam normal to

tension axis



3-10

(a)

I S
Oil

L

(b) CUBIC (111) STANDARD PROJECTION

03 13 13 331 b 2

- 1 fi

1'igrc 2 ) N Tchsrfc -ritat he unn (211 (21>teue
R ) ( 10 sta 1ar roj3ection 1ho ig30anlsbewe

lot udnldieto an the. trace Tof -tw 11 )p e



3-11

4- -

Figure 13 - Optical macrograph of fatigue fracture surface of specimen tested at
R - -1, Sma x  90 HPa
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CRACK BEHAVIOUR OF 2024-73, 2090-T8E41 AND 7075-T6 UNDER CONSTANT AMPLITUDE AND
DIFFERENT TYPES OF VARIABLE AMPLITUDE LOADING, ESPECIALLY GAUSSIAN LOADING

H. Nowack, K.H. Trautmann, J. Strunck
Institute for Materials Research

Deutsche Forschungsanstalt fUr Luft- und Raumfahrt (DLR)
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SUMMARY

The present report describes the contribution of the DFVLR (DLR) to the AGARD cooperative test pro-
gramme on short and long cracks. Within the core programme tests on 2024-T3 single edge notch (SENT) speci-
mens were performed with constant amplitude, FALSTAFF, and Gaussian loading. Within the supplemental pro-
grame short and long crack tests on the aluminium-lithium alloy 2090-T8E4I were carried out with Gaussian
loading and some further exploratory long crack tests with the conventional high strength aluminium alloy
7075-T6 were added. The long crack tests were performed on center crack (CCT-)specimens.

From the investigations It came out that 2024-T3 and 2090-T8E41 showed the so-called short crack
effect. This effect i mainly attributed to the influence of crack closure.

The microscopical behaviour of 2024-T3 and 2090-TE41 was different. At 2024-T3 several cracks ini-
tiated, normally as center cracks, whereas at 2090-TSE41 corner cracks were the predominant cracks.

In the long crack stage 2090-T8E4l turned out to be not such damage tolerant as expected.

I. INTRODUCTION

The economical life of airspace constructions can be extended if parts of the short crack stage are
also included into the fatigue analysis. This requires a thorough knowledge of the short crack behaviour
under service loading conditions. More specifically, two essential prerequisites have to be fulfilled:,
The length of the short cracks must be reliably detectable by NDI methods and the propagation behaviour of
the cracks must be quantitatively known. The AGARD collaborative test programmes on short cracks had been
initiated to investigate mainly the short crack stage but also the long crack stage for comparison by the
combined effort of numerous fatigue laboratories which all used specimens with a same shape and manufac-
tured from one batch, the same damage evaluation technique and the same selected constant amplitude and
variable amplitude histories. An essential question was, if the so-called short crack effect (faster crack
propagation than expected from'long crack data and a different threshold value) could be observed on the
materials investigated.

The short crack effect is not well understood until now from a physical viewpoint. Further on, analyt-
ical tools have to be available to predict the short crack behaviour adequately.

The core programme at DLR concentrated on the conventional 2024-T3 alloy. Within the supplemental pro-
gramme the 2090-TBE41 was investigated in the short crack and in the long crack stage under a Gaussian
loading history.

One essential aspect of the AGARD programme is that the advanced crack propagation prediction model
by J. Newman (I) is available and used by the author to predict the short and long crack behaviour as ob-
served in the experimental investigations of the participants of the programme.

2. EXPERIMENTS

2.1 Test Prograrme

Table I gives a survey of all tests which were performed by DLR in the core and in the supplemental
programme. In the long crack stage some exploratory tests on the conventional high strength aluminium alloy
7075-T6 were also included. (The workloads of the participants of the AGARD programme are given in Tables
la and lb in the Appendix.)

2.2 Specimens and Material

All short crack tests were performed on SENT specimens and the long crack tests on CCT specimens. (The
shape of the SENT and of the CCT specimens is shown in Figures Ia and 2b in the Appendix.)

The chemical composition and the mechanical properties of the alloys investigated are given in Tables
2a and 2b in the Appendix. (Because 2090-T8E41 is a high strength type of alloy, it was expected that this
alloy compares more to 7075-T6 rather than to 2024-T3.

2.3 Experimental Techniques

The initiation and propagation behaviour of short cracks appears complex, because multiple crack ini-
tiatiun often takes place. During their further growth the shortcracks interact with each other. A special
mapping procedure was used to document the short crack behaviour. On a (graphical) sketch of the niotch sur-
face of the SENT specimens the approximate locations, shapes and sizes of the short cracks were registered
at certain cycle numbers during the tests. (An example of the mapping procedure is shown in Figure 2 in the
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Appendix.) All data which were experimentally determined were collected by the coordinators of the AGARD
programme, J. Newman, NASA, and P.R. Edwards, RAE, evaluated using a uniform analysis scheme, and distrib-
uted later on to all participants of the AGARD programme.

The measurements of the short cracks could be performed in a different manner, either by a foil re-
plication technique or by direct optical obseriations. DLR applied both techniques.

2.4 Loading Histories

In the programme constant amplitude loading, FALSTAFF and a Gaussian loading history were apphed.
These histories are described in more detail in [1). Because the Gaussian history was extensively used in
the present investigation, some further information shall be given here.

Gaussian histories are the result of the combined action of a large number of sources/excitations,
each of which are statistically normally distributed. If the cumulative frequency of the level crossings
is considered, its envelope shows the typical bell shape. The ends of the bell shape curve are cut off .t
some certain value, very often at a value of 5.3 times the R.M.S.-value of the history. The distribution
functions of the maxima and of the minima of a Gaussian history are Raleigh distributions.

Gaussian histories-are completely described by two of the following parameters: Power spectrai densi-
ty function, irregularity factor, clipping ratio, level crossing spectrum, extreme value distributions,
etc.

in practice, three typical Gaussian histories with irregularity factors around 0.9, 0.7, and 0.3 are
of importance. In the present study a Gaussian history with an irregularity factor of 0.99 has been chosen.
(The level crossing spectrum and a cut-out of the history are shown in Figure 3 in the Appendix.)

In contrast to the flight loading history FALSTAFF, the Gaussian history does not contain any induced
loading events as air-to-ground cycles. In the course of the Gaussian history high peak loads occur at
certain instants. These have a significant effect on the observed crack growth behaviour.

2.5 Testing Equipment

The tests at DLR were performed on a computer controlled servohydrailic testing machine together with
the extreme value correction software ECOR (Schenck AG), which guaranteed a sufficiently high accuracy,
especially in the variable amplitude tests. This has also been confirmed by an AGARD inspection, which used
an independent measuring and data acquisition device.

3. EXPERIMEENTAL RESULTS

3.1 Short Crack Stage

The results of the tests with 2024-T3 with constant amplitude loading, FALSTAFF loading and Gaussian
loading, which were run in the core programme, are presented together with the results of the other labora-
tories in [I]. (They are also reproduced for constant amplitude loading in Figure 4, for FALSTAFF loading
in Figure 5, and for Gaussian loading in Figure 6 in the Appendix.)

Only those short crack data were 'onsidered, where no interactions of the short cracks did occur,
following the non-interaction criteria as specified in l] . In order to enable comparisons between the
short crack and the long crack behaviour, the behaviour of long cracks is also included in the figures.

The short crack behaviour at the notch surface of 2090-T8E41 under Gaussian loading is presented in
Figure 2. In the figure the surface crack length is plotted versus the cycle number. in contrast to 2024-T3,
which was investigated within the core programme, the number of short cracks which were initiated was con-
siderably lower, except in one case (speci'en No. 1702), where four cracks started to grow. It is inter-
esting to note that in this case those cracks which started early to grow did not form the final through
crack at the end of the short crack stage. Since the number of short cracks at-'90-T8E41 was small, they
grew independently of each other and there were only very few data points which had to be rejected, because
they did not fulfil the non-interaction criterion.

Figure 3 lives a further overview of the short crack stage. In the figure the cycle numbers are given,
where the first cracks were detected, the length of the cracks at this instant, and the cycle numbers,
where the longest short crack penetrated the whole bore of the notch.

In Figures 4a and 4b the cycle numbers which were spent in the short crack stage between crack lengths
of 0.25 mm and 0.5 mm, respectively, until the crack expanded across the bore or the notch are shown. From
the figure it can be seen that there were no further significant variations in the behaviour after the short
cracks had started to grow.

Figure 5 shows the propagation data of the short cracks under Gaussian loading in a da/dN versus 6K
format, whereby the AK values were determined after J. Newman's proposal in (I1. As the stresses for the
r,&Ir,,atinn nf +h. AlV , .- n *kntr.ecs variajtions. L,.*.... 4 . the, -. a nd tc mi.. im.,. -,. tc -U. , ... ,,Ij.
the Gaussian sequence were taken. Since the loading was symmetric around zero, the stress amplitudes are
given in the figures.

3.2 Long Crack Behaviour

The long crack-behaviour of 2090-T8E4i under Gaussian loading with a maximum stress of 150 N/mm
2 
isgiven in Figure 6. Since the number of specimens which were available for the long crack tests was rather

limited, one other specimen was loaded at Smax values of 120 N/mm
2
, 150 N/nm

2
, and 180 N/mm

2 
within one

test in order go get some overview (compare Table 1). In Figure-6 that part of the sequence with Smax of
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150 N/mm
2 
is only shown. In the -figure some regular variations of the da/dN versus N data can be observed.

These are caused by the non-uniform distribution of the higher peak loads in the course of the Gaussian
sequence. At-moderate crack lengths high peak loads cause retardation in crack propagation. Later on, when
the crack length has become large and the load carrying capacity of the specimen net section is signifi-
cantly reduced, the peak loads cause unstable crack growth as soon as the critical stress intensity factor
of the material is reached. Figure 7 shows the long crack behaviour of 2090-T8E41 in terms of da/dN versus
AK. These data include those parts of the loading history as applied at specimen 81305 with Smax values
of 120 N/mm

2 
and 180 N/mm2.

In order to get some insight, how the conventional high strength aluminium alloy 7075-T6 compares to
2090-T8EQ1, two exploratory tests on 7075-T6 were performed with a Smax value of the Gaussian sequence of
150 N/mmc. The crack propagation direction was longitudinal (specimen H20) and transverse (specimen H21)
to the loading direction. Although the test results were too few to draw any more general conclusions,
there is some tendency that the cracks propagate a little slowlier at 2090-T8E41, but become critical at a
smaller crack length than at 7075-T6.

Figure 7 shows the da/dN versus AK behaviour for 2090-T8E41 and for 7075-T6. It can be seen that both
data fall within one scatter band in the range of medium da/dN versus 6K values. At higher da/dN versus AK
values 2090-TSE41 shows the tendency to develop higher da/dN rates as already mentioned before.

3.3 Comparison of the Short and Long Crack Data

In Figure 8 all short and long crack data of 2090-T8E41 are plotted into one da/dN versus 6K diagramme.

4. EVALUATION AND DISCUSSION OF EXPERIMENTAL RESULTS

4.1 Short Crack Sta e

2024-T3 showed the so-called short crack effect in the core programme and it was of interest if 2090-
T8E41 behaved in a similar manner. Especially the following two phenomena had been observed at 2024-T3:

- the da/dN data of the short cracks followed under Gaussian loading roughly that slope as given by the
long crack da/dN versus AK data at medium crack rates

- the absolute da/dN values were in their trends somewhat higher than the da/dN values from the long
crack tests if plotted against the same AK values

Figure 8 shows that the trend for 2090-TSE41 was similar.

One reason for the existence of such a short crack effect which is quite often mentioned is a differ-
enco in the crack closure behaviour between short and long cracks. There exist indeed more recent investi-
gation results which indicate that, if closure is avoided in the long crack tests by the choice of a suit-
able testing procedure (high constant Fmax value in the tests and increasing the Kmin value in the course
of the tests 12,3) or two-step tests with a same high Kmax value in both steps and a significantly lower
AK value in the second stop 14]), the corresponding long crack da/dN versus AK curves tend to fall con-
siderably closer to the da/dN versus AK curves of the short cracks. Because the crack surfaces, where loads
can be transferred, are much smaller for short c~acks than for long cracks, it is reasonable to assume that
crack closure plays a less significant part for short cracks. If, in addition, compression loads are in-
cluded in a loading history (as it is the case under Gaussian loading), the crack surfaces which are formed
during the early growth of short cracks and which are still very small may be easily redeformed by the com-
pression loads. That means that the crack closure effect is further reduced, especially at the beginning of
the short crack stage. 2090-T8E41 also shows another microscopical phenomenon (which will be described in
more detail later on): The short cracks actually start to grow at 450 to the loading direction. Under such
circumstances crack closure is less important.

Summarizing, it is concluded that crack closure is seen as a most significant reason for the observed
differences in the short and long crack behaviour.

Another important point is in how far AK values based on linear elastic fracture mechanics can be used
to represent the short crack behaviour. Although tests with Gaussian loading are less suitable to answer
this question than constant amplitude tests, the authors tend to follow the statement by J. Newman in [11
that the present knowledge is not sufficient to define fixed limits for the application of the tools of
linear elastic fracture mechanics o represent short crack data. Numerous investigations with long cracks
have shown that the range where the stress intensity factor could be used to represent craLk data was much
larger than previously expected.

The da/dN data under Gaussian loading were plotted against a AK value based on the variation between
the maximum and the minimum stress in the Gaussian history. This way of representing the crack propagation
cannot be satisfactory, if the following two aspects are considered: The first aspect is that the AK values
of the majority of the cycles in the Gaussian history are much smaller. The second is that, even if the
adequate individual cycle-by-cycle da/dN versus AK values could be determined, there are further load se-
qtjence effects on crack prpotp. on, which lead to a deviation from a linear crack propagation. One possi-
bility to explicitly work out such sequence effects is an indirect one.- to apply an advanced crack propaga-
tion prediction model where the main causes of sequence effects as they are known today are considered, as
for example, the FASTRAN model by J. Newman 1I1, and to evaluate how the predictions of this model compare
to the actual experimental behaviour.

Besides phenomenological and fracture mechanics aspects as they were mentioned before, the microscop-
ical crack propagation mechanism is of interest, as well. The following main differences between 2024-T3
and 2090-T8E41 were observed: At 2024-T3 usually more short cracks were initiated at the notch of the SENT
specimen than at 2090-T8E41. At 2024-T^ most of the cracks started as center cracks. At 2090-T8E41 center
cracks initiated less frequently. In that case where a center crack started first, also other center cracks
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were initiated. The importantcracks, however, were corner cracks. They predominantly controlled the short
crack stage. Even in that case where the first crack-was a center crack, the crack which became dominant
later on was again one which interfered with the corner of the notch. Because-at 2024-T3 a large number of
short-cracks were initiated, the non-interaction criterion had a higher significance for this alloy. Con-
siderably-more data points had to be rejected than for 2090-T8E41. Another difference between 2024-T3 and
2090-T8E41 which was observed was that at the later alloy a strong tendency to form cracks at an angle of
450 to the loading direction was present. This is shown in Figure 9. (Although one crack only is to be seen
at 2024-T3, there were several more small cracks which did not become visible due to imperfections in the
illumination and due to the unevenness of the specimen surface.) The tendency of 2090-T8E41 to form cracks
at 450 may be seen as a consequence of the strong texture of the material due to the TMT applied.

4.2 Long Crack Stage

In the da/dN versus AK data in Figure 7 the typical bending down of the data towards a threshold value
does not become visible. A reason is that the data were integrally determined over a large number of cycles
which are quite different in their magnitude. Such a procedure is not suitable to reveal the crack extension
also during small load variations. All details of the crack propagation process including the load sequence
effects remain hidden. In order to get at least some information, comparisons with the predictions of ad-
vanced crack propagation prediction models can be performed. Because the assumptions about the mechanics
environments and the other operating mechanisms in the model are known, the comparison gives valuable in-
formation about most significant influences and controlling parameters regarding long crack propagation.

In Figure 6 the phenomenological long crack data of 2090-T8E41 and 7075-T6 were compared. Although the
number of tests was very small, there were indications that the crack propagation at 2090-T8E4I is somewhat
slowlier at small crack lengths. At higher crack lengths, however, the transition to unstable crack growth
occurred quite rapidly. This may indicate that the damage tolerance properties of 2090-T8E41 are a little
worse than those of 7075-T6. (It has to be emphasized again that the data base is still too small to allow
for more general conclusions.)

In Figure 10 photographical reproductions of the fracture surfaces of 2090-T8E41 and 7075-TG are shown.
There exist some essential differences between both alloys. At 7075-T6 the crack started at 901 to the
loading direction and remained in this position for a long range in crack length until it gradually changed
its position into 451 to the loading direction. At 2090-T8E41 the 45' transition was observed at short
crack lengths. There were furthermore signs of a strong formation of deposites on the fracture surfaces at
2090-T8E41. In a recent investigation [5] a similar observation was made on an aluminium-lithium alloy. In
this work the more intense production of deposites on the fracture surfaces was interpreted as an extensive
closure of the cracks during the fatigue test. A more intensive crack closure can also give the reasoning
for the somewhat slower crack propagation at 2090-T8E41 at smaller crack lengths under Gaussian loading.
Figure tO shows that the fracture surfaces of 2090-T8E41 appear more irregularly at the onset of crack
growth than at 7075-T6.

5. CONCLUSIONS

In the present study short crack tests on 2024-T3 with (onstant amplitude, FALSTAFF and Gaussian load-
ing (core programme) and short and long crack tests with Gaus.ian loading on 2090-T8E41 (supplemental pro-
grane) were performed. Some exploratory long crack tests on 7075-T6 with Gaussian loading were added.
Although the number of specimens available for testing was limited, the following trends have been ob-
served:

- 2024-T3 and 2090-T8E41 showed the so-called "short .racO effect" in so far as the da/dN versus AK data
followed roughly a straight line elongation of the iedi tn range of the long crack da/dN versus AK data
and that the da/dN versus AK data of the short cracks were somewhat higher than for long cracks. Crack
closure seems to be the main reason for the "o0eved short crack behaviour.

- At 2024-T3 usually more tnan one sho,t crack nucleated, which were ndinly center cracks. These cracks
interacted later on intensively such tht various data points had to be eliminated to fulfil the non-
interaction criterion. Except in one case uhe number of cracks at 2090-T8E41 was smaller and the
d minant cracks turned out to be corner cracks.

- At 2024-T3 and 7075-T6 the short cracks usually initiate at 90W to the loading direction and remain
in this position for some range in crack length. At 2090-TSE41 the short cracks showed a strong tend-
ency to take a position of 45' to the loading direction.

- In the long crack stage the data (which were unfortunately too few to allow for more general conclu-
sions) showed some tendency that the cracks advanced somewhat flowlier at shorter crack lengths at
2090-T8E41 than at 7075-T6 but then propagated faster during the high loads of the Gaussian sequence.

- The determination of da/dN and the representation of the short and long crack data on the basis of AK
as derived from the peak-to~peak stresses of the Gaussian sequence hides important details of the
actual cycle-by-cycle crack propagation behaviour. More deta'led interpretations of the physical crack
propagation behaviour are expected by comparisons of the data with the predictions of advanced cycle-

c~-J' rr-d.t,~ mmdl as the FA.00 A F40~.oul by j. wi~~n oele tii, ii i~ i u, unuer
stood.
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Material Const.ampl.load. FALSTAFF GAUSSIAN Sndo

Spec. No S max' A Spec. No Smax' Spec. No S max

sort crack A55-06 205 0.4 A56-12 275 A52-10 145

2024-T3 short crack A57-30 105 -1 A50-01 170 A65-05 125

short crack A50-0 170

short crok 81424 210

crt crack 8172 10

short cracK 81713 190
2060-TOE4I2 hort crack 1703 170

1, crack 81501 t5

long crick 81305 12/150/180

long crack I0 007075-TB
long crack Ai 50

Figure I.- Survey of DFVLR (DLR) tests.
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Figure 2.- Short crack behavour of 20gO-T8E41 (surface cracks).
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AGARD Short Crack, 2090 - T8E4I, Gaussian Random
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Figure 3.- Cycle number and crack lengths at first detection of the short
cracks and cycle numbers as the short cracks penetrated the bore
of the notch of the SENT specimens.
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N0.25 .;,cycle number for
B1713, D.25 mm crack length

51703. 170 MWa

0100000 200000 3000oo 400000 500000
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b) 
751424, 210 W~a Nt -ccenme oN thr hrtough crack

61703. 190 W~a

51703, 170 Wa

0 10000 200000 300000 400000

Nthr -440. 5 , cycles

Figure 4.- Cycle number in the short crack stage; initial crack lengths
0.25 mm (a) atia 0.5 mmn (b,.
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AGARD Short Crack, 2090 - T8E41,
SENT Specimens, Gaussian Random

1. OODE-04 - -

o 61424II

B01021L2 H+ 0

1.000E-+ B 1703

mm/cycle ____ -

+x

1, + A2, 705-T

25 x A20. 01-TE~

a,~ m) 15 T~

I 200
20 - - .U oBbi,29-B4

a, mm s -

+

0 200 50007500001000000 12500 1500000 17.K%00 200GOOO 2250000 2500000

Figure 6.- Long crack behaviour of 2090-T8E41 and 7075-T6 under Gaussian loading.



4-8

AGARO Long Crack, CCT Specimens,
Gaussian Random

da/dH - -- --

1,AK OOEEm0 0

Fiur 7-dad1. -0 behaviour1. 2090-T BE4an f 051ndrGusa

loading in the long crack stage.

2090 -T8E4i, Gaussian Random

da/dN I-

1.OOE-05 --

I 10 100

AK, IlPamOS

Figure 0.- Comparison of short and long crack behaviour of 2090-TOE4i under
Gaussian loading.
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Figure 9.- Formation of short cracks at the notches of the 2024-T3 and of
the 2090-T8E4 SENT specimens under Gaussia9l loading.

Figure2 10, Fracture surfaces of the long cracks of the 20904T8M4 and the
7075-T6 CCT specimens under Gaussian loading.
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APPENDIX

TABLE I

Participant Test Matrix on Short Crack Growth - Core Programmne - after (1) (a)
Test-Matrix of the Supplemental Programme (b)

a)
Constant Amplitude Loading-(a) Spectrum Loading

Participant R =-2 -1 0 0.5 FALSTAFF GAUSSIAN
NHML H ML HM L H ML N ML HiML

France X XX X XX XX X(b) X X
-CEAT

Gertnany X X XX XX X
-DF VLR

Germany X XX X XX X XX XX X
- iA8G

Italy X XX X XX X XX X X
-Pisa

Netherlands X X X X X X
-NLR

Portugal- X XX X XX X XX XX X
LNETI /CEMUL

Sweden X XX X XX X XX XX X
-FFA

Turkey X XX X XX X XX XX X
-ME TU

United
Kingdom X XX X XX X XX X XX X XX XX X
-RAE

'JSA-JHU X XX X XX X XX XX X

USA-NASA X XX X XX X XX X XX X XX

USA-AFI4AL X XX X XX X XX XX X

(a) H1, M and L represent high, medium and low stress levels,
respectively.

(b ) Tests conducted at R =0.1 for H, M and L stress levels.

b) - Constant Amplitude Loading Spectrum Loading

Participant R ~'-2 -1 0 .5 FALSTAFF GAUSSIAN TWIST FELIX

Germany SLia)
-DFVLR

Portugal S 5 5
-LN1ETX

Sweden S SL
-ART

England SL,
-RAE

USA-AFWAL L SL SL SL SL

USA-NASA S S

(a) S Short-crack test$ And L Long-crack tests.
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41

Chemical and Mechanical Properties of 2024-173, 2090-78E41, and 7076-T6

Alloy Cu Zn Mg Mn Cr Si Fe Ti Zr Li Al

2024-T3 4.61 0.06 1.51 0.57 0.02 0.16 0.33 Balance

2090-T8E41 2.4-3.0 0.10 0.25 0.05 0.05 0.10 0.12 0.15 0.12 1.9-2.6 Balance

7075-T6 1.68 5.60 2.50 0.08 0.25 0.40 0.50 0.20 Balance

Alloy Ultimate Yield stress ModulIus of Elongation
tensile (0.2-percent elasticity , (5 1 -rri gage
strength, offset), length),
Npa M~a M~a percent

2024-T3 495 355 72,000 21
2090-T8E41 580 525 78,200 5
7075-T6 567 486 72,000 (12),

a) ODtioflol hole Ob w orn m

GrDline GrIo line

Tnickness -B - 2.3 ma

L 7 r 3.18 rTm

Note AllI dimensions In miI I Ittrs

GRIP AREA

T ---
290 CENTRAL SLOT

T 18.3)(0.3 x 2.5)
T90 CENTRAL SLOT

75 . CENTRAL SLOT .j (0.5 (0. 18.3)) 29

+ (0.5x 7.5) 9029

-- 1501-- - -- 30

Figure j.- Single Edge Notch Tension (SENT) fatigue specimens for short crack
tests (a) and
Center Crack Tension (CCT) fatigue specimens for long crack tests (b).
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Figure 3,- CumuJlative number of peaks and throughs in GAUSSIAN sequence
(I r 0.99) (a) and cut-out of the GAUSSIAN sequence (b).



4-13

R C~zLong
IO zo rpa IC aos 20S P& crack

-4O I
0 C4 data

E a~ RIP

E NMI ja aE

a p CC I

z '

N£ N

dat

4. N

108___________ D a DFVLR (OLR) _____-D aDFVLR (DL.R)

0 00
10 to 10 t0 to 10
Range of stress intensity Range of stress intensity

factor AK< (t1Pa.Atm) factor AKt (MP&. rm)

Figure 4.- Short crack behaviour wider constant amplitude loading after (1).

rn FLSTAFFIr 
FflLST,IFF

S,,, - 205 IlPa S,,, 1- i' rp.

UC allF2 5rc 

H~ 

C'w 

w crack
daa101 4

1 10 on
L..n

~ ~.~ 10 

"P 

O

E W' P L

D a wFL (WR ~Da FI DR
10

Fiue5-Sotcakbhvorune ASAFlaigatr(]



4-14

GRUSSIRN GAUSSIAN
Smax - 170 MiPa Sm x - 145 MPa

10"10

U
8o"

z

C

tIf

" I rr c

50 Long 10 N
o ~~~~f L0 I " [ Long

"I crack t rack
data pr I:ta

III G a r G H
HVG If 4:J

00 OFVLR (DLR) - H10"  - 1 l0
"

"

10 10 10 10 10 10
Range of stress Hiterisity Range of stress ritensity

factor AK (MPa jm) factor AK (MPa.-)

16
-3

CPUSSI RN

Smax - 45 Pa

Ez

CC
CC

10 a z

., I0f5: Long
C5 H crack

C C data

o d

H

10 0 C 10 O FVLR (DLR) t10 10 10

Range of stress 4,tensity
factor 6K (MPa.ft6)

Figure 6.- Short crack behaviour nfldor GAIISSTAN InoAdid Afato II



5.1

THE GROWTH OF SHORT FATIGUE CRACKS IN 2024 AND 2090 ALUMINIUM ALLOYS
UNDER VARIABLE AMPLITUDE LOADING

by

R. Cook

Royal Aerospace Establishment
Farnborough

Hants
GU14 6TD

UK

SUMMARY

Fatigue crack growth measurements have been made on 2024-T3 and 2090-T8E41 alumin-
ium alloys subjected to FALSTAFF, Inverted FALSTAFF and FELIX standard loading sequences.
Crack growth rates at short crack lengths under FALSTAFF and Inverted FALSTAFF in
2024-T3 were found to be similar at each of three applied stress levels. This result is
explained in teims of crack opening stress levels and is qualitatively predicted by a
closure based crack growth model. Short fatigue cracks were shown to grow at stress
intensity factors well below the long crack growth threshold in 2090-T8E41 alloy under
FELIX loading. The short cracks, however grew initially perpendicular to the applied
loading direction and then abruptly changed direction and grew at 600 to the initial
crack direction. Short crack growth rates in 2024-T3 and 2090-T8E41 were compared and
found to be similar if the length of the short cracks in the 2090 alloy were taken to be
the length of the crack projected onto the axis perpendicular to the loading direction.
This work represents the United Kingdom contribution to the supplemental programme of the
AGARD coordinated short fatigue crack growth investigation.

1 INTRODUCTION

The growth of short fatigue cracks has been the subject of a number of recent
investigations. Many investigators have observed a phase of rapid early crack growth
when cracks are relatively small. It was shown that if conventional linear elastic frac-
ture mechanics were applied to the observed crack growth rates then, for certain loading
conditions, short cracks propagated faster than long cracks at the same calculated stress
intensity factor. This is yenerally referred to as the short crack. anomaly. In order to
examine the conditions under which such an anomaly could exist, an AGARD coordinated
international collaborative working group was formed. The working group was ta;ked with
investigating under what testing conditions the anomaly was observed and 0iat were the
most likely causes of the effect.

A collaborative fatigue test programme was devised in order to study the behaviour
of short fatigue cracks. The programme was split into two parts, a core programme and a
supplemental programme. In the core programme the participants undertook fatigue testing
under common conditions using specimens manufactured at a single site from a common batch
of material. The main aims of the core programme were to check data variability between
participants, to generate an extensive database of short fatigue crack growth and to com-
pare these data with predictions made using an analytical crack-closure model. The core
programme testing details and results have been published separately. The main aim of
the supplemental programme was to generate crack growth data for a range of materials,
specimen types and load spectra of interest to individual participants and to establish
the range of conditions under which the short crack anomaly was observed. This Report
summarizes the UK contribution to the supplemental programme. The UK work was conducted
at the Royal Aerospace Establishment. The materials used were 2024-T3 aluminium alloy
(core programme material) and 2090-T8E41 aluminium-lithium alloy. The load sequences
used were Inverted FALSTAFF and FELIX. In addition to measuring crack growth rates at
short crack lengths, comparable long crack data were generated under the FELIX loading
sequence. Crack shapes and the number of applied load cycles to grow a crack across the
thickness of the specimens were also investigated. Crack growth data were compared with
predictions made using the FASTRAN closure-based crack growth programme of Newman4 .

2 SPECIMENS AND MATERIALS

Two specimen types were used thioughout the programme. Short crack measurements
were made on single side notch specimens of the dimensions given in F24 Ia. Long crack
growth measurements were made on centre cracked specimens of the dimensions given in
Fig lb. Specimens were supplied ready machined, and chemically polished at the notches,
by USAF Wright Aeronautical Laboratory. Details ol the manaracturing routes are de.-
cribed in Ref 1. Prior to fatigue testing, an area around the notch of the short crack
specimens was lightly etched to reveal the microstructure. Both 3hort and long crack
type specimens were tested using antibuckling guides when compressive loading was applied.
The antibuckling guides were lightly clamped to the specimens with teflon sheets in:erted
between, the guides and the specimen.

The two materials used in the UK supplemental programme were 2024-TI aluminium
alloy and 2090-T8E41 aluminium-lithium allol. The materials were both supplied by NASA-
Langley Research Center and their average chemical and mechanical properties are given in
Table 1.
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th3 FATIGUE TESTING PROGRAMME

All specimens were tested using an INSTRON 100kN electro-hydraulic fatigue testingmachine. Aligument of the wedge grips was measured as part of the core programme require-
ments and found to be within the tolerances defined. The loading sequences were generated
by a H~ewlett-Packard 2836 computer. Achieved load levels were measured and where neces-
sary errors corrected by an amplitude adaptive control loop within the generation pro-
gramme. Errors in peak and trough values were generally better than 1% of the demanded
load range. The loading frequency used throughout the programme was 15 11z.

Tests were performed under Inverted FALSTAFF and FELIX loading sequences. FALSTAFF
is a standard loading sequence which represents a typical load history at a lower surface
wing root on a fighter aircraft. The sequence is defined as a series of 35966 load tran-
sitions which constitute 200 aircraft flights. Inverted FALSTAFF is a simple inversion
of the FALSTAFF sequence. Part of the air-ground-air cycle and the taxiing loads are
applied in tension and the qust and manoeuvre loads are applied in compression, such as
might be experienced by an upper wing surface. FELIX is a standard loading sequence
which represents a typical load history for the lower surface blade root on a fixed or
semi-rigid rotor helicopter.2 It consists of some 4.5 million load transitions which con-
stitute 140 aircraft flights

,i .

J, ;ue tests were carried out to measure crack propagation at short and long crack
lengt" ng the specimens described in section 2. Testing details for short and long
cracks Lee described in sections 3.1 and 3.2 respectively.

3.1 Short crock test programme

short fatigue crack growth measurements were made on specimens of 2024-T3 and
2090-T8E41 under the FELIX loading sequence. Measurements were also made on specimens of
2024-T3 under the Inverted FALSTAFF loading sequence. The matrix of test conditions is
given in Table 2. Test cycling was stopped periodically for the crack length to be
measured using acetate replicas. The intervals between measurements were designed to pro-
duce a minimum of 20 replicas per test. In order to improve the accuracy of surface crack
length measurements, a tensile load was applied to each specimen bef, 7e replicas were
taken. For the FELIX sequence this tensile load was FELIX level 80 w..ich represents about
80% of the maximum load in the sequence. For Inverted FALSTAFF this load was FALSTAFF
level 2 again representing about 80% of the maximum load in the sequence.

The method of crack measurement was the acetate replica technique. Thin acetate
strips were softened with acetone, bent to a tight radius and inserted into the notch of
the specimen. The replica was pressed onto the notch surface using a rod and elastic
bands. It was then removed after 3 minutes and examined under an optical microscope.
If the quality of the replica was satisfactory, testing was resumed and the crack length
measured using a graduated eyepiece.

3.2 Long crack test programme

Long fatigue crack growth data were obtained for the 2024-T3 material under the
FELIX loading sequence. The method chosen to obtain long crack propagation data was that
of load shedding. The specimen (see Fig lb) was subjected to FELIX loading with a peak
gross applied stress level of 110 MPa. Cracks were grown from both ends of the slot until
they both reached a length of at least 2 mm. A surface replica technique was used for
crack monitoring; this was similar to that described for the short crack programme. The
applied load levels in the sequence were reduced by 6% and the test restarted at the
beginning of the FELIX sequence. The cracks were grown this time by a minimum of 0.5 mm,
when the load levels were again reduced by 6%. This procedure was repeated until a maxi-
mum load level was reached at which no crack propagation was observed (for a period of
2.5 million cycles). At this point the load was increased by 6% and the test continued
for a further 2.5 million cycles. During this period no crack propagation was observed.
The loads were increased by a further 6% and the cracks were observed to propagate. This
propagation was allowed to continue until the cracks had grown by at least 0.5 mm at which
point the load was increased by 6%. This process was continued unttl the specimen failed.

4 FATIGUE TEST RESULTS

4.1 Inverted FALSTAFF short crack test results

Crack lengti, measurements were made on short crack type specimens of 2024-T3
material as described in section 3. A plot of the crack growth rate data obtained as a
fun6tion of stress intensity factor range is presented in Fig 2 for each of the three
stress levels used. Crack rates were calculated from consecutive replica crack length
measurements. The strosq intn-*y f so1,io i! , h^c in ncf rt is 4...

on the full applied stress range, ie from FALSTAFF level I to 32, and on the average
crack length, to the average of the crack lengths measured on consecutive replicas.

The fatigue endurances to initial crack and full specimen width crack are presented
in Fig 3. The results of FALSTAFF tests obtained in the core programme are also presented
in this Figure.
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4.2 FELIX short crack test results

Fatigue tests using the FELIX sequence were carried out on both 2024-T3 and
2090-T8E41 materials. The crack propagation results on the 2024-T3 material are presented
in Fig- 4. The calculation of crack growth rate and stress intensity factor are as des-
cribed in the previous section for Inverted FALSTAFF loading. The total stress range from
FELIX level -28 to 100 was used in the calculation of stress intensity factor.

The fatigue tests using the 2090-T8E41 material exhibited unusual crack growth
behaviour. with the 2024-T3 material cracks grew in an approximate straight line across
the throat of the notch. With the 2090-T8E41 naterial, cracks grew for a period of time
across the notch and then abruptly changed direction and grew at approximately 600 to the
original crack. At high applied stress levels the length of crack prior to the change in
l:rection was relatively small, whilst at low applied stress levels the crack length was

somewhat longer before the abrupt change in direction occurred. Photographs showing the
angular crack growth behaviour and points of crack initiation are presented in Fig 5. In
order to calculate the crack growth rates and stress intensity factors from replicas, the
length of crack was taken to be the length of the crack projected onto the axis perpen-
dicular to the loading direction. Fig 6 shows crack growth rates as a function of stress
intensity factor.

4.3 FELIX long crack test results

Cracks were grown in long crack type specimens (Fig ib) as described in section 3.2.
The stress intensity factor solution for the long crack geometry is described in Ref 1.
The applied stress range once again was from the maximum to the minimum applied stress in
the FELIX sequence, is FELIX level 100 to FELIX level -28. A discontinuous crack path was
observed on one side of the specimen as illustrated in Fig 7, conventional crack growth
was observed on the opposite side. As the loads were progressively shed the crack growth
became more conventional on both sides of the specimen, ic one discrete crack was observed
which grew along a continuous path. As the load was increased following the threshold
value being obtained, the discontinuous type of crack growth observed earlier (see Fig 7)
was once again noted. in this regime a crack appeared slightly ahead of and above or
below the main crack. This small crack then grow both towards and away from the continu-
ous crack until it joined up to it. This discontinuous crack path was associated w.th the
shear lip seen in Fig 8 where the point of breakthrough to the surface was highly depen-
dent on the local microstructure. Crack lengths were measured from the initial slot to
the tip of any observable crack on both sides of the specimen and the average value was
recorded. The results of the long crack propagation test are shown in Fig 9 along with
those of the short crack tests described in section 4.1.

5 DISCUSSION OF RESULTS

5.1 Inverted FALSTAFF loading

Crack propagation data obtained under Inverted FALSTAFF loading at three different
applied stress levels are presented in Fig 2. As can be seen from this rigure, for any
value of stress intensity factor range, cracks propagated fastest at the highpst applied
stress level an. slowest at the lowest applied stress level (eg 6K = 8 MPa.ml as shown
by the dotted line). This means that for a given value of stress intensity factor short
cracks propagated faster than long cracks. It is apparent therefore that the so-called
short crack anomaly was observed under Inverted FALSTAFF loading. Similar observations
were made in the core programme with the normal FALSTAFF loading sequence.

Crack propagation rates calculated from the Inverted FALSTAFF loading tests are com-
pared with those from equivalent FALSTAFF core programme tests in Figs 10, I and 12,
for the three peak stress levels of 275 MPa, 205 MPa and 170 MPa respectively. The peak
stress levels refer to maximum compressive gross section stress for the Inverted FALSTAFF
tests and maximum tensile gross section stress for the FALSTAFF loading tests. As can be
seen from Figs 10 and 11, for peak stress levels of 275 and 205 MPa the crack propagation
rates for FALSTAFF and Inverted FALSTAFF are very similar. For the lowest stress level of
170 MPa (Fig 12), the range of stress intensity factors for the normal and Inverted
FALSTAFF sequence only just overlap and it is therefore not possible to say if the crack
propagation rates are similar in both cases. For the limited data where the AK values
do overlap, the crack propagation rates appear to be similar.

The number of cycles taken to initiate a crack (the first observed crack, 20-50 Jim)
and to propagate it across the width of the specimen are shown in Fig 3 for FALSTAFF and
Inverted FALSTAFF cequences. The number of cycles to initiate and propagate cracks to
Zull widLh undui FALSTAFF and £lvL±Lud FALSTAFF loadlin are slailar at the two higher
stresses. At the lowest stress level, however, the number of cycles to initiate cracks
are greater for Inverted FALSTAFF loading. It can be concluded that crack initiation and
growth is simi]ar under FALSTAFF and Inverted FALSTAFF loading at the higher applied
stress levels but that the FALSTAFF sequence is more damaging than the Inverted FALSTAFF
sequence at the-lowest stress level.

When comparing normal FALSTAFF tests with Inverted FALSTAFF tests, it should he
remembered that the stress intensity factor ranges (AK) applied in both test sequences
are the same. However, the value of AK experienced at the crack tip will depend on
crack opening stress levels. Fig 13 shows crack opening stress levels calculated for both
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the Inverted and normal FALSTAFF sequences, using the FASTRAN programme based on the
crack closure model described in Ref 4. The opening stress levels are shown up to a
crack length of 0.5 mm which is of the order of the maximum crack length used to deter-
mine the crack growth data shown in-Fig 2. Generally multiple cracks initiated in the
notches and data for cracks of greater than 0.5 mm length were discarded due to crack
interaction effects. The criteria for rejecting.data due to crack interactions are des-
cribed in Ref 1. As can'be seen in Fig 13 for Inverted FALSTAFF loading the crack open-
ing stress levels remain entirely in compression whilst cracks grow to 0.5 mm. In con-
trast, the opening-stress levels for the FALSTAFF sequence start in compression but
become tensile. The effective stress range experienced by the crack tip is from the
solid line to the dotted line, as shown by the shaded areas in Fig 13. A comparison of
the shaded areas and the peak-trough distributions for FALSTAFF and Inverted FALSTAFF
load sequences indicates that the stress ranges experienced by the crack 'ip are similar
for both sequences, particularly for cracks up to 250 Pm long and peak stresses of
'75 MPa and 205 MPa. This accounts for the experimental observations described earlier
.,hereby the damaging effect of the FALSTAFF and Inverted FALSTAFF sequences were similar
at short crack lengths. The situation is less clear in the case of a peak stress of
170 MPa. Further work to assess the relative fatigue damage caused by these two sequences
is planned.

5.2 FELIX loading

The results of the FELIX tests using the 2024-T3 core programme material are pre-
sented in Fig 4. The results are for three applied stress levels with only one specimen
per stress level. There is no evidence of a stress level effect as was observed under
FALSTAFF and Inverted FALSTAFF loading. The results of the FELIX tests using the
2090-T8E41 material are presented in Fig 6. In this case, ho;ever, a slight stress level
effect is observable, where for a given LK , cracks tested at the higher stress levels
-(shorter cracks) propagate faster than those tested at the lower s.:ess levels (longer
cracks).

The crack propagation rates observed in the twc alloys were similar (see Fig 14).
This is perhaps surprising since cracks in the 2090-T8E41 all y grew predominantly at
approximately 600 to the normal crack growth axis. One might expect that the degree of
crack closure would be different in the t-o materials Pnd that cracks in the 2090-T8E41
alloy would not be propagating under purely mode I coidttions. The cause of this angular
crack growth is not fully understood, but. appears to be related tc the strong deformation
textures observed (described in Ref 5). ilowever, the situation is complicated by the
presence of a steep texture gradient from surface to mid-plane of the 2090-T8E41 sheet.
The lengtn of initial crack perpendicular to the load axis was dependent on applied stress
level; the longest initial crack was observed 't the lowest stresc level. As the stress
level increased, the length of initial -ack acreased. This suggests that there may be
a threshold K level below which cracks will grow entirely perendicular to the load axis.

The long crack FELIX data obtained for 2090-TSE41 material Is presented in Fig 15.
It is obvious that the decreasing load crack growth rate data is somewhat faster than the
increasing load data at the ;ame strec; intensity factor range. There are a number of
possible explanations for this observed tre-4. FELIX is an extremely long sequence
(4.5 x 106 turning points) which is reasonably ell mixed. fiowever, the number of applied load
cycles at a given stress level is considerably qreater in the decreasing load phase than
in the increasing load lhase due to the change in crack length. In both cases'the
number of cycles is coi iderably less than one complete FELIX sequence. It is possible
therefore, that the relatively small iumber of load cycles at the start of the FELIX
sequence applied in the increasing load tests are less damaging per cycle than the some-
what longer FELIX sequence applie,' in the decroeasing load phase. The fatigue test lasted
for approximately six months and it is possible that changes in crack closure levels
occurred due to corrosion pioducts. Changes in the nature of the fracture surface with
applied load during testing, ie presence/absence of shear lip, may also have affected
crack closure levels.

The long and short crack data under FELIX loading of the 2090-TSE41 alloy are com-
pared in Fig 8. It is clear that short cracks propagate at stress intensity factors well
below the long crack threshold. At stress intensity factors above the threshold value,
however, the short and long crack growth data are similar. The short crack effect has,
therefore, been demonstrated un4-jr these testing conditions and a similar effect is
expected for 2)24-T3 alloy under FELIX loading. Comparative long crack data on 2024-T3
alloy has not yet been generated but will be incladed in a subsequent report together
with analysis of the FELIX test resultj asing the FASTPAN programme of Newman.

6 CONCLUSIONS

(a) f5m' d I ....rtC. FA " " i 'n se~ajen~eb dj. be Qquely damaqina at short
crack lengths. A crack closure model has been used to qualitatively explain this
observation.

(b) Crack growth data obtained with single-edge-notch tension short crack specimens
showed that crack growth rates at a given stress intensity fe-tor were faster for
short cracks than fur long cracks propagating under Inverted VALSTAFF loading in
2024-T3 alloy. In the case of 2090-TSE41 alloy ur<ler FELIX loading there was evi-
dence of a similar effect but appeared to be much less marked.
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(c) Short cracks grew initially at 900 to the load axis and subsequently at 600 to the
initial crack in 2090-T8E41 alloy under FELIX loading. As the peak applied stress
level decreased, the extent of initial crack growth perpendicular to the load axis
increased.

(d) Crack growth rates in the two alloys 2024-T3 and 2090-T8E41 were similar under
FELIX loading if the projection of the crack length onto an axis ?erpendicular to
the loading axis in the 2090-T8E41 alloy was used.

(e) Short cracks propagated at stress intensity factors well below tie long crack
threshold in tests under FELIX loading using 2090-T8E41 alloy.
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Table 1

NOMINAL CHEMICAL COMPOSITION AND AVERAGE MECHANICAL PROPERTIES OF 2024-T3 AND
2090-T8E41 ALUMINIUM ALLOY SHEET

NOMINAL CHEMICAL COMPOSITION OF 2024-T3 AND 2090-T8E41 ALUMINIUM ALLOY SHEET

Element Per cent

2024-T3 2090-T8E41

Lithium 1.9 to 2.6
Silicon 0.16
Iron 0.33 0.12
Copper 4.61 2.4 to 3.0
Manganese 0.57 0.05
Magnesium 1.51 0.25
Chromium 0.02 0.05
Zinc 0.06
Titanium 0.15
Zirconium 1 0.10
Aluminium Balance Balance

AVERAGE MECHANICAL PROPERTIES OF 2024-T3 AND 2090-T8E41

ALUMINIUM ALLOY SHEET IN L-T DIRECTION

Ultimate Yield stress Modulus of Elongation

Material tensile (0.2 per cent elasticity (51 mm gauge
strength offset) length)
MPa MPa MPa per cent

2024-T3 j 495 355 72000 21

2090-T8E4, 580 j 525 78200 5

Table 2

FATIGUE TEST MATRIX

Sh n Loading Peak stress
Short/Long Alloy sequence (gross)

Short 2024-T3 Inverted I -275

FALSTAFF I  -205
-170

Short 2024-T3 FELIX 200
! 185

Short 2090-T8E41 I FELIX 240

~210
195

Long 2090-T8E41 IFELIX Load shed

Copyright

Controller MSO London
1988
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Fig 8 Fracture suirface of long crack specimcn - FELIX loadling - 2,090T8E4l
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SHORT CRACK GROWTH UNDER REALISTIC FIGHT LOADING:
MODEL PREDICTIONS AND EXPERIMENTAL RESULTS FOR AL 2024 AND AL-LI 2090

by
A.F. Blom

Structures Department
The Aeronautical Research Institute of Sweden (FFA)

P.O. Box 11021, S-161 11 Bronrme
Sweden

SU144ARY

The swedish contribution to the AGARD effort on short fatigue crack growth includes various experi-
mental investigations on the aluminium alloys Al 2024-T and Al-Li 2090-T8E41. These two materials were
subjected both to constant amplitude loading, at stress ratios R = -2, -1, 0 and 0.5 and also to spectrum
loading with the standardized loAd sequences FALSTAFF and TWIST, representative for the lower wir§

surface of fighter and civil aircraft, respectively. The TWIST sequence was also used to generate long
crack growth data for the two alloys.

This paper summarizes the experimental results and also includes nermrical predictions by means of a
modified Dugdale-Barenblatt model originally proposed by Newman. Numerical results correspond well to the
observed experimental behaviour for most of the performed tests.

1. INTRODUCTION

Short fatigue cracks have been a primary topic for fatigue related research during the past several
years, as evidenced Trom two recent books on the subject area [1, 2]. It is now well documented that
differences in behaviour between long and short cracks are due to a nuibter of reasons, including both
microstructural and mechanical aspects. The accumulated knowledge regarding short fatigue crack growth
behaviour is still essentially restricted, however, to constant amplitude loading. Although clearly of
large academic interest, such loading conditions are hardly representative for the vast majority of
mechanical components which are invariably subjected to more or less complex load spectra. Some early
investigations on short crack behaviour under spectrum conditions were presented at the AGARD Structures
and Materials Panel (SMP) Specialists' Heeting (3]. However, some of those investigations were indeed
rather contradictory as to whether there' actually does exist a short crack effect under spectrum loading.
Consequently, an AGARD Cooperative Test Prograsme was initiated with 12 laboratories from nine different
countrips partfclpatlng.

The core programme, which encompassed testing on the aluminium alloy Al 2024-T3, is now evaluated
and reported [4). It was found that short cracks grew faster then long cracks at the same nominal stress
intensity range for FALSTAFF and GAUSSIAN loading, i.e. the so-called short crack anomaly did occur for
these load spectra.

Besides from the experinontal results themselves, an important outcome of the core prograrre was
that the snort crack growth data from the various participants agreed well for both constant amplitude
and spectrum load conditions. Also, all participants showed about the same amount of scatter in growth
rate data. Several measures, however, were taken prior to testing in order to achieve uniformity in test
conditions. 1hese includ-d distribution of machinpd specimens cut and manufactured from the same batch of
material, certain alignment procedures of test machines and gripping fixtures, independent on-line
spectrum loadinq accuracy verification etc., see Ref. [4) for details.

In the supplemental progranrie, the test ratrix was expanded to include both otho.r materials, e.g.
Al 7075-T6, Al-Li 2090-Ti41, Ti-6A1-4V and 4340 Steel, and other load spectra, e.g. TWIST, HELIX and
inverted FALSIAFF. The various participants have chosen different materials and test conditions depending
on specific Interest.

This paper summarizes the -edish part of the supplemental progrm me. The experimental work involves
the same Al 2024-T3 alloy as tested in the core program-c, but subjected to TIST loading. An aluminium-
lithium alloy, 2090-TBE41, was ale investigated under both constant amplitude loading, at R = cin/ nax
- 0.5, and dnder TWIST and FALSTAFF spectrum loading. Besides from the experimental data, numercal pre-
dictions by a modified Ougdale-Darenblatt model are included. Model predictions are performed both for
ell the various test conditions in the core programme and also for the supplemental testing of the Al
2024-T3 alloy.

2. EXPERIMENTAL PROCEDURES

As the experimental procedures used for the work in the supplemental programme are largely similar
to those in the core progranme, only the rst basic information will be given below. For specific
details, see Ref. [4).

2.1 Test Specimens

All short crack growth tests were carried out using single edge notch specimens, The semi-circular
notch had a radius of 3.18 mm resulting in an elastic stress concentration rt= 3.17, based on gross- A

section stress. The 305 rm long and 50 m wide specimons were cut from sheets, of ;.3 mm (Al 2024-T3) and
2.15 mrm (Al-Li 2090-TBE4I) thickness, so that the loading direction was applied in the rolling direction
of the materials, i.e. L-T orientation.
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For the lorg crack growth data obtafne. undler ;oad shedding of the TWIST spectrum, conventional
centre-cracked specimens of 76.2 n width, L-T orientation, %*re use3.

2.2 Materials

A detailed microstructural description of the Al 2024-T3 alloy is giirn in A.hr.ex A of Ref. [4J. The
ultimate tensile strength is 495 Ma, yield strength is 355 MPa and elongation is 21%. T.e grain size in
the rolling direction is about 95 wm. Typical grain d.'ensions in Le cr;.ck growth directions, 2a aid c,
are 25 mu and 55 ^m, respectively.

The Al-LI 20g0-T8E41 e'loy was obtained fron the Unted Sta is Air Force *Arigh. Aeronautical Labora-
tories. The ultimate tens'le strength is 568 fl'a, yield strengrii fs 526 MPa ano elongation is 5% E5].
Further details on the same aluminium-lithiun alloy can be found in, for -xaepp, Ref. 161. Ime sheet,
which is in the un-recrystallized form, has a very strongly developed deformation texture that changes
its type from the surface to the mid-plane [7]. This texture is related to the rmchenical anisoropy in
the material. It is reported that the yield strength is about 15. lower 4n tie 600 -plane %where the
ductility i: largest .5].

2.3 Test Equipment

All tLests -.*re performed in IS servohydraulic testing machines in ambient laboratory air. Hydraulic
grips were used throughout and anti-buckling guides, with teflon sheets, were used for all conct.-VEamplitude tests at negative stress ratios and for all spectrum tests. Constant amplitude tect. were runat cyclic frequencies in between 5 to 20 1lz. Spectrum tests were performed with .onsti.nt displacement

.tes resulting in frequencies around 10 Hz. Prior to testing the test machines and the gripping fixtures
were aligned in accordance with the methodology described in Annex C in Ref. [4;.

2.4 Loading Conditions

in the core programe the Al 2024-T3 alloy was tested at R 0, -1, -2 and with FALSTAFF. Other
participants also investigated R 

= 
0.5 and GAUSSIAN loading. For each test condition three different load

levels were used. These are given in Table 6 in Ref. [4].

In the supplemental programme the Al 2024-T3 alloy was also investigated under TWIST spectrum
loading with maximum gross stress levels of 225 and 275 H2a. The P1-Li 2090-T8E41 a loy was tested at
R = 0.5, with mraximum gross stress levels of 150, 180 and 200 MPa, with FALSTAFF, #ith maximum gross
stress levels of 200 and 240 HPa, and with TWIST at a maximum gross stress le'el of 240 Pa.

FALSTAFF [8, 9] is a standardized load spectrum, based on a large number of actual flight load-time
histories pertaining to five different fighter aircraft types operated by three different air forces,
representative of the load-time history in the lower wing skin near the wing root of a fighter aircraft.
The total sequence, constituting 200 flights, consists of 35 996 half cycles distributed over 32 dif-
ferent load levels as indicated in the cumulative exceedance distribution shown in Figure 1(a). An
example of typical flights is shown in Figure 1(b). The severity of the spectrum is here identified by
the stress %hich the test specimen experiences at the highest load level in the total sequence. During
the coe prograc-u, the ability to accurately apply the FALSTAFF loading sequence was independently
checked, see Annex 0 in Ref. [4 , with a good set of results as outcome.

TWIST [10, i1 is also a standardized load spectrum. It is representative for the load history of
the wing root of transport aircraft and is based on center of gravity measurements on C-9, goeng 737,
BAC 1-11 and the military transport Transall, and on theoretical frequency distribution of DC-1O, Fokker
F-27 and F-28 aircraft. The total sequence, with a return period length of 4000 flights, consists of
398 665 load cycles distributed over ten different flights. Th load spectrum, based on a level crossing
count of gust load cycles and tie ground to air cycles, is shown as a cumulative exceedance distribution
in Figure 2(a) and the first 150 cycles of flight type H are shown in Figure 2(b). Taxi loads are omitted
in TWIST. The severity of the spectrun is here identified in analogy to the FALSTAFF sequence above, i.e.
by the stress level related to the highest load level in the total seouence.

2.5 Short Crack Measurements

All measurements of short crack gr&c4th dat. were performed with a plastic replica rethod as outl ;-ed
in Annex E of Rof. [4]. It was found hat best results were obtained when the specimens were not etched
prior to testing.

For each test condition, i.e. combination of loading and applild stress, two different sorts of
tests were performed, Firstly, in order to obtain surface crack len)th versus no. of lad cycles data,
one specimen was tested until one continuous cro. was all the way 4cross the notch root. The sp-cimen
was then statically pulled to failure. Secondly, in ordaer to obtain information on surface crack Tengtn
to crack depth shape, one specir,-n was tested until the total surface crack length along the bore of the
notch was between 0.5 and 1.0 mta. Then. the soPcimen was brnkon <tatirllv

Measurement results were recorded on data charts, as shown in Figures 12 and 14 of Ref. 14], giving
a means to illustrate both ne exact shape of the cracks and the growtn behaviour in the case of several
cracks. Crack lengths use for data evaluation are the projected crack lengths normal to the loading
axis. Crack growth rates .... , stress intensity factors were calculated according to section 3.5 and Annex
F of Ref. (4]. The non-interaction criteria given in section 4.2 of that reference were aoplied to the
raw data, which significantly reduced the total amount of scatter in the data.

I
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2.6 Lon'; Crac, , -vedsurements

The WIIST Ioad sequeince was applied- to cuntre cracked specimens in order to obtain long crack growth
data or a wide range of crack growth rates. This was done by firstly load shedding the total sequence
lon t.) the threshold regime and then increasing the reference load by a certain fraction to obtain cra,.,
growth data 4nder t.-itereasing conditions until fracture occurred. The load shedding was performed by
re,'Icing t at retereftce load with 5 cf the immediately prior load level after a crack growth increment of
0.(. wn. The test procedure is extremely tedious with some tests running up to six months. The same sort
of experiments were perfoed on FALSTAFF, but with larger load reduction in each step, Annex G of Ref.
41, and on the GAJSSIANJ load sequence with a fixed load decrement, Annex H of Ref. [4f.

3. WUICAL WDELLING

Although both microstructural and statistical models have been proposed to account for short crack
effects, e.g. [1,-2], these have in common that they rely on extensive experimental data to fit various
constants in the derived crack growth equations. From a mechanistical point of view, the very origin of
the small crack effect arises primarily from the lack of an appropriate crack driving force for short
cracks. This problem is both related to the inability of the elastic stress intensity factor to describe
the crack tip fields when the crack is small compared to microstructural features or the crack tip
plastic zone size, and that crack tip shielding mechanisms are not fully developed for short cracks [12].
These latter mechanisms, principally involving crack closure in its various forms, were recently found to
be the primary cause for differences in the behaviour between long and short cracks [12 J. -However, as
cracks of small size were found to propagate below the effective threshold Stress intensity range, such
other factors as mentioned above are clearly relevant.

In the following, only plasticity-induced crack closure will ba used as a basis for modelling of
short crack effects. This is because this form of crack closure is -the only one that can be used to
predict the development of closure with increasing crack length in a quantitative way, as evidenced from
recent finite element modelling [12-14]. However, it should be pointed out that measured closure levels
(in plane strain) were found to be significantly higher than numerical plane strain predictions [12, 14].
Such discrepancies were attributed to the fact that the primary contribution to closure at near-threshold
levels, where short crack effects mostly are observed, in the investigated Al 2124 alloy is due to
roughness-induced closure. The relative importance of various types of crack closure was investigated by
studying both underaged and overaged mcrostructures [12, 14].

Despite such shortcomings as mentioned above, the plasticity-induced crack closure concept has been
utilized in the core prograrsta of the current AGARO activity with very good results [4]. The model used,
originally developed by Newman [15] and already applied to short cracks in Refs. [16, 17], is based on
the Dugdalc -*del but codified to leave plastically deformed material in the wake of the crack. Here, an
extension of this model [18] to include the concept of weight functions in order to facilitate the
analysis of any two-dimensional geometry is used to evaluate experimental data from both the core
p'ogramne and the supplemental programme. The utilized model has been verified [18 J for both plane stress
and plane strain computations of crack closure in d CT-specimen subjected to constant amplitude loading
at different stress ratios by comparing the results with those earlier obtained by elastic-plastic finite
element modelling [19, 20]. Further on, the model has been used very successfully to predict the
transient crack growth rate response of a titanium alloy following various overloads (21].

'umerical predictions presented subsequently have been performed with the same input parameters,
regarding effective crack growth properties etc., for the Al 2024-T3 alloy as in Ref. [4]. This also
means that plane strain conditions have been assumed for short crack growth under all loading con-
ditions.

4. RESULTS

Below will results from both the core programme and the suppleentil progranme be given. As all
the experimental data of the core programme have already been included in Qef. (4], a detailed account
will not be repeated here. Instead, the performed numerical predictions will De presented and compared to
the data in Ref. [4 and to the calculations included therein.

4.1 Core Programme

Idesitical computations as those performed in Ref. [4] were cdrried out to evaluate the computer code
being used. Firstly, the increase in computed crack opening stresses upon crack extension is shown in
Figure 3(0) for the four stress ratios being used in constant amplitude testing. The results are in
rather good agreement to those presented in Figure 75 of Ref. (4]. For the two negative stress ratios
minima in predicted crack growth rates occur at crack lengths indicated in Figure 3(a). Such minima have
indeed been observed experimentally, e.g. [22], but are mostly attributed to interaction of the advancing
crack with grain boundaries. It is interesting to note that the predicted development of closure at R - 0
is similar to plane strain elastic-plastic finite element calculations performed at R 0.1 in Ref. [12].
Further on, it should be observed that virtually no closure effect occurs at R = 0.5, but that the effect
is becoming more prevalent at negative stress ratios, in accordance with experimental observations. where
also an effect ot applied stress level becomes important.

Figure 3(b) compares experimental and predicted surface crack shapes under constant amplitude
loading at R = -1. It appears that the growth behaviour of both naturally Initiated cracks and arti-
ficially introduced defects is accurately modelled.



6-4

Experimental and predictId crack growth rates for short cracks under all the various loading con-
ditlis are shown in Figures 4 through 9, for R = -2, -1, 0, 0.5, FALSTAFF and GAUSSIAN loading, re-
spectively. Also shown in these figures are the long crack data for comparison. The GAUSSIAN load
sequence used for these calculations is not identical to the sequence used for testing. That sequence has
a block size of about one million cycles. Here, another GAUSSIAN sequence, see Figure 10, consisting of
only 10 000 load cycles, but with the same irregularity factor (I = N/N1  - 0.99 where N0 is the no. of
mean level crossings with positive slope and N1 is the no. of peak loads) was devised for the compu-
tations. For I = 0.99, this difference from the test sequence should be negligible. All other input data
to the calculations, e.g. initial crac: size, plane strain constraint factor and effective stress in-
tensity range versus crack growth rate relationship, were the same as in Ref. [4].

Compa-ing the predictions in Figures 4 to 9 with those in Ref. (4], it is readily seen that the two
sets of calculations are in good general agreene-t. However, a closer comparison shows that the current
numerical model always predicts slightly lower crack growth rates than the predictions in Ref. [4]. At a
stress ratio R = 0.5, Figure 7, the effect of applied stress level on predicted results is rather small
whoreas particularly at negative stress ratios, Figures 4 and 5, but also in spectrum loading, Figures 8
and 9, this effect becomes very obvious. Altogether, the general agreement of measured and predicted
short crack growth rates is clearly excellent albeit somewhat unexpected in view of the above discussion
on many additional mechanisms that are known to influence short crack growth behaviour.

Finally, predicted fatigue lives to breakthrough, i.e. when a continous crack was all the way across
the notch root, are shown together with experimental data in Figures 11 to 13 for positive stress ratios,
negative stress ratios and the spectrum loading conditions, respectively. Note that the TWIST results for
Al 2024-43, from the supplemental programme, also are included in Figure 13. A careful comparison of the
current predictions to those in Ref. [4] reveals that the current numerical model predicts about 10%
higher life and around 5-6% higher closure loads than Newman's original model as applied in Ref. [4]. The
one exception to this general result is the GAUSSIAN loading case for which slightly shorter lives were
predicted in the current paper than in Ref. [4]. This ray, however, be attributed to the difference in
the GAUSSIAN load sequences, as mentioned above.

4.2 Supplemental Programme

The eyperieental short crack data obtained on Al 2024-T3 under TWIST loading are shown in Figure 14
together with predicted results using exactly the same input parameters as in the core programme. As can
be seen from Figure 14 tne effect of the applied stress levels, ciax - 225 and 275 MPa, on the growth
rates is very small. Also snown in Figure 14 are long crack growth rates as obtained with the load
shedding procedure of the TWIST sequence. The short crack effect is observed also for the TWIST sequence.
At higher crack growth rates the short and long crack data overlap.

Short crack growth data for the Al-Li 20g0-T8E41 alloy are summarized in Figures 15 to 17 for R
0.5, FALSTAFF and TWIST loading, respectively. The first interesting observation from these Figures is

that the growth rates remarkably close to those presented for aluminium alloy 2024-T3 above. !t
should be noted-though, that surface crack lengths were taken as the projected crack length no.mal to the
loading direction, whereas the actual crack growth morphology is highly deflected for the R = 0.5 and
FALSTAFF loading, see Figures 18 and 19, respectively. For some hitherto unknown reason the crack paths
for TWIST loading is entirely different, see Figure 20.

Comparing the short crack growth rates for R = 0.5 to long crack growth data obtained on the same
Al-Li alloy, and in the same orientation, L-T, by other workers [4, 5] it seems that the short crack
effect is virtually absent at this high stress ratio, Figure 15. The comparison to Ref. [5], which is
most relevant as they tested specimens cut from the same sheet, gives almost identical growth rates for
short and long cracks at R = 0.5. This is also what was found for A] 2024-T3 at the same stress ratio in
the core programme [4].

For the FALSTAFF results shown in Figure 16 the author has not yet access to any long crack data. He
would expect significantly slower growth rates for long cracks though. A detailed comparison of the Al-Li
data in Figure 16 to FALSTAFF data for Al 2024-T3 shows that the aluminium lithium alloy has a higher
mean crack growth rate, although the data is overlapping.

For TWIST loading, the Al-Li data is within the scatterband for Al 2024. Long crack data for the
TWIST sequence is included in Figure 17. Also here a short crack effect is obvious for low stress
intensities, whereas the data converge at higher crack growth rates.

It is particularly interesting to compare the crack growth paths shown in the data charts in Figures
18-20. The results shown for R - 0.5 and FALSTAFF loading, Figures 18 and 19, ag.'ee excellently with
published results valid for constant amplitude loading, e.g. [23]. The TWIST results in Figure 20, how-
ever, are of entirely different character. The crack path is very straight, exhibitIng no typical
alur.;nium-lithium features, and the data is repetitive in the sense that several performed tests yield
the saie smooth crack path.

The sperific reason for this behaviour during TWIST loading is still unknown. It may perhaps be
related to the high mean stress of the many gst loads occurring in the spectrum, which gives a very
small ratio of reversed to monotonic plastic zone sizp at thp c'*t" tip.

Modelling of the Al-Li data is under way but not yet completed. Those re;ults will be published in a
separate report.
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5. CONCLUSIONS

Based on numerical modelling and short crack growth experiments conducted on a 2024-TJ aluminium
alloy and a 2090-T8E41 aluminIum-lithium alloy, the following conclusions can be made:

- The analytical results coincide in general very well with observed experimental results.

- The performed calculations constitute an independent verification of the crack closure model being
used In the AGARD core programme on short cracks.

- The current rmmeric.l model predicts about 10% higher life and around 5-6% higher closure loads than

Newman's original model.

- Short crack data for the two studied alloys are overlapping for all load conditions.

- During constant amlitude loading short ciacks grow below the long crack threshold stress intensity
factors.

- During spectrum loading and for constant amplitude loading at negative stress ratios, short cracks
grew faster than long cracks at the sane stress intensity ranges.

- A stress level effect is very pronounced at negative stress ratios and also becomes apparent for
some spectrum loading. 'his effect manifests itself in higher short crack growth rates at higher
load levels for the same stress intensity range.

- The crack path in the aluninfum-lithium alloy is highly deflected for R 
= 0.5 and FALSTAFF loading

but straight for TNIST loading.
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ABSTRACT

This work was undertaken as part of an AGARD Supplemental Test Programme for investigating the short crack
growth behavior in various airframe alloys. The objectives of the research were to investigate crack initiation characteristics
and short crack growth behavior for Al-Li 2090 ai,d for 4340 steel and to evaluate the ability of a closure-based crak-growth
model to predict fatigue crack growth rates and total fatigue lives for the steel. Single-edge-notched tension specimens of each
all)y were used to obtain the short crack growth rate information via an acetate replica technique. In addition to constant
amplitude loading, tests on tke steel were conducted using the Felix/28 variable amplitude spectrum (a shortened form of a
standard loading sequence for 'fixed' or semi-rigid helicopter rotors). The short crack growth rates were compared to those
for long cracks grown under similar loading conditions. Metallurgical features associated with crack initiation are discussed.

For Al-Li 2090 under R = -1 loading, the short cracks grew well below the long crack threshold and grew at acute
angles (approximately 350) to the loading axis. For 4340 steel under constant amplitude loading at R = 0.5 and 0 and for
the Fehx/28 spectrum loading, short-crack growth rates agreed well with long-crack growth rates, even near the long-crack
threshold A slight short-crack effect, growth below the long-crack threshold, was observed at R = -1. Fatigue lives were
found to depend on the size and type of initiation sitt., especially for the Felix/28 loading sequence.

A semi-empirical crack-growth model incorporating crack-closure effects was used to predict crack growth rates and
total fatigue lives of notched 4340 steel specimens. An initial defect size and shape typical of those identified in this steel
was assumed for the life predictions.. For all loading conditions, reasonable agreement was found between measured and
predicted values for both crack growth rates aid fatigue lives. In general, the predicted lives were somewhat shorter than
those measured experimentally and, therefor6, were conservative. For R = -1 loaning conditions, however, the model tended
to predict lives which were slightly longer than experimental Values.

INTRODUCTION

The current investigation of short-crack growth behavior in 4340 steel and Al-Li 2090 was undertaken as part of an
AGARD Supplemental Progr:rm on short-crack growth behavior. It follows an extensive cooperative testing and analytical
project on 2024-T3 aluminum alloysheet, the resdts of which have been published in AGARD Report Number 732 [1]. and
will hereinafter be referred to as the Core Programme.

In the present work it was of interest to investigate the crack initiation and short-crack growth characteristics for
quenched and tempered 4340 steel, a high strength alloy which exhibits a small p.mor austenite grain size containing all eme,
more finely divided microstructure of tenmpered ruartensite. Because the crack would traverse several martenrite lathes when
it was still quite small, it was expected [2,3] that a material with this type of microstructure %'.uld exhibit less pronounced
short crack behavior han was observed in the Core Programme for 2024-T3. The objectives were to obtain crack growth
data foi short and long cracks oves a range of loadiig conditione and to determine the capability of a crack-growth mudel,
incorporating crack closure effects, to predict fatigue crack growth rates and total fatigue lives from small pre-existing material
defects in each case.

The 4340 steel selected is commonly used in dynamically loaded helicopter rotor components. For this reason, it was
appropriate to choose Felixi28, a standard spectra developed for 'fixed' or semi-rigid helicopter rotors,[41 for the variable
amplitude load spectra employed in this study. The combination of experimental results from this spectrum with the range
of constant amplitude loadings serves as a representative sampling of loading histories for this alloy.

The selection of 2006-18E4 alloy for limited testing (at R = -1) allowed a comparison of the short crack growth
behavior of. the new light aluminum alloy with the vintage airframe alloy, 2024-T3. The addition uf approximately two
percent b) weight o. lithium produces an alloy with a six percent decrease in density and a tei percent wirease in stlffne-is
over conventional airframe aluminum alloys. The lithium, however, also increases the propensity for planar slip which, in
combination with sheet texture developed during processing, has been shown to produce a hughly angular fracture path for
long, through cracks [5]....
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TESTS

The test program conducted on aluminum-lithium alloy 2090-T8E41 consisted of short-crack tests on single-edge-
notched tension (SENT) specimens under constant amplitude loading at R = -1. A more extensive test program conducted
on 4340 steei consisted of standard tensile tests, short-crack tests on SENT specimens and long-crack tests on center-cracked-
tension (CCT) specimens. For the steel, both short- and long-crack tests were conducted under constant amplitude loading
at R = 0.5, 0 and - 1 and under variable amplitude loading using the Felix/28 spectrum.

The load profile for one flight from the load sequence is shown in Figure 1. The complete load sequence for Felix/28
contains 140 flights and 161,034 cycles. The ratio of minimum to maximum stress in the entire sequence is -0.28.

This section describes the material properties, specimen preparation and procedures used to obtain short- and long-
crack data Methods used to calculate stress intensity factors and crack growth rates under the various test conditions are
also presented.

Material and Specimens

A.Li 2.- The aluminum-li:ifium 2090-T8E41 material was furnished by Alcoa in a single sheet, 2.15 mm thick, with
composition as specified in Table 1. The yield strength (0.2% offset) and ultimate tensile strength were given as 525 MPa
and 580 MPa, respectively. SENT specimens, shown in Figure 2(a), were identical in configuration, machining practices and
chemical polishing to the 2024-T3 specimens used for the Core Programme. For the Supplemental Short Crack Programme,
several laboratories tested Al-Li 2090 specimens which were machined at Wright Research and Development Center (WRDC)
and chemically polished at NASA Langley Research Center. For the 50-mm wide specimen, time notch stress concentration
factor of 3.17 (based on gross section stress) is identical to that of the Core Programme specimens.

Figures 2(b) and 2(c) show the inicrostructure of the 2090 alloy for the crack growth (T-S) plane and notch root surface
(L-S) plane, respectively. These metaliographic specimens were immersed for 2.5 minutes, with no agitation, in ai etchant
solution of 60 ml H2 0, 3 ml HBF 4 and 3 ml HNO 3 . The pancake microstructure, typical of a rolled aluminum sheet, appears
to contain strings of recrystallized grains approximately 5 pI in thickness. Two types of constituent particles are present
in time microstructure. Larger particies, up to 5 pm, which were visible on the polished surface prior to etching were shown
by energy dispersive x-ray analysis to be AI7Cu2Fe. The smaller particles which precipitated aluna tha grain boundaries are
the E phase (AI2Cu).

434._Steel- The steel specimens were manufactured from a single AISI 4340 steel plate, 9.5 mm in thickness, supplied
in the annealed condition The chemical composition of the steel is given in Table 2. All specimens were machined with the
loading axis parallel to the rolh .. direction (L) of the plate and were ground to a thickness of 5.1 mm. Specimens were heat
,rcated to a hardness level of 45 on the Rockwell C scale by a one hour soak at 840*C, tempering in vacuum at 440 0C for
two hoirs followed by furnace cooling in nitrogen gas. The resultant tempered martensite microstructure in the L-S and T-S
planes of the plate is shown in Figure 3. The prim austenite grain size was approximately 10 pm. Two types of inclusion
particles, tphericai calcium-aluminate particles and manganese-sulfide particles elongated in the rolling direction of the plate
were identified by x-ray analysis and are indicated on the photomicrographs. These particles will be shown to serve as crack
initiation sites in tbe SENT specimens. The measured tensile strength of the steel was 1505 MPa, the yield strength (0.2%
offset) was 1413 MPa and the elastic modulus was 190 GPa. Results of the tensile tests are given in Table 3.

The CCT specimen used for the long-crack tests is shown in Figure 4(a). The slot was electro-discharged machined in the
specimen after heat treatment. In order to measure crack growth on the long-crack specimens using an optical microscope, at
!cast one surface of the specimen was nedmanically polished using standard metallographic specimen preparation techniques
down to a I jom diamond polish.

Figure 4(b) depicts the configuration of the SENT steel specimen used for the short-crack tests. The notch radius of
3 18 mm was achieved by final milling cuts of 0.25, 0.13 and 0.05 mm to minimize residual stresses. The stress concentration
factor for this notch in the 25 mm wide gage section is 3.3G, as calculated by the Boundary Force Method [6]. This is
approximately 5% higher than KT for the 50-mm wide SENT specimens used in the Core Programme.

Prior to testing, the notch area was electropolished for four minutes in a flowing solution of 70% ethanol, 10% glycerin
and 20% perchloric acid maintained between 18-20°C. Electropolishing removed the thin oxide layer formed during heat
treatment and the metal just beneath the oxide to a depth of about 0.1 mm.

Testing Procedures

A-L 2090 -hort-Crack Tests.- Short-crack tests on AI-Li 2090 were conducted at R = -1 for maximum stress levels
of 97 and 90 MPa. These levels were selected to produce fatigue lives in the 1 x 105 to 5 x 10 cycle range based on results
.................................... * , .,Ud 1,t,..,, j n spe tii u prepared concurreniy with those describcd
herein. To prevent buckling of the thin sheet under compressive loading, Teflon lined anti-buckling guide plates were loosely
fastened against the specimen. Crack length measurements along the bore of the notch were obtained with the replica
technique using acetate film 0.04 mm in thickness, As described for the Core Programme, replicas were taken at 80% of
maximum load (to insure that any cracks present would be open) periodically during the test. The replicas were subsequently
coated with a thin layer of Pd-Au acd examined directly in the scanning electron microscope (SEM) at a beam energy of
5 keV. Crack length (measured as a projected length perpendicular to the loading axis) and crack position along the bore of
the notch were recorded (for the five largest cracks on each specimen) as a function of fatigue cycles. The nomenclature for
crack length measurement is illustrated in Figure 5.
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4340 Steel-Short-Crack Teats - A number of fatigue life tests were conducted, using SENT specimens, under each
of the loading conditions to establish fatigue life curves. From these data, stress levels were selected to be used for the
short-crack, crack-growth tests.

As indicated in the previous description of the Al-Li 2090 tests, replicas were taken periodically during the short-crack
tests under each loading condition. Crack length measurements along the bore of the notch and track position were obtained
from observations of the replicas in an SEM. As in the Core Programme, the load was held at 80 percent of maximum while
each replica was made duri.ig the, constant amplitude tests. To obtain replicas in the Felix/28 test.. the application of the
sequence was stopped and held at 60 percent of the spectrum maximum (a level which occurs frequently ii the sequence)
and then continued from that point.

Several tests were stopped when there was still a surface crack along the notch and the specimen was pulled to failure
under a tensile load. Examination of the fracture surface yielded information on the shape of the fatigue crack as a function
of crack size, On all o. the SENT specimen fracture surfaces, river markings could be followed back to the crack origin and
the initiation-site defects identife'i.

4340 Steel-Long-Crack Tests.- Long-crack tests (crack lengths greater than 5 mm) were conducted under each of the
constant amplitude stress conditons, -1, 0 and 0.5, and under the Felix/28 spectrum The specimens were gripped in either
hydraulic or friction grips in a hyd:aulic load frame calibrated to 89 kN. The test machines were aligned using the criteria
from die Core Programme and, additionally, each specimen was strait gaged and alignment was verified at installation. The
cyclic frequency wa 30 Hz for tests at R, = 0.5 and 0, and 12 lz for the R - -1 and Felix/28 tests. In tests involving
cumpress.e loading, guide plates containing a rectangular cutout for monitoring the crack were loosely fastened on either
side of the specimen.

In all tests, cracks were initiated and grown about 2 mm at each end of the central slot before growth rate data were
recorded. For R = 0.5 loading conditions the crack was initiated under R = 0 loading and then the minimum load was
increased to obtain R = 0 5. For the other luading conditions, the same stress ratio (or Felix/28 spectrum) used to initiate
the crack was used for the remainder of that test. Crack length measurements were made visually using a 60X microscope
mounted on a micrometer slide. In the Felix/28 tests, crack length measurements were always made at the end of a complete
pass through the load sequence (161,034 cycles). Crack growth rates were calculated from the crack length against cycles
data using the secant (point-to-point) method employed in the Core Programme.

Growtl. rates above about 10- 5 mm/cycle were generated in conventional increasing AK tests. Growth rates below
,bout 10- m/,'cycle were obtained in decreasing load amplitude tests ii which a mianually-controlled, discrete-etep load
shedding method was employed. After each 0.5 mm increment of crack growth, the maximum and minimum loaxds were
decreased by 6 percent. This resulted in a rate of reduction of AK which was within the guidelines recommended in the
recentl revised ASTM Standard E-647-88-Standard Test Method for the Measurement of Fatigue Crack Growth R tes
After the "threshold" rate (10- 7 mm/cycle) was achieed, several tests were continued as increasing AK tess to corroborate
the decreasing-AK data.

ANALYSIS

Calculation of Stress-Intensity Factors

In the following, approximate stress-intensity factor equations for a surface crack or a cornet crack ,manating from a
seni-circular edge notch are presented. Thesc equations are used later to compare crack growth rates measured for short
.racks with thost. meaaureu fur long cracks as a function of the stress-intensity factor range The calculation of stress-intensity
factor assumes that either a semi-elliptical surface crack is located at the center of the edge notch or a quarter elliptical corner
crack is located at an edge, as shown in Figure 4 For a surface crack located at other locations along the bore of the notch,
the calculation is adequate if the crack is small compared to thickness.

To calculate the stress-intensity factor at the point where the crack intersects the notch .urface (4 = ,r/2), the crack
length (a) and the crack depth (c) must be known. This relationship can be determined from measurements made on
specimens broken in tension with small fatigue cracks For Al-Li 1090, the c/a relationship developed from crack shape
measurements on 2024-T3 specimens in the Core Programme was used. The crack depth (c) for either a irfazc crack or a
corner crack was calculated from the following equation

c/a = 0.9 - 0.25(a/t)2  (Al-Li 2090) (la)

For 4340 steel, a different reationship was the best visual fit to the crack-shape data generated from the short-crack
specimens tested in this study. These data are presented in the Test Results section. The crack depth (c) for either a surface
crack or a corner crack was calculated from the following equation

c/a = I - 0.25(a/t) (4340 Steel) (lb)

The stress-intensitq factor range equation for a surface crack located at tee center of the edge notch subjected to remote
unifo:m displacement is (8)

AK =A ia/ F (2a)
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for 0.2 < a/c < 2 and a/t < 1. Equations for Q, the shape factor, and Fan, the boundary-correction factor, are given in the
Appendix.

For a corner crack, the stiess-intensity factor is

AK = ASV-ifalQ)Fn (2b)

for 0.2 < a/c < 2 and a/t < 1, where

Fin= Fs i(1.13-0.09a/c) for a/c51

F F(1 + 0.04c/a) for a/c> I

The stress range (AS) is full range (Sna - Smin) for constant amplitude and spectrum loading. For example,
AS = 2Smlx for R = -1 loading. For spectrum loading, the highest peak stress is Sm. and the lowest trough is ;min-

Crack-Growth Model

A crack-growth model that accounts for crack-closure effects was used to predict growth rates and total fatigue lives
for 4340 steel under both the constant amplitude and Fefix/28 spectrum loading. This growth model -as developed in
reference 9 and was previously applied to short-crack growth ai.alyses in references 1, 10 and 11.

The basic assui,,tion in the growth modu is that the growth rate for any loading cycle lies on a single, master AKeff
against rate curve, where the AKff is AK modified to account for crack-closlire effects. The growth model incorporates
a model of the :rack-closure process that is used to calculate crack opening stresses (and thereby, AKqy1) as a function of
loading history. The AKf f was then used to enter the master AKey-rate curve to obtain a predicted crack-growth rate

The crack growth model was developed for a central through crack in a finite-width specixien subjected to uniform
applied stress This model was later extended to through cracks emanating fromi a circular hole in a finite-width specimen
also subjected to uniform applied stress [11]. The growth model is based on the Dugdale plastic-zone model [12], but modified
to leave plastically deformed material in the wake of the crack. The primary advantage in using the Dugdale model is that
the plastic-zonp size and crack-surface displacements are obtained by superposition of two elastic problems-a crack in a
plate subjected to: (1) a remote uniform stress and (2) a uniform stress applied over a segment of the crack surface. In the
current work, it vias assumed that the opening stress, calculated for a through crack of length "" were the same as those
for a surface crack of depth "c".

TEST RESULTS AND DISCUSSIONS

Al-Li 2090

Short-Crack Tests - A total of six tests were run at R - -1, three at each of two stress levels. Figure 6 shows a plot
of maximum stress against number of cycles until a crack was first obser-ed on a replica and against number of cycles until
failure for each specimen. One test was stopped prior to failure, Cracks were first observed when they were between 6 and
73 lim in length. The cracks which were large when first detected were corner cracks and, as such, were more difficult to find
on the replicas early in life. Of the eleven cracks catalogued in this study, three initiated as corner cracks or very close to the
sheet surface. All others initiated as surface cracks aiong the root of the notch. Crack propagation, within this limited data
set, was found to consume from 26 to 2 percent of the total life A' the lower stress level, two specimens with corner cracks
were dtected late in life at 73 and 76 pm, giving relatively short propagation lives (one of these tests was terminated prior
to failure with a 500 lm crack). At the upper stress level, the specimen with the propagation life which was much shorter
than the other two specimens contained multiple surface cracks which were positioned such that they linked together and the
specimen experienced rapid crack growth to failure. The average crack propagation life for the remaining three spccimens
was 80 percent.

In this alloy, cracks were found to propagate at acute angles to the loading axis. The following description of crack
growth behavior is illustrated by the SEM photos of replicas from three specimens in Figures 7 and 8. (Crack initiation sites
are labeled with an "I".) Cracks which initiated along the bore of the notch often, but not always. initiated at inclusion
particle sites which were visible on the replicas cf the notch surface, as in Figure 7(a). The cracks in some cases grew in a
horizontal direction for a short distance (5-50 po) and then turned to a direction approximately 35 degrees to the loading
axis. Other cracks grew at this acute angle from time point of initiation. Figure 7(h ) sc, a) ... o:.... ...af..
an additionai 24,OW cycles tupper crack). It has contmue' - grow, essentially in a planar fashion, to the surface on the right
and to intersect another crack at the specimen midthir' -,. Sometimes the cracks would bifurcate along directions of ±35
degrees to the loading axis, as in Figure 7(b) (lower crack at location 'B'). At this point, one of three behaviors would result:
(1) the crack would continue in time new orientatior (Fig 8f u) at location 'B') or (3) the crack would exhibit a jog in the new
orientation and then revert back to 'he oiginal orientatin. A "V"-shaped crack might also be formed by the intertoction
of two cracks propagating on planes at + and -35 degrees to the loading axis (Fig. 7(b) at center and Fig. 8(b) at inverted
"V"). Figure 8(a) illustrates a case where three cracks which were propagating in a nearly coplanar situation linked to form a
single crack. Fractures of the specimens discussed in Figure 8 are shown in Figure 9. In general, the presence of the pancake
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grain boundaries did not seem to offer any resistance to crack propagation. This would be consistent with a sheet which is
textured such that preferred slip planes and slip directions are aligned from one grain to the next. Although the sheet is likely
to be textured, as Al-Li alloys are often found to be [5), the exact nature of the texture is uncertain. In the texture analysis
of this alloy performed by Bowen [131, the Royal Aeronautical Establishment, at various locations through the thickness,
it was determined that the sheet was strongly textured. He reported a deformation texture which indicated that the sheet
was unrecrystallized. Examination of the microstructure optically in this work indicated evidence of recrystallization within
the pancake grains, as mentioned previously. In the paper by Carvalho and deFreitas in this document [14], they site data
obtained using the back reflection Laue x-ray method which indicates a recrystallized texture structure. It would seem that
the sheet is perhaps partially recrystallized and, as such, exhibits characteristics of both a deformation and a recrystallized
texture.

The crack growth rate against AK plot for these short crack tests is shown in Figure 10. As stated previously, the
crack lengths for this analysis have been measured parallel to the short transverse direction of the sheet. The long crack data
lines are this author's visual fit to the data from tests conducted by Mazur and Rudd [7]. For the short crack data, ove the
range of stress tested, there appears to be no stress level effect. The short cracks grow at stress intensity factor levels below
the long crack threshold (approximately 4.5 MPaVi') and grow at somewhat higher rates than long cracks above threshold
This relative short crack-long crack behavior is similar to that observed in the Core Programme for 2024-T3 under R = -I
loading at the lower stress levels. It should be noted, however, that AKth for 2024-T3 is somewhat higher (6 MPaVii). There
also is significantly more scatter in the long crack data for 2090-T8E41 at R = -1 than was found for 2024-T3, resulting
in considerable overlap of long and short crack 2090 data for AK > 4.5 MPaV/'m. No attempt has been made to account
for Mode II or Mode III contributions to the calculated stress intensity factors or crack growtl rates caused by the slanted
crack growth. However, using a Mode I analysis, the calculated crack growth rates for long and short cracks approach one
another for large AK. In addition, the long cracks reported in reference 7 were well-behaved and grew essentially normal to
the loading axis from initiation down to threshold, the same orientation that has been assumed in this short-crack analysis.

4340 Steel

Long-crack Tests.- Crack growth rate against AK plots for the three constant amplitude test conditions and for the
Felix/28 load sequence are presented in Figures 11 through 14. On each data set, a visual best fit line has been drawn
through the data. Scatter band lines have been drawn at 1.15 and 1/1.15 times the values for AK of the best fit line. The
majority of the data points fall within the scatter band lines.

For each type of loading, data obtained under decreasing load conditions agreed with that from increasing load
conditions. No threshold value was obtained from the single decreasing load test run under Felix/28 spectrum loading.
For each constant amplitude R ratio, at least three tests were conducted. The long-crack threshold for R = 0.5 occurred at
a value of AK = 3.36 MPav/'i, for R = 0 the threshold occurred at a value of A K = 5 00 MPavf'ii while the threshold for
R = -1 loading occurred at a value of A K = 12.4 MPav'i.

Fatigue Life Tests.- A series of fatigue life curves were established from tests to failure on the SENT specimens run
under both the R = 0.5, 0 and -1 constant amplitude loading conditions and the Felix/28 variable amplitude spectrum. Tile
results from the constant amplitude tests are shown in Figure 15. These series of tests were conducted near the fatigue limit
condition which may account for the considerable amount of scatter. The horizontal dashed lines indicate the stress levels
%%hich were selected for the short-crack tests. High and low stress levels for each stress ratio were chosen to give fatigue lives
of approximately 50,000 and 200,000 cycles, respectively, and to avoid the fatigue limit Only one level was selected for the
R = 0.5 loading condition due to the limited load capacity of the test machine. The local notch-root stress at the maximum
and minimum gross stress levels for each constant amplitude test condition, divided by yield stress, is given in Table 4. Note
that for R = 0 5, the notch root stress is greater than the yield stress.

The results of the fatigue life tests under the Felix/28 load sequence are shown in Figure 16. The stress levels chosen
for the short-crack replica tests are indicated by dashed lines and the local notch root stresses are given in Table 4. For
both stress levels selected there was a large amount of scatter in the fatigue life results. Inspection of the fracture surface
in the SEM showed that in each case a crack had initidted at an inclusion particle defect. Those specimens which had the
shorter lives had cracks which initiated at spherical calcium aluminate particle defects, whereas those with the longer lives
had cracks which initiated at manganese sulfide stringer inclusion particle defects. An example of each type of initiation site
is shown in Figure 17. In Figure 17(a) the calcium aluminate particle is present just below the notch root surface. In some
cases, the particle is on the surface and is removed by final machining or polishing, leaving a hemispherically-shaped void or
pit on the notch root surface to serve as the crack initiation point. An example of this situation will be shown later in this
section.

Examination of the initiation sites for over 30 fatigue cracks from SENT specimens yielded information oil the
distribution of crack initiation site dimensions. The spherical particle defects range in size from 10 to 40 pm in diameter.
The stringer particles are typically 5 to 20 pm in the 2a direction and range up to 60 lim in the c direction. These data are
shown in a graph in Figure 18. The median values of the defect dimensions measured were 2a, = 16 .am and ci = 13 pm. In
Figure 19, the c and 2a values for each initiation site have been paired in an aspect ratio, c/a. The predominant ratio size is

<c/a < 2. which is the rane for a hpmin1 - rL iuT- deci is L62. Cieariy tile stres
concentration at a large spherical defect would be greater and would cause matrix cracking to occur earlier in life and at larger
initial crack sizes than would be the case for- the other defects. However, only a limited volume of the 4340 steel material is
being sampled at the notch root. Therefore, a large spherical particle is not always present in this area and initiation must
be left to occur at a smaller spherical particle or stringer, thereby causing a large variation in observed fatigue lives. In an
investigation of the growth of short cracks in 4340 steel heat treated to somewhat lower strengths (Cu = 1260 and 1000 MPa),
Lankford [2] observed crack initiation under R = 0.1 loading only at spherical inclusions. That result is consistent with the
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current work. The specimens used in reference 2 were unnotched and thus had a larger volume of highly stressed material
that could contain defects leading to crack initiation.

Fatigue cracks tended to initiate as surface cracks along the bore of the notch rather than as corner cracks. The
distribution of initiation sites as a function of position along the bore of the notch is shown in Figure 20. The largest number
of cracks initiated near the mid-thickness of the notch root and another favored location was at about one-sixth of the total
thickness from the specimen surface. No corner crack initiation was observed in this group of specimens.

Short-Crack Tests.- The inclusion particle defect which caused fatigue crack initiation could generally be seen on the
replica, except in the case of a spherical particle defect which was buried just beneath the surface. Once initiated, the crack
grew essentially perpendicular to the loading axis. Figure 21(a) shows a series of SEM micrographs of a crack growing from a
spherical inclusion paiticle defect site until it has grown more than halfway across the notch root thickness. At this point in
the fatigue test, the specimen was loaded to failure in order to reveal the fatigue crack shape, see Figure 21(b). An enlarged
detail of the initiation area shows half of a hemispherically shaped pit and a faceted fracture surface typical of the 4340 alloy.

A totai of six short crack tests were terminated before the crack had grown to intersect either surface of the plate.
These specimens were pulled in tension to failure and fatigue crack shapes measured. Figure 22 shows the crack shape data,
c/a, plotted against crack size, a/t, for these specimens. A linear fit was made visually to the points as shown by the solid
line on the graph. This crack shape equation, given by equation 'lb), was used in the AK calculations for the short-crack
data from 4340 steel. The dashed line is the equation used for aluminum alloys, 2024-T3 and 2090-T8E41, and is shown here
for reference.

Crack growth rate results from the replica measurements of short cracks are shown in Figures 23 through 26. For
R = 0.5, the results are for two tests run at a single stress level (see Fig. 23). The sclid line indicates the values for the
corresponding long-crack data. The short-crack data fall at slightly slower crack-growth rates when compared to the range of
the long-crack data. As indicated in Table 4, the material at the notch root yields in tension at this applied stress amplitude.
A similar result was found for the 2024-T3 Core Programme tests at R = 0.5 with notch-root yielding. For the aluminum
alloy, however, the short cracks grew to a greater extent below threshold.

The results for R = 0 at two stress levels are plotted in Figure 24. The replica data show no stress level effect over
this range in maximum stress. Again, the solid line is from the long-crack results for this stress ratio. The short-crack data
agreed well with the long crack data for growth rates less than 5 x 10-8 in/cycle. Short cracks grew slower than long cracks
at the rates greater than 5 x 10-8 m/cycle. At this stress ratio, there appears to be no short-crack effect near threshold.
A comparison of long- and short-crack growth behavior for R = -1 is shown in Figure 25. Below a stress intensity range
of approximately 15 MPavm, the band of the short-crack data begins to deviate from the long-crack data and to lie at
somewhat higher crack growth rates. The short cracks also grew well below the long-crack threshold.

Hence, for the three constant amplitude stress ratios tested, the case which had a compressive component to the loading,
R = -1, was the only one to show a short-crack effect. This result agrees with the trend from the 2024-T3 tests in the Core
Programme In that study, more pronounced short-crack effects were observed as the stress ratio became more negative. The
short-crack effect noted for the 2024-T3 aluminum, however, was substantially greater than that found for the 4340 steel in
the current tests.

The short-crack results for the Felix/28 load sequence are shown in Figure 26. Over the range of long-crack data
available, the short cracks grew at somewhat slower rates. If long-cracks results are extrapolated to lower AK levels, there
is no evidence of a short-crack effect.

ANALYTICAL RESULTS AND DISCUSSIONS FOR 4340 STEEL

AKfi Against Crack-Growth-Rate Relationship

Application of the closure-based crack growth model requires a AKeff against crack growth rate relationship as input.
To establish this relationship, the long crack data generated in the current study under constant amplitude loading conditions
on CCT specimens were used. The data are shown in Figure 27(a). In addition, data for long cracks grown in single-side-
cracked-hole (SSCH) specimens tested at stress ratios of 0.5, 0.1, and -1 by Wanhill at the National Aerospace Laboratory
(NLR) were included. These specimens were cut from the same plate as the specimens in the current study and were given
the came heat treatment at NASA prior to shipping to NLR. The SSCH specimen and testing procedures used are described
in Reference 15. The NLR data is presented in Figure 27(b).

The effective stress intensity factor is given by

A4lw = Sinax - So AK
Smax - Smin

wameet So w. .. iaulaied from tie equations gihen in teerence 16. For these calculations, a constraint factor (a) of 2.5,
reflecting plane strain conditions, was used over the entire range of crack growth rates. Figure 27(c) shows the combined
plot of all the available long crack growth rate data plotted on a AKef basis. The solid line segments were generated
using a visual fit to the data and the end points of these segments are listed in Table 5. The AKf,, threshold value of
3.75 MPavr/i falls within the range of 'effective' thresholds for crack growth rate data from the three stress ratios. The
median crack initiation defect size (2ai = 16 pm, c, = 13 pm; see Fig. 18) measured on the fracture surfaces of the fatigue
life test specimens was used as the initial flaw size in all crack growth and total fatigue life calculations.
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Crack-Growth Rate Predictions

Using the crack growth model, along with the experimentally derived AKejf relationship and initial flaw size, crack
growth rates for all loading conditions can be calculated. These model predictions of crack-growth rates were made for each
of the constant amplitude loadings and for the Felix/28 spectrum at an applied stress level used for the experimental work.
The predicted curves are shown in Figures 28(a) through 28(d) superimposed over tile respective set of short-crack data
and long-crack data curve from the current work. For R = 0.5 loading above AK levels of about 4 MPa/'mi, the predicted
crack growth rates agreed well with those for long cracks and, therefore, are slightly higher than the short-crack data. This
is a consequence of the absence of closure effects at high stress ratios, i.e., the crack is always open. The starting AK
value (shown as solid symbol) for the predicted curve is a function of the selected stress level and the assumed initial defect
size. For R = 0, the predicted curve is initially on the high side of observed crack growth rates and then blends with the
experimental data at about 15 MPavfm. The model predicted higher crack growth rates for short cracks at this stress ratio.
In Figure 28(c), tie predicted curve for R = -1 follows the short crack growth behavior occurring below and just above the
long crack threshold quite well. This stress ratio has th, 6 reatest closure effects and the predicted curve displays the classic
short-crack behavior. The crack growth rates are initially high due to the low value of crack-opening stress, So - 5min, and,
hence, high values of AKeff. As the crack grows, So increases rapidly causing AKef to decrease (while AK increases) and,
consequently, causes the crack-growth rate to drop. If the applied stress level was lower or the initial defect size was smaller,
a condition could arise where the cracks would initially grow but arrest as the crack opening stress approached an equilibrium
%,alue and AKeIJ became less than AKefj(th) = 3.75 MPaV'n. Arrest of short cracks was observed experimentally in a few
cases for cracks initiating at defects considerably smaller than the median size. For the Felix/28 spectrum, the crack growth
model predicted higher crack growth rates over the whole range of AK.

Total Fatigue Life Predictions

Predictions of total fatigue life were made using the crack-growth model by calculating the number of cycles necessary
to grow a crack from the assumed initial defect size, located at the center of the notch root, to failure (KC = 170 MPaVl'm
[17]). Fatigue life predictions for R = 0.5, 0 and -1 are shown is Figure 29 superiniposed on experimental data from fatigue
life tests. Agreement between fatigue limit for model predictions and the experimental data is good for R = 0.5 and R = -1.
The fatigue limit for R = 0 is somewhat low. This reflects the fact that the R = 0 long crack data near threshold fell to
the low AKif side (3.2 MPaVtm) of the AKefIth value selected (3.75 MPavl'i). At stress levels above the fatigue limit,
the life predictions at all stress ratios are in fair agreement with experimental data. For stress ratios of R = 0.5 and R = 0,
predictions were somewhat on the conservative side of the experimental data, coinciding with the prediction of slightly higher
crack-growth rates shown in the, previous set of plots. The life calculations at R = -1 are somewhat long. Inspection of the
predicted crack growth rate curve at this stress ratio shows the predicted rates to be on the lower edge of tle experimental
data for high values of AK.

For the Felix/28 load sequence, the comparison between model predictions and experimental fatigue lives, are shown in
Figure 30. The predicted results fell somewhat short of the experimental data for those specimens which contained spherical
defects as crack initiation sites. As expected, the p edicted lives fell far short for those specimens with no large inclusion
particles at the notch root, where cracks were left to initiate from stringer inclusions or where no cracks of minimum size
necessary for continued propagation were formed. It is desirable to have the good agreement occur for the spherical inclusion
particle data. For an engineering component which contains a number of fastener holes or other areas of stress concentration,
the likelihood of a critical sized inclusion particle being located at one of these sites is large. In previous variable amplitude
testing, the model had also performed well in predicting fatigue life for 2024-T3 SENT specimens tested under the Falstaff,
inverted Falstaff and Gaussian load spectra [1,10]. Use of a predictive model such as this might eliminate or significantly
reduce the amount of testing which needs to he done under spectrum loading by producing reliable predictions of crack
growth behavior under any desired load sequence using only constant amplitude crack growth test data This capability
should he of considerable interest to industry.

CONCLUSIONS

The following conclusions have been reached from the fatigue crack growth study of Al-Li 2090-T8E41 and of 4340
steel (quenched and tempered to 4511c):

A. For Al-Li 2090-T8E41 alloy subjected to R = -1 loading

1. Cracks often initiated at inclusion particle (AICu2 Fe) sites which were visible on the specimen notch surface

2. For the single-edge-notched specimens, cracks grew at acute angles to the load axis, approximately 35 degrees,
across the major portion of the notch root. The crack propagation direction was, in general, not altered when
the crack traversed a longitudinal grain boundary on the specimen surface.

j. For crack growt; niuo te aois Srac- thrurhu! d (4 5 MPa-, _/A-)
and at somewhat higher rates than long cracks above threshold. The Mode I analysis was successful in correlating
the long and short crack data, in that crack growth rates agreed for larger AK.
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B. For 4340 alloy steel, quenched and tempered to 45Rc

1. Fatigue cracks initiated at e,ther calcium aluminate (10pm < 2a < 40pro) or manganese-sulfide (5pm < 2a <
20pum) inclusion particle sites. Fatigue life, especially under the Felix/28 load spectrum, was greater for specimens
with cracks initiating at the manganese-sulfide stringer sites.

2. Crack growth from inclusion particles was essentially perpendicular to the loading axis.

3 For R = 0.5 and 0 constant amplitude and Felix/28 spectrum loading, no short-crack growth was found to occur
below th( long-crack threshold. For R = 0.5, short cracks grew at slightly slower rates than those exhibited for
long cracks at the same stress-intensity factor range. For R = 0 and for the Felix/28 spectrum good agreement
was found between long and short crack growth rates.

4. For R = -1 loading a short-crack effect was observed, in that, short cracks grew be, ,. the long-crack threshold.

5. The closure-based crack-growth model employing a master AKq//-rate relationship derived from constant
amplitude long-crack data was capable of predicting short-crack crack-growth rates for both constant amplitude
and Felix/28 spectrum loading conditions.

6 Model predictions for fatigue life were in reasonable agreement with experiments. Of particular note is the fact
that the model was able to accurately predict total fatigue life for specimens subjected to the Felix/28 load
sequence solely from input from constant amplitude crack-growth tests. Use of this type of model in design might
significantly reduce the amount of spectrum-specific experimental data required
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Table 1. Composition of Al-Li 2090-T8E41

ELEMENT PERCENT ELEMENT PERCENT

Al BASE Cu 2 4-3.0
Li 1.9-2.6 Mg 025
Zr 0.10 Fe 0.12
Mn 005 Cr 0.05
Ti 0.15 Others 0.05 max each

0.15 max total

Table 2 Composition of AISI 4340 Steel

ELEMENT PERCENT ELEMENT PERCENT

Fe BASE NI 1.75
C 0.39 Mo 0.25
Mn 0.69 Cu 0.11
P 0.008 Al 0.007
S 0 00a, Ca <0.001
Si 0.27 Mg <0.002
Cr 0.79

Table 3 Mechanical Properties of 4b40 Steel from Tensile Tests

Yield Strength
(0.2% offset) Ultimate Tensile Elastic Moduluscs Ea all E

'% MPa GPA

1418 1512 194 4
1420 1498 189.6
1407 1507 193.7
1425 1513 179.3
1402 14L6 192.4
1413* 1505* 189.6*

*average of five tests
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Table 4. Gross Stress and Local Notch-Root Stress for 4340 Steel

Maximum
Gross Stress

Loading Sr",na(MPa) KT , KT

Constant
Amplitude 585 1.42 0.71
R = 0.5

Constant
Amplitude 385 0.93 0.00
R = 0 360 0.87 0.00

Constant
Amplitude 270 0.65 -0.65
R = -1 240 0.58 -0.58

Variable
Amplitude 115 1.00 -0.28
Felix/28 380 0.92 -0.26

Table 5. Effective Stress-Intensity Factor Range

Against Crack-Growth Rate Relationship

AKe i dc/dN

MPaV/Im m/cycle

3.75 3.OE-10
5.30 2 OE-09
730 7,OE-09

15.0 4.5E-08
50.0 5.5E-07

120.0 3.OE-05
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Figure 1.- Load time history for one flight of Felix/28 sequence.
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Figure 3, Microstructure of 4340 steel in the (a) notch root surface plane
and (b) nominal crack growth plane.
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specimen for 4340 steel.
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Figure 7.- Replicas of notch surface of a single Al-Li 2090 specimen at
different times during test. (a) Initiation (1) at inclusion
particle site and conversion to crack growth at acute angles.
(b) Growth of two intersecting cracks and crack biturcat on (B).

Figure 8.- Replicas of Al-Li 2090 specimens with (a) overall slant fracture
and (b) crack bifurcation (B) leading to V"-shape crack and
secondary crack initiaion at edge of notch.
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Figure 11.- Long crack growth rate data from 4340 steel R - 0.5 tests.
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Figure 12.- Long crack growth rate data from 4340 steel R - 0 tests.
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Figure 13.- Long crack growth rate data from 4340 steel R * -1 tests.
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Figure 14.- Long crack growth rate data from 4340 steel Felix/28 spectrum
tests.
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Figure 15.- Fatigue life of 4340 steel under constant amplitude loading.
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Figure 16.- Fatigue life of 4340 steel under Felix/28 spectrum loading.



7-19

Figure 17.- Fatigue crack initiation sites in 4340 steel. (a) Spherical
inclusion particle and (b) stringer inclusion particle site.
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Figure IS.- Sze distribution of crack initiation defect site in 4340 steel.
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Figure 19.- Aspect ratio of crack initiation sites in 4340 steel.
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Figure 21.- Crack growth characteristics of 4340 steel. (a) Replicas of
notch surface. (b) Fracture surface showing shape of fatigue
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Figure 22.- Experimental fatigue crack shape measurements.
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Figure 23.- Short crack growth rate data from 4340 steel R =0.5 tests.
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Figure 24.- Short crack growth rate data from 4340 steel R - 0 tests.
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Figure 25.- Short crack growth rate data from 4340 steel R - -1 tests.
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tests.
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Figure 27(a).- Long-crack growth-rate data for 4340 steel center-crack
specimens under R = -1, 0 and 0.5 conditions.
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APPENDIX

Approximate Stress-Intensity Factors for a Surface Crack and Through Crack at a Semi-Circular Notch l

An approximate stres.-intnsity factor equation for a semi-elliptical surface crack locat, d at the center of a semi-circular
edge notch (Fig. 4) subjected to remote uniform displacement is

r t

for 0.2 < a/c < 2,a/t < 1,0 5 < r/t < 3, (c + r)/w < 0.5, and - r/2 < : < 7r/2. (Note that here t is defined a: ,, . half of
the full sheet thickness for a surface crack and as full sheet thickness for a corner crack.) The shape factor, Q, is given by

Q=. 1 + 1.464(a) lfor - < 1 (4a)
c c

Q = 1+I.464(2) for - > 1 (4b)

and

F= Af+3M2 ) +M3 ( glg2g3g4f, f. (5)

The equations in this appendix, with three exceptions, are identical to those in the Core Programme Report, AGARD

Report No. 732 [1]. The form of Eq. (13), for g4, has been altered to allow the stress concentration factor, KT, to appear
as a separate variable. This was necessary because the two short crack specimens have slightly different values for KT. The
finite width equations, (14a) and (14b), reflect a chango frnm an assump"-'- ofrcm-otc un'ifoi, 64'= to anl assumlption 0
remote uniform displacement. Also, separate equations are necessary for the steel and Al-Li as the specimens have different
aspect ratios, h/w, where If is the half-height and w is the width of the specimen test section. The final change was made
to the function y, the variable in the finite width equation, to include the dependence on normalized crack size, a/t. This
factor, (a/t)1/ 2, was inadvertently omitted from the original document. For the specimen used in the AGARD Cooperative
Test Programme, the effect of leaving out this term causes less than a two percent difference in the calculation of the stress
intensity factors and, therefore, does not significantly affect results from the Core Programme.
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For a/c 1.

MI=1 (6)

= 0.05 (7)
0.11+00),

M3 = 029 (8)
0.23 + (C)3/2

(9)4 (2.6 - 20)lI/2 
(9)

I + 0.358A + 1 425A2 - 1.578A3 + 2.156A4 (10)
92 = 1 + 0.08A2

=I o (o.9- r/
g3 

=  
4-01(1 cos €2( /(2

KT{0~-Q02/(i, c'l/2~(i3)

The finite-width correction, A. was

= 1 + 2.772 - 3.5-4 + 3.876 for h/w = 2(AI-Li specimn)ii (14a)

,= I + 3 9372 - 5.59Y4 + 5.9376 for hiw = 3(Steel specimen) (14b)

where

Y c + r (a) /2 ( 57 -' T (15)

The function f4 is given by

2t 2'? o ,1 
1/ 4

o COS=4 T) - .(16)

For a/c > 1.

= /2  
(17)

The functions M2. M 3, gl 92. 7, g3, gl, and fw are given by Eqs. (7) through (14), respectively, and 4 is given by

f6 =  
C)2 sin

2
45+ cos2 1/ (1Q)

LSU

When the surface-crack half-length, a, reaches one-half sheet thickness, t, the crack is assumed to be a through crack of
length, c The stress-intenbity factors for a through crack emanating from a semi-circular notch subjected to remote uniform
displacement are then used. An equation fit to these results is

K = S F (, ., & (19)

w'w
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for (c + r)/w < 0.8. The boundary correction factor, F", is

F,, = fj g4 w (20)

where g4 and fw are given by Eqs. (13) and (14), respectively. The function f! is given by

fi -I + 0.358A + 1.425A2 
- 1.578.\ 3 + 2.156A4  (21)

where

A

The difference in specimen configuration between the ctci and Al-Li specimens affects the stress intensity factor
calculations through two parameters, KT and fw. Figure Al shows the variation uf the product, fwKT, with crack size
factor, (c 4- r)/w, for the case of remote uniform displacement and for remot.c uniform stress. The solid curves show these
relationships for t,- -' -el specimen, with h/w = 3; and the dashed ci,'-es represent the Al-Li specimen configuration, with
h/w = 2 The stress concentration factor applicable for each s'r.,men under each condition as calculated by the Boundary
Force Method [6] is listed in the following table.

Uniform Uniform
Specimen Stress Displacement
Material KT KT

Steel 342 3.30
Al-Li 3.17 3.15

For each specimen the range of crack size over which short crack data is obtained is indicated in the figure. Note
that the difference between the two curves and, hence, the difference between the uniform stress and uniform displacement
formulations in the area of interest for the Al-Li specimen varies from approximately 3 to 4 percent. For the thicker and
narrower steel specimens, however, the variation in fWK T between uniform stress and displacement formulations :s on the
order of 7 to 12 percent Because of the significant difference in the results for the steel specimens and the fact that the
remote iniforii displacement more accurately describes the experimental test conditions, it was decided to use a uniform
displacement formulation for this work.

10

9 - Steel Specimen, h/w - 3

--- Al-Li Specimen, h/w 2
Figure Al. -

8 -- -i

Comparison of finite width Uniform
correction factor for uniform 7 S
stress and uniform displacement Stress
for two specimen configurations. 6 Area of

fe 
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f *K Interest

S : .... Uniform

I F- Displacement
2-

a/t .1
0 - I -
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SHORT AND LONG FATIGUE CRACK GROWTH IN 2024-T3 UNDER FOKKER 100 SPECTRUM LOADING

R.J.H. Wanhill and L. Sehra

National Aerospace Laboratory NLR, P.O. Box 90502, 1006 BM Amsterdam, The Netherlands

SUKDARY

The behaviours of short and long fatigue cracks in the widely used damage tolerant aluminium alloy
2024-T3 were compared using tlight simulation loading representative for the Fokker 100 wing/fuselage
structure. The results showed that the apparently anomalous behaviour of short cracks is not significant
for durability analysis of the current wing/fuselage structure. Also the data provide a reference for
evaluating new, candidate materials for durable wing/fuselage structures in transport aircraft.

NOMENCLATURE

a,c crack disenmsions

BP',HT Bonded Patch Three Hole crack Tension (specimen)

C specimen geometry factor

CCT Centre Crack Tension (specimen)

da/dn constant amplitude fatigue crack growth rate

da/dnf, dc/dnf flight simulation fatigue crack growth rate

4c cyclic strain range

EPFMI Elastic - Plastic Fracture Mechanics

K stress intensity factor

Kmf characteristic stress intensity factor based on Smf

K t  elastic stress concentration factor

AK stress intensity factor range

tl, 2 , 3 ,t 4 , 5 ,1 6 short cracks

L,T,S longitudinal, long transverse and short transverse directions

LEFM Linear Elastic Fracture Mechanics

nf number of flights

r notch radius (SENT specimen)

R stress ratio (- Smin/Smax

S stress

Smax'
5
min maximum and minimum stresses

Smf mean stress in flight

SENT Single Edge Notch Tension (specimen)

l yyield stress (0.2 2 offset)

t specimen thickness

TIT Three Hole crack Tension (specimen)

UTS Ultimate Tensile Strength

Us opecimen width

2024-T3 damage tolerant naturally aged AL-Cu-Mg alloy

In this contrlbutton the short crack nomenclature is the reverse st that in the AbA.W core programe
and the other supplemental programme contributions. Thus the notch surface crack length is 2c (surface
crack) or c (corner crack) and the crack depth or side surface dimension is a. The reasons for choosing

this nomenclature are:

(1) It is used more or less consistently in aircraft damage tolerance requirements (HIL-A-83444) and
in aerospace fracture control guidelines (ESA PSS-03-1203).

(2) It is consistent when dealing with the transition from short to long crack growth.
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1. INTROJUCTION

Nodern transport aircraft are designed for economic service lives - 50,000 - 100,000 flights. This
means that permissible fatigue stress levels in the airframe are low an! that a large part of the fatigue
life is spent in initiating and growing small cracks. A schematic illustration is given in figure I: long
fatigue lives are achieved only when the cyclic stress and strain levels are low and initial flaws are
absent or very small.

The engineering significance of small fatigue cracks depends on three main factors (2]:

(I) Design principles and fatigue design categories.

(2) Applicability of non-destructive inspection (NDI).

(3) Service load characteristics.

The airframes of trantsport aircraft are designed according to damage tolerance principles 13 . Safe
and economic service lives must be established on the basis of fatigue crack growth from pre-existing
flaws. Small cracks are therefore potentially relevant, depending on the other two factors. The most
important of these is non-destructive inspection. Pre- and in-service NDI are required for demonstrating
safe crack growth lves, but net for the estimation of economic crack growth lives (durability).

With respect to safety, figure 1 indicates that microstructurally short cracks are not relevant to
the determination of fatigue crack growth lives from inspectable flaw sizes. This Is shown in more detail
in figure 2: all inspectable flaw sizes are beyond 0.5 mm, which is about the limit of the so-called short
crack regime for most materials 141.

On the other hand, durability analyses are concerned with the widespread initiation and growth of
very small cracks 1 5-7]. Assumed and estima'"d initial flaw sizes arc well within the short crack regime,
and a better understanding of the apparent, anomalous beihaviour of short fatigue cracks is therefore
essential.

The primary objective of the present work is to examine the significance of short fatigue crack
growth for durability analysis of the Fokker 100 wing/fuselage structure. Tle Fokker 100 aircrafc is
designed to have an economic repair life of 90,000 flights and a guaranteed crack-free life for the
primary structure of 45,000 flights [3].

2. MATERIALS

The materials were 2024-T3 and 2024-T3 Alclad aluminlum alloy sheet. Average longitudinal tensile
properties and microstit ural characteristics are given in table 1. The main difference In properties was
the higher UTS for the NASA material. Constant amplitude fatigue crack growth data for long cracks and a
wide range of R are presented in figure 3 and compared in figure 4. As can be seei, from figure 4, the
crack growth rate dependences on AK and R were very similar.

3. FATIGUH TEST SPECTRUM

The Reduce' Basic (RB) spectrum for the Fokker 100 wing root area was used in this inventigation.
Tile RB spectru differs from the basic (B) spectrum only in replacing taxi load cycles by a maximum
dowuwa.d load during each ground phase (landing + takeoff). This approximation has no effect on fatigue

crack geowth (12,.

For testing purposes the RB spectrum for the wing root area is approximated by tile stepped gust and
taxi load levels shown in figure 5. The stresses have been expressed non-dimensionally by dividing them by
the stresses pertaining to undisturbed cruising flight. Thus the load scale is expressed as S/Smf, where S

is stress and Sf is the mean stress In flight. There are eight gust load levels and three taxi load
levels.

The test load sequence consists of blocks of 5010 different flights. There are eight different flight
types (A-I) ranging from storm (A) to calm (1|) conditions. Table 2 gives the frequency of occurrence of
each flight and each load level within each type of flight. The load sequence was derived by defialng the
sequerce of application of the different flights, the sequence of gust loads within each flight and the
appropriate taxi load for each flight. Important properties of the defined load sequence are:

(1) The complete sequence of 5000 flights is subdivided into four sub-blocks of 1250 flights, narcly
one "A" sub-block and three "B" sub-blocks. The positions of the severest flights in these sub-
blocks are listed in table 3. These positions are random except that clustering of severe flights
has been avoided. Also the arrangement of A and B type flights provides characteristic markers on
fatigue fracture surfaces and enables fractographit tracing of crack growth back to flaw depths

(2) Load sequences have been generated individually for each flight within a sub-block. This means
that flights of the same type will generally have a different load sequence. Also, tile different
taxi load levels have been distributed randomly over each sub-block. Hence there is ito relation
between flight type severity and taxi load level.

(3) The loads within each flight are applied as a random sequence of half cycles in such a way that a
positive gust half-cycle is followed by a negative gust half-cycle of arbitrary magnitude.
Naumann defined such a sequence as "random half-cycle, restrained" (141.
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(4) The highest lued level (In flight type A) corresponds to a cumulative frequency of I per 5000
flights, i.e. 18 occurrences during the eL ukmic repair life of 90,000 flights. This peak load
level is considered to be reasonable for obtaining suffJciently conservative fatigue crack growth
results (12].

Examples of the RB test load sequence (flight types A, F, G and H) for the wing root area are given
in figure 6. These illustrate a minor refinement. During the approach (flaps-out) phase the mean load is
reduced by about 2 Z. This is an approximate way of simulating mean load changes during the different
flight phases (8].

4. FATIGUE TEST SPECIMENS

There were three types of fatigue specimens. Their configurations are shown in figure 7. the Single
Edge Notch Tension (SENT) specimens were identical to those used in the AGARD core programme [15] and were
used lor studying short crack growth under Fokker 100 spectrum loading. Centre Crack Tension (CCT)
specimens were used for K-increasing tests with the Fokker 100 spectrum. The starter notches were Electric
Discharge Machined (EDM) slots 2 m long on either side of 3 mm diameter central holes. Stress intensity
factors were calculated using appropriate stresses and crack lengths in the Feddersen secant formula [161.

The third specimen type was the Bonded Patch Three Hole crack Tension (BPTHT) specimen. This
configuration was derived from the TBT specimen, without bonded patches, developed for monotonic fracture
testing by Newman [17]. The bonded patches were found to be necessary for fatigue testing in order to
resist crack initiation at the other side of the starter notch hole. A cold setting adhesive, Agomet F310,
was first used. This was replaced by a 125 *C curing adhesive, AF163, which gave a better bond but no
improvement in resistance to crack initiation at the other sid .f the starter notch hole.

There were two reasons for using the BPTHT specimen configuration:

(I) K decreases naturally with increasing crack length, thereby enabling spectrum fatigue long crack
growth tests down to low stress intensities without imposed load shedding.

(2) Unlike concentrated force pin-loaded specimens [18] the BPTIT specimen is suitable for load
histories containing compressive loads.

Stress intnsity factors for a range of Tilt geometries were supplied by J.C. Newman, Jr. (NASA
Langley Reseaich Centre). These solutions were used to derive the BPTHT specimen. Figure 8 compares stress
intensity factors for the BPTHT 3pecimen and a TIHT specimen with the same geometry. The BPTHT specimen has
another advantage besides resisting crack Initiation at the other side of the starter notch hole: the
negatJve dK/da is shallower.

5. EXPERIMENTAL PROCEDURES

The SENT and CCT specimens were tested fn a 200 kN AMSLER electrohydraulic machine. the BPTT
specimens were tested in a 210 kN MtS electrohydraulic machine. For specimens made from the thinner gauge
NASA material (see table ,) it was necessary to use antibuckling guides to suppress buckling during
compressive loads. The procedures for SENT specimen testing and short crack growth measurements were
according to guidelines and requirements for te AGARD core programme [15]. In other words, the SENT
specimens were most carefully aligned and crack growth was monitored using the plastic replica
method [19].

The AMSLER machine was controlled by an NLR-developed device called MIDAS (Magnetic tape Input
Digital-to-Analogue Signal) and the Fokker 100 RB spectrum load sequence was stored on magnetic tape and
read by an incremcntal recorder. The MTS machine was controlled by a PP II computer and the load sequence
was stored on a hard disc. All tests were begun at flight number I. The tests were run at 12 - 20 liz in
laboratory air with relative humidity of 40 - 60 Z at 295 K.

The standard Smf level of the Fokker 100 wing root area is 65 MPa (12]. As with many new aircraft, it

may be anticipated that future developments will lead to significant load increases (8]. To allow for this
eventuality and to provide conservative resjlts a baseline Smf of 81.25 HPa (i.e. 125 Z of the standard

level) was used in the present investigation. Some BPTHT tests were done at lower Smf levels in order to
reach lower stress intensities.

6. DATA ANALYSIS PROCEDURES

6.1 Short Crack Stress Intensity Factors

As described in the AGARD core progra"e 'I5] Le calculation of stress intensity factors for short
cracks assumes that either a semi-elliptical surface crack is 'ocated at the centre of the edge notch or a
quarter-elliptical corne- crack is located at an edge. A key assumption in the calculation is that the
aspect ratios (a/c) of t e cracks are approximated by:

fsurfce crack a/c - 0.9 - 0.25 (2c/t)
2  (I)

orner crack a/c - 0.9- 0.25 (c/t)
2

(2)
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where a and c are the ellipse semi-axes perpendicular and parallel to the notch surface respectively. The
notch surface crack lengths 2c were derived from projection of the actual crack lengths onto a line
perpendicular to the stress axis and parallel to the notch surface.

Use of Fokker 100 spectrum loading enables checking the applicability of equations (1) and (2)
because the load sequence results in characteristic markers on the fracture surfaces. An example is given
in figure 9, which shows that crack front markers can be traced back to flaw depths less than 25 um.

The fracture surfaces of specimens tested under the Fokker 100 RB spectrum loading were examined by
scanning electron microscopy (SEl). All cracks initiated as semi-elliptical surface cracks. The a/c
dependence on crack size and specimen thickness is plotted in figure 10 together with the approximation
equation (I) and constant amplitude data from Swain and Newman (20]. Equation (1) fits the data well for
surface crack lengths 2c > 100 pm. For smaller cracks a better fit is obtained with the dashed line
bounded by a/c values of 0.4 and 0.9.

In view of this result, short crack stress intensity factors were calculated using equation (1) or
the dashed line in figure 10, depending on the appropriate crack size regime.

6.2 Short-to-Long Crack Stress Intensity Factors

Short cracks in SENT specimens were allowed to become through cracks. nis enabled comparison of SENT
and CCT specimen long crack growth data. Stress intensity factors for through cracks in the SENT specimens
were estimated as follows:

(1) For 0.3 mm < a < 1.5 mm use was made of a transitional curve between

K - 2.95S v-va (3)

K - CS .a-ar) (4)
and C - 1.12 - 0.231 [(a+r)/W] + 10.55 ((a+r)/W]

2 
- 21.72 {(a+r)IW

3 
t 30 39

4

(2) For a > 1.5 mm equation (4) was used.

Equation k3) is derived from the Smith and Miller approximation for short cracks at notches (21] and
equation (4) is the Brown and Srawley approximation for a single edge cracked plate (22].

6.3 Non-interaction Criteria for Crack Coalescence and "Shadowing"

Multiple cracking at the notch roots of SENT specimens results in crack interactions (coalescence and
"shadowing") that affect crack growth rates. Straightforward criteria for rejecting crack growth $ata when
interactions occur were proposed by J. Foth (formerly with the Induotrieanlagen-Betriebsgesellschaft,
Fedvral Republic of Germany) and are illustrated in figure II. There are three basic criteria for non-
interaction:

(1) Crack growth data for colinear cracks (tI and k2 in figure Ila) are rejected when the distance

dl,2 between adjacent crack tips is less than the length of the larger crack, I1' In this case

crack interaction is expected to accelerate crack growth.

(2) Crack growth data for cracks one above the other (L, and E. in figure Ila) are rejected when the

distance h1, 3 between them is less than the length of the larger crack, I"V Here it is expected

that the larger crack "shadows" the smaller one, i.e. the stresses in the vicinity of the shorter

crack are reduced and its growth rate decreases.

(3) Crack growth data for c-alesced cracks, figure llb, are rejected until the combined crack

length Z is twice the total length at coalescence, Ii I 12' This criterion allows for the

development of a stable, representative crack front for the combined crack.

These three non-interaction criteria have been used in the AGARD core programme [151 and were also
applied to the crack growtha data from the presen work.

6.4 Calculation of Crack Growth Rates

Crack growth rates for both long and short cracks were calculated by the point-to-point method. i.e.

da a al (5
dnf n±+1  1 n (5)

or

dc (2c),+ - (2c)
dnf 5 ni+l ni j(6)

The corresponding crack lengths and stress intensity factors were determined using the ueans of the
crack growth increments.
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7. RESULTS

7.1 Short Crack Growth

The abort crack growth data will be presented in the following ways:

* notch surface crack lengths, 2c, versus number of flights, nf

" valid notch aurface crack growth rates, dc/dnf, versus 2c

" valid in-depth crack growth rates, da/dnf, versus Kmf.

In the latter instance figure 10 was used to convert 2c versus nf data into a versus nf values, which

were then used to derive da/dnf. The a values were also used to calculate the means of the in-depth crack

growth increments and hence Kmf, which is the in-depth stress intensity factor corresponding to Smf, the
mean stress in flight.

Several cracks initiated at the notch roots of each specimen and some of the cracks coalesced.
Figures 12 and 13 show the crack length versus number of flights data for the five or six main cracks in
each specimen. The growth of individual cracks was extremely slow: only a few tenths of a millimetre in
more than one hundred thousand simulated flights.

Crack growth rates versus crack lengths are plotted in figures 14 and 15. Large variations in crack
growth rates and temporary slowing of crack growth appear to he characteristic. These features may well
reflect the resistance to crack growth afforded by grain boundaries (23-27], but this could not be
ascertained from the plastic replicas. However, it wa& possible to determine the crack initiation
mechanism. All cracks initiated at the ittterfaces between inclusions and the alloy matrix. This is
consistent with the results of the AGARD core programme [15] and earlier investigations of high-cycle
fatigue in 2024 alloy 128-301.

In-depth crack growth rates versus the characteristic stress intensity factor Kmf are shown in

figure 16. A best fit linear relationship between log da/dnf and log Kmf is indicated together with 95 Z

confidence limits for the data. It is evident that despite considerable variations in crack growth rates

at similar Kmf values there is a trend of increasing crack growth rates with increasing KMf.

7.2 Long Crack Growth Under K-Increasing Conditions

The long crack growth behaviour of the NASA and Fokker 100 materials is compared in figure 17. Crack
growth rates were significantly different up to K f - 20 .MPavS. In particular, the NASA material exhibited

an initially decreasing crack growth rate. This behaviour ib characteristic of ductile, thin sheet
materials tested under gust spectrum loading [31], whereby peak loads in severe flights cause significant
crack growth retardation. The difference in crack growth behaviour between the two materials can be
explaine( by differing constraint (stress state) during peak loads as a consequence of different sheet
thicknesses.

Figure 18 compares the long crack growth behaviour of SENT and CCT specimens of the NASA material.
Again there are differences in crack growth rates up to K f - 20 MPa . In this case it is thought that

differing conbtraint occurs during peak loads at similar KMf values because of the different specimen

geometries. Also there mAy be differing at rt-ut effects during which crack closure levels gradually
stabilise 115].

7.3 Long Crack Growth Under K-Decreasing Conditions

The long crack growth behaviour of BPTHT specimens of the NASA material is shown 8in figure 19. The
crack growth rate dta were poorly correlated by Kmf. Crack growth rates below 2 x 107 m/flight were not

obtained owing to secondary crack initiation at the other side cf the starter notch hole.

7.4 Comparisons of Short and Long Crack Growth Behaviour for the NASA haterial

Figure 20 combines the short and long crack growth rate daa plotted against Kmf. The data envelopes

give an indication - despite the considerable spread in the data - that short cracks propagate at higher
crack growth rates titan would be expected from extrapolation of the long crack data. The differences
between long crack growth rate data for different specimen types may be due to differing constraint during
peak loads, differences in start-up effects, and differing dK/da.

8. DISCUSSION

8.1 Practical Si_"ificance of Short Cracks

The practical significance of short fatigue cracks in aerospace aluminium alloys involves two main
- and interrelated - aspects:

(1) The potential importance of short crack behaviour for durability analysis of widespread cracking
at fastener holes in airframes [2].
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(2) In the development of new airframe materials (e.g. aluminium - lithium alloys) tle short crack
behaviour should be compared with that of established materials which have proven capable of
being built into durable structures.

The results of this investigation are relevant primarily to as3essing the importance of short fatigue
crack growth for durability analysis of the Fokker 100 wing/fuselage structure. However, because the
material tested is the widely used damage toleran. alloy 2024-T3, the data also provide a reference for
evaluation of new materials.

Comprehensive durability analysis requires a probabilistic approach to characterizing initial flaw
sizes and predicting crack growt, at fastener holes in airframes (5,6,32-35]. The scope of the present
work allows only simple crack growth predictions, which are nevertheless useful for assessing the
significance of short cracks in the Fokker 100 wing/fuselage structure. The approach is as follows:

# assume initial corner flaws with side surface dimension a - 0.127 mm at each
fastener hole: this is a reasonably conservative assumption in lieu of actual data
on as-manufactured airframe quality (3]

* derive a versus KMf for a quarter-elliptical corner crack at the notch in a SENT

specimen with thickness c - 4 mm (representative for the Fokker 100 wing/fuselage
skin) using the appropriate stress intensity factor equation [It] and Smf levels

USE SHORT of 65 MPa and 81.25 MPa: the SENT specimen configuration is suitable because the
CRACK GROWTH notch Kt is representative for fastener holes in airframes [15]
RATE DATA

* transform tile best fit and 95 Z confidence upper limit relationships between
da/dnf aud Kdf in figure 16 into curves of dnf/da versus a for quarter-elliptical

corner cracks at the notches in SENT specimens with Smf levels of 65 MPa and 81.25
MPa

e numerically integrate the curves of dnf/da versus a to obtain a versus nf plots up

to c - 4 mm (side surface dimension a - 2.6 mm, see equation (2))

* at c - 4 mm assume instantaneous transition from a quarter-elliptical corner crack
to a through crack of length a - 2.6 mm

* derive a versus Kmf for a through crack using Kmf - 1.1
2
Sef ,'(a , i.e.

neglecting finite width effects in equation (4), and Smf levels of 65 1'a and
81.25 MPa

USE LONG * transform the upper bound relationship between da/dnf and Kf for through ceackb

CRACK GROWTH in SENT specimens (see figure 18) into curves of dnf/da versus a at Smf levels of
RATE DATA 65 MPa and 81.25 Mla

* numerically integrate the curves of dnf/da versus a to give a versus nf plots

* sum the results of the short and long crack a versus of plots to obtain estimates

of crack dimensions after 45,000 flights (guaranteed crack-free life) and 90,000
flights (economic repair life): compare these dimensions with in-service NDI
limits.

Figure 21 shows the estimated crack sizes as functions of nf, the best fit and upper limit da/duf

versus Kf relationships, and Smf. At 45,000 flights the estimated crack sizeb are below 6.35 mm, which Is

the minimum detectable by in-service inspection (last column of figure 2). This result is consistent with
the design goal of a guaranteed crack-free life of 45,000 flights.

At 90,000 flights the situation is more complicated. With the current design Smf level of 65 MPa the

maximum estimated crack size is 7.7 mm. Taking into account the presence of fasteners in actual
structures, this crack size is below the minimum detectable by in-service inspection. Thus in view of the
consistently conservative assumptions used in the estimate, we conclude that short fatigue crack behaviour
is not significant for durability analysis of the current wing/fuselage structure of the Fokker 100. In
othor words, widespread detectable cracking at fastener holes would not be expected to occur within the
design economic repair life of 90,000 flights unless the initial flaw sizes were larger - which is
unlikely - and probably beyond tle short crack regime.

On the other hand, figure 21 also shows that with an Smf level of 81.25 MPa tle maximum estimated
crack size at 90,000 flights is 84 mm. This is well beyond the minimum detectable by in-service
i-qpaec

4
,n. nnd woY L-- - ,e Lep4ixed bejore 9u,UoU flights were reached. The differences within

and between the upper and lower diagrams in figure 21 are dramatic and illustrate tile important influence
of design stress level and choice of short crack growth rate relationships. It seems fair to state that if
future developments lead to design stress level increases of 10 Z or more, the significance of short
fatigue crack behaviour for durability analysis of the Fokker 100 wing/fuselage structure should be
examined by a comprehensive probabilistic approach, as mentioned earlier. Important aspects of this
problem are the generation of representative short crack growth data and the use of short crack growth
models to provide additional analytical capabilities.
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8.2 Models of Short Crack Growth

Short crack growth models are in two categories: the microstructural barrier model developed by
Miller and co-workers (36-40) and the analytical crack closure model used by Newman (15,41,42). The
applicability of these models to aluminium alloys will be discussed briefly and in a general way.

The microstructural barrier model describes short crack growth by two simple equations whose regions
of applicability are defined by a critical crack length at which the slowing down of early crack growth
changes to acceleration. This model has been successful for carbon steels [36-401 but the behaviour of
aluminium alloys is more complicated. Specifically, there may be several temporary slowings of crack
growth at different crack lengths. This can be seen in figures 14 and 15, and also more conclusively
in (23-27]. Much of the attractive simplicity of the microstructural barrier model would be lost if one
attempted to apply it to aluminium alloys.

The analytical crack closure model is capable of predicting crack growth rate variations caused by
peak loads but not by microstructural barriers. Nevertheless, the model predicts the general trends of
short crack growth under both constant amplitude and spectrum loading (15,41,421. This should be
sufficient provided upper limits can be defined to give consistently conservative predictions, e.g by
using a probabilistic approach.

8.3 Characteristic-K Correlations of Long Crack Growth Rates and their Significance for Crack Growth
Prediction

As discussed recently [431 successful correlations of flight simulation fatigue crack growth rates by
characteristic stess intensity factors can be useful for interpolative pre

1
ictions of crack growth.

However, such correlations are empirical and by themselves provide little insight into crack growth
behaviour.

Ironically, unsuccessful correlations are more instructive. The long crack growth results from the
present work indicate that characteristic-K correlations tail when the constraint during peak loads is
different. This means that temporary changes in constraiitt during peak loads should be taken into account
by more sophisticated prediction methods, for example the models of Newman [44], De Kooing [45] and Baudin
and Robert (46].

Characteristic-K correlations will also fail as a consequence of start-up effects that depend on
specimen geometry, and may fail owing to differing dK/da. Ihis means that careful consideration must be
given to the choice of specimen geometry in relation to crack growth in an actual structure, and that test
results must be screened to eliminate suspect or spurious data. Analytical strip-yield models based on
crack closure [44,47] can be helpful in this respect.

9. CONCLUSIONS

From the results of the present investigation the most important conclusions are:

(I) The apparently anomalous behaviour of short fatigue cracks is not significant for durability
analysis of the current wing/fuselage structure of the Fokker 100 aircraft.

(2) If foture developments result in design stress increases of 10 % or more, the significance of
short fatigue crack behaviour for durability analysis of the Fokker 100 wing/fuselage structure
should be examined by a comprehensive probabilistic approach.

(3) The data provide a reference for evaluating naw materials (e.g. aluminium-lithium alloys) as

candidates for durable wing/fuselage structures Ln transport aircraft.

There are several additional conclusions:

(4) Under flight simulation loading short cracks initiated in the damage tolerant 2024-T3 alloy at
the interfaces between inclusions and the alloy matrix. This is consistent with previous results
for low stress/high-cycle fatigue.

(5) Individual short cracks grew very slowly: only a few tenths of a millimetre in more than one
hundred thousand simulated flights. Large variations in crack growth rates and temporary slowing
of crack growth at different crack lengths appear to be characteristic. This behaviour
complicates the use of models to predict short crack growth.

(6) Short cracks propagated at higher crack growth rates than would be expected from extrapolation of
long crack data.

(7) Characteristic-K correlation of long crack growth rates for different specimen types failed,
especially at lower stress intensities. The lack of correlation is attributed to differing
enrrainr ,rinv n ak loads. starr-up effects and differine dK/da. The effect of differing
constraint during peak loads should be taken into account by long crack growth models. Also,
analytical strip-yield models can be helpful in determining which data must be eliminated because
of start-up effects.

(8) The Bonded Patch Three Hole crack Tension (BPTHT) specimen is at present unsatisfactory for
spectrum fatigue long crack growth tests, owing to secondary crack initiation at the other side
of the starter notch hole. It is recommended to evaluate Gpecimens with higher modulus patches,
e.g. titanium alloy or steel patches.
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(9) The Fokker 100 Reduced Basic (RB) spectium load sequence for the wing root area results in crack
front markers that can be traced back to flaw depths less than 10 Uim in favourable circumstances.
This is useful for determination of small crack geometries and also post-test measurement of
crack growth rates.
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TABLE I
Average longitudinal tensile properties and microstructural characteristics

of the materials [9)

MATERIAL 2024-T3 2024-T3 Alclad

SOURCE NASA Langley Research Centre Fokker 100 Programme

SHEET THICKNESS (mm) 2.3 3.8

ay (MPa) 359 352

UTS (HPa) 497 456

ELONGATION (%) 21 19

MEAN PLANAR DISTANCE L 0.65 ± 0.12 L 0.90 ± 0.12
BETWEEN DISPERSOIDS (um) T,S 0.43 ± 0.07 T,S 0.57 ± 0.07

L 108 ± 45 L 153 ±70

GRAIN DIMENSIONS (jm) T 59 ± 23 T 61 ± 18
S 29 t 7 S 20 t 3

TABLE 2
Definition of flight types and the number of gust cycles

within each flight for the Fokker 100 spectrum L
8
1

NUMBER OF FLIGHTS NUMBER OF GUST LOADS (FULL CYCLES) AT TIE TOTAL NUMBER

FLIGHT IN ONE BLOCK 8 AMPLITUDE LEVELS OF CYCLES
NUMBER OF 5000 FLIGIiTS VIII VII VI V IV Ill II I PER FLIGHT

A I I 1 2 4 9 17 28 62 124
B 3 1 0 4 6 12 24 62 109
C 8 1 1 4 8 19 50 83
D 28 1 1 8 15 44 69
E 148 1 2 10 29 42
F 676 1 5 23 29
G 1588 2 12 14
I 2548 13 13

TOTAL NUMBER OF CYCLES PER
BLOCK OF 5000 FLIGHTS I 4 10 52 235 1313 8708 73.900

CUMULATIVE NUMBER OF CYCLES

PER BLOCK OF 5000 FLIGHTS 5 15 67 302 1615 10,323 84,223

AVERAGE NUMBER OF GUST CYCLES PER FLIGHT - 16.8

TABLE 3

Positions of severest flights in the Fokker 100 spectrum test load sequence [12,

FLIGHT NUMBER IN SUB-BLOCK

FLGHT

TYPE "A" SUB-BLOCK "B" SUB-BLOCK

A 699
B 699
C369,1013 369,1013
D140321,551,769,780,823,929 140321,55,769,780,823,929
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RELATIVE STRESS23
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Fig. 5 Stepped approximation to the Fokker 100 Reduced Basic spectrum for the wing root area

I TI)

GROUND CLIMB CRIEDESCENT APPROACH (FLAPS-OUT )

I Ij pj '

101 0 Of

Fig. 6 Examples of flights from the Fokker 100 Reduced Basic test load sequence
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Fig. 8 Stress intensity factors for the BPTHIT specimen and a TIlT specimen with the same geometry
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Fig. 9 Photomontage of fatigue crack initiation in a specimen tested with the Fokker 100 RB spectrum
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Fig. 10 Results of fractographic determination of natural crack shapes in SENT specimens
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Fig. 15 Valid short crack growth rates versus crack lengths for SENT specimen A68-11
tested with the Fokker 100 Reduced Basic spectrum load sequence:

Saf =81.25 MPa
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Fig. 20 Comparison of short a~nd long fatigue crack growth rates for the NASA material tested
with the Fokker 100 Reduced B~asic spectrum lo~ d scquenvce
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load sequence
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GROWTH OF SHORT FATIGUE CRACKS IN 7075-T6 ALUMINUM ALLOY

Cevdet KAYNAK and Alpay ANKARA
Metallurgical Engineering Department
Middle East Technical University

06531 
Ankara, 

Turkey

In this study, as part of the Supplemental Programme of the AGARD Collaborative
Effort on Short Cracks, the growth of short latigue cracks was monitored using a plastic
replica method for cracks propagating on the .;pecimen notch from the initial length of
40-50 um up to the specimen thickness of 2.3 m.m. Single-edge-notched tension (SENT)
Al 7075-T6 specimens were tested under R-ratios of 0.5, 0, -1 and at two different stress
levels of each R-ratio.

The general conclusion is that the arowth rates of short cracks seem to be faster
than the growth rates of long cracks for an R-ratio of -1. No significant differences
were observed for R = 0, and the short cracks actually grew more slowly at R = 0.5.

f INTRODUCTION

Fatigue crack propagation in engineering materials has been the subject of consider-
able research. Most of these researches were especially on the behaviour of "long"
fatigue cracks. However, the growth characteristics of "short" cracks in metals and
alloys were less investiqated, even though they have undoubted importance from an
engineering point of view.

Fatigue cracks can be defined as "short" or "small" (i) when their length is small
compared to relevant microstructural dimensions (a continuum mechanics limitation), (ii)
when their length is small compared to the scale of local plasticity (a linear elastic
fracture mechanics (LEFM) limitation), or (iii) when they are simoly physically small

(eg <0.5 - 1 mms) (1).
Following the initial work of Pearson (2] and the general overview of Suresh and

Ritchie (1), some attention has been focussed on the growth of short fatigue cracks.
Experiments have been done to study the differences observed between short dnd long crack
behaviour on several materails such as aluminum alloys (3-6], steels (7,8], titanium
alloys (9,10], aluminum-lithium alloys (11,12], copper alloys [13,14], and nickel-based
superalloys [15).

Numerous investigators (3-6] have observed that the growth characteristics of short
fatigue cracks in plates and at notches differ from those of long cracks in the same
material under the same loading conditions.

Usually short cracks are observed to initiate and grow at stress intensities below
the long crack threshold stress intensity factor values. Some of the short cracks grow
with decreasing rates until arrest, while others propagate quite raoidly and merge with
long crack data (Figure 1).

Since crack growth from "short" pre-existing flaws in many engineering structures is
an important part of their fatigue life, the growth behaviour of short fatigue cracks has
great importance for understandinq the total fatigue process of the component.

The purpose of this study was to generate short crack growth data on 7075-T6 aluminum
alloy. The growth of short cracks in edge-notched sheet specimens of Al 7075-T6 in
laboratory air and at room temperature under loading conditions of three different
R-ratios, 0.5, 0, -1 and at two different stress levels of each, were measured using a
replication technique.

MATERIAL, SPECIMEN AND EXPERIMENTAL PROCEDURE

The short crack specimen used in this study was the single-edge-notched tension
(SENT) fatigue specimen. The notch was semi-circular with a radius of 3.18 mm
(Figure 2).

!,'he !-~e-a w== 7n7r.-PC 1,,mim lI1n%, chaa- ,.4 nI-4'~ f 2. mm. Thi-
material was taken from a special stock of aluminum alloy sheets retained in NASA Langley
Research Center for fatigue testing. The fatigue crack growth properties of this
material are discussed in References 16 and 17.

An MTS servo-controlled hydraulic testing machine with hydraulic grips was used for
constant amplitude fatigue testing. Aluminum shims were used between the specimen and
the grip jaws to prevent any damage to the specimen by the grios.
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Constant-amplitude loading
R =constant

Short crock

log doNro notch\

Small crocks Long crack

I Long crack threshold lo AKTo

Figure 1 Schematic fatigue crack growth rate data
for short and long cracks

305 an

Thickness B=2.3 rm

-r=3.18 fm

Figure 2. Single-edge-notched tension fatigue specimen

Under comprccsive loading (R =-11, anti-hcnklinc giiidp nlat,,s lined witb tefln
sheets were used (Figure 3) to eliminate buckling of samples."

In the testing programme, constant amplitude sinusoidal loading was used with a
frequency of 15 Hiz at all stress ratios. At each R-ratio, two stress levels (Smax) were
applied, providing a total of six different loading conditions:

5 iax 2j2 Pa and 195 MPa for R 0.5
zmax - 4-Pa WAG 12G XP £vQL R -

Smax 95 XPa and 80 H4Pa for R= -1.
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Figure 3. Schematic of anti-buckling guide plates

For each test condition there were two objectives. The first was to obtain surface
crack length against cycles data, and the second was to obtain short crack depth
information.

For the first objective one specimen was tested to obtain surface crack length
against cycles data, using the plastic replica method, until one continuous crack was all
the way across the notch root. The specimen was then pulled to failure.

For the second objective one specimen was tested until the total surface crack
length along the bore of the notch was between 1 and 2 mm. The specimen was then
statically pulled to failure. Microscopic examination of the fracture surface revealed
the surface crack shape and size.

To take replicas, tests were interrupted at certain cyclic intervals. The cycle
interval was selected so that about 15 replicas were taken during one test. ,11le taking
replicas the specimen was loaded to about 80% of maximum load so that any cracks present
would be open. The replicas were then examined under a stereo ootical microscope to
measure the length and determine the location of the crack(s).

DATA ANALYSIS

Figure 4 shows the area over which crack(s) were monitored and recorded by plastic
replicas.

After measuring the crack length along the Ioje of the notch, its value and location
were recorded on the Data Chart as a function of cycles. The Data Chart includes the
specimen number, loading type, peak stress, and a grid upon which the information obtained
from a replica was recorded. Each record of crack length, location and cycles was taken
at specified cycle intervals.

At the lower stress levels usually a single crack initiated and dominated for most
of the fatigue life. However, at the higher stress levels several cracks developed along
the bc-re of the notch.

To calculate the stress intensity factor, the crack length (a) and the crack depth
(c) must be known. Since replica method only gives information on the crack length, the
crack depth (c) was calculated from the equation:

0.9 - 0.25 (2)2
a t

where t is the specimen thickness. This equation is in good agreement with experimental
measurements and analytical calculaticns made on surface cracks growing from an edge
notch in Reference 18.
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Figure 4. Surface crack at center of semi-circular notch

The stress intensity factor range equation used was [183:

aK AS/F

where AS is the stress range (Smax - Smin ) , Q is the shape factor and F is the boundary-
correction factor.

The calculation of crack growth rate was a simple point-to-point calculation, ie:

da Aaa .a2-a

dN AN N2-Nj

The cycle interval, N2-NI, is the interval between replicas.

The corresponding stress intensity factor range (AK) is calculated at an average
crack length (a) given by:

a= a2+a
2

RESULTS AND DISCUSSION

Fractographic examination of the broken specimens showed that crack initiation in
general occurred at inclusion particle clusters. These cracks appear to have initiated
from defects caused by the separation of the alloy matrix material from an inclusion
cluster.

The initiation sites were generally within the middle one-half of the specimen notch
thickness and tne cracks tended to grow as semi-elliptical surface cracks. Only in two
specimens did cracks initiate near the corner of the specimen notch and propagate as
quarter-elliptical corner cracks.

In order to compare the growth behaviour of short cracks with those of long cracks,
crack growth rate (da/dN) versus stress intensity factor range (AK) curves for six
different loading conditions were drawn (Figures 5-10). Crack growth rates and stress
intensity factors used in these curves were calculated as defined in Reference 18.

The solid lines drawn in these graphs are for Long Crack Growth Data of the same
material and under the same loading conditions used in this Cooperative Programme. These
data were determined by Phillips (193 from NASA Lanaley P'sonreh renter.

To compare the short and long crack growth rate data the rate da/dN is assumed to be
equivalent to dc/dN for the same AK value. The short cracks are qrowing in the a-direction
while the long cracks are growing in the c-direction.
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Figure 10. Crack Growth Rate versus Stress Intensity Factor Range curvefor R =-1 Smax 95 MPa
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The results for R = 0.5 loadings are shown in Figures 5 and 6. No stress level
(Smax) effect on the growth rate was observed for this loading. At both of the stress
levels short cracks grew at substantially slower rates than those measured for long
cracks for dK values greater than the long crack threshold. Only a few data were above
the solid line of the long crack growth data.

The R = 0 results, shown in Figures 7 and 8, indicated an influence of stress level
both on the number of cracks initiated and their growth rate. Increasing the Smax
increases both the number of cracks and their growth rate. If the long crack data are
extrapolated, the growth rates of short cracks at lower stress level (Figure 7) are
similar to those of long cracks, while at the higher stress level (Figure 8) short cracks
seem to grow faster than the long cracks.

Under R = -1 loading, short and long cracks have similar growth behaviour at the low
stress level (Figure 9), but at the high stress level (Figure 10) almost all short crack
data are above the solid line, showing the faster crack growth rate of short cracks as
compared to long cracks. Also a higher stress level increased the number of short cracks
initiated.
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SUMMARY

This paper descriLes the Italian contribution to the AGARD supplementary test
programme on the growth of short fatigue cracks.

Constant amplitude loading fatigue tests (zero-to-tension and fully reversed loading)

were carried out on annealed Ti-6A-4V titanium alloy, to establish the behaviour of

short and long cracks in this material.
The results indicate that short cracks grow faster than long cracks at the same

stress intensity factor range and they can also grow below the long crack threshold
stress intensity factor range.

1. INTRODUCTION

Several investigators observed that the growth of short fatigue cracks differs from
that of long cracks in the sane material. On the basis of Linear Elastic Fracture
Mechanics, short cracks - cracks ranging in length from 10 jim to 1 mm - grow faster than
would be predicted from long-crack data at the same stress intensity factor range, 6K,
and they can also grow below the long crack threshold AK values.

AGARD promoted international cooperation on the growth of "short" fatigue cracks to
define the significance of the "short crack effect" and to compare test results produced
by different laboratories. Cooperation started in 1984 and is now completed /I/. The
"core programme" was carried out on single-edge notched tensile specimens made of
2024-T3 aluminum alloy sheet material; specimens were machined by the United States Air
Force Wright Aeronautical Laboratory. Tests were conducted under several constant
amplitude and spectrum loading conditions at three stress levels each. Twelve
laboratories, included the Department of Aerospace Engineering at the University of
Pisa, conducted fatigue tests. Growth of short cracks at the notch surface was
recorded by plastic replicas; this method is very simple to apply but is very time
consuming.

The results of the participants are in good agreement with one another and they
show several characteristics of short crack behaviour. All results are described in /I/.

The cooperation was continued and each participant performed a supplementary
programme on short cracks; in this programme the choice of the material, the machining
of the specimens and the typL of fatigue loads were selected by the participants,
depending on their specific interests.

This report describes the italian contribution to the supplementary programme on
short-crack growth behaviour. The work involves Ti-6A1-4V titanium alloy in annealed
condition under constant amplitude loading at R=Smin/Smax=0 and R=-l.

2. EXPERIMENTAL PROCEDURE

The experimental procedure for the supplementary programme is similar to that
specified for the core programme /1/, so only specific details will be given below.

2.1 Material

Annealed Ti-6AI-4V sheet 1.5 mm. thick was the material sejected for the research; it
was supplied by Aeritalia GVC. The results of static tests carried out on this materid.-
show an ultimate tensile stress of 970 MPa, a yield stress of 920 MPa and elongation of
8.5%.

Optical microscope observations show that the grain size in the rolling direction is

is about 5 jpm.

2.2 Specimens

All short-crack growth tests were carried out using the same single-edge notch
specimen previously used in the core programme. Specimens ( 305 mm. long, 50 mm. wide
were cut so that the loading direction was parallel to the rolling direction of the
material.
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Notches were very (arefully milled. Several problems were encountered in the
mechanical polishing Lf the notches; particularly, scratches were produced by using
diamond )aste. Good results were obtained by very small grain emery paper (4000) and
alumina (0.25 tsm). A drilling machine was used to polish the specimens by a felt bonded
on a metallic wire. Now and then specimens were tilted in order to round the sharpened
edges. This operation proved to be efficient; only in certain specimens did the cracx
begin in a corner. The mechanical polishing proved to be quite complex and time
consuming, about 30 minutes for each specimen; moreover, unless these operations are
very carefully done, residual stresses may be present.

Conventional central crack specimens, 200 mm. wide, L-T orientation, were used for
long-crack growth tests.

2.3 Test equipment

Tests were carried out by means of a servocontrolled electro-hydraulic machine of the

capacity of 200 KN.
Grip aligment was checked by a strain gauged dummy specimen, as described in /I/,

Annex C.

2.4 Loading conditions

Constant amplitude loading tests, R=O and R=-I, were carried out; the test frequency
was between 6 and 12 Hz. Antibuckling guides were used for the negative R value.

2.5 Short crack measurements

Cracks were observed by means of a 
4
00x travelling optical microscope and plastic

replicas.
Low-quality replicas were obtained by using the same replica material used in the

core programme; in particular small cracks observed by the microscope were not present
in replicas. The problem was solved by using a replica - kit produced by Struers;
these replicas also have a pre-bonded adhesive surface so that their manipulation and
catalogation are very easy.

Measurements were recorded on data charts, as shown in Figures 12 and 14 of /l/.

Crack growth rates and stress intensity factors were evaluated according to Section 3.5
and Annex F in /I/. The non-interaction criteria between multiple cracks, Section 4.2 in

/1/, were applied to the data.
A system for electronic image treatment was analyzed as a possible alternative

technique to the plastic replica method; it consists of a digital television camera
connected with the microscope. Images are stored in a Personal Computer and can be
analyzed. The results were encouraging but to obtain a good resolution high
magnifications were necessary and so several images were required to cover the thickness
of the specimen. Due to this complication the automation of the tests is very difficult,

and the system was temporarily given up.

3. RESULTS

3.1 Fatigue results

Several specimens were fatigue tested to complete failure, to etablish S-N curves,
while crack propagaticn was monitored only in a snall group of specimens.

Fretting failure under grips happened in some specimens tested at low stress
level, in spite of ti.e high stress concentration factor for this type of specimen. The
problem was solved by inserting an adhesive aluminum strip between the grips and the
specimen.

Results are graphically shown in Figure I and are characterized by a high scatter.

The S-N curve is well established for R=-l, while the drawing of the S-N curve for 1-'0

is very uncertain, due to several anomalous results.
The following stress levels were selected for short crack monitoring:

R Smaz 1(MPa) Smax2 (MPa) Smax 3(MPa)

0 380 390 405
-1 210 225 245

Stress levels are quite close together but this choice was made necessary by the

scatter in fatigue results.
Figures 2 and 3 show the fatigue results of tests in which short-crack montoring

wa;i performed. Different symbols refer to crack initiation ( crack length greater than

0.01 mm )ano final failure. Results indicate that cracks initiate early under higher
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stress levels and crack propagation covers 60 70% of fatigue life.

3.2 Long crack results

Centre cracked specimens, 200 mm. wide, were used to obtain long-crack data by the
load shedding technique. Load shedding was performed by manually decreasing the load by
10 % after a crack growth of 0.5 mm. Tests were stopped when the near threshold
condition was reached; then the load was increased to obtain crack growth data under nK
increasing condition. The results are shown in Figure 4.

A 6% load shedding test, R=O, was carried out to analyze the effect of this parameter
on crack growth. The results, Figure 5, are wholly comparable, confirming that the
threshold values are AK=10 and 6.1 MPaVTfor R-l and R=0, respectively.

The absence of significant differences between the 6% and 10% load-shedding
procedures can probably be explained as a consequence of the high-yield stress of this
material, so that the plastic zone is small.

3.2 Short-crack results

Plastic replicas were observed through a 400x optical microscope; typical crack length
at crack initiation was 0.01 mm. and only in some cases were shorter cracks sighted.

Results relative to each stress level and R value are shown in Figures 6 to 11, in
the form of da/dN versus AK diagrams. In all diagrams AK is the total range of the
stress intensity factor.

Scatter in the results is high, but it is of the same order as that of the aluminum
alloy in the core programme. All data relative to the same R value are shown in Figures
12 and 13, together with log-log best-fit lines. A log-log best-fit line does not seem
adequate to represent the data, so other best-fit curves were tried. An exponential
best-fit curve seems to be the most adequate, as shown in Figures 14 and 15. In this
form of presentation, the results are virtually independent of raximum stress levels.
Generally, crack growth at the same AK is a little higher under higher maximum stress
levels. The results are also independent of R values at low values of K, as can be
observed, Figure 16, by superimposing Figures 14 and 15.

3.3 Comparison between long and short cracks

The comparison between long-crack data and short crack best-fit curves relevant to
all of the results at the same R value is shown in Figure 17 for R = -1 and In Figure
18 for R 0.

The short-crack effect is evident for R=-l at low values of AK while long and short
cracks behave in the same way when AK is greater than about 20 MPaviJrl.

The situation is more complex at R=0. Short and long cracks do not show comparable
behaviour at high values of AK. The explanation is in the fact that residual compressive
stresses are present in short crack tests. Indeed, the maximum stress at the notch root
in the short crack tests at R=0 Is greater than the yield stress of the material, so
compressive residual stresses are present. The consequence is that the effective value
of R in these tests is less than zero and so a correct comparison is not possible. In
any case the long-crack curve for the effective R value is on the right of R=0 curve, so
a short crack effect seems present in this case too.

Residual stresses at the notch root in R=0 tests can also explain the similar short-
crack behaviour of R=0 and R=-1 tests at low values of &K.

4. CONCLUSIONS

The material selected, annealed Ti-6A1-4V, showed some negative characteristics for
this type of research; particularly, high scatter in fatigue results caused trouble in
the selection of stress levels for short-crack tests. The small size of the grains does
not allow us to study pertain aspects of short-crack behaviour as the smaller cracks
observed were about as large as two grains. Some problems were also encountered in
specimen preparation and in the observation of short cracks by means of plastic
replicas.

Comparison between short and long cracks shows a clear "short crack effect" at R=-1
while residual compressive stresses, due to notch yielding, were inevitably present in
slort-cruck Lubta at R-G, v ti esl- ai ,o fIl copia.. i' , rclc;'nt
long-crack data, but a short crack effect seems present in this case too.

5. REFERENCES

1. Newman,J.C.,Jr and Edwards,P.R.: " Short Crack Growth Behaviour in an Aluminum
Alloy. An AGARD Cooperative Test Programme", AGARD Report n.732, 1988.
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ANNEX
TEXTURE ANALYSIS OF 2090-T8E41 ALUMINUM-LITHIUM ALLOY SHEET

A. W. Bowen
Materials and Structures Department

Royal Aerospace Establishment
Farnborough, England

This annex describes the texture analysis that was made on the 2090-T8E41 aluminum-lithium alloy sheet used in the
AGARD-Supplemental Test -Programme. The information obtained in this analysis was supplied to all participants who
tested the aluminum-lithium alloy.

EXPERIMENTAL

Four samples of 2.15 mm-thick 2090 aluminum-lithium sheet were studied in the as-received condition, Incomplete (max
850 tilt) 111, 200, 220 and 311 pole figures were measured on an automated Siemens texture goniometer, using Cu Ka
radiation, in t- Materials and Structures Department of the Royal Aerospace Establishment. The data were then processed
to produce illite orientation distribution functions (ODF) by the series expansion method using the Bunge notation [1].
The as-r( urface was initially examined, after which material was progressively removed by polishing, with periodic
texture anai3,bis, until the mid-thickness was reached.

One sample, B1706, was examined in detail, with the remaining samples being measured only at 3/4 t and 1/2 t (where
t = sheet thickness).

RESULTS

The (111) pole figures for sample B1706 are shown in Figures 1(a) to 1(e) for the surface (t = 2.15 mm), and at t = 2.0,
1.6 (3/4 t), 1.45, and 1.09 (1/2 t) mm. Note that in this figure, and in Figure 2, the contours are at intervals of' 1, 5, 10, 15
etc. times the intensity of that of a randomly-oriented specimen. The most informative section through the ODF (at phi2 =
45 , where phil, phi2, and PHI are the Euler angles 1)) for thest conditions are shown in Figures 2(a) to 2(e). These figures
indicate that the sheet has a very strongly developed texture that changes its type from the surface to the mid-plane. These
textures are deformation textures and indicate that the sheet is ii the unrecrystallised form. Orientation A ({112}[111], often
called the copper-type texture) decreases in intensity from surface to mid-thicxness, whereas orientation B ({110}[112], often
called the brass-type texture) increases in intensity (see Figures 2(a) for the locations of orientations A and B, and similarly
in Figures 2(b) to 2(e)). These data are plotted, as the orientation density along the fibre texture from A, through the S
orientation ({123} <634>), to orientation B in Figure 3, showing decreases in the intensities of orientations A and S and an
increase in that of orientation B. No evidence of any recrystallisation is indicated in these figures, which would be located at
C (for the cube texture {001} < 100>) and at G (for the Goss texture (110) < 100>). The results are very similar to those
reported recently for 2090 [2] and 8090 sheet [3], and confirm tnat texture cannot be ignored when evaluating mechanical
property anisotropy in Al-Li based alloys. This is further complicated by the marked gradients in texture that exist between
surface and mid-thickness.

Analysis of the other three samples are shown in figv,-es 4 and 5 for the 3/4 t condition, and in Figures 6 and 7 for
the 1/2 t condition. Comparison of Figures 1(c) with 1(e), and 2(c) with 2(e), show that the texture is consistent in type
although variable in intensity. This is also shown by the texture sharpness index listed in Table 1.

TABLE 1

Texture Sharpness Index (3) [1} for 2.15 mm-thick 2090 Sheet

Sample t = 2.15 2.0 1.6 1.45 1

B1706 7.8 7.1 7.3 89 9.V

B 1623 - - 5.6 12.7

B1425 7.2 10.6

B1403 7.5 12.7

REFERENCES

1. Bunge, H. J.: Texture Methods in Materials Science, Butterworths, Ltd., London, 1982.

2. Vasudevan, A. K.; Fricke, W. G., Jr.; Przystupa, M. A. and Panchanadeeswaran, S.: Synergistic Effects of Crystalline
Texture and Precipitation on Yield Strength Anisotropy in Al-Li-Cu-Zr Alloy, Presented at the 8th International
Conference on Textures of Materials, 1987.

3. Bowen, A. W.: Texture Characterisation of Al-Li Alloy Sheet, RAE TM Mat/St 1099, 1987. (Also presented at the 8th
International Conference on Textures of Materials, 1987.)
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(a) t =2.15 mm (b) t -2.00 min.

(c) t -1.60 Mw. (d) t -1.45 mw.

(e) t 1.09 m.,

Figure~ 1.- (111) Pole figures for sample B1706 as a funct~on of thickness, t.
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(a) Sample B1623. (b) Sample B1425. (c) Sample 81403.

Nlgure 4.- (111) Pole figures for various samples at 3/4 t.
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