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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 east,
at least under certain test conditions. It also indicated that differences 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 “corc” and a “supplemental” portion. The “core™ programine set out to establish a
common test procedure and methods for data analysis. Test data were gathered on the same arcraft alloy — AA 2024-T3. The
“supplemental” programme focused on the short-crack phenomenon in other arrcraft alloys and on erack modelling.

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

The cooperative programme was guided by a Panel sub-committee with the valuable assistance of two coordiators Over the
years the following Panel members participated in the sub-commistee.

PBascary (FR) W.G.Heath (UK)

H.J.G.Carvalhuinhos (PO) R.Labourdette (FR)
K. Collier (UK) H.P.van Lecuwen (NL)
ADeruyttere (BE) R.D.J Maxwell (UK)
M.Doruk (TU) C.W.Skingic (UK)
J.L.Engerand (FR) A Salvetti (IT)
J.MFehrenbach (FR) R.Schmidt (US)
G.Z.Harris (UK) W.Wallace (CA)

L AHarns (US)

The tests in the “supplemental” programme were performed by ten laboratones 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.H.Carvalho, LNETI, (PO) E.PPhillips, NASA, (US)
R.Cook, RAE, (UK) J.L.Rudd, AFWAI., (US)

M.de Freites, CEMUL, (PO)
PR Edwards, PP Data, (UK)
R.A Everett, NASA, (US)
R.Galatolo, Univ. of Pisa, (IT)
C Kaynak, METU, (TU)
A.Lanciotti, Umv. of Pisa, (IT)

The coordmators for the programme were’
for Europe ~ P.R.Edwards

for North America — J.C.Newman, Jr

L.Schra, NLR, (NL)
J.Strunk, DLR, (GE)
M.ILSwain, NASA, (US)
K.H.Trautmann, DLR, (GE)
R.J.H.Wanhill, NLR, (NL)

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

I1.Zocher
Chairman, Sub-Committec on
Research for Short Crack Lifects
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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 collecuion,
analysis and crack growth modelling in an aircraft alloy AA 2024-T3. The second and concluding phase of this Programme
allowed participants to test various materials and loading conditions. The results of this second phase are described i this
report.

All materials exhibited a “short-crack™ effect to some extent. The effect was much less evident in 4340 stecl than in the other
materials, For the aluminium, alunnnium-hthium and titanium alloys, short cracks grew at stress-intensity factor ranges lower,
in sonte cases much lower, than the thresholds obtamned from long crack tests. Several laboratories used the same crach growth
model to analyze the growth of short cracks. Reasonable agreement was found between measured and predicted short-crach
growth rates and fatigue lives.

This publication was sponsored by the Structures and Materials Panel of AGARD.

Abregeé

Le rapport AGARD R-732 rend compte des résultats du la premiére phase du programme collaboratf d'essais AGARD sui le
développement des pentes fissures. Ce rapport déent, I'élaboration d'une méthode d'essat commune, les moyens utilises pout
la collecte et 'analyse des données, et la modéhsation du développement des fissures dans un alliage aeronautique AA 202473,
La deuxiéme et dernitie phase de ce programme a pernus aux participants de tester divers mateniaux dans différentes
conditions de sollicitation. Les résultats obtenues lors de cette deuxiéme phase sont presentés dans ce rapport.

Tous les matériaux testés ont présenté le défaut “petite fissures” dans une certaine mesure. Le phénomene était beaucoup momns
marqué dans le cas de Pacier 4340 que pour les autres matériaux. En ce qui concerne les alliages d'aliummum, d'aliminum-
Iithium et de titane, Jes petites fissures se sont propagées selon des facteurs d'intensité de contrainte moins cleves, et dany
certains cas, beaucoup moins élevss que les seuils obtenus lors des essais sur le développement des grandes fissures.

Plusicurs laboratoires ont utilis¢ le méme modele du développement des fissures pour analyser le développement des peates
fissures Les prévisions concordent avec les 1ésultats dans une large mesure en ce qui concesne les vitesses de propagation des
fissures et 'endurance en fatigue.

Cette publication a été cautionnée par le Panel AGARD des Structures et Matériaux
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AN AGARD SUPPLEMENTAL TEST PROGRAMME ON THE BEHAVIOUR OF SHORT CRACKS
UNDER CONSTANT AMPLITUDE AND AIRCRAFT SPECTRUM LOADING
by
P. R. Edwards
P P Data L.
Fleet. Hampshire
UNITED KINGDOM

and

J. C. Newman. Jr
Materials Division
N.A5A Langley Research Center
Hampton, Virginia

Usa

SUMMARY

An AGARD Supplemental Test Progranmmne on the growth of “short™ fatigue cracks was conducted to allow participants
to test various matenals and loading conditrons that were of unterest to their laboratonies. Twemy-two participants from
ten laboratories in eight countries cottributed to the supplemental test programme. Each luboratory subnmtted a paper on
their test and analysis results, and these papers are sncluded m this AGARD publication  The objective of this paper is to
review the supplemental test programme and to summarize the results obtained from all laboratonies. The matenals tested
in the supplemental programme were. 2024-T3 and 7075-T6 alumunum alloy s, 2990-TSE 11 alummumm-lithunn alloy. Tr-6A)-
4V titanium aloy and 4340 steel. Tests on smgle-edge-notch-tension specimens were conducted under several constant-
amplitude loading conditions (stress ratos of =2, ~1. 0. and 0 5) and spectrum ioading conditions (FALSTAFF. Inverted
FALSTAFTE. GAUSSIAN. 'TWIST. Fehx and the Fokker 100 spectra) The plastic-replica method was used to measure the
growth of short cracks at the notch root

The results from the supplemental test programmie show good agreement among the several laboratories who measured
shori-crack growth rates on the alummum-hthaun alloy In this alloy. short surface cracks at a noteh grew under nuxed-mode
conditions (usually 30 10 35 degrees from the loadmg axis). AN materiais exlubited a “short-crack”™ effect to some extent.
The effect was much less evident m the 4340 steel than m the other matentals. For the alwmmum, alusmmun-lithiam, and
titanium atlovs, short cracks grew ar stressemtemsity factor ranges lower, and m some cases much lower, than the thresholds
obtamied from long-crack tests under the same loading conditions. The short-ciack effects were more pronounced as the stress
ratio became more negative . his apphed for both constant-amphtude and spectrum loading  For the 2024-T3 alununum
alloy and the 2090 ahumnume-hthnun alloy, the short surface cracks grew eaual to or faster than long cracks when subjected
to the same stress ratio {except R = 0 5) and to the same stress-mtensity factor range above the long-crack threshold. The
short-crack growth rates for the 7075-T6 alummum alloy and the T1-6A1 1V tanum allov were equal to or slower than those
for long cracks under the same stress ratio and the same stress-mtensity factor range above the fong-crack threshold  The
short-crack growth rates for the 4310 steel usnally agreed with the leng-crack growth rates over a wide range m rates, except
for resuits at jow growih rates and at R = =1 All materials. except 1310 steel. tested at the high stross ratio (R = 05)
generaliv showed that short cracks grew slower than long cracks above the long-crack threshold

Three laboratonies used the crack-gronth model (FASTRAN) wlieh mcorporates erack-closure effects o analvze the
growth of short cracks from small {imclusion) defeets along the noteh surface m the 2021-T3 alunmnuin alloy and 1310 steel
The assumed defect sies were consistent with expenimental observat-ons of mntiation sites at melusion-particle clusters or
voids left behmd by the inclusions dunng the machiung or pohishing process  Analyses were conduncted wnder constant-
amphtude loading and spectrum loadimg {(FALSTAFF inverted FALSTAFF. GAUSSIAN, TWIST and Felin) Reasonable
agreement was found between measured and predicted short-crack growth rates and fatigue Hees for most loadmg conditions

1. INTRODUCTION

Lmear-clastic fracture mechanies methods are widely accepted for damage-toierance analyses  Recently, there has also
been a trend towards the use of the same methodologs for fatigue curability analyses  To obtam aceeptably long hves
without a sigmficant weight penalty the analyses must assume a very s ali mtial erack  Numerons mvestigators {1-18] have
observed that the growth charactensties of short fatigue cracks m platcs and at notches differ from those of long cracks in
the same material. These studics have concentrated on the growth of short cracks ranging m length from 10 g to 1 mm
On the basis of hnear-elastic fracture mechames (LEFM), the short cracks grew much faster than would be predicted from
long crack data. This behaviour is iHustrated sn Figure 1. where the crack-growth rate 1s plotted agamst the hmear-clastic
stress-mtensity factor range, AKX, The solid {sigmoudal) curve shows typical results for a gaiven matenal and environment
under constant-amphtude joading  The solid curve 15 wsually obtamed from tests with lomyg cracks At low growth rates.
the threshold stress-mtensity factor range, MKy, is usually obtaned from load-reduction {K-decreasing) tests Some typacal
expenmmental results for short vracks m plates and at netehes are shown by the dashed curves These results show that short
cracks grow at MK levels below threshold and that thev alo can grow faster than long cracks at the same AK level above
threshold

A Specabsts’ Meetimng orgamaed by the AGARD Structures and Matenals Panel (SMP) on “The Behaviour of Short
Cracks m Aweraft Structures™ {15} reveaied the complexity of short-crack growth behaviour Many views were expressed
on the data obtained from expenimental and analytial investigations, but there was no consensus of opinion. Some tests
appeared 10 confirm the existence of the short-crack effect. whereas other expenimenters did nes confinm these findings
Durmyg the round table discussion {15}, however. it became elear that tests which did not cenfirm the existence of the
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short-crack cffect had not mcluded compressive loading <yveles. The applicabulity of LEFM concepts to short-crach growth
hehaviour was also questioned. Some of the “classical” short-crack experiments (1 3] were ~onducted at high stress fevels
which would mvalidate LEFM procedures. Nonlinear or elastic-plastic fracture mechanis concepts wery also used to explain
the observed short-crack effects. In addition, the metallurgical similitude 16} breaks down for short cracks (which means
that the growth rate is no longer an average taken over many grains). Tius. the local growth behaviour ts controlled by
metablurgival features [6.12. I the material is markedly anisotropic (differences in modulus and yield stress different
cryataflographic duc«:tmns). the local grain vrientation will determine the rate of growth, Crack front irregulanizes and siall
particles or inclusions affect the local stresses and. therefore. the crack growth response. In the case of long cracks {which
have long fronts), all of these metallurgical effects are averaged vver many grams. except m very coarse-gramed uatenals.
LEFM and nonlinear fracture mechanics concepts are only beginuing to explore the mnfluence of metallurgical features on
stress-intensity factors. strain-energy densities. J-integrals and other crack-driving parameters

As the crack size approaches zero. a erack size must exist below which the assumnptions of the AKX concept are violated.
Howeser. the transition from valid to invahid comli(ious does not ueenr abrupthy  For many engineening appheations, a AR-
based analysts that extends into the “gray area”™ of validity may »til prove to be very useful Certamly from a structural
designer’s viewpomt. 2 single analysis methodology that 1s appheable 10 all crack sies 15 very devirable. If for no other
reason than that AN analyses are already being used for long-crack problems. the apphcation of 4 AR analysis to short-
crack problems should be thoronghly explored.

p

The outcome of the AGARD SMP meeting [15] was to encearage further actinity on the gror <h behaviour of short (racks.
As a result, an AGARD Cooperative Test Programme was imtiated 1in 1984 23 imvestigate the short-crach growth behaviour
under various lvading conditions for a common aitframe aloumum alloy (2024-T3) and to improve methodolugies to predict
the growth of short cracks The results from the Cooperative Test Programme are reported in reference 19.

The objecuves of the AGARD Cooperative Test Programme on the Belaviour of Short Cracks were to. (1) define the
~short-crack”™ specunen. core-prograirme material. and loading conditiuns, (2) develop standard test methods to measure
growth of short cracks. {3) cahbrate test techmgues used by the participating laboratories. (1) establish relevane short-crack
data under specified test conditions. 37 define the regume where long-arack data are apphcable to short crachs. (6} improve
existing analyiwcal erack-growth models. and {7) define the wgmficance of the short-crack effect

The ‘short-crack”™ spexmmen used in the cooperative test prograsine was sefected to produce naturally-uccurring cracks
at material defects and to propagate ciacks through & siress fichl sunsiar to that «ncountereid m airaft structures. Hereir..
material ~defects™ refer to ,uciusion or constituent particles, vouds or pits left by incla_izn particles dunng madumng and
pohishing, and other discontinuties. Single edge-notch tensile specimens made of 2021- I3 alunnoum ai oy shest matenial. as
shown in Figure 2, were used The cracks generally initiated from mluston-particle clusters or vouls on the notch s
and grew as surface cracks .\ wide wnge mn loadmg conditivis was applied i the test programme. Tests were conducted
under several constant-amphtude and spectsum (FALSTAFF [20.21] and GAUSSIAN 22)) lvading conditions  Thirteen
laboratories participated i the Cooperauve Test Progranune, see Tables 1 and 2

Several methods of measuring the growth of “short” cracks tengths from abuut 10 jun) were considered. These methods
were the electrical-potential methed {23, ulirasome surface wave (24). marker bands 25, and plastsc replicas 125,26 For the
alummut allos. the plastic-replica method was found to be accurate for use down to the shori-crack kngths required i the
programme This method 1s very sitnple to apply but the data collection is very labor imtensive, Nevertheless the growth of
short eracks was recorded by all participants using the plastic-rephea methed

To verify the existence and significance of the short-crack effects for other matenals and under diiferent luading conditions,
an AGARD Supplenuental Test Progra nme was intiated m 1986,

2, SUPPLEMENTAL TEST PROGRAMDME

The AGARD Supplemental Test Programme on the growth of short” fatigue cracks was condncted to aflow pattiapants
to test various materiols and loading onditions that were of mterest to ther laboratory  Twenty-two partiapants frow ten
laboratories i eight countrics contnbuted to the supplemental test progratine (see Table 3 Lach Iaboratony aubinstted a
paper on their test and analysis results. and these papers are included in thus AGARD publi-ation  The objective of this
paper 1s to smnmarize the supplemental test programme and to review the results obtamed from all participants,

The supplemental test programme consisted of tesi'ng single-edge-notch and ce ter-crack teimion specunens wwle of
various sheet materials under constan*- and + aniable-amplitcde loading, The basic test 1 rocedures and short-crack specsnen
design that were used 1 the AGARD Couvperatve Test Programme [19] {referred 5 as the Core Programme; were also
used in the supplemental test programme. In the core test programme, all partic.pants tested 2024 1-5 alummum alloy
specimens  The .iaterials tested 1n the supplemental progranune were. 2021-T3 aad 7075-T6 alumuinum alloys, 2090-TSE-#}
aluminmn-hithivm alloy, Ti-6.0]- 1V ttansin alloy and 1340 _teel. Six laboratories «sted the alunsnum-hthiam alley, Table 4
summarizes the la.}ommry test matrix in the suppleniental test programine. Tables 5 and 6 summarze the nvnanai caemn al
compositions and mechanical properti  for all materials tested. All tests were conducted at rovm temiperature and under
laharatary: asr eonditiane The mitiatian and grow th of chart fitimne senckes (2 a0 e abent 2 m:“i foin *he rot 5F 5 T
cireular notch in the sheet materials were monitored under various loading tistories  Growth of the short «racks was recorded
using a plastic-replica tc-dnnquc 1% Tests were conducted under several constant-amplitude loading conditions (stress rattos
of ~2. -1, 0, and 05} and sper e loading conditions (FALSTAFF (20,21}, Inverted FALSTAFF (28l GAUSSIAN (22
"TWIST [29]. Felix (30] and the *  ker 100 {31) spectra). Long-crack growth rate data for cracks greater than 2 mum in fength
were obtained for cach of the constant-amplituds and spectrum loading conditions tested by each participant. The jong-crack
results were used 3o define the regune where long-crack data are applicable to short cracks in the matenals tested in the
supplementai programme.
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Three laboratones used the semi-empirical crack-growth model (FASTRAN [32,33]), which incorporates crack-closure
effects. 1o analyze the growth of short cracks from small (snclusiun} defects along the notch surface in the 2024-T3 aluminum
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. Analyses were conducted under both constant-amplitude loading and spectrum loading
{FALSTAFF, Inverted FALSTAFF. GAUSSIAN, TWIST and Felix).

The following sections describe the short-crack specimens. materials. loading conditions, test procedures, and data analysis
procedures used to obiain 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

The short-crack specimen used mn the core programne, a single-edge-notch tensile (SENT) specimen (shown in Figure 2),
was used by all participating laboratories in the supplemental programme. except the laboratory that tested the 4340 steel
Becanse of test machine capabilities. a smalier width SENT specimen, shown in Figure 3, was used for the steel. The
SENT-specimen was sclccted because naturally-occurring cracks would be produced at material “defects™ and they would
propagate through a stress field sumlar to that encountered in aircraft structures. The notch was semi-circular with a radius
¢f 3.18 run. The stress concentration was 3.17 for the 50-mm wide specimen and 3.30 for the 25-mm wide specimen, based
on gross-section stress {31, Figure 4 shovs the normal stress distribution near the notch root for the 50-mm wide SENT
spectmen {sohd curve). For companson. the normal stress distribution for a circular hole in an infinite plate is shown as the
dashed curve, The normal stress distnibution for the SENT specimen is similar to that for an open hole in an infinite plate,
but the stresses are slightly ngher because of the finite width Therefore, the SENT specimen simulates a hole in an aircrafs
strueture. but the side notch allows the notch root to be observed with a microscope and allows plastic replicas to be taken
with case during testing.

The specimen blanks for the SEN [ specimens were machined from sheets of the vanious materials  The long dimension of
all specumens was parallel to the roiling direction of the sheet. The semi-circular edge notch was carefully milled and polished
to minimize residual stresses at the notch root.

Specimens were tested in either wedge gups, hydraulic grips. or flat plate fuction grips  The grip lines are shown in
Figures 2 and 3. In some laboratones, bolt holes were also used in the gripping area to apply pressure in gripping the
spraymen. The specimens were not gnpped directly, Either alummum or plastic spacers were used between the specimen
and the grip jaws. These spacers were used so that the specimen would not crack in the gripping area

2.2 Materials

The supplemental short-crack test progranune invobhied five materials. 1wo conventionat aluminum alloys (2024-T3 and
7075-T6). a new aleminume-hthium alloy {2090-T8E41), a utanum alloy (Ti-6Al-4V}, and a high-strength steel (4340). The
two alumbuun alloys and the steel specunens were provided by the NASA Langley Research Center The aluminum-lithium
alloy was provided by Alcoa and the specimens were machined by the Air Force Wright Aeronautical Laboratory (AFWAL)
The utaniun alloy was provided by Aentalin GVC and the specimens were machined by the University of Pisa. Tables 5
and 6 give the notrnal chernical compo: itions and average tensile properties for the supplemental progiamme materials.

The notcheroot region of the SENT specimens were either chemically polished (2024-T3, 7075-T6 and 2090-T8E41),
electro-polishied {4340) or mechanically pohished {T1-6AL-4V) to smouoth machiming marks on the notch surface and to debur
the edges of the notch. This also provided further assurance that there were no significant residual stresses present at the
notch root. The edges of the notches were mildly rounded during the polishing process, thus presenting premature witiation
of cracks at the edges.

2.2.1 Aluminum Alloy 2024-T3

The core-p.ogrammne material was 2024-T3 aluminum alloy sheet (2.3 mm thick). This material was taken from a
special stock of aluminum-alley sheets retained at NASA Langley Research Center for fatigue testing  Fatigue-crack-growth
properties of this material are discussed in references 35 and 36.

Typical grain dimensions ir: the crack-gzowth direction, 2a {along the notch root} and in the crack-growth directim, ¢
{away from the notch root) were 25 mn and 55 pum, respectively. The gram dimension in the rolling direction was ty pically
95 pm. Glusters of inclusion particles were quite evident throughout the material. Referenes 19 and 36 give a more complete
description of a microstructural examination of the corc-programme material.

Specimens from the same lot usad for the core-programme were provided to vanous participants. Nuwack, Trautmann.
and Strunck {37] conducied addiuional tests at a ngh-R ratio condition. wiile Cook (28}, Blom 38}, and Wanhill and Schra
{31] conducted tests uader varicus airczaft load spectra.

2.2.2 Aluminma Alloy 7075-T6

The 7075-T6 alymmum alloy sheet (2.3 mm thick} was also taken from a special stock of material retained at NASA
Langley Rescarch Center for fatigue testing. The fatigue-crack-growth properties of this satenial are also discussed in

il

N P L TP




. ———— 5 A —p o W St o 4% =

1-4

reference 35. Typical grain dimens,ons in the crack-growth directions, 2a and ¢, were 7 gm and-25 pm, respectively, The
dimension of the grains in the rolling direction was typically 30 jm.

Specimens from the same lot of material were used by Ankara and Kaynak [39] and Swain [40] for short-crack tests, and
Phillips {41] for long-crack tests, under-a wide range in constant-amplitude loading conditions.

2.2.3 Aluminum-Lithium Alloy 2090-18E41

The aluminum-lithium 2090-T8E41 material was furnished by Alcoa as a single sheet, 2.15 mm thick, with composition a5
specified in Table 5. The material exhibited a pancake microstructure, typical of a rolled aluminum sheet, with an average
grain dimension along the short transverse direction (thickuess of the sheet) of about 5 ym. The microstructure 1s beheved to
be predominantly recrystaliized with the “pancake grain” appearance resulting from a small difference 11 ortentation between
the fine grains formed within each one of the previous solidification celis of the Al-Li ingot that have bevome elongated in the
rolling direction. The Al-Li sheet was also highly textured. A texture analysis of the Al-Li sheet used in the suppiemental
test programme was conducted by A. W. Bowen (Royal Acrospace Establishment) and is reported in the Annex. The yieid
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 {42} an center-crack tension (CCT) specimens as a parallel cffort 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 {43}, Blom [38] and Swain et al. {#4] conducted short-crack tests on
the SENT specimens under various constant amplitude leading conditions (R = -2, ~1, (} and 0.5). Short-crack tests were
conducted under varions aircraft spectra by Mazur and Rudd {42], Blom {38], Nowack et al. [37] and Cook |28].

2.2.4 Titanium Alloy Ti-6Al-4V

Annealed Ti-6Al-4V titanium alloy sheet, 1.5 mm thick, was supplied by Aeritalia GVC, Optical microscope obscrvations
revealed that che grain size in rhe rolling dircetion was about 8 jun and the typical dimension in the crack growth direction,
2a. was 5 pm.

Long-crack and short-crack tests were conducted by Lanciotti and Galatolo {15} under constant-smplitude ioading
conditions {R = 0 and ~1). Specimens were machined from a single sheet by the University of Pisa.

2.2.5 Steel 4340

The steel specimens were manufactured from a single AISI 4310 steel plate. 9.5 mm in thickness, supphed i 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 mm. Specimens were heat treated to
a hardness level of 45 on the Rockwell C scale. The yield stress and vitimate tensile sirength were 1400 and 1560 MPa
respectively. The tempered martensite microstructure had prior austenite grain sizes of about 10 mn. Two types of inclusion
particles, spherical calcium-aluminate particles and manganese-sulfide stringers elongated i the roliing direction of the plate
were identified by X-ray analyses of broken specimens. These particles and stringers were shown to serve as crack initiation
sites.in the SENT specimens.

Swain et al. [44] conducted short- and long-crack tests over a wide range of constant-amplitude load conditions (/2 = —1,
0 and 0.5) and under the standard helicopter spectrum, Felix/28, a shortened version of Felix {30} Additional long-crack
data (R = ~1, 0.1 and 0.5) were supplied by Wanhill 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 under six spectrum load sequences. The spectra were: FALSTAFF [20.21].
Inverted FALSTAFF 28], a Gaussian spectrum {22], TWIST [29], Felix (or Felix/28} [30] and the Fokker 100 spectrum [31].
In all tests, the frequencies ranged from 5 to 20 Hz.

Each laboratory was required to align their test machines and gripping fixtures to produce a nearly uniform tensile stress
field on an un-notched sheet specimen with strain gaages. Spécimens (identical to the short-crack specimen without a
notch) were supplied to each laboratory 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 together on hoth sides f the snesimen  Gulde plaeers were nnt used when the

minimum applied load was zero or positive. If a test was interrupted, the steady-state minimum load was not lower than the
required minimum load in the test. The following sections briefly describe the various load histories,

2.3.1 Constant-amplitude loading

Four stress ratios, R = =2, ~1, 0 and 0.5, were nsed in the programme. Tiie large negative siress ratios were selected
because, as previously mentioned, the short-crack effect is more pronounced under compressive loading couditions. In
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contrast, the short-crach effect 1s less evident at lngh pesitive stress raues. At each R-ratio. several stress levels were selected
by the participating laboratory. Table 4 gves a sununary of the stress ratios tested by rach laboratory.

2.3.2 Standard manoeuvre load sequence FALSTAFF

A large number of participants in the core programme carried ont fatigue tests under the FALSTAFF (Fighter Aircraft
Loading STAndard For Fatigue) loading sequence. see Table 2. Those laboratonies conducting FALSTALF spectrum lond
tests o the core programmne were mdependently checked by a progranm.c covrdinator to verify the awcuracy of therr spectrum
loading. The recults of the ozn-line spectrum Ie ~ding accuracy verification are discussed in Annex D of reference 19. This
caereese was e beneficrol and resulted in several modifications and improvements made at several laboratories un spectrum
load testing In the supplemental test programere. two laboratories {38,42] carried out tess on the alummum-lithium (2090-
TSE11) ahoy using the FALSTAFF load sequence.

FALSTAFF {28.21; 18 based on a large numbe. of actual flight load-time histories pertaimng to five differeat figiter arcraft
tvpes aperated by three ditferent air forces. The load sequence represents the load-time history in the lower wing skin near the
wimg rout of 2 fighter airemft. The essential properties are summarized as follows. FALSTAFF represents a load sequence,
Gefined by fceessive peaks and troughs, covering a ~block™ of 200 flights. The block size conforms to average Eurvpean
anual fighter wtilization. Flights in FALSTAFF belong to three different groups of nussion types. flights with repetitive
pattezns of severt inangem nng (air-to-ground riissions), flights with severe manocuvring (air combat) and flights with only
fight tu rroderate manaetnrng (navigation miscions). FALSTAFF contains taxi-load cycles and the wajority of these are
assuviatee with a crussing of the zeso-stress level. The complete FALSTAFF sequence cousists of 35966 bers, ranging
in magnitude from 1 10 32, The “TALSTAFF Joad levels” ranging from 1 to 32 are arbitrary units. The “zero"-stress level
cutresponds to FALSTAFF level 7.5269. The smallest load variation (“omission level”) considered 1s two FALSTAFF levels
or abent 8 pereent of the highest stress contamed in FALSTAFF. The highest stress (“truncation level™) considered 1s the
ene exceeded once in onc-hundred fligits. References 20 and 21 give a complete FALSTAFF sequence in tabular form and
xive a PORTRAN listing of the program to gencrate the sequence.

2.3.3 Fighter m vre load 2¢ Inverted FALSTAFF

4

Fuverted FALSTAFF (28] 15 a sumpie tnversion of the FALSTAFF sequence. Part of the air-ground-air cycle and the tax
leads are apphed m tenston whilc the gust and manceuvre loads are applied in compression, such as might be experienced
by an upper wing sutface. This ioad sequence was applied to SENT specunens from the same lot of matenial (2024-T3; as
the core progranume spesimens (28, {Note shat the use of 2024-T3 was for the purpose of comparing test results. This alloy
wontd not. of course, be used in practice as an upper w.ng-skin material.)

2.3.4 Siandard random load scquence GAUSSIAN

In the core prograanme, four laboratores carried out fatigue tests asing a Gaussian type random load sequence Only one
laboratory m the supplemental programme conducted tests under the Gaussian load sequence. Nowack et al (37] carried
out tests on the aleminura-lithium ailoy.

i three forms, each one having a different irregularity factor (ratio of number of zero crossings to number of peaks). The
verston speafied for the cote end supplemental test programmes s toat with the sarrowest bandwidth. The narrow bandwidth
sequence has an irregularity factor (1) of 0.99. Herein. this particular sequence is refersed to as GAUSSIAN.

The Gaussian load sequence [22] is used for genceral application m fatnzne testing The sequence was onginaly defined

The characteristic properties of the GAUSSIAN randens foad sequence are as follows. The sequence has a frequency
distibution of level crossings equal 1o that of a stationann Gaussian process. S ¢ length is defined by abuat 10
mean level crossings Ny with positive slope. The number of peaks Ny {equal to the mumber of troughs} depends upon
the wregularity factor [ = Ap/Vy = 0.99. The total rauge of possible peaks and troughs is divided into 32 mtervals  For
I = 0.9, the spectrumn shows very littie variation in the mean value (nearly zero} and the spectrum is very close to an
R = -1 variable-amplitwle loading.

2.3.5 Standard transport gust load sequence TWIST

In the supplemental test programine, one Iaboratory carried out short- and long.crack tests under the TWIST ioad
sequesce on two matezials. Biom [48] conducted these tests on both 2021-T3 and 2090-TSE4I alloys.

TWIST [2¢] is a European standard gust Iead sequence for flight simulation tests on transport aircraft wing structures.
Tuad spectra pertainng to the wing root stresses were obtamed from a number of trausport aircraft v pes. The standardized
flight load sequence was taken as the average of the different load spectra TWIST represents a load sequence that covers
a biock of 4000 fights. The 1000 flights are composed of ten different flight types. Stress levels wm each flight have been
norinahzed by the one-g stress level 5, qmean stress 1 flight) nnder cruise conditions. The severest flight has one veurrence
of the highest peak level (Simax = 2.65,,7). The lowest trough (or minitmum stress) in the total sequence is Sipip = —0.65,,¢-
The cunmiative number of load cycles per bleck of 1000 flights 15 398.665 cyciss. Reference 2 gives a complete TWIST
sequence in flight- types and gives 2 FORTRAN Histing of a program to generate the sequence.
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2.3.6 Standard helicopter load sequence Felix and Feolix/28

‘Two laboratories, in the supplemental test programme, carried out short- and long-crack tests under the Fehx or Felin/28
load sequences. Cook [28] conducted tests on both 2024-T3 ana 2000-T8E41 alloys under Felin, while Swain et al {14] used
the shortened version {Felin/28) to test 4340 steel.

Felix [30] is a standard load sequence for helicopters with ‘fixed® or semi-rigid rotars. The load sequence is composed of
140 sorties or flights. These sorties are constructed of 33 different load levels and the maximum load Ievel was scaled to 100
The minimum trough was level ~28. m Felix, the munber of full load cyeles was over 2 mullion cycles. In order to reduce
the time required to complete fatigne tests. a shortened version. Felix/28. was developed. This version contains only about
160,000 cycles with the majority of alternating cycles at level 28 and below omitted.

2.3.7 Gust load scquence for Fokker 100

Wanhill and Schra {31} used the Fokker 100 gust load speetrinn to evaluate short- and long-crack behaviour on the core
prograimme material (2024-13). Besides center-crack tension panels and SENT specimens, they also used an unusual specimen
to obtain some long-crack data. This specimen, a bonded patch three hole erack tension (BPTHT) specnmen, was selected
for two reasons First, in the BPTHT specimen, the stress-intensity factor naturall» decreases with iereasing crack length,
thereby enabling spectrum facigue tests to go down to low intensitics without imposing load sheddmg. And second, unhke
pin-loaded {compact) specimens, the BPTHT specimen is suitable for load histories contaimmg compressive loads. However,
the BPTHT specimen turned out to be very sensitive to crack initiation on the side of the hole opposite the primary crack
(sce {31]). Thus, the use of this specimen is not practical.

The Fokker 100 test load sequence consists of blocks of 5000 different flights. There are eight different flight types ranging
frem storm to cahn conditions. There are eight gust load levels and three taxi load levels The Hight stresses have been
expressed in non-dimensional form by dividing them by the stress pertainng to the undisturbed cruising flight or mean stress
in flight (5,,s)

2.4 Short-Crack Test Conditions and Procedures

The test matrix for the supplemental programme is swmmarized in Table 4. For each material group, cach participant was
assigned or selected either constant-amplitude or spectrum-load conditions  All test conditions were to be carried out at stress
levels selected by the participant on the basis of fatigue tests conducted on a preliminary senes of specunens. For each test
condition, there were two objectives* (1) obtain surface-crack-length-agamst-cycles data, and (2) obtam surface-crack-depth
wformation. To achieve these objectives, two types of tests were required.

Some specimens were to be tested to obtam surface-crack-length-against-cyeles 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.

Some specimens were to be tested until the total surface-crack length along the bore of the notch was much less than the
sheet thickness The specimen was then monotonically pulled to failure, An exammation ot the fracture surface would reveal
the surface crack {or cracks) so that information on the surface-crack shape could be obtained.

2.4.1 Short-crack measurement method

Several methods of measuring the growth of “short™ cracks from lengths of 10 jun to 2 nun were considered w the core
programme. These methods were electrical potential {23}, ultrasonic surface waves [24], marker bands [25). and plastic replicas
{26},

The electrical-potential method is widely used in monitoring the growth of “long™ cracks. This method has been
successfully used ts monitor the growth of short cracks in steels and superallovs {23] but the sensitivity of this method
for aluminum alloys had not been established at the time of the present programme. Several factors must be considered for
accurate and reproducible electrical potential monitoring of short cracks First. a calibration between measured voltage and
erack size must be established, Also. the electrieal probe must be accurately located wath respect to the erack location. The
cooperative programme objective of monitoring the growth of naturally-initiated cracks and the possibility of muitiple crack
imtiation sites would make the application of this method very difficult, if not impossible.

The ultrasonic surface wave method {24} was shown to be effective in detecting a surface crack {or multiple surface cracks)
at the root of a notch in an aluminum alloy materal. This method was capable of detecting surface cracks down to about
300 . However. reference 24 also demonstrated that the plastic-replica method could detect a surface crack or multiple
surface cracks, as small as about 10 zim.

The marker-band method. using either a high R-ratio or a small spike overload marker. could not be used to detect smail
surface cracks {251, Reference 25 also shawe? that the ohrstic replica smthod could be used to momtor the growth of “short”
cracks,

Because the replica method was found to be accurate down to the short cruck lengths required in the programune, this
method was selected as the primary method, Each participant could sclect any other method to monitor short cracks
provided that they calibrate their method against the replica method. AN participants, however, chose the replica method.
This method is very simple to apply, but the method is very-labor intensive. Many replicas have to be taken to determine
crack length against cycles. The suggested plastic-replica procedures are presented in Annex E of reference 19,
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Figure 6 shows the area over which cracks were to be momtored. The crack length or Jengths (L, were measured along
e bore of the noteh  The crack lengths were determined from observations made on plastic repheas and were defined as
the horizontal projection, as shown mn Figure 7. This figure 1s a montage of photographs of replicas showing a crack and
the initiation site  The values of L, and their location were recorded on a *Data Chart™ as a function of cyeles. The Data
Chart, shown in Figure 8, includes the specimen number. loading type. peak stress, and a grid upon which the mformation
obtamed from a rephea was recorded. Each record of urack tength. location, and cycles were tahen at specified eyele ntervals
Replicas were taken at a cycle interval chosen sc that at least 25 to 30 repheas were taken duning one test. A test was
terminated when a crack had grown across the total specimen thickness, B, The estimated munber of cycles te breakthrough
(L = B} was obtained from fatigue tests conductad by each participant Replicas were also taken while the specimen was
under tensile load (The loading procedures for tah'ng replicas under constant-amplitude and spectrum loading are presented
in the next section } When 2 teet was terminated the specimen was monotonicaily puiled to falure. Sonie test speaimens,
however, were mounotonically pulled to failure eariy in life to determine the shape of the cracks. The data charts provided
approximate locations for determining crack initiation sites, for calculating stress-intensity factors, and for applymg the crack
non-mteraction criteria (see reference 19). The methods of calculating stress-intensity factors and crack-growth rates are
presented in Section 2.5,

2.4.2 Constant-amplitude and spectrum loading

Replicas were taken while the specimen were under tenstle load so that any cracks that were present would be open and
allow the replica material to infiltrate the cracks. The loading procedures are as follows.

Constant-amplitude loading - The test was stopped at mean (or mimmum) load. The applied load was then manually
increased to 80 percent of the maximum test load. This load was held while a replica was taken of the bore of the notch.
After the replica was removed from the notch, the load was reduced to mean {or minimmun}) load and the test was restarted.

Spectrum loading - To take replicas under spectrum-foad conditions. the test macline was programmed {or manually set)
to stop and hold at a specified peak level after the desired number of cycles bad been compieted. The rephea was taken of
the bore of the notch The specified Jevel for the various spectra was between 60 and 8¢ percent of the peak level m the
spectra After the replica was removed from the notch, the test machine was restarted and contiued from the specified peak
level.

2.4.3 Crack shape

The replica method provides information only on surface- or corner-crack length (L) along the notch root. The surface-
or corner-crack depth, ¢, as shown m Figure 9, had to be determined by either an experimental or analytical cahbration.
(Note that the surface-crack length is defined as “2a” and the corner-crack length is defined as “a” Smmlarly, the thickness
“{" is one-half sheet thickness for surface cracks and is fulf sheet thickness for corner cracks, These defimtions are comvement
for developing stress-intensity factor equations, see Section 2.5. B is always the full sheet thickness.} Resuits from the core
programme {19] indicated that the crack shape for the 2024-T3 aluminum alloy could be approximated by

c/a=09—0.25(a/t)? 1)

for a/t ratios greater than about 0.05. No information was obtamed n, the core programme on the shape of cracks with an
a/t ratio less than 0.04 Most participants used equation (1) to estimate crack depths in the supplemental test prograrune.

Wanhill and Schra [31] determined crack shapes down to extremely small a/¢ values (0 007). about 20 . on the 2024-T3
aluminum alloy SENT specimens using the Fokker 100 load spectrum. This particular spectrum marked the crack-front
profile. Comparisons are made herein between their results and equation (1),

Calvalho and de Freitas [43] determined crack shapes on the 2090-TSE41 alummum-lithium alloy specimens. They also
found that the Al-Li alloy fatigue surfaces were marked quite well even under constant-amplitude loading The Al-Li atloy,
however, exhibited an unusual crack-surface orientation {normaily 30 to 35 degrees to the loading axis), This onientation
made it difficult to nterpret the crack aspect ratio {(a/c). They arrived at a crack-shape equation in the form of

efu = 1.18 +0.51{a/t) @
Comparisons are made between stress-intensity factors and short-crack growth rates calculated using either equation (1) or

(2) for the ALLi alloy Also, a different interpretation of the aspect ratio (a/c) for the Al-Li alloy 1s made herem.

Swain et al [44] determined the crack shapes on the AISI 4340 steel SENT specimens. They developed an equation m
the form of
c/a=1-025(a/t) 3
for a limited range of data. Equation (3) shows the same trends in crack shapes as observed i the core programiue for the
aluminum alloy,

2.5 Short-Crack Data Analysis Procedures

In the following, approxsmnate stress-intensity factor equations for a surface crack or a corner crack emanating from a senu-
cireular edge noteh are discussed [19]. These equations were used by all participants in the supplemental test progranme,
These cquations are used later to compare crack-growth rates measured for short cracks with those measured for Jong cracks
as a function of the stress-intensity factor range. A modification to these cquatir  as made by Swain et al. {14] to account




for the different stress concentration factor of the steel specimens (Fig. 3). The method of calculating the crack-growth rates
for short cracks is 2lso presented.

2.5.1 Calculation of stress-intensity factors

The calculation of stress-intensity factor assumes that either a semi-elliptical surface crack is located at the center of the
edge notch, as shown m Figure 9(a). or a quarter-elliptical corner crack is located a. an edge, as shown in Figure 9(b). (Note
definition of a and ¢ in Figure 9.) 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. 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-intensity
factors Crack-growth-rate data for cracks that may be interacting with each other Lave been ehminated from the data sets
by using a “non-interaction” criterion (see Section -1.2 in reference 19 on Short-Crack Growth Rate Data and Non-Interaction
Criteria). These criteria are also discussed in the present document. see Wanhill and Schra {31},

To caleulate the stress-intensity factor at the point where the crack intersects the notch surface (¢ = =/2). the crack
length, . and the crack depth. ¢, must be hnown. For a surface crack. “2a” (or L) is the projection of the crack on a
horizontal plane, as shown in Figure 7 For a corner crack, “a” is equal to L. The crack depth, ¢, was calculated from
cquation (1) for either a surface crack or corner crack at the notch in all materials except the aluminum-lithum alloy and
the steel. Equation (1) is in good agreement with expermmental measurements and analytical calculations made on surface
cracks growing from an edge noteh in an aluminum alloy in references 19 and 25, Compansons are made herem between the
erack shapes predicted from equation (1) and those obtained from the results of tests on 2024-T3 aluminumn alloy under the
Fokker 100 load sequence and the 2090-T8E41 aluminum-lithium alloy under constant-amphtude loading. Equation (3) was
used 1o calculate the crack depth, ¢, for the 4340 steol specimens.

The stress-intensity factor range equation for a surface crack located at the center of the edge notch. Figure 9{a), subjected

to remote uniform stress {23}, is
AK = AS7a[Q Fan ) (1)

for 0.2 < afe £ 2 and aft < 1. Equations for @, the shape factor, and Fuy, the boundary-correction factor, are given in
Annex F of reference 19.

For a corner crack, the stress-intensity factor is
AK = a8yza/Q Fe (4b)
for 0.2 < a/c £ 2 and g/t < 1, where

Fen = Fsp(L13~009 a/c) for afc< ]
Fon = Fan{1+0.01 ¢/} for ajc>1

The stress range (AS) is full range (Smax = S ) for constant-amplitude and spectrum loading. For example, AS = 25«
for R = =1 leading. For spectrum loading, the highest peak stress is Sipax and the Iowest trough is Sy,

2.5.2 Calculation of crack-growth rates
The calculation of crack-growth rates for constant-amplitude and spectrum loading 1s a simple point-to-point calculation:
dafdN = AafAN = (a2 — ap) /(N2 — Ny) (5)

where a; is the crack length at Ny cycles. The cycle interval, No — Ny, 1s the interval between replicas. The cvele mterval
was chosen so that at least 25 to 30 replicas were taken during a test.

The corresponding stress-intensity factor range (QK) 1s calculated at an average crack leugth. a, (see Fig. 9) as
v = {ay + az)/? {6}

using equations {1) to (3), for crack shape. and equation (4) for the stress-intensity factor.

2.6 Long Crack-Growth Rate Tests

Fatigue crack-growth rate tests were conducted on long cracks (lcngths greater than about 2 mm) under the vanous
constant-amplitude stress ratios and various spectrum load sequences used in the cupplemema! test programme. ‘The objective
was to generate near-threshold fatigue crack-growth rate data for the various materials using a load-shedding procedure. This
load-shedding procedure is consistent with the guidelines of the ASTM Standard Test Method for Measurement of Fatigue
Crack Growth Rates (FR47-87) Toets were ronducted 61 Cenfer-uack tension specunens made from the same sheet of
material that was used to make the SENT specimens. These data were used to define the regime where long-crack data are
applicable to short cracks The results from the long-crack tests are given in references 28, 31 and 37 to 45, Best-fit lines
or test data on long cracks are compared herein with short-crack data for all materials and loading conditions used in the
supplemental-test programme.
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3. SHORT-CRACK EXPERIMENTAL DATA . -

Some of the experimental data generated in the Supplemental "lest Programme on short-crack growth behaviour i the
various materials are summarized here. Data generated under various loading conditions are compared with long-crack data
generated under the same load history. These data will establish the regions where short-crack behaviour is sigmificantly
different. from long-crack behaviour “The crack-groivth rate data are presented as a function of the stress-intensity factor
range (AK). Note that skort-crack data is presented-as da/d:V (crack-growth rates along the notch root) while long-crach
data is dc/dN. Herein, the equivalence between da/dN and de/dN as a function of MK is assumed. For some matenals.
however, the growth rates in these two directions may be significantly different,

As previously mentioned, several cracks may initiate along the notch root in each specimen and st was appreciated that
as the cracks approached each other they could affect each other’s crach-growth rates. Accordingly. a sumple system for
rejecting crack-growth rate data, where such interaction could oceur, was devised (J. Foth, IABG, West Gerrry) This
non-interaction critenion is described in Section 1.2 of reference 19, and it will not be repeated here. The non-mteraction
criterion was-used by cach 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 Cuoperative Test Programme on the
core-programme material are presented here. Figures 10 to 12 show in detail the crack-growth rate data obtamed by the
various participants under each load history. respectively. Each figure refers to one stress level and one particular load mstory
(constant-amplitude or spectrum loading) The individual participants are wdentified by a letter. The long-crack data {solud
curve) are also shown for comparison. For all stress levels and load histories, the results from the various participants agreed
well The scatter in the data is attributed to experimental crror and to cracks growing through different imcrostructure that
is not accounted for in the analysis. For aimost all of the load histories, erack-grow th rates for short cracks were found to be
significantly higher than those for Jong cracks at the same stress-intensity factor range.

Under constant-amplitude loading. the higher crack-grow th rates for short cracks were most sigmficant for tests conducted
at negative stress ratios {(/# = —2 and —1). The results for B = ~2 are shown in Figure 10. Short-crack results at the R =0
test condition showed about the same rates as long cracks for the same AK for AK-ranges above the long-crack threshold
{AKy,). The R = 0.5 short-crack tests, on the other hand, showed slower growth rates than long cracks for the same AK
for AK-ranges above the long-crack threshold. For constant-amplitude loading, the most sigmificant event was the growth
of short cracks below the long-crach thresholds for all stress ratios considered. Growth of short cracks were recorded at
AK values as low as 06 MPa-m}/2 These low values of AK for short cracks were from 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-4 times
faster than those for long cracks for MK values around 10 MPa-m/2. The crack-growth rate data for long cracks under the
GAUSSIAN loading (Fig 12) did not cover the same stress-intensity factor range as short cracks but. an extrapolation of the
long-crack data would be eapected to show significant differences in rates for the same AK.

In the supplemental programme. Cook [28] conducted short-crack tests on the 2024-T3 material under the Inverted
FALSTAFF load sequence. The Inverted FALSTAFF sequence is typical of the 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 comparison of short-crack growth rates measured under the two spectra 1s shown m
Figure 14. The 2™ symbols show the data generated by the Royal Aerospace Establishment m 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 the short cracks are nearly identical for both spectra. Cook concluded that the
explanation for this behaviour was due to crack closure diiferences between the two spectra. A discussion on the crack-
opening stresses (or effective stress ranges) for the two spectra 15 presented in Section 4.2.2. The results mmay also be
explained by considering the local stress-strain behaviour for the normal and inverted FALSTAFF spectra.

The solid curve in figure 14 shows the results of long-crack (load-shedding) tests conducted under the FALSTAFF spectrum
[18]. These results show that short cracks under both normal and inverted FALSTAFF grow much faster than the long cracks
for AJC valies below about 20 MPa-m}/? The long-crack data is expected to reach a threshold at about 4 MPa-m/2, based
on constant-amplitude data for an R ratio of —0.27 (overall spectrum stress ratio based on the lowest and highest stress level
in FALSTAFF), sce Annex G in reference 19.

Blom {38] carried out tests on the core-programme material under the TWIST spectrum. Figure 15 shows the short-crack
growth rates measured on tests conducted at two different stress levels. The short-crack data extended down to AK values
of about 7 MPa-m!/2. These data indicate that a stress level effect may exist. ‘The Iigh stress level tests caused Iugher
growth rates at a given AK value. Long-crack tests conducted under a TWIST Joad-shedding procedure are shown as the
solid curve. These results show a fong-crack threshold at about 23 MPa-m'/2. The apparently high threshold under the
TWIST spectrum mav-be an artifact of the load-shodding nrecodure fraus 5y & 166 fapid seduction in joad with crack
extension) The long-crack threshold for TWIST would, again. be expected to be about 4 MPa-m'/2 based on the overail
spectrum stress ratio (R = —0.23). However, the TWIST spectrum may produce a lot of fretting debris which may induce
higher closure loads and. consequently, a higher threshold. A more detailed examination of tlus behaviour may be justified.

Wanhill and Schra {31} studied the short- and long-crack growth rate behaviour under the Fokker 100 load spectrum.
Figure 16 shows K, ;. stress-intensity factor calculated using the mean stress m flight and the current erack length, against
the erack-growth increment per flight. doydF. The short- and long-erack data did not overlap but an extrapelation of the
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Tong-crack data would be expected to show significant differences in rates for the same AK and short-crack growth below
the 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 specimen types to obtain their data (center-crack, SENT and BPTHT specsmens). They concluded
that the primary difference between long cracks for center-crack and SENT specimens was due to diffesent constramt being
developed during the peak load apphcation because of different specimen configurations. Also, there may be differing start-up
effects durmg 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 known,

‘The Fokker 100 load sequence was also found to mark the crack surfaces while the crack sizes were extremely small [31}.
A comparison of crack shapes measured during spectrum loading and those determmed from constant-amplitude tests i
the core programme {19] are shown in Figure 17, (Note that Wanlull and Schra used the reverse defimtion for crack leagth
and crack depth in their paper {31} but their data have been replotted in Figure 17 using the same nomenclature that was
used in this report ) Figure 17 shows ¢/a plotted against a/t (a is measured along the notch root and ¢ 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
Wanhill's and Schra’s results which show that a crack has initiated with a ¢/e ratio of about 0.4. The mclusion-particle
clusters, that are elongated in the c-direction, would suggest that an initial ¢/a value should be much greater than umty.
The data obtained from the core programme (open symbols) provided no information on ¢/a values below an a/t ratio of
about 004 The dashed curve shows the predictions from a crack-growth analysis using equation (4{a)} where the mitial
{¢/a), ratio was assumed to be 4. The solid curve is the crack-shape equation {eqn. (1)) used in the core and supplemental
programmes The large differences between the measured and expected crack shapes suggest that further studies need to be
conducted to determine whether these differences are due to loading effects.

Nowack. Trautmann and Strunck [37} also conducted some additional short-crack tests on the core-programme material
under the high- R ratio test condition.

3.2 Aluminum Alloy 7075-T6

Ankara and Kaynak {39] conducted short-crack tests on 7075-16 aluminum alloy over a wide range in stress ratios (R = =1,
0 and 0.5). Figure 18 shows some typical data at a stress ratio of zero. Additicnal short-crack data have been provided
by Swain {40] Long-crack testz on this material were also performed by Phillips [41]. Above the long-crack threshold, the
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-programme material, 2024-T3,

Nowack, Trautmann and Strunck [37] also conducted some Jong-crack tests on a 7075-T6 alumnum alloy sheet material
under the GAUSSIAN load sequence to compare with their test results on the aluminuin-iithmmn alloy. 2050-T3E41.

3.3 Aluminum-Lithium Alloy 2090-T8E41

The primary material of interest in the supplemental test programine was the 2096-T8Ed1 alunmmum-fithum alloy. The
use of shuminum-lithiun: alloys in the aerospace industry would save substantial weight (8 to 12 percent). Six laboratories
agreed to test this alloy under a wide variety of loading conditions {sce Table 4), The long-crack data on center-crack tension
specimens were determined by Mazur and Rudd-{32]. These results were supplied to all participants so that they could
compare Jong-crack data with their short-crack resuits.

Very early in the test-programme, 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 the-loading axis The surface and corner cracks that imtiated along
the bore of the notch would be subjected to mixed-mode loading conditions (Ky. Ky and Kyyp) around the crack front
This crack orientation behaviour is a consequence of the propensity towards planar slip charactenstic of some aluminum-
lithium alloys {46}, in combination with the detected preferred crystallographic orientation (see the Annex). A minimum
yield stress and tensile strength has been frequently found at 50 to 60 degrees to the working direction m alummum-hithium
mill products and attributed to the presence of & {110}{112} texture [47.48]. This texture 15 present in the supplemental
programme aluminum-lithium sheet as the main component at mid-thickness of the sheet and one of the three components
at 174 thickness [28].

As previously mentioned, a systematic slant (about 30 to 35 degrees from the loading axis) of the cracks was found
in all short-crack tests on the aluninum-lithium ailoy except, surprisingly, the TWIST spectrum [38). Later, tests using
Mini-TWIST {40] also showed that the cracks do not grow on a slant for this spectrum either. For all constant-amplitude
loading conditions and all other spectra tested (FALSTAFF, GAUSSIAN and Felix) the cracks tended to grow on a slant.
For a slant crack, the remote stress causes a resultant shear-stress and normal-stress component on the crack plane. Mixed
mode conditions exist along the crack tront. Simplified models for these conditions were attempted by Mazur and Rudd [42}
and Carvalho and de Freitas [43]. The model presented in reference 43 will be briefly reviewed here. At the point where
the surface or corner crack intersects the notch-root surface, the crack tip 1s subjected to Mode I and 1l conditions  The

© maximumn depth iocation is subjected to Mode J-and HI conditions.

For an embedded elliptical crack of length 2a and depth 2¢ subjected to uniforin uniaxial tensile stress ¢ and uniform
shear stress 7, the stress-intensity factors are giver in reference 39. When the ellipse becomes a cirele (@ = c), then the
stress-intensjty factors are given by

Ky = ov/wa/Q (7
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Kyp = 7[2/(2 = v)}{cos 8)V/'ma/Q 8
K1 = 7§(2 - 20)/(2 = v)l(sin 6)\/5e/Q 9)

where Q = 7r2/4 and 0 1s the angle measured on the crack plane between the shear-stress direction and the point of interest
on the crack front.

On the basis of equations (7)-(9), approaimate equations for mixed-mode stress-intensity factors were obtained for a slant
surface crack at the edge of the notch. It was assumed that the boundary-correction factors I, (or F,, for a corner erack)
are the same for all three modes. The equations for the three modes, m terms of the remote applied stress S, are.

K = Stsin? 8)/7a]Q Fen (10)
Ky = 5[2/(2 ~ v)}{cos B)(sin 8 cos B)/ma/Q Fin {11)
Ki1p = Sl2 =~ 2)/(2 = v)}(sin O)(sin B cos B)/7a/Q Fu (12)

where § 15 the angle measured between the loading axs and the plane of the crack. From the mixed-mode equations, an
equivalent stress-itensity factor, Key, was caleulated from the stram-energy release rate G. For plane stress conditions,

G = [k} + KF + (- 0idy] [E (13)

and
Keq = VEG (14)

The equivalent stress-intensity factor range. & Keq, was caleulated from equation (14) by replacing S with A8,

For the pomt where the crack front tersects the notch surface, 015 equal to 7/2 and the equivalent stress-itensity factor

range is —
AKey = \JAK} + AKY, (15)

Carvalho and de Freitas [43] carned out short-crack tests for a wide range of constant-amphtude conditions (see Table 1)
Some typical results for R = 0 loadmg are shown in figure 20. A comparison between using the mixed-mode equation
(equ. (15)) and the horizontal projection of the crack {eqn. (1)}, Mode | only, shows that data using equatior (la) agree
better with the long-crack data (sohd curve) [42] above the long-crack threshold The data using the mixed-mode equation
fall well ~ the left of the long-crack data. Whether the mixed-mode equation 1s more accurate than using the horizontal
projection must awast further study, but the simpliaity and good correlation with equation (4a) does allow the use of current
life-prediction methodologies.

As previonsly discussed, Carvalho and de Freitas [13] determined crack shapes on the aluminum-lithium alloy They
developed a crack-shape equation {eqn. (2)) from their expernmental data. Figure 21 shows a comparnison between short-
crack data reduced using equation {2) or equation (1) {core-programme equation) The data reduced with the core-programme
equation agreed better with the long-crack data [42] for stressemntensity factors above the long-crack threshold.

The unusual orientation of the crack surfaces made the interpretation of the crack aspect ratio {¢/a) difficuit. Figure 22
shows a schematic of the fracture surface ou the aluminum-lithium alloy with a corner (rach. The crack length, a, is measured
as the horizontal projection and @’ 15 the length measured on the crack surface. Because of the acute angle with the horizontal
plane, there ss a large hfference between the ratio ¢/a and ¢/d’. Note that the a/¢ ratio is identical to the a’/¢’ ratio If the
c/a’ ratio 15 plotted agawmst the /¢ ratio for the alummum-hthium alloy, then better conelation with the core-programme
15 obtamed, as shown in Figure 23. Again, the solid curve 15 equation (1) (core-programme results are open symbols) and
the dashed curve 15 the prediction from a crack growth analysis using equation (1a). This may explain why equation (1)
correlated short-crack data better than equation (2).

Several laboratones tested the alummum-hthium alloy under the same loading conditions A typical companison between
short-crack growth rates determined by Carvalhio and de Fretas [13], Mazur and Rudd [12] and Swain et al. {14] are shown
i Figure 24, Results from the three laboratories agreed quite well. Part of the scatter m the data sets 1s due to plottmg
results from all stress levels tested (Smax = 80 to 105 MPa), These results show that using the horizontal projection (Mode 1
only) stress-intensity factor ranges against crack-growth rates, a short-crack effect does exist. These results are quite sumilar
to those for the 2024-T3 alummum alloy in the core programme {19}

Figures 25-27 show short- and long-crack tests results on the alwninum-hthium alloy tested under the GAUSSIAN [37),
TWIST [38] and Felix [28] load .equences, respectively. Again, these results clearly show that a short crack effect exists
under all spectra tested. Short-crack growth rates were either faster than long-crack growth rates or the short cracks grew
at stress-intensity factor levels below the long-crack threshold.

3.4 Titanium Alloy Ti-6Al-4V

Lanciotti and Galatolo {45] conducted short-crack tests on Ti-6AL4V titanium alloy for two stress ratios (R = -1 and
0). Figure 28 shows some typical data at a stress ratio of —1. Part of the scatter in the data sets is due to plotting results
from ol stress levels. Long-crack tests on this material were also performed [45). Again, above the long-crack threshold, the
short-crack data agreed reasonably well with-the long-crack data (solid curve). But the short cracks grew faster than long
cracks at the same stress-intensity factor range and also grew below the long-crack threshold.
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3.5 Steel 4340

Swain, Everett. Newman and Phillips [44] studied the crack initiation and short-crack growth characteristics of a high-
strength steel (AISI 4310). Unlike the core-programme material, where muitiple cracks initrated at the notch root, the
single-edge-notched steel specimens (Fig. 3) usually initiated only a single ciack at the notch 100t and the crack-surface
profile was extremely flat  Some typical initiation sites are shown in Figure 29, Two particles were identified at the mmtiation
sites: (1) a spherical calcium-aluminate inclusion particle, 10 to 40 san in diameter (Fig. (20a)) and (2) an clongated
manganese-sultide particle, 2 to 5 pm wide along the notch root (Fig. (20b)).

‘They carried out short- and long-crack tests on the 4340 steel over a wide range in constant-amplitude loading conditons
{R = -1, 0 and 0.5) and under the Felix/28 helicopter spectrum. Unlike the other materials, the short-crack data and
long-crack data agreed quite well, even down to and including the long-crack threshold, for the positive R-ratio and Felix/28
tests The only difference observed between short and long cracks on the steel was under the negative stress ratio condition.
Figure 30 shows the short-crack data at R = ~1 (symbols). Long-crack tests were also perforsued on the same matenal [14]
and the scatterband on these data is shown by the sohd hnes. Above the long-crack thresheld, the short-crack data agreed
reasonably well with the long-crack data. But, again, the short cracks did grow below the long-crack threshold. Th e results
reinforce the previous conclusion from the core programume that short-crack effects are more pronounced under compressive
loading.

4, MODELS OF SHORT-CRACK GROWTH BEHAVIOUR

Many investigators have shown that LEFM concepts are inadequate to explain short-crack growth behavious [1-18}. Using
nonlinear fracture mechanics, some investigators have tried to explain the growth of shurt cracks i plates and at notches. In
particular, the J-integral concept and an empirical 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
{12.17] have also introduced "length” parameters into crack-growth models These length parameters have been associated
with microstructural features (or barriers to crack growth) such as grain size. Short cracks have been observed to slow down
or stop at grain-boundary locations Many other investigators [5-11,33] have suggested that crack closure {50} (or lack of
crack closure in the early stages of crack initiation) may be a major factor in causing some of the differences between the
growth of short and long cracks. Reference 51 has shown, on the basis of crack closure, that a large part of the short-crack
effect in an aluminum alloy was caused by a short crack etnanating from a defect “void” of mcoherent inclusion particles and
a breakdown of LEFM concepts.

In the supplemental test programmie, several participants used the crack-closure model, FASTRAN [52], to calculate crack-
opening 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. Comparnisons
of experimental and predicted short-crack growth rates on two of the materials used in the test programme are presented.
Smilar comparisons are made between experimental and predicted fatigue lives

4,1 Analytical Crack-Closure Model

The crack-closure model developed in reference 32, and applicd to short cracks in references 33 and 51, was used by several
participants in the supplemental programnie to analyze crack growth and closure under constant- and variable-amphtude
loading The following includes a description of the clcsure mode) and of the assumptions made m the apphcation of the
model 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 uniform applied stress.
This model was later extended to through cracks emanating from a circular hole m a fimte-width specimen also subjected
to uniform applied stress [33]. The model is based on the Dugdale model [53}, but modified to leave p' istically deformed
material in the wake of the crack. The primary advantage in using this model 1s that the plastic-zone size and crack-surface
displacements are obtained by superposition of two elastic problems. a crack in a plate subjected to a remote umiform stress
and a uniform stress applied over a segment of the crack surface.

Figure 31 shows a schematic of the model at maximum 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-tength ¢ + p, (2) a plastic region
of length p, and (3} a residual plastic deformation region .long the crack surface. The physical crack is of length ¢/ — r,
where r is the radius of the hole. {The model was also assumed herein to apply for a crack emanating from a semi-circular
notch.) The compressive plastic zone is w. Region 1 is treated as an elastic continuum. Regions 2 and 3 are composed
of rigid-perfectly plastic (constant-stress) bar elements with a flow stress, g,. The flow stress {o,) 15 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 cither intact (in the plastic zone) or broken (residual plastic
defermation). The broken elements carry compressive loads only, and then orly if they are i contact. The elements yield
in compression when the contact stress reaches g, To account for the effects of state of stress on plastic-zone size, a
ronstraint factor v was used 0 Clovale the lemsile flow stress for the ntact elements m the plastic zone, The effective
flow stress ao, under simulated plane-stress conditions is o, and under simulated plane-strain conditions 15 30,. For thin
sheet 1naterial, fully plane-strain conditions may not be possible. Irwin {54} suggested accounting for through-the-thickness
vatiation in stress state by introducing a constraint factor (@ = 1.73) to 1epresent nominal plane-strain conditions. For the
core-programme material {2024-T3), a constraint factor of 1.73 was 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-opemng stresses 1 reasonable agreement
with experimental measurements {55} made on the core-programme material.
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The closure model 1s used to caleulate crack-opening stress as a function of crack length and load history. The applied
stress level at which the crack surfaces are fully open is denoted as S,. the crack-opening stress. The crack-opening stress
calenlated for a through crack was also assumed to apply at each location along a surface- or corner-crack front. The crack-
opening stress 15 then used to calculate the effective stress-intensity factor range, AK ¢ [50). In turn, the crack growth rate
15 calculated using a AKyg-against-crack-growth-rate relationship decermined from Jong-crack data. Generally, long-erack
thresholds are 1gnored because reliable methods to measure or calculate crack-opening stresses during load shedding are not
available.

4.2 Crack-Opening Stresses

The mfluence of the untial defect “void” size on the crack-closure behaviour of short cracks under constant-amplitude and
spectruin loadimg 1s presented here. For all loading conditions, Irwin’s plane-stramn constramt factor of 1.73 was assumed to
apply for the growth of “shori” cracks in the 2024-T3 aluminum alloy. A constraint factor of 2.5 was assumed to apply for
“short” crack growth in the 4340 steel specimens These results are used later to predict short-crack growth rates and fatigue
fives.

4.2.1 Constant-amplitude loading

The closure model was used to study the influence of defect void size on the closure behaviour of short cracks growing from
a notch {19}, as shown m Figure 9(a). Some typical results of calculated crack-openmg stresses nor:nalized by the maximum
applied stress as a function of half-crack length, ¢, are shown wn Figure 32. The crack-growth sunulation was performed
under the four stress ratios used i the core and supplemental test progranunes with an initial defect (void or crack) size g,
of 3 pm, ¢, of 12 pm, and a defect-void height, i > 0.4 jum, The particular values of Siax/00 used in the simulation are as
shown. Experimental and numerical results ftom the core programme suggest that part of the short-crack effect may be due
to an untial defect void height that s sufficient to prevent closure over the initial defect surfaces. In the core programme.
cracks were found to imtiate at inclusion-particle clusters or voids left by the removal of these particles from the machining
or pohshing process. For defect-void heights, h, greater than about 0.4 um, the initial defect surfaces do not close, even
under the R = =2 compressive loading, The newly created crack surfaces, however, do close as the crack grows and the
crack-opemng stresses are shown by the solid curves. The crack-opening stresses start initially at the minimum applied stress,
but raprdly nse and tend to level off as the crack grows. The high Reratio (R = 0.5) resuits show that the crack is always
fully open, that 15, So = Syun. Results at R = 0 stabalized very quickly after about 20 um of erack growth. Negative R-ratio
results showed the largest transient behaviour on crack-opening stresses. Results at R = —2 had not stabilized after about
100 gem of grack growth. The results at the negative stress ratios are also strongly influenced by the maximum applied stress
level {33,51}.

4.2.2 FALSTAFF and Inverted FALSTAFF load sequence

The closure model, FASTRAN, was also used by Cook {28] to calculate the crack-opening stresses under the two variable-
amphtude load spectra. The mitial defect-void size {a,,¢;, h) was the same as that used for the constant-amplitude loading,
previously discussed. Figures 33 and 34 show crack-opening stresses plotted against crack length. a. for the FALSTAFF
and Inverted FALSTAFF load sequeuces, 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 (Sinax) and the lowest stress (Syyn) in the stress specira. As
pointed out by Cook [28], the effective stress range for “short” cracks was nearly the same for both spectra (crack lengths less
than about 0.025 mm). 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 the FALSTAFF sequence
In both sequences, the openng stresses tend to level off after about 0.25 mm of crack growth For long-crack lengths, the
effective stress range for FALSTAFF is about 40 percent larger than the Inverted FALSTAFF sequence, and consequently,
the erack-growth rates should be about 2 times faster under FALSTAFF.

4.3 Short-Crack Growth Rates

In this section, compansons of experimental and predicted short-crack growth rates are made only on two materials'
2024-T3 alummum alloy and 4340 steel. Similar procedures would be required for the other materials The 2090-T8E41
aluminum-hthium material, however, may require some major modifications in the analysis because of the mixed-mode
nature observed 1 short-crack growth. To apply the closure model, an effective stress-ntensity factor against crack-growth
rate iclation must be obtamed. The crack-growth rates measured on long cracks were correlated agamst MK 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 on long cracks (¢ > 2 mm; in the 2024-T3 aluminum alloy [19] and in the 4340 steel [44]. The
effective stress-intensity factor {50} is given by

AKer = [(Smax = So)/(Smax = Smin)]AK {16)

where S, was calculated from equations given in reference §6.

4.3.1 Aluminum alloy 2024-T3

To establish the AKg-rate relation for the aluminum alloy, a constraint factor {a) 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 planc-strain condition)
was used for rates lower than 9.0E-08 m/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 agreement with experimental measurements
of erack-opening stresses made near the begmning of the load-reduction threshold test {34]. For intermediate rates, o was
varied Hnearly with the logarithm of crack-growth-rate

instead of using an equation to relate crack-growth rate to Ay, a table-Jookup procedure was chosen, The primary
advantage in using 2 table iz that the baseline data can be describzd more accurately than with a multiple purameter
equation, especially in the transitional region (at-to-slant crack growth), The effective stress-intensity factor range agamst
crack-growth rate relation is listed in the following table:

ARogs defdN,
MPa-mlf? m/uyele
143 3.56E-10
2.42 3.05E-09
336 6.10E-09
440 1.52E-08
5.50 4.06E-08
11.0 4,32E-07
27.5 i T8E-05
49.5 2.54E-04

In the low-growth rate regime near and at threshold, some tests [57] have indicated that the threshold develops because of
a rise in crack opening stress This rise has not heen accounted for in the anulysis of the threshold test data. Therefore, an
extrapolation of the long-crack data into the region below the long-crack threshold was used because thedata did not extend
to low AKyq values where short cracks were expected to grow. The crack-growth model required a baseline AK p-rate
relation in the low A Ky region in order to predict the growth of short cracks, For AKyp values below or above the extreme
values listed in the table, a power law using the first-two or last-two points, respectively, was used to obtain rates. The upper
limit for the power-law relation is. of course, defined by fracture toughness. A lower linit or short-crack threshold, (AK,eq)en,
was established in Annex B of reference 19 and is 1.05 MPa-m!/2. (See reference 19 for more details on the deselopment of
the AK g -rate relation.}

In the following, comparisons are made between the measured and predicted crack-growth rates against stress-intensity
factor range (AK) for short cracks under constant-amplitude and spectrum loading. The experiinental data analyzed with
the non-interaction criteria {19] were used Results for the Jong-crack data oh the same matenal and loading are also shown
for comparison T compare the short- and long-crack growth rate data, the rate da/dN 13 assumed to be equivalent to
defdN for the same AK value. The short cracks are growing in the e-direction while the long crachs are growing m the
e-direction. "This assumption also applies in predictmg short-crack growth behaviour from long-crack results.

Constant-amplitude loading.- Fignre 35 shows a comparison for the B = —2 loading from the core programme [19}
Experimental data for each stress level are denoted by a particular-symbol, The solid curves show predictions from the
clesu e model for various maximum applied stress levels. The dashed line shows long-crack data generated under the same
corditions  These results show a strong influence of stress level (Sinax) on the growth rates for short cracks. The shott cracks
grov' fuster at higher stress levels for the same value of AK. To make predictions. the nitial crack gize was selected as 3
by 12 by 0.4 pm and an effective stress-initensity factor threshold, (AKep)p, was chosen as 1.05 MPa-m!/%, This imtsal
defect size was selected because “short” cracks tended to initiate at inclusion-particle clusters or voids on or irear the notch-
root surfere  These material defects were of about the same size as assumed in the analysis. The reasons for selecting this
particular defect size and effective threshold value are discussed in Annex B of reference 19, The predictions from the model
show a similar stress-level effect on the growth of short cracks. Although the imtial crack-growth rates from the model were i
quahtative agreernent with the measured rates, the model predicted slower rates in the mid-range than those measured, The
predicted rates approached the long-crack rates more rapidly than in the test. As previously mentioned, Irwin's plane-stram
condition (a = 173) was assumed for the growth of short cracks. The actual behaviour, however, may be closer to plane
stress for short cracks.

At 50 MPa. the predictions show that the crack nearly arrested. The minimum rate occurred at a AKyp of 108 MPa-
w2 Another prediction was made at an applied stress level of 49 MPa, The prediction demonstrates that a short crack
can initiate and grow from a defect, but as the crack-opening stresses rise (decreasing the value of AKyg), the crack can be
arrested. Here the crack was arrested at a AK value of about 3 MPa-m!/2,

TWIST lvad scquence - Blom [38] used FASTRAN to predict short-crack growth rates for 2024-T3 speeimens subjected
to the TWIST load sequence, see Figure 36. Here the “average” crack-growth rate ss pletted against the “maxmnum range”
stress-intensity factor (see Section 2.5 1 and 2.5.2). The predicted crack length against cycles curve was treated sinmlar
to the experimental data. Crack length (2a) and cycles were taken from the analysts at equal cycle mtervals between the
initial crack length (6 um) and breakthrough {%a = #). The predicted results for the TWIST spectrum showed a vers small
stress-level effect The analyses, however, tended to predict rates along the upper scatter band of the measured rates for AK
values below the long-crack threshold. [he predicted rates approached the long-crack data (dashed curve) at a AK value of
about 25 MPa-m!/2 Thesc results suggest that the closure model, with the currem assumptions, would underpredict fatigue
lives on notched 2024-T3 aluminum afloy specimens subjected to the TWIST spectrum,
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4.3.2 Steel 4340

To establish the AK g-rate relation for the 4340 steel, a constraint factor {a) 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 m
stress ratios {R = 05, 0 and —1} was used to cbtain long-crack data. The closure model correlated the long-crack-growth
rate data quite well over a wide range in rates, The effective stress-intensity factor range against crack-growth rate relation
is listed in the following table:

AK, defdN,
MPa.m!/? /cycle
3.75 3 0E-10
530 2.0E-09
730 7.0E-09
15.0 4,5E-08
50.0 5.5E-07
120.0 3 0E-05

A long-crack AK,q threshold valne of 3.75 MPa-m!/2 was selected to fall within the range of “effective” thresholds for
crack-growth rate data from the three stress ratios.

Figure 37 shows the predictions of short-crack growth rates from Swamet al [44] using FASTRAN for 4340 steel specimens
subjected to the Felix/28 load sequence, Again, the “average” crack-growth rate s pletted against the “maxumum range”
stress-intensity factor The predicted crack length agamst cycles curve was treated in a sumlar way to the experimental
data Crack length (2¢) and cycles were taken from the analysis at equal cycle intervals between the imtial crack length
(a, = 8 pym} and breakthrough (2a = t). The predicted rates from the Felix;/28 spectrum fell along tie upper scatter band
of the measured rates for shorf cracks These predicted rates were also slightly higher than the experimental rates for long
cracks (dashed curve).

4.4 Fatigue Life

Iigure 38 shows a ¢omparison between the experinental and predicted fatigue hives for SENT specunens made of 4340
steel subjected to the Felix/28 spectrum. The test data, from reference 44, are shown as symbols {symbols with an arrow
indicate that the test was terminated) The farge amount 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 using
FASTRAN with a A g-rate relationship that was obtained from long-crack data (see Section .3 2) and an mtial mean
defest size. The initial defect “void” size was a; = 8 pm and ¢, = 13 pm  Thi. flaw size was determned from a statistical
analysis of a Jarge number of crack initiation sites. The void height (h) was assumed to be about 4 pun. The AKoq threshold
for short cracks was assumed to be 375 MPa-m!/2? (same value as for Jong cracks) The pradicted hives for the Felix/28
spectrum were somewhat shorter than the test hves. This behavior 1s consistent with the fact that the model tended to
predict stightly higher crack-growth rates for short cracks {see Fig. 37).

5.0 SIGNIFICANCE OF THE SHORT-CRACK EFFECT

Because the use of fracture mechanics (A K-based) methodologies to charactenize the growth of fatigue cracks in metals s
well established in the design of acrospace structu-es, the sigmficance of the short.crack effects 1 expressed here in the same
terminology. The experimental data generated 5n the AGARD Cooperative and Supplemental Test Programmes and the
analytical crack-closure modej bave identified several significant features of short-crack growth behaviour i various aerospace
materials under a wide range of load historics. These features are briefly discussed m the following sections.

At stress concentrations typical of aircraft structures, short cracks mitiate very early m the fatigue hfe, if the apphed
stress levels are above the fatigue limit As non-destructive wspection {NDI) techmques smprove, which 15 mevitable, smaller
crack sizcs wilj be detected in aircraft structures. In pariicular, Wanhill [58] pomnts out that as the design phafosophy changes
from 4 fail-safe approach to a damage-tolerance or durabihty evaluation, 2 better nnderstanding of the behavicur of short
cracks is required, especially in aircraft engines ‘The growth of these short cracks is strongly nfluenced by load tustory
and stress level The growth differences between shart and long cracks, at the same stress-intensity factor range., we:e jnore
pronounced for load histories which included comprassive Joading. Short-crack growth behaviour mn tests wath onl pusitive
loading was nearly the same as the behaviour of long cracks for growtin above the lung-crack threshold. Short cracks tended to
grow well below the long-crack threshold even for positive inading in aluminui, alnnmum-lithiu, and titanium alloys. For
tho 4340 steel, however, short-crack and long-crack behaviour were nearly identical, except for load higtones which mcluded
compressive loading  But why do short eracks grow faster than long cracks? The answer to this question lus in several reasons.
(1) thie loss of similitude {16} which occurs when stress levels are too high and small-scale yielding conditions are exceeded,
(2) local microstructural features are favorable for rapid crack growth or cevere rotardation 6,191 and (3) the lack of crack
closure i the early stages of crack growth [5-11,33]. Perhaps. the most significant feature of short-crack growth behavior,
observed in the test programmes, was the growth of short cracks well below the long-crack thresholds. This observation
should have the largest impact on design-life calculations. Long-crack data that include a threshold clearly cannot be used
in analyses that treat the early stages.of erack growth in aluminum, aluminumn-lithivin and titamum alloys because 1t leads
to prediction of infinite life for crack sizes as much as an order-of-magnitude larger than the crack sizes actually momtorad
in the test programmes Thus, the use of long-crack thresholds in damage-tolerance and durability analyzes is fikely to be
non-conservative, This topic should be thoroughly investigated.
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In the future, the short-crack effect may have a large impact on design-life caiculations if procedures are adopted that treat
the fatigue process as entirely crack growth [59] Basing all life caleulations on crack-growth analyses seems 1casonable m
view of test results in this study and others [60,61} in which crack growth was actually monitored over more than 90 percent
of the total fatigue life A crack-growth-based approach to design life nay be a viable alternative to traditional *erack
mitiation” safe-life analyses currently used for such structures as Janding gear. helicopter rotor systems, and turbine engines.
One advantage of a crack-growth-based procedure is that the measure of damage “crack size® 1 a physically measurable
quantity that can be used to gain a better understanding and evaluation of hfe-prediction analyses. Another advantage
would be the use of a single analysis procedure for all life calculations, rather than one procedure for mitiation and another
for crack growth. Disadvantages of the crack-growth-based procedure are that generation of short-crack data 1s more difficult
than classical fatigue testing and more complex strass analyses would be required. However, with continually nnproving
computerized stress analyses and encouraging results from models to predict short-crack effects. a continued eaploration of
crack-growth-based life design is warranted.

6. CONCLUSIONS

An AGARD Supplemental Test Programme on the growth of “short™ fatigue eracks was conducted to allow participants
to test various materials and loading conditions that were of interest to their laboratory. Twenty-two participants from ten
laboratories in eight countries contributed to the programme. The materials tested m the supplemental programine were:
2024-T3 and 7075-T6 aluminwun alloys, 2090-T8E41 alwminum-lthiwm alloy, T-6A1-4V titamum alloy and 4340 steel, Six
laboratories conducted tests on the aluminum-lithium alloy, Tests on single-edge-notch tension spectnens were conducted
under several constant-amplitude loadmg conditions {stress ratios of —2. =1, 0, and 0 5) and spectrum leading conditions
(FALSTAFF, Inverted FALSTAFF, GAUSSIAN, TWIST, Felix and the Fokker 100 spectra). The plastic-rephica method was
used to measure the growth of short cracks at the notch root.

Three laboratories used the crack-growth model (FASTRAN), which mcorporates crack-closure effects, to analyze the
growth of short cracks from small (inclusion) defects along the notch surface in 2024-T3 aluminam alloy and 4340 steel.
Analyses were conducted wnder constant-amplitude loading and spectrum loadng (FALSTAFF, Inverted FALSTAFF,
GAUSSIAN, TWIST and Felix).

Short-crack tests and analyses conducted on single-edge-notched tension fatigne specnnens made of vanous aircraft
materials support the following conclusions:

Supplemental Test Programme
P 4

fomy

Short-crack growth rate data from several participants agreed well for constant-amphtude tests conducted on the 2090-
T8E41 alnminum-lithiwin alloy. All participants showed about the sanie amount of scatter in growth rate data,

2 The short-crack specimen and plastic-replica monitoring technique, developed in the AGARD Cooperative Test Pro-
gramme, allowed the various participants to obtain short-crack data on other materials and under differe.t load historices.

3. Several participants successfully used the crack-growth analysis program, FASTRAN, to predict short-crack growth rate
behaviour in olununum alloy and steel specimens.

Expenmental Results

—

Materjals: 2024-T3 and 7075-T6 alwranum alloy, 2090-T8E41 aluminuns-lithium, and Ti-6A14V titanium alloy exhibited
a strong short-crack effect under both constant-amplitude and spectruur loading. Short cracks grew at stress-intensity
factors well below the fong-crack thresholds. In many cases, short cracks grew faster than long cracks at the same
styess-intensity factor range.

2. The 4340 steel did not exhibit a significant short-crack effect. Short-crack and long-crack growth rates agreed well for
oot test conditions, A slight short-crack effeet was observed under constant-amplitude loading with a stress ratio of -1,

3. The 2090-T8E41 alumjmmu-Jithium alloy material exhibited an extremely oblique crack surface profile in the short-crack
specimens. This unusual behaviour is attributed to the highly textured microstructure.

4. Short-crack growth rate data for the 2000-TSE41 aluminum alloy correlated well with long-crack data using the horizontal
projecticns of crack lengths and Soda I stress-intensity factor analysis,

5. For ali materials, further study is needed on the particular crack shapes that develop at the crack-initiation sites under
both ronstant- and variable-amplitude loading.

6. Short-crack tests on the Inverted FALSTAFF spectrum, primarily a comprossion-vomptession jvad seqiience, exiubited
stimlar growth rates as FALSTAFF, primarily a tension-tension load sequence,
Analytical Results

The analytical crack-closure model, FASTRAN, was applied only to the 2024-T3 aluminum alloy and the 4340 steel
specinicas.
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1. For most constamt-amplitude loadng (R = -2, -1 and 0), the “analytical crack-closure” model predicted growth rates
and stress-level effects hike those observed in tests. For R = 05, the model generally predicted Iugher rates than those

observed in tests.

2, For FALSTAFF and Inverted FALSTAFF loadiag. the “analytical crack-closure™ model predicted effective stress ranges

consistent with experimentally measured growth rates on the 2024-T3 aluminum alloy short-crack specimens.

3. For the Felix/28 spectrum, the “analytical crack-clusure”™ model predicted shghtly higher growth rates and shghtly lower

fatigue lives than tests on 4340 steel short-crack specimens,
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one-half surface-crack (or total corner-crack) length, m
initial one-half surface-defect (or crack) length, m
full sheet thickness, m

surface-crack dépth or through-crack length, m
initial surface-defect {or crack) depth, m

crack length plus hole radius, m

modulus of elasticity, MPa
boundary-correction stress-intensity factor
strain-energy releasc rate, N/m

one-half sarface-defect {or crack) height, m
irregularity factor for Gaussian sequence

Mode I stress-intensity factor, M Pa-ml/?

Mode If and I stress-intensity factor, MPa.m}/?

mean stress-intensity factor in flight, MPa-m/2

stress concentration factor

total length of surface or corner crack along bore of notch, m
cycles

shape factor for surface or corner crack

5tre2ss 1atio (Sgin/Smax)

semi-circular notch radius, m

applied gross stress, MPa

maximurn apphed gross stress, MPa

mean stress in flight, MPa

minimum applied gross stress, MPa

crack-opening stress, MPa

one-half {full) epecimen thickness for surface crack (corner crack), m
specimen width, m

Cartesian coordinates

constraint factor

angle between load axis and crack plane

stress-intensity factor range, MPa-m3/2

effective stress-intensity factor, MPa-m!/?

effective threshold stress-intensity factor range, MPa-ml/?
long-crack threshold stress-intensity factor range, MPa -mi/2
Poisson's ratio

length of tensile plastic zone, m

flow stress (average between oy and oy), MPa

ultirnate tensile strength, MPa

yield stress (0.2 percent offses), MPa

nonmal stress acting in y-direction, MPa

paramatric angle of ellipse

length of cychc plastic zone, m
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TABLE 1

Participants in Short-Crack Cooperative Test (Core) Programme

Country Laboratory Participants
France Centre d'Essais Aeronautique de Tousouse A. Liderge
Deutsche Forschungsanstalt fur Luft- und H Nowack
Germany Raumfahrt--DLR
{a) Industrieanlagen Betricbsgesellschaft J. Foth
- IABG P. Heuler
ftaly University of Pisa G. Cavallini
R. Galatolo
Netherlands Nationaal Lucht-en Ruimtevaartlaboratorium R.J H. Wenlnll
- NL L. Schra
Portugal Laboratorio Nacional de Engenharia e
Technologia Industrial—LNETI M. H. Carvalho
Centro de Mecamca ¢ Materiais da
Universidade Teenica de Lisboa -CEMUL M. de Freitas
Sweden Aeronautical Research Institute—FFA A. F. Blom
Turkey Middle East Technical University --METU 0. A. Ankara
C Kay»ak
United Royal Acrospace Establishment- RAE P. R. Edwards
Kingdom D S. Lock
R. Cook
W. N. Sharpe
The Jobus Hopkins University JHU J. J. Lee
United J. Cieslowski
States
of National Aeronautics and Space Administration M. H. Swain
America - NASA Langley Research Center E. P. Pinllips
(bead) J. C Newman, Jr

Air Force Wright Aeronautical Laboratory—
AFWAL—FIBEC

C. Mazur
J. Rudd

() P. Heuler, IABG, conducted long-crack tests on corc-programme material under
GAUSSIAN loading.
(b) F. Adams and J M. Potter, U.S. Air Force Wright Acronautical Laboratory, machined
core-programne specimens,
{c) E. P, Phillips, NASA Langley Research Center, conducted long-crack tests on
core-progranune material under constant-amplitude and FALSTAFF loadng.
(d) W. \. Sharpe, The Johns Hopkms University, conducted crack-closure
measurements on short cracks {27].
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TABLE 2

Laboratory Test Matrix in Short-Crack Cooperative Test {Core) Progranine

Constant Amplitude Loading )

Spectrum Loadirg

Participant R=-2 -1 0 0.5 FALSTAFF  GAUSSIAN
H M L H M L H M L H M L H ML H ML

France XX X X X X X X x0 X X

CEAT

Germany X X X X X X X

Germany X X X X X X X X X X X X

~-IABG

Italy X X X XX X X X X X Xx

-Pisa

;\'S(hcrlnnds X X X X X X

Portugal- X X X X X X X X X X X x

LNETI/CEMUL

Sweden X X X X X X X X X X X X

~FFA

Turkey X X X X X X X X X X X x

METU

United XX X X X X X X X X X X X X X xXx«x

Kingdom

-RAE

USA-JHU X X X X X X XX X X X x

USA-NASA XX X X X X XX X X X X xx«x

USA-AFWAL X X X X X X X X X X X X X Xx x

b

a} H, M and L represent high, medwm and low stress levels, respectively
Tests conducted at B = 0.1 for H, M and L stress levels.

TABLE 3

Participants in Supplemental Short-Crack Growth Programimne

Country 7 Laboratory Participants
Genmany Deutsche Forschungsanstait fur Luft- und H. Nowack
Raumfahrt—DLR K H. Trautmann
J. Strunck
Italy University of Pisa A. Lanciotti
R. Galatolo
Netherlands Nationaal Lucht-en Ruimtevaartlaboratorium R. J. H. Wanhill
- NLR L. Sehra
Portugzl Laboratorio Nacional de Engenharia e M. H. Carvalho
Technologia Industrial—LNETI
Centro de Mecanica ¢ Materiais da M. de Freitas
Universidade Tecnica de Lisboa—CEMUL
Sweden Aecronautical Research Institute—FFA A. F. Blom
Turkey Middle East Technical University--METU 0. A. Ankara
C. Kaynak
United Royal Aerospace Establishment—RAE R. Cook
Kingdom /a) D. 8. Lock

Y. R. Edwards

United
States
of
America

Natwonal Aeronautics and Space Admimstration
~ NASA Langlev Research Conter

M. 1. Swain
R. A Everett
3 C. Newnan

E D. Phillips

Set
"t

Air Force Wright Aeronautical Laboratory-
AFWAL—FIBEC

C. Mazur
J. Rudd

(2) A. W, Bowen, Royal Aerospace Establishment. provided a texture analysis of the
2090-T8E41 aluminum-lithium alloy (see Annex&.
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TFABLE 4
Laboratory Test Matrix in Supplemental Short-Crack Growth Progra, s e

Constant Amplitude Spectrum Loading
Material Laboratory s FALSTAFF  FALSTAFF GAUSSIAN TWIST Felix Fokker
R=~2 =10 05 (Inverted) 100
2090-T8E4: USA-AFWAL X XX X
(a) Portugal-
LNETI/CEMUL 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 Turkey-
(c) METU X X X
USA-NASA X
Ti-Al-4V  Italy-
d) Pisa X X
4340 Steel  USA-NASA X X X X
{e.l) (g)

(a) U.S. Air Force Wright Aeronautical Laboratory provided the 2090-T8E41 aluminum-lithiumn
alloy material and specimens.

(b) Core-programme material {19{ provided by NASA Langley Research Center and specimens
machined by U.S, Air Force Wright Aeronautical Laboratory.

cg NASA Langley Research Center provided the 7075-T6 aluminum alloy material and specimens

d) University of Pisa provided the Ti-6Al-4V titamum alloy material and specimens

e} NASA Langley Research Center provided the 4340 steel material and specumens

f) R, Wanhill, Nationaal Lucht-en Ruimtevaartlaboratorium, conducted long-crack tests on
4340 steel (R = -1, 0.1 and 0.5).

(g) Felix/28, a shortened version of Felix [30], was used on the steel specimens.
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TABLE §

Nominal Chemical Composition of Materials in Supplemental Test Programme

Element 2024-T3 (a) 7075-T6 2090-T8E41 T-6Al-4V 4340 Steel
Silicon .16 07 10 - 27
Iron .33 22 12 3 Balance
Copper 4.61 1.58 3.00 - A1
Manganese 97 .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 - - - d .39
Vanadium - - - 4 .39
Nickel - - - - L75
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),

Matenal 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-6A1-4V L5 970 920 115,000 8.5

4340 Steel 5.1 1500 1410 190,000 7.5

(a) Core-programme material {19}.
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Constant-ampl i tude loading

R = constant
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Figure 1.- Schematic fatigue-crack growth rate data for short and long cracks.
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Figure 3.- Single-edge-notch-tension (SENT) fatigue specimen for 4340 steel.
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Initiation-site”

Figure 7.- Montage of photographs for surface replicas showing crack-length
measurement. :
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Figure 8.- Example of Data Chart for multiple cracks at notch root.
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Figure 9.- Definition of dimensions for specimen, surface-crack and corner
crack configurations.
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figure 11.- Typica\ results from core-programne under FALSTAFF loading
Sma = 170 MPa after "non-interaction” analysis.
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Figure 12.- Typical results from core-programme under GAUSSIAN loading
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Figure 13.- Typical flights in FALSTAFF and Inverted FALSTAFF load sequences.
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Figure 14.- Comparison of short-crack growth rates under FALSTAFF and Inverted
FALSTAFF load sequences for 2024-T3 aluminum alioy.
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figure 15,- Comparison of short- and long-crack growth rates under IWIST load
sequence for 2024-T3 aluminum alloy.

-2
i0o
2024~713 o )’;B:(
10_3 fokker 100 mcg ;g(
" Want1tl et al [31) 368;%
5 ol
- » e Short crack data
- 10 Long crack data: X
~ o BPTHY
g x  SENY
- e + £CY
107
te
N s
4 -5 .h".
o 10 "oeg®
v . J%Pf'l ‘
; il
“ 107 ey o
X ™ e [}
U L
P .
S~
&) -5
iC %
L]
~8
103 T i
10 10 10
Mean stress intensity feactor
Kons (MPa . /&)

Figure 16.- Comparison of short- and Jong-crack growth rates under Fokker 100
Yoad sequence for 2024-13 aluminum alloy.
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Figure 19.- Photos showing initiation sites {I) and fatx?ue failure profiles at
notch root for 2090-T8E41 aluminum-lithium alloy with (a) overall
slant fracture and (b) multi-slant fracture Yeading to "V"-shape
crack-surface profile.
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Figure 20.- Comparison of short-crack growth rates under constant-amplitude
loading for 2090-T8E41 aluminum-1ithium alloy using Mode 1 and
mixed-mode (I and 11) stress-intensity factor formulations.
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Figure 21.- Comparison of short-crack growth rates under constant-amplitude
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equations for predicting surface- or corner-crack depth, c.
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Figure 22.- Schematic of fatigue failure surface for 2090-T8E41 aluminum-1ithium
alloy showing various crack-length and thickness measurements.
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Figure 23.- Comparison of crack shape (c/a or c/a’) against crack size {a/t or

a’/t’) for 2024-T3 aluminum and 2090-T8E41 aluminum-1ithium alloys
(2’ and t’ refer to Al-Li data only).
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Figure 25.- Comparison of short- and long-crack growth rates under GAUSSIAN
load sequence for 2090-T8E41 aluminum-1ithium alloy.
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Figure 26.- Comparison of short- and long-crack growth rates under TWIST
load sequence for 2090-T8E41 aluminum-1ithium alloy.
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Figure 27.- Comparison of short- and long-crack growth rates under Felix
Toad sequence for 2090-T8E41 aluminum-lithium alloy.
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Figure 28.- Comparison of short- and long-crack growth rates under constant-
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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 30.- Comparison of short- and long-crack growth rates under constant-
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Figure 35.- Comparison of experimental and predicted short-crack growth
rates for constant-amplitude loading (R = -2) for 2023-T3
aluminum alloy.
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Figure 36.- Comparison of experimental and predicted short-crack growth
rates under TWIST load sequence for 2024-T3 aluminum alloy,
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DETERMINATION OF THE SHORT CRACK EFFECT IN 2090-T8E41 ALUMINUM LITHIUM

by

Christopher J.Mazur, Capt. USAF
Structural Integrity Engincer

and

James L.Rudd, Tech. Manager
Fatigue Fracture & Rehability Grp.

Air Force Wright Acronautical Laboratories (FIBEC)
Wright-Patterson AFB, Ohio 45433-6553
United States

ABSTRACT

The Unfited States Air Force developed two primary sets of design requirements to
ensure the structural integrity of afrecraft: damage tolerance and durablilfty. The
purposes of these design requirements are to ensure structural safety and preclude the
occurrence of expensive maintenance and repalr costs, respectively. These requirements
are generally satisfied through the use of linear elastic fracture mechanics and crack
growth rate data experimentally generated for 1long cracks. Recently, varfous
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 sfituations arise where short crack 1lengths are fncluded in the
analysis. To accurately predict the growth of these short cracks, the short crack
phenomenon must be understood.

The objective of this paper 4{s to describe the work of the Flight Dynamics
Laboratory as a participating agency {n the AGARD Supplemental Test Program on Short
Cracks. The manufacturing and testing of 2090-T8E41 uluminum-lithium short and long
crack specimens were performed under this effort. Constant amplitude and spectrum
fatigue tests were conducted at various strers ratios and stress levels. The short and
long crack results wete comparced to verify the existence of any short crack effect. As
a result of the unusual fracture patterns in the aluminum-l{thium short crack tests, an
analyrical approach considering combined Mode I and Mode Il type fracture was considered
and compared to the standard Mode I analysis used in the previous AGARD Core Test
Progranm.

1. INTRODUCTION

Recently, a number of fnvestigators [1-8) have reperted that small/short fatigue
cracks propagate at rates significantly faster than long cracks subjected to an
equivalent crack-driving force. 1In addition, these short cracks have been observed
growing under conditions that are well below the threshold stress intensity factor
cstimated using current techniques (Fig. 1!). This dissimilar behavior between long and
short c¢racks has been attributed to a number of factors including crack closure [1,2},
plasticity cffects, microstructural interactions, violations of the contfinuum
assunptions of solid mechanics, und violations of linear elastic fracture nechanics
(LEFM) principals [3}.

Investigators of these phenomena define short cracks in various ways. Three of the
more comnmon definitions are [3}):

a. Cracks having lengths less than the dimension of the microstructure (grain
size), typically on the order of .00l mn - 0.05mm (0.00004 inch - 0.002 inch).

b. Cracks having lengths less than the plastic zone size, typically 0.0lam -~ Imm
(0.0004 fnch - 0.04 inch).

c» Cracks having lengths which are phys cally small, typically 0.5mm - lmm (0.02
inch - 0.04 inch).
The first and second definitions result {n a violation of the assumptions of continuum
mechanics and LEFM, respectively. 1In the third definition, a physically short crack is
long in terms of the continuum mechanics and LEFM definftions; however, it too behaves
differently from long cracks for the seme crack driving force. As one can imagine, the
existence of the short crack cffect is cenmbroiled in controversy. However, one thing
appears certain; the current snalysi{s procedurcs for predicting the growth behavior of
physically small cracks are inadequate.

The United States Afr Force devecloped two prinmary sets of design requirements to
ensure the integrity of afrcraft structures: damage tolerance and durability [9]}. The
purposes of the damage tolerance and durability design requirements are to ensure
structural safety and to preciude the vewutience of expensive maintenance  afd  fopalt
costs, respectively. The damage tolerance design requirements include the assumption of
the existence of initfal fatigue cracks in the most critical locations of the structure
from day one. The sizes of thesc initfal cracks are based on NDI capability. For close
tolerance fasteners this inf{tial primary damage size {s assumed to be 1.27 nm (0.05
{nch). However, {f life enhancement fastencr systems are present {(c.g., interference-
fit fasteners, cold-worked holes, etc.), a smaller initial primary damage size of 0.127
mm (0.005 inch) is assunmed. Also, locarions adjacent to the primary damage are assumed
to have fnftial 0.127 mm (0.005 inch) cracks for both clearance-fit and 1ife enhancement
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fastener systems. Damage tolerance analyses are performed to predict when these fnitial
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 1lives predicted 1in
atrcraft deslign, schematfically fllustrated in Figure 2.

The most commonly used practice in Alr Force durabiiity design today is to assume
the exlstence of an fnitial fatigue crack representative of the fnitial fatigue quality
of the structure. The finftial quality §s a function of the material sclected and the
nanufacturing and gssembly techniques used. The initial flaw size normally assumed 1is
0.254 am (0.0} inch). Durability analyses are performed to predict when this initial
flaw will reach the functional impalrment crack size, ag . Commonly used definitions of
functlonal {mpairment are fuel leakage and 1ligament breakage. Again, Figure 2
schematically {llustrates that the "short crack effect”™ could signi{ficantly affect the
durabili{ty 1ives predicted for afrcraft structure. Recent work has been performed to
iwprove durability desfign by more realistically represeating the inftial fatigue quality
of the structure with a distribution of infitial flaw sizeec rather than a single flaw
size {10}. The short crack effect should be azccounted for in the determination of this
distribution of inftial flaw sizes. 1In addition to alrframes, the short crack effect is
also important in the design of alrcraft engine components, where critical crack lengths
nay be similar to those of short cracks. Thus, researchers are devoting nuch time and
resources to understand and predict the behavior of short cracks.

This paper describes short and long crack growth rate tests on 2090-T8E4)! aluminun-
lithiun 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 anmplfitude load
conditions. Long crack tests were conducted on center-crack~tension specimens under

similar loading conditions for comparison with the short crack results. This progran i3
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~
T8E4! aluminum=-lithfum sheet. The SENT specimen geometry is depicted in Figure 3. This
specimen geometry was chosen because {t allows the generation and measurement of
naturally occurring cracks similar to those that would occur i{m bolt holes of aircraft
structures. The stress concentratfion factor for this specimen geometry is 3.17, based
on gross section stress.

The 2090 specimens were produced from a single sheet of 2.3 mm thick ALCOA
naterfal. Since this {4 & new materifal, very little baseline crack growth rate data are
avalilable. 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 the
SENT specimens. This should eliminate any nanu’ uring variability due to different
batches of materfal. Baseline mechanical pr -~rties and the nominal chemical
composition are preseunted In Tables | and 2, vrespectively. Note the low plane stress
fracture toughness in Table 1 (brittle materfal). This is a result of the material heat
treatment (T8E41) and is probably the cause of nmuch of the difficulties fn the short
crack testing, as will be mentioned.

CCT and SENT specimen blanks were sheared “rom the sheets of materfal to a size
larger than the final specimen dimensions. The long dimension of the specimens was
parallel to the rolling direction of the materfal. Each specimen blank was milled to
its final dinmensions and engraved with a code number giving 1ts location in the sheect
(Fig. 5). The notch was then milled into the SENT specimen blanks with final milling
cuts of 0.25, 0.1, and 0.05 mn using newly sharpened tools. The final radius of the
notch was 3.18 mm (0.125 fnch) (Fig. 3). A wire EDM (Electric Discharge Machine) was
used on the CCT specimens to induce the flaws (Fig. 4). Great carc was taken in the
nilling of the specimens to minimize resfdual stresses. Once machining operations were
complete the specimen surfaces were deburred and polished. Chemical polishing of the
SENT specimens was performed at NASA Langley Researvrch Center. The chemical polishing
was necessary to smooth machining marks and debur the edges of the notches to prevent
pr>mature crack {nitfiation caused by defects in those locations. The polishing also
provided additfonal assurance that no significant residual stresses remained f£n the
notch vicinity. The specimens were chemically polished In a solution of 80%Z phosphoric
acid, 5% nitric acid, 5% acetic actd, and 10% water by volume. The polishing cycle
was five (5) minutes ar 105%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.

The  SENT  spéclmcns Were tested by the Flight Dynamics Laboratory using a servo-
hydraulic MTS testing wnachine. The machine used MTS hydraulic grips lined with plastic
spacers between the grilp 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 scquencing were accomplished using a
computerized data acquisition systen. The accuracy of the load system was * 1% of the
{ntended load. All tests were conducted at 2 frequency of seven (7) Hertz under room




———— = — s 3 iy Yot o

tenperature laboratory air conditions.

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

Long c¢rack tests were also conducted {n a servo-hydraulic MTS test machine. These
tests were conducted in accordance with ASTM Staandard E647, ™"Test Method for Constant-
Load Amplitude Fatigue Crack Growth Rates Above 10E-8 m/cycle™ {12]). Long crack growth
weasurenents weve 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 intensfity values.

A wide range of loading couditions were applied in the short and 1long crack
testing. Fatigue testi{ng included three (3) constant amplitude loading conditions (R =
0, -1, =2) and one variable amplitude loading spectrum (FALSTAFF) [13). The itnclusion 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
e¢rack closure effects. The FALSTAFF spectrum (Fighter Afrcraft Loading STAndard For
Fatigue) {8 a general European test spectrum for fighter aircraft Jower wing skins
covering A host of missfion sScenarios fincluding taxiing (compression loading): FALSTAFF
is however tension-dominated.

The plastic replica method was used to document the short erack growth in the notch
of the SENT specimen. A detafled descrintion of the procedurec used to take a replfica is
presented {n Reference 1l Replicas were taken at selected intervals throughout the
fatigue test so that sufficient readings could be obtained before the crack propagated
through the thichness of =he specimen. To obtain a replica at each interval the cyecling
was stopped at zero load. The specimen was then manually loaded to 80X of the maxinunm
applied tensile load for constant amplitude tests and to 100%Z of the load level nunmber
22 in the FALSTAFF spectrum. The replica was then made and cycliag 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 exanined
under a microscope with magnifications of 60-600X. A scale in the eyepiece of the
alcroscope allowed crack measurements with a maximum resolution of 0.001 mn at the
highest magnification. Each crack was first detected and measured at low magnifications
and followed through consecutive replicas wuntil {t joined another crack and/or
propagated through the thickness. Higher magnifications were subsequently wused on
earlier replicas to track the cracks back to their origins (usuvally lnclusion particles)
or as far as possible.

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 T rype crack growth analysis where the horizontal
projection of the cracks on to a plane normal to the specimen loading direction were
aeasured for use in the crack growth rate and stress intensfty factor calculations (Fig.
7a). The second approach was a combined Mode I/Mode Il 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 inteasity factor [l4]. The first was a semi-¢lliptical
surface c¢rack located {n the center area of the notch. The second was a quarter-
elliptical crack located at an edge of the notch. Figure 8 shows the pertinent
dimensions for the two crack types. The crack depth was calculated from the following
eqgaatior for both types of cracks,

alc = 0.9 - 0.25(a/t)? 1
where « ¢ and t are defined in Figure 8. This equatfon was verified by a comparison
with the zxperimental data generated {n the AGARD core test program (2024~T351 materfal)
to ensure Tas it is a close representation of the actual ~rack shape. This was
accomplished thy fracturing the SENT specimens after each fatigue test and observing the
shape of the crack.

The stress-intensitys £-ctar rvange equation for a surface crack located at the center
of the notch is {14},

N i
&K = 45(3.14a/9) Fon 2

and for a corner crack,

8K = 85(3.140/0)%F 3
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for 0.2 £ a/c £ 2 and a/t < 1, where

Fon © FSN(I.lB - 0.09a/¢) for afc < 1 4
Fop = Foy(1-00 + 0.04c/a)  for a/c > 1 5

The stress range (AS) is the difference between the paximum and minimum stresses
ﬁmax' S, in) applied for constant amplituae and spectrum loadings. Equations for the
shape ?accor (Q) and the boundary correction factor ( an ) may be obtained from
Reference 1l4.

The ecrack growth rate (da/dN) was calculated for constant amplitude and sSpectrum
loading using the secant method, a a
2~

da/dli = 8a/bl = ’N‘;T’N‘]" 6

The corresponding stress-intensity factor range (8K) was calculated at an average crack
length, a

as= (a] + az)/z 7

For the combined Mode 1/Mode 11 approach, the calculation of the stress intensity
factoxr was foruulated for the problem of unfaxial extension of an fnclined crack in an
infinite plate (Fig. 7b) {15). The equations describing the stress Intensity factor for
the Mode I and Mode I solutfons are,

Kp =8 sinzs(ﬂa)15 8
and,
Kip =S singcos(na)¥ 9
Using the Strain Energy Release Rate,
KL K2y 10
G = ——%_— = Gl+ G” = — -

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

Kpqp = § sindlna) 1

Accounting for the varfous geometry differences between the solution for am fiInfinite
plate and the SENT type crack growth speciomen, the following equivalent stress
intensfity factors are obtained for cracking at an angle fn a SENT type speclmen
geonetry:

surface crack

w

< %
AKI'” 4S sing(3.14a/Q) Fon 12

corner crack AKl 1y = 88 sina(3.l4a/0)%F 13

Ch
Correction factors, shape factors and the stress range for the above cquations are
essent{ally the same as in the Mode I case except that the actual crack iength should be
used vrather than the horizontal projection. It should be noted that to satisfy the
equations for the edge effects and corvection factors, the a/t ratfio should be obtained
using the horizontal projection of the crack so that the ratfo does not exceed one. The
crack extension (da/dN) I{s caleculated using the actual crack length In the same mauner
as in Equatfon 6.

4. RESULTS AND DISCUSSION

Prior to conducting short crack tests, S$=N curves were generated for the varfous
constant anplitude test conditions proposed {Fig. 9) (R = 0.5, 0, -1, and -2). The SENT
type specimens were placed in the fatfgue test machine and cycled to fallure at various
stress levels to generate this data basec. This was accompifshed to gain fnsight into
what stress levels to use for the short crack tests so that they could be coapleted in a
reasonable length of time. Because of a slight varfability in these data and the high
slopes, conservative stress levels and replica i{ntervals were chosen for the (fnirfal
short crack testing. As a result of this conscrvatism, it was not uacommon to take iS50
replicas during a single short crack tear. 0f thran rogil e, must LORLALDEd RO CRAUAR
and thu, were aot 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,
aultiple specimens at different stress levels were tested for cach of the above
conditions. Table 3 shows that this was not always possible. Cracks on the order of
0.0t mm (0.0004 fnch) 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 I1/Mode 11 analysis), respectively.

The varfous plots {in Figure 10 (a thru d) represent all the 1long crack data
generated to date for the 2090-T8E4]l aluminum- l{thium specimens. The soli{d lines on
the plots represent visual fits to the data. These lines are used in Figures 11 and 12
for conmpariscn with the short crack data. The long crack test results for the <CCT
specimens are typical of common aluminum materfals. There was lfttle observed out-of-~
plane crack growth and the material responded favorably to the varfous loading
conditions. One observation worth noting was that at posftive stress ratios {t was very
difficult to get a crack started. However, it appears that this matertal s very
sensitive to conpression loading which results in fmmediate crack initiation and growth.

The short crack test data for the 2090 aluminum-li{thfum specimens were very
difficult to generate as conmpared to the previous 2024 aluminum AGARD Core Test Progranm.
This aluminum=-lithfum materfal's resistance to crack inftfatfion and subsequent fast
crack growth resulted in great difficulty {n obtaining an acceptable number of crack
growth measurements during each test. More famportantly, in the shorr crack test
program, the cracks grew at an angle fn 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 teo 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 {t difficult to determine the crack shape
for comparison with the assumed shape and to detect any possible tunneling problens.
Fig. 14 fllustrates examples of the fracture surfaces for varfous specimens. As can be
seen fin Figure 14a, the crack shape is distingu ‘hable; however, the more comnon
occurrances are represeated by Figures 14b and ¢, which do not reveal a crack shape.
With a little imagination, one might argue that the cracks in Figures 14 b and ¢ were
actually tunnecling. 1t was also noted that while testing at R = -«2 the cracks were
always corner cracks regardiess of the sgtress level. This may Le the result of
buckling during the tests. The anti-buckling guide was designed to allow mnminimal
specimen freedom (some buckling) so as to reduce anti-buckling gulde interference with
the specimen being tested.

Results of the short crack data analyzed using a Mode I approach are plotted fno
Figures 11 a thru d. Figures Il 2, b, & ¢ represent the R = 0, ~1 and -2 results,
respectively. The solld lines on these plots are long crack data and the dashed lines
represent a fit of the short crack data using a Pacis type equation of the form,

dajdN = C(aK)" V4

The empirical constants C and n were determined using a linear regression analysis. For
Mode ! short crdack 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 = 3.81J0E-10 and n - 2.6261 for R » -2.
The results of the FALSTAFF spectrum tests are presented f{a Figure 11d. The solid line
represents long crack dZata and the dashed line {s a visual fit to the short crack data.

The short crack d.t2a analysed usiag a combined Mode I/Mode 11 approach are plotted
in Figures 12 a thru d. Figures 12 a thru c represent the R = 0, -1 and -2 results,
respectively. The s01id lines represent the long crack data and dashed lines represent
a fit to the short crack data using a Paris type cquation 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 = -1, and C » 2.0992E~10 and n = 2.6169 for R » =2. The results for the FALSTAFF
spectrum are presented in Figure 12(¢), where the dashed line represents a visual fit to
the short crack data.

As can casily be seen by comparing Figures 11 and 12, the combined Mode I/Mode 11
approach tends to increase the stress intensity factor for a given crack growth rate.
The result s @ more pronounced short crack effect. One problem with the combined Mode
I/Mode II approach {s that the data no longer tend to <oalesce with the loung crack data.
This implies that the stress intensfity solution used for the combined Mode I/Mode 11
approach may not be accurate or that the short crack data can no longer be compared to
the long crack data (Mode I da.a). Zhe inaccuracy i{n the combined Mode I/Mode II data
may be in the crack shape or in accounting for the edge effects. Although the conmbined
Mode I/Mode 11 approach appears to be more appropriate for these short crack data,
additional analyses are needed to improve the fit for larger cracks. For simplicity, {t
would be best to use the Mode I short crack results.

In general, independent of *he an.lysis chosen the test results {ndicate that the
short c¢rack cffect does exist tn 2090 aluminum=-l{thium when LEFM is used to analyze the
crack growth rates, especially for the negatfve R-rati{o tests. The cffcct also appears
to be independent of the test conditions {f.e. constant amplitude or spectrum loading).
As  previousiy mentioned, therd wns difftculty obtaining short crack data for this
materfal. This was a result of the aluminur Y{thir m's variability in crack inftiation
time (Fig 15) followed by poor crack-jgrowth propertiess, which fn turn may be attributed
to the materfia: tenp r. Aun example of this varfab{lity was a crack which inftiated and
fafled a specimen in 300,000 cycler, while the following test using the same test
condictions resulted tn a 1ife to f-{lure of 2,500,000 cycles. No defects were observed
on cither specfmen prior te testing. Two explanations for this inconsistency are that a
possible defect exfsted In the one specimen bencath the surface, where it was
nonvisible, or there were cesfdual stresses {n the other specimen from improper
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machining and polishing procedures. Most of the varlability in the aluminum-lithium was
observed for positive stress ratios at low stress lecvels. Any conpression loading
generally caused cracks to inftfate quickly and consistently. One siwmplifying aspect of
the aluninum—-lithium short crack tests was that, independent of the stress level, it was
unusual for multiple cracks to f{nitiate 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 gstress intengsity factor, AK. The shape of the cracks
growing in the specimen Is assumed to be elliptical, based on experfmental data.
Howevetr, a physically small newly finitiated crack may not establ{sh that assumed shape
for a period of time.

5. CONCLUSIONS

Short «c¢rack tests were performed for constant anmplitude and spectrum loading on
2090~-T8E41 aluminum=lithium. The constant ampljtude tests were conducted for stress
ratios of 0, =1, and -2, while the spectrum tests involved FALSTAFF. The repllcate
technique used to monitor the growth of the short cracks proved to be adequate for the
test conditions. Cracks on the order of 0.0l mm (0.0004 inch) wrre measured during this
test program. One major problem encountered was too much varis :1lity in the initiation
and growth time of the short cracks, resultiong {n many useless but necessary replicas
taken to ensure that sufficiently small cracke would be measured. The short crack data
were analysed using Mode I and combined Mode [/Mode Il approaches. They were then
correlated with long crack data generated using standard ASTM test procedures. This
correlation indficates that the "short crack effect” does exist when the short crack data
are analyzed using current LEFM methods, particularly for the negative R-ratios tested.
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 davelop new analysis tools capable of accounting for this effect.
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Table 1 Baseline Mechamical Properties for

Table 2 Chemcal Composition of 2090-T8€41.

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
ercent 5 Chromium 0.05
Elongatjon Zinc 0.10
Fracture *% 22 MPaym Titanim 0.15
Toughness Zirconium 0.15
- - Lithium 2.60
** For 2,3 mm thick material. other 0.05
Aluminum Balance
Table 3 Test Conditions for Short and Long Crack Tests.
NUMBER OF
N .
TEST TYPE LOADING CONDITION MAX. STRESS SPECIMENS TESTED
LONG R=05 63 MPa z
GRACK R0 ) ]
. 2
= 50 MPa 1
R=A 34 WP i
. ]
R=2:2 .0 MPa 1
34 MPa
* ]
U 137 WPa
FALSTAFE 117 P2 L
SHORT R=1D :gf M;’a i
CRACK P
R = 96 MPa 2
82 MPs 2
R=22 68 MPa 3
54 MPa 1
FALSTAFF 204 MP2 2

* Load-shedding type test.
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SHORT CRACK BEHAVIOUR IN Al~Li ALLOY 2090

M. Helena Carvalho
LNETI - Laboratério Nacional de Engenbaria e Tecnologia Industrial
Lumiar
1699 Lisboa Codex
PORTUGAL

and

M. de Freitas
CEMUL - Centro de Mecdnica e Materiars da Universidade Técnica de Lisboa (INIC)
Av. Rovisco Pais
1096 Lisboa Codex
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SUMMARY

Within the AGARD Cooperative Test Programme on the behaviour of short crachs,
a common airframe aluminium alloy (2024=T3) has been investigated and the significance
of the short crack effect analysed from tests counducted on a single edge notched farigue
specimens of sheet material [1]. The follow up Supplemental Test Programme dealt with
other alloys such as Ti6AlaV, steel 4340,A) 7075 and Al-Li 2090, all of them of interest
to the aerospace “ndustry, The present report describes the results obtained for the
Al-Li alloy at LNET:/CEMUL.

NOMENCLATURE

a, ¢ crack dimensions

8 angle between a slant crack and the applied stress
da/aN fatigue crach growth rate

E Young's modulus

EDX Energive Dispersive X-ray analysis

Fsn boundary correction factor for a surface track

Fon boundary correction factor for a corner crack

o parametric angle defining a point on crack boundary
G strain energy release rate

K
Ky, Kyppe Kppy

stress intensgity factor
stress intensity factors respectively for opening, sliding and
tearing modes

4K stress intensity factor range

8Koq equivalent stress intensity factor range {(=/EG)

Kt elastic stress concentration factor

L, T, 8§ longitudinal, long trangverse and short transverse directions

Ny number of cycles corresponding to the first detection of a crack
N¢ number of cycles corresponding to a through thickness crack

v Poisson's ratio

Q shape factor

R stress ratio (= Sp44/Spax)

s applied stress

sqaxv Sain
it
SEM

maximum and minimum applied stress
applied stress range
Scanning Electron Microscope

¢p.2 yield stress (0.2 percent offset)

[} uniform uniaxaal tensile stress

[4 one half (full) specimen thickness for surface (corner) crack
T uniform shear stress

MATERIAL AND SPECIMENS

The material was an Al-Li Alcoa alloy (2090) of nominal composition shown in
Table 1, in the eak aged condition T8L41.

ihe yreld stress (0.27 offset) and the ultimate tensile strength were given as

526 MPa and 568
estimated as 407

Mga respectively. The constant amplitude fatigue limits were first
higher than those of 2024-T3, but following prelimipary experiments

were later estimated for (X1 = 3) as 160 - 100 - 60 - 50 MPa, respectively for K=0.5,

0, -1, «~2 loadings.

The singic cdge noten tensile (5ENT) 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 semicircular with a nominal radius of 3.18 mm. The

stress concentration factor {Xy) was 3.17 based on gross section stress.

Typical photomicrographs of the 2090-T8E4] sheet are shown in Figs. 1 and 2, The

scanning e¢lectron micrograph (Fig.

1) shows a slight etch given to the material by

the mechanical polishing procedure. Most of the Jioht - tavmesrs11

of the Al,CusFo tync and wend to be aligned
rich an Ti (EDX analysis).

| ractallic constituents are
in the rolling direction, some being also
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The optical micrographs of an etched sample show o pancake type of structure
(Fig. 2). The average grain dimension along the short transverse direction (thickness
of the Al-Li sheet) is approximately 5 um. 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
Pebye-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 cach one of the previous solidification cells
of the Al-Li ingot that have become clongated in the rolling dxrection 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 the grip jaws, so that the
specimens would not c¢rack 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
the 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. 1.

Fatigue tests were conducted under several constant amplitude loading conditions
in laboratory rair, (average temperature 23 * 4°C and relative humidity 65 % 3%). In
all tests the cycle frequencies ranged from 5 to 15 Hz. The real specimea thickness
was less than the nominal thickmess of 2.3 mm: the actual values (2.146 to 2.19 mm)
were used when load conditions were calculated and crack length measurements corrected
for replica shrinkage.

The stress ratios, R = -2, =1 and 0 were used. At each R ratio the stress levels
were selected according to the ultimate strength, yield stress, and estimated fatigue
1imit. Table 2 shows the selected maximum gross stresses and the local notch root
elastic stresses at maximum and minimum applied stress. The highest R = =2 and R=0
loading conditions cause the notch root to yield respectively under compression and
tension. All conditions at R = -1 loading are elastic, These conditions vere saimilar
to those of the 2024 Core Programme.

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

Each test was interrupted at regular antervals 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 i1n a SEM at 9 keV. Systematic analysas of several vreplicas starting {rom
the lost one allowed the location of crack initiation. Measurement of the crack length,
projected xn the horizontal/short transverse direction, was carried out for cach replica
and registered in the appropriate AGARD chart maps together with the corresponding
number of cycles.

RESULTS AND DISCUSSION

From the 15 tests effectively runm, only 11 provided measningful 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 eather Spax or 4S. The number of cracks detected in cach test did not
seem to vary systematically with esther Spax or AS. The first crack initiated usually
halfwvay between the centre and the edge of the notch. Characteristic length at first
detection varied between 5 and 70 vm,

In all tests the last replica showed the through-thickness crack to appear with
most of its length as a microscopically straight line at approximately 20%to the rolling/
test direction or to have a V shape characterized by the same 30°angle. Fig. 4 shows
the tracel{s) of the farigue surface(s) on the notch surface, 1llustrating a typical
example of each case. When secondary cracks occurred, rhe gamp marrcacepic proferentind
orientation s evidept in them (Figs. 5 and 6). The V configuration can result either
from the intersection of two cracks or from the deflection of one crack. Most of the
cracks started with 3n initial horizontal length of 5 to 50 pum but assumed the typaical
30%orientation shortly after (Figs. 7 and 8). The "serrations” that sometimes connect
different paraliel lengths of the cracks do not seem to be nlugys ieisted to short
transverse grain size (Fig, R},

This crack orientation bebaviour is thought to be related Lo the propensity towards
planar slip characteristic of some Al-Li alloys [2], in combination with the detected
preferred crystallographic orientation. A minimum tensile/yicld strength has been

O
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frequently found at 50 to 60° to rhe working direction in_Al-Li alloy mill products
and attributed to the presence of a ({110} fllZ] texture [3, 4]. 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 thickmess [5]. If the replicated plame
at thé root of the notch is assumed to be (111), Fig, 12 shows there are four 110]
directions contained in (111) planes which give traces on the replica at 30° to the
rolling direction, The {110 } [112] texture secems then consistent with crack propagation
assisted by favourably oriented (111) [110] slip systenms,

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 11,

For the R = -2 and R = ~]1 fatigue tests the fatigue fracturc surfaces showed a
black powdery deposit, assumed to be fretting debris, defining conchoidal marks. EDX
analysis showed this fretting product to be rich in Al and Cu, probably Al Li He. These
marks corresponded to sucessive pos:itions of the crack front when the fatigue tests
were interrupted to take replicas, and as such they give indications cf the crack shape.
For each mark the crack depth ¢ and crack length a or 2a were measured according to
Fig. 13 and a plot of c¢/a against a/t was obtained for several specimens, as shown
in Fig. 14. Desprte the poor correlation, an experimental equation of crack~shape
c/a sgainst specimen thickness can be obtained ag:

c/a = 1.18 + 0,51 (a/) (1)

Crack growth data were obtained on length-cycles coordinates and anslysed op crack
growth rate - stress intensity factor range ceordinates. Both projected crack length
and actual crack length were considered,

Analysis based on projected crack length

The &K equation for a semi-clliptical surface crack located at the centre of the
edge notch or for a guarter elliptical corner crack subjected to remote uniform stress
can be obtained [l, 63 respectively as:

AK = AS [7a/Q . Fgq ()
AK = AS Jza/Q . Fen ¢3)

where 88 is full stress range, Q is the shape factor and Fg, and F, are the boundary
correction factors given in Téj.

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

c/a= 0.9 - 0.256 (a/t)? (4)

Figs. 15, 16 and 17 show, respectively for R = ~2, =1 and 0, the short crack growth
rate agsinst the stress intensity factor range assuming crack 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 1long 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 8K the crack growth rate
is not significantly different and therefore only Eq.(4) was used henceforth,

Analysis based on actual crack length

As mentionod previously., a svstematic 30° slant of the cracks was found in all
the tests. The remote uniform stress has ihiecn a shear stress component in the crack
plane and a normal stress component. Mixed mode conditive~ of crack propagation exaist
and 2 simplified =medel for these condivions wos atvempted in order tn nhiwi. -mare

accurate anslysis of the data, tTTUTotmomnee

At the points (A) where the crack intersects the notch surface 3 mixed mode composed
of mode I plus mode 11 exists and at the maximum crack depth (B) s mixed mode composed
of mode I plus mode III exists (Fig. 19).

rer a slant crack of length 2a in a sheet, subjected to a uniform stress O remote
from the crack and wakirg an angle B with the direction of o (Fig. 20), the stress
intensity factors Ky and Ky are given {8] ovy:
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Ky = sen® g ¢ V7@ (5)
Ky = senf cosf ¢ ¥7a (6)

For an elliptical crack of length 2a and depth 2c¢ subjected to uniform uniaxial
tensile stress ¢ (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 = adthey are

given by:
Ky = 20 {a/x (7)
K“=x—1(‘2_—vjcos¢.r.{ﬁ (8)
Km=‘:—§§§§sen¢. R (9

On the basis of Eqs.(2) and (3) an approximate stress intensity factor equation
for modes I, 11 and III, can be calculated for a semi-elliptical surface slani crack
at the ¢dge of a notch. It assumes that the boundary correction factors Fgp and Fo, are
the same for the three modes, that the shape factor Q@ for modes II and IYI are the
ones in Eqs. (8) and (9) and the applied stresses are taken from Eqs. (5) and (6).

For a surface crack, ain the special case when the ellipse becomes a circle, the
equations for the three rodes are:

l<l = 2§ sen? g Ju/x . Fgn (10)
Kip = ;—‘1(2_—1,) » S . senf cosf VTR . Fgp an
" 4 (1-

Kiyp = ;—%§:§§ . 8. senf . cosp {xa . Fgp (12)

and the strain energy release rate 6 1s, for plane stress conditions:
= 2 2
G = é [KI +Kip 4+ (1 - v) Kill} (13)

Fig. 23 compares crack growth rate against stress intensity factor range for modes
I, IT and 111, for a slant surface crack growing under R = =1, Spayx = 80 MPa conditions.
The greatest contribution to the total &K can be seen as being given by mode II.

For the same surface crack, Fig. 24 compares crack growth rate against E.G. values
calculated as K*, Kf + K1 (at points A) and Ki + (1 +v) K 111 (ot maximum crack depth,
point B). As can be seen, for a given crack length the E.G. value at point B is smaller
tnan at point A, so plots of AK against da/dN were obtained only for these points A
and using a &K = ¥ (E.G) to compare with long crack data [7}.

Such plots arc shown in Figs. 25, 26 and 27 respectively for R = -2, R = -] and
R = 0 loading conditions, Direct comparison with Figs. 15, 16 and 17 shows that for
a glven AK a greater short crack growth rate 1s obtained with this mixed mode analysis,
owing mainly to the 30° crack slant orxentation.

The 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.

CONQLUSIONS

The present study of the crack propegation behaviour of short naturally occurring
¢racks in an Al-Li alloy (2090 - T8E41) leads to the following conclusions:

1. A 30° slent cracking pattern was obtained in all tests. This behaviour 1is Guite
gifforent from the one found for the 2024-T3 material tested in the AGARD Core

i Tum GRNC,.

2. The systematic crack orientation is probably related to the texture of the Al-Lx
sheet.,

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

3.1, At equival .t nominal 8K levels short crack growth rates were dcfinitely faster

[EARTRERE N SRRt S AP AR
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than long crack growth rates for constant amplitude loadings R = -2 and R =-1l.
For R = -2, short cracks grew faster at higher stress levels for the same &K,

3.2, For R = 0, short crack growth rate was only slightly faster than long crack growth
rate for equivalent &K.

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

4, The attempted mixed mode analysfis shows the enhancement of the short crack effect
described in conclusion 3.
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Table 1 - Cnemical composition of 2090-T8E4]

Percent
Element
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

Max imum
Loading Gross Stress Ei%;%ﬁﬁ EI%;gin
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 Y
140 0.84 0
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Figure 4 - SEM photographs of halves of
fatigued specimens tested at:

a) R=-1, S pax=70 MPa; b) R=0,
Smax *170 MPa . Electron beam
parallel to 1long transverse

direction

Figure 6 - Replica at 8.800 cycles for the
specimen tested at Re-2, Spay =
90 MPa

Figure 5 - Replica atv 103,000
the specimen
Spax™ 35 MPa

cycles for
tested at R=-2,

Figure 7 ~ Replica at 75.000 cycles for
the specimen tested at R=~2,
Spmax®110 MPa. Arrow indicates
crack initiation site
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Figure 8 - Replica at 75.000 cycles for the

specimen tested at R==1, Sp,y =80
MPa. Arrow indicates crack
initiation site

Figure 10 - Typical tension fracture surface
(R==1, Spax=80MPa).Electron bean
parallel to tension axis

Figure 9 - Typical fatigue fracture

surface (R=0, Sp,x = 170 MPa).
Arrow indicates crack
initiation site. Electron beanm
parallel to tension axis

Figure 11 - Typical tension fracture

surface (Ra=1, Sp,,=80 MPa).
Electron bean normal to
tension axis
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Figure 12 - a) Notch surface orienrtation assuming {011} <211> texture.
b) (111) standard projection showing 30° angles between 7
longitudinal direction and the traces of two (111) planes B
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Figure 13 - Optical macrograph of fatigue fracture surface of specimen tested at
R = =1, Spax = 90 MPa
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Figure 14 - Crack shape experimentsl measurements from specimens
under R = =1 und R = -2 loading
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CRACK BEHAVIOUR OF 2024-T3, 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 fiir Luft- und Raumfahrt (OLR)
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SUMMARY

The present report describes the contribution of tae 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-
gramne short and long crack tests on the aluminium-lithium alloy 2090-T8E41 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 cut that 2024-T3 and 2090-T8E41 showed the so-called short crack
effect. This effect is mainly attributed to the influence of crack closure.

The microscopical behaviour of 2024-T3 and 2090-T8E41 was different. At 2024-T3 several cracks ini-
tiated, normally as center cracks, whereas at 2090-T8E41 corner cracks were the predominant cracks.

In the long crack stage 2090-T8E41 turned out to be not such damage tolerant as expected.

f.  INTRODUCTION

The economical Vife 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 3lso 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~T8E41 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 Programme

Table 1 gives a survey of all tests which were performed by DLR in the core and in the supplemental
programme. In the iong crack stage some exploratory tests on the conventional high strength aluminium alioy
7075-16 were also included. (The workloads of the participants of the AGARD programme are given in Tables
fa and 1b in the Appendix.)

2.2 Specimens and Material

A1l 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 fa and 2b in the Appendix.)

The chemical composition and the mechanical properties of the alloys investigated are given in Tables
23 and 2b in the Appendix. (Because 2090-T8E41 15 a high strength type of alloy, 1t was expected that this
alloy compares more to 7075-T6 rather than to 2024-73.

2.3 Experimental Techniques

The initiation and propagation behaviour of short cracks appears complex, because multiple crack ini-
tiation often takes place. During their further growth the shortcracks interact with each other. A special
mapping procedure was used fo document the short crack behaviour. On a (graphical) sketch of the rotch 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.) A1l 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 cptical obsersations. 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 cunulative frequency of the level crossings
is considered, its envelope shows the typjcal 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 spectral 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 {rregularity 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 nduced
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 servohydraulic 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. EXPERIMENTAL 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 [1]. (They are also reproduced for constant ampiitude 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 nonsidered, where no interactions of the short cracks did occur,
following the non-interaction criteria as specified in [1], 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 1s plotted versus the cycle number. in contrast to 2024-73,
which was investigated within the core programme, the number of short c¢racks which were jnitiated was con-
siderably lower, except in one case (specimen 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 2090-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 2 qives 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 o 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 Toading in a da/dN versus 4K
format, whereby the AK values were determined after J. Newman's proposal in [{]. As the stresses for the
caleulation of the A¥ valuec tho stross variatione betwoon the munimum and the minimum stress valugs within

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

wn

The long crack-behaviour of 2090-T8E41 under Gaussian loading with a maximum stress of 150 N/mmd is
given 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, 150 N/mme, and 186 N/mm? 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? 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 targe and the load carrying capacity of the specimen net section is signifi-
cantly reduced, the peak loads cause unstable crack growth as scon as the critical stress intensity factor
of the material js reached. Figure 7 shows the long crack behaviour of 2090-T8E41 in terms of da/dN versus
4K, These data include those parts of the loading history as applied at specimen B1305 with Spay values

of 120 N/mm and 180 N/mm2,

In order to get some insight, how the conventional high strength aluminium alloy 7075-T6 compares to
2050-T8EA1, two exploratory tests on 7075-T6 were pevformed with a Smax value of the Gaussian sequence of
150 N/mm¢. 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 tendercy 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 4K behaviour for 2090-T8E41 and for 7075-76. It can be seen that both
data fall within one scatter band in the range of medium da/dN versus 4K values. At higher da/di versus AK
values 2090-T8E41 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 aK diagramme,

4, EVALUATION AND DISCUSSION OF EXPERIMENTAL RESULTS
4.1 Short Crack Stage

2024-13 showed the so-called short crack effect in the core programme and it was of interest if 2090-
T8EAY behaved in a similar manner. Especially the foilowing two phenomena had been observed at 2024-T3:

- the da/dN data of the short cracks followed under Gaussfan loading roughly that slope as given by the
Tong crack da/dN versus 4K 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-T8E4t was similar,

One reason for the existence of such a short crack effect which is quite often mentioned is a differ-
ence 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 Kmax value in the tests and increasing the Kmin value in the course
of the tasts [2,3) or two-step tests with a same high Kpax value in both steps and a significantly lower
8K value in the second step {4)), 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 ctacks 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-TRE41 also shows another microscopical phenomenon (which will be described in
more detail later on): The short cracks actually start to grow at 45° to the loading direction. Under such
circumstances crack closure is less important.

Summarizing, il 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 4K values based on linear elastic fracture mechanics can be used
to represent the short crack behavicur, 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 (1)
that the present knowledge i5 not sufficient to define fixed limits for the application of the tools of
linear elastic fracture mechanics co represent short crack data. Numerous investigations with long cracks
have shown that the range where the stress intensity factor could be used to represent crack 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 4K values could be determined, there are further load se~
anence effacts on crack oropagation, which lead to 4 devistion from a iinear crack propagation. Une possi-
bitity 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 [11, 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-T3 most of the cracks started as center cracks. At 2090-T8E41 center
cracks initiated less frequently. In that case where a center crack started Sirst, 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
45° 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
jllumination and due to the unevenness of the specimen surface.) The tendency of 2090-T8E41 to form cracks
at 45° 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-T8£41 and 7075-T6 were compared. Although the
number of tests was very small, there were indications that the crack propagation at 2090-T8E41 is somewhat
stowlier 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-T6 are shown.
There exist some essential differences between both alloys. At 7075-76 the crack started at 90° to the
loading direction and remained in this position for a Jong range in crack length until it gradually changed
1ts position into 45° tc the loading direction. At 2090~T8E41 the 45° transition was observed at short
crack langths, 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-1ithium 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 Saussian loading.
Figure 10 shows that the fracture surfaces of 2090-T8£41 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 constant amplitude, FALSTAFF and Gaussian load-
ing (core programme) and short and long crack tests with Gauszian loading on 2090-T8E41 (supplemental pro-
gramme) were performed. Some exploratory long crack tests on 7075-T6 with Gaussian loading were added.
Althoggh 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 vracht effect" in so far as the da/dN versus 4K data
followed roughly a straight 1ine elongation of the medium range of the long crack da/dN versus &K daia
and that the da/dN versus AK data of the short cracks were somewnat higher than for long cracks. Crack
closure seems to be the main reason for the “pserved short crack behaviour.

- At 2024-T3 usually more than one sho:t crach nucleated, which were mawnly center c¢racks. These cracks
jnteracted later on intensively such that various data points had to be eliminated to fulfil the non-
interaction criterion. Except n one case the number of cracks at 2090-T8E41 was smaller and the
dominant cracks turned out to be corner cracks.

- At 2024-T3 and 7075-T6 the short cracks usually imitiate at 90° to the loading direction and remain
in this position for some range in crack length. At 2090-T8£41 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 slowlier at shorter crack lengths at
£090-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 4K
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-
by-cycle propagstion prodiction wodels as the FASTRAN model by J. Newwan where the Dasis is well under-

stood.
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Figure 1.- Survey of DFVLR (DLR) tests.
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Figure 2.~ Short crack behaviour of 2090-T8E41 (surface cracks).
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AGARD Short Crack, 2090 - TBE441, Gaussian Random
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Figure 3.~ Cycle number and crack lengths at first detection of the short
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of the notch of the SENT specimens,
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Figure 9.- Formation of short cracks at the notches of the 2024-T3 and of
the 2090-T8E41 SENT specimens under Gaussian loading,

Figure 10.- Fracture surfaces of the long cracks of the 2090-T8E41 and the
7075-16 CCT specimens under Gaussian loading.
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APPENDIX
TABLE

Participant Test Matrix on Short Crack Growth - Core Programme - 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
HML HML HML HML HUL HML

France xxx  xxx xxx® X X
-CEAT
Germany X X XX XXX
-DFVLR
Germany XXX XXX XXX XXX
-{ABG
’ Italy XXX XXX XXX XX
-Pisa
Netherlands XXX XXX
-NLR
Portugal- X XX XXX XXX XXX
LNETI/CEMUL
Sweden XXX XXX XXX XXX
-FFA
Turkey X XX XXX XXX XXX
~METY
United
Kingdom X X X XXX XXX XXX X XX XXX
~RAE
USA-JHU X X X XXX XXX XXX

USA-NASA XXX XXX XXX XXX XXX
USA-AFWAL XXX XXX XXX XXX

(a) H, 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

Particapant R # -2 -1 0 .5 FALSTAFF GARUSSIAN TWIST FELIX

Germany SL{a)
-DFVLR

. Portugal S S S
~LNETI

Sweden S SL
-ARI

England sy
~RAE

USA-AFVWAL L SL SL SL st

USA-NASA S H

(a) § = Short-crack tests and L = Long-crack tests.

T



TABLE 2

Chemical and Mechanical Properties of 2024-T3, 2090-T8E41, and 7075-T6

Alloy Cu In Mg Mn Cr Si Fe Ti Ir Li Al
2024-13 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
7075-16 1.68 5.60 2.50 0.08 0.25 0.40 0.50 0.20 Balance
Alloy Ultimate Yield stress Modulus of Elongation
tensile (0.2-percent elasticity, {51-rm gage
strength, offset), lengthg,
MPa MPa MPa percent
2024~73 495 355 72,000 21
2090-T8E41 580 525 78,200 5
7075-16 567 486 72,000 (12)
3a) 305 M
L 150 m |
i ] g
(':\‘. ] W = 50 mm | IR
/ 1] ¥ 1 7
,\ -’ | I New?
optional hole ; H
f — i
Grip ltne 6rip line
Thickness = B = 2.3 mm i X
r=3.,18 rm
—Y
b} Note All dimensions in aillimeters
GRIP AREA

e I
l\

|~ CENTRAL SLOT
(0.5 x 7.5)

tests (a) and
Center Crack Tension (CCT) fatigue specimens for long crack tests (b).
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Figure 1.- Single Edge Notch Tension (SENT) fatigue specimens for short crack
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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=-
jum 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 weze found to be similar at each of three applied stress levels. This result is
explained in teims of crack opening stress levels and is gqualitatively 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 thresheld 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 60° 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 linea: 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 sawme calculated stress
intensity factoxr. This is generally 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 tasked with
investigating under what testing conditions the ancmaly was observed and vhat 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 wag split into two parts, a core programme and a
supplemental programme., In the core prcgramme 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 fatique 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 separatelyl. 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 materiat) and 209C-T8E41 aluminium-lithium alloy. The load sequences
used were Inverted FALSTAFF and FELIX. In addition to measuring crack growth rates at
shoxrt 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 acress 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 Newmand.

2 SPECIMENS AND MATERIALS

Two specimen types were used throvghout the programme. Short crack measurements
were made on single side notch specimens of the dimensions given in F23 la. Long crack
growth measurements were made on centre cracked specimens of the dimensions given in
Fig 1b. Specimens were supplied ready machined, and chemically polished at the notches,
by USAF Wright. Aeronautical Laboratory. Detailis of the manaracturing routes are dGes -
cribed in Ref 1. Prioxr to fatigue testing, an area around the notch of the short crack
specimens was llghtly etched to reveal the microstructure. Both short and long erack
type specimens were tested using antibuckling guides when compressive loading was applied.
The antibuckling guides were lightly clamped to the specimens with teflon sheets inserted
between the guides and the specimen.

The two iaterials used in the UK supplemental programme were 2024-73 aluminium
alloy and 2090-T8E41 aluminium-iithium alloi. The materials were both supplied by NASA-
Laggiey Research Center and thelx average chemical and mechanical properties are given in
Table 1.
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3 FATIGUE TESTING PROGRAMME

All specimens were tested using an INSTRON 100kN electro~hydraulic fatligue testing
machine. Alignment 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 Hewlett-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 13 of the demanded
load range. The loading frequeacy used throughout the programme was 15 Hz.

Tests were performed under Inverted FALSYAFF 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 just and manoeuvre loads are applied in compression, such as
might be experienced by an uppér wing surface, FELIX is a standard loading sequence
which represents a typical load history for the lower surface blade xoot on a fixed or
semiwrigid rotor hel*copter. §t consists of some 4.5 million load transitions which con-
stitute 140 aircraft flights

r iue tests were carried out to measure crack propagation at short and long crack
lengt’ ng the specimens described in section 2, Testing detalls for short and long
cracks are described in sections 3.1 and 3.2 respectively.

3.1 short crack test programme

Short fatigue crack growth mcasurements were made on specimens of 2024-T3 and
2090~-78E41 under the FELIX loading sequence. Measurements were also made on specimens of
2024~73 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 ze 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. Foxr 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 technigue. 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 a2 rod and elastic
bands. It was then removed after 3 minutes and examined under an optical microscope.

If the guality 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 1b) wes subjected to FELIX loading with a peak
gross applied stress level of 110 MPa. Cracks weré yrown from both ends of the s’of until
they both reached a length of at least 2 mm. A surface replica technigue 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 ¢.5 mn,
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 cyecles. During this period no crack propagation was observed.
The loads were iricreased by a further 6% and the cracks were observsd 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 {ncreased by 6%. This process was continued until the specimen failed.

4 FATIGUE TEST RESULTS
4.1 Inverted FALSTAFF short crack test results

Crack length measurements werce made on short crack type specimens of 2024-13
material as described in section 3. A plot of the crack growth rate data obtained as a
funétion of stress intensity factor range is presented in Fig 2 for each of the three
stress levels used. Crack rates were calculated from congecutive replica crack length
measurements. The stress intenelity factnr solublon i doseribed in Dof i, TY is baseld
on the full applied stress range, 7e from FALSTAFP 1evel 1 to 32, and on the average
crack iength, ze the average f the crack lengths measured on consecutive replicas.

The fatigue endurances to initial crack and full specimen width crack are presented
in Fig 3. fThe 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-T8E4]l 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 levél -28 to 100 was used in the calculation of stress intensity factor.

The fatigue tests using the 2090-T8E4] material exhibited unusual crack growth
behaviour. With the 2024-T3 material cracks qrew in an approximate straight line across
the throat of the notch. With the 2090-T8E41 material, cracks grew for a period of time
across the notch and then abruptly changed direction and grew at approximately 60° to the
original crack. At high applied stress levels the length of crack prior to the change in
Airection 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. 1In
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. Filg 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 1b) 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, te¢ 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, Ze one discrete crack was obsexrved
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. 1In this regime a crack appeared slightly ahead of and above or
below the main crack. This small crack then grew 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 brecakthrough 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 Pig ¢ 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 highgst applied
stress level anu slowest at the lowest applied stress level (eg 4K = 8 MPa.m¥ 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, 11 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
i70 MPa (Pig 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 6K 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 um)
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
full widlh under FALSTATT and Inverled FALSTAFF loading are similar al 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 similar 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 be
remembered that the stress intensity factor ranges (4K) applied in both test sequences
are the same. However, the value of 8K experlenced 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 i, 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 pym 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 arxe presented in Fig 6. 1In this case, ho/ever, a slight stress level
effect is observable, where for a given &K , cracks tested at the higher stress levels
-(8horter cracks) propagate faster than those tested at the lower suriess 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 60° to the normal crack growth uxis. One might expect that the degree of
crack closure would be different in the Cvo materials »nd that cracks in the 2090-~T8E41L
alloy would not be propagating under purely mode I copditions. The cause of this angular
crack growth is not fully understood, bu’ appears to be related :ic the strong deformation
textures observed (described in Ref 5). .owever, 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 st the lowest stresc level. As the stress
level increased, the length of initial ~>ack dgcreased. This suggests that there may be
a threshold K level below which eyacks will grow entirely perpeadicular to the load axis.

The long crack FELIX data obtained for 2090-T8FE41 material is presented in Fig 15.
It is obvious that the decreasing lcad crack growth rate data is somewhat faster than the
increasing load data at the ;ame stregs intensity factor range. There are a number of
possible explanations for this observed tre-4., FELIX is an extremely long sequence
(4.5 % 10° turning points) which is reasonably vell mixed. Howeves, the number of applied load
cycles at a given stress level is considerably greater in the decreasing load phase than
in the increasing load  hase due to the change in crack length. In both cases the
number of cycles is considerably less than one complete FELIX sequence, It is possible
therefore, that the relatively smali number 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 applies’ in the decreasing load phase. The fatigue test lasted
for approximately six months and it is possible that changes in crack closure levels
occurred due to corrosion products. Changes in the nature of the fracture surface with
applied load during testing, 7e presence/absence of shear lip, may also have affected
crack closure levels.,

The long and short Crack data under FELIX loading of the 2090-T3EAl 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 und.r 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 results ising the FASTRAN programme of Newman.

6 CONCLUSIONS

{a)  FALSTAPF and Inverted PALSTATT

156ding sequences van be equally damaging at short
crack lengths. A crack closure wodel has been used to gualitatively explain this
obsexvation.

{b) Crack growth data obtained with single~edge-notch tension short crack specimens
showed that crack growth rates Gt a given stress intcngity fa-tor were faster for
short cracks than for long cracks propagating under Inverted FALSTAFF loading in
2024-T3 alloy. In the case of 2090-T8E41l alloy urder FELIX loading there was evi~
dence of a similar effect but eppeared to be much less marked. :
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short cracks grew initially at 90° to the load axis and subsequently at 60° to the
initial crack in 2090-T8E41 alloy under PELIX 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-T8E4)l were similar under

FELIX loading if the projection of the crack length onto an axis jerpendicular to
the loading axis in the 2090-T8E4l alloy was used.

(c)

{e) Short cracks propagated at stress intensaty factors well below tlie 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-TBE41
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 ! 1.5} 0.25
Chromium 0.02 0.05
Zinc . 0.06
Titanium 0.15
Zirconium 0.1¢
 Aluminium - Balance Balance
2 § 2

AVERAGE MECHANICAL PROPERTIES OF 2024-T3 AND 2090-T8E41
ALUMINIUM ALLOY SHEET IN L-T DIRECTION

Ultimate : Yield stress Modulus of . £longation
‘ tensile ! (0.2 per cent | elasticity @ (51 mm gauge
Materaal strength i offset) length)
MPa | MPa MPa per cent
2024-73 495 i 355 72000 21
¥
i
2090~T8E41 580 i 525 ' 78200 5
1 i 3
Table 2
FATIGUE TEST MATRIX
H
. Peak stress
Loading
Shert/Long Alloy sequence (gross)
H MpPa
|
¥
Short 2024-T3 Inverted =275 ;
FALSTAFF ~205
-170 :
i
Short 2024-T3 FELIX 200 H
185 !
170 ;
155 I
[3
short 2090~TBE41 FELIX 240 l
225 '
210
195
|
Long 2090-T8E41 | FELIX Load shed |
! ]
Copyright
@

Controller HMSO London
1988
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- SHORT CRACK GROWTH UNDER REALISTIC FLIGHT LOADING:

MODEL PREQICTIONS AND EXPERIMENTAL RESULTS FOR AL 2024 AND AL-LI 2090
b by

. 4.F. Blom

= Structuras Department

- The Aeronautical Research Institute of Sweden (FFA)

- P.0. Box 11021, S-161 11 Bromma

H Sweden

SUMMARY

The swedish contribution to the AGARD effort on short fatigue crack growth includes various experi-
mental investigations on the aluminium alloys Al 2024-13 and Al-Li 2090-T8E41. These two materfals 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 THIST, representative for tne lower wiig
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 memerical 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 nurber of reasons, inciuding both
nmicrostructural and mechanical aspects. The accumulated knowledge regarding short fatigue crack growth
behaviour is still essentfaily restricted, however, to constant ampiitude loading. Although clearly of
large academic interest, such loading condftions 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 conditfons were presented at the AGARR Structures
and Marerials 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 Tost Programme was init{ated with 12 laboratories from nine different
countries participating.

The core programme, which encompassed testing on the aluminium alloy Al 2024-73, is now evaluated
and reported {4]. It was found that short cracks grew faster than long cracks at the same nominal stress

intensity range for FALSTAFF and GAUSSiAN Toading, i.e. the so-called short «rack anomaly did occur for
these load spectra.

Besides from the experimental results themselves, an important outcome of the core programme 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. Ihese inciudsd distribution of machined specimens cut and manufacturec from the same batch of
material, certain alignment procedures of test machines and gripping fixtures, independent on-line
spectrum loading accuracy verification etc., see Ref. [4] for details.

In the supplemental programme, the test ~atrix was expanded to include both other materials, e.g.
Al 7075-16, Al-Li 2090-T€r41, 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 ¢wedish part of the supplemental progr2mme. The experimental work involves
the same Al 2024-Y3 alloy 2s tested in the core programre, but subjected to YWIST loading. An aluminium-
Vithium alloy, 2090-T8E41, was al<o investigated under both constant amplitude loading, at R = Sain/ Smax
= 0.5, and under TWIST and FALSTAFF spectrum ioading. Besides from the experimental data, numerical pre
dictions by a modified Dugdale-Barenblatt rodel are included. Model predictions are performed both for

g1' the various test conditions in the core programme and aiso for the supplemental testing of the A)
2024-13 alloy.

2. TXPERIMENTAL PROCEDURES

As the experimental procedures used for the work in the supplemental programme are largely similar

to those in the core programme, only the rmost basic information will be given below. For specific
details, see Ref. {4].

2.1 Test Specimens . "E )

- Rl short crack growth tests were carried out using single edge notch specimens. The semi-circular
notch had a radfus of 3.18 om resulting In an elastic stress concentration Y42 3.17, based on gross-
section siress. The 305 mm long and 50 mi wide specimans were cut from sheets, of 2.3 rm (Al 2024-13) and
2.15 mm {A1-L7 2090-T8E41) thickness, so that the loading direction was applied in the rolling direction
of the materials, i.e. L-T orientation.




For the lorg crack growth date obtafnes under joad shedding of the TWIST spectrum, conventional
centre-cracked specimens of 76.2 sm width, L-T orientation, were used.

2.2 Materials

A detailed microstructural descripticn of the Al 2024-13 alluy is giwn in Anzex A of Ref. {4}, The
ultimate tensile strength is 435 MPa, yfeld strengtn is 355 MPa and elonystion is 21%. Tre grain size in
the rolling direction is about 95 wpn. Typical grain dimensions in the crick growth directrens, 22 axd ¢,
are 25 pn and 55 pm, respectively.

The Al-Li 2090-T8£41 2" loy was obtzined from the Un.ted Staies Rir Ferce HWrighl Aeronzutical Labory-
tories. The ultimate tens-le strength is 568 M2, yield sirengrh fs 526 MPa ano clongation is 5% {5}
Further d-tails on the same aluminiun-lithjum alloy can be found in, for exampicv, Ref. i€}, Ine shect,
which is in the un-recrystallized form, has a_very strongly cuveloped deformation texture that changes
its type from the surface to the mid-plane [7]. This texture is relate¢ to the machenical anisotropy in
the material. It is reported that the yield streangth is about 15% lower Sn the 5§0%-plane where the
ductility iz largest (5].

2.3 Test Equipment

All lests were performed in MTS servohydraulic testing machines in ambient laboratory air. Hydraulic
grips were used throughout and anti-buckling gquides, with teflon sheets, were used for all conctzat
amplitude tests at negative stress ratios and for all spectrum tests. Constant amplitude tect, were run
at cyclic freguencies in between 5 to 20 Hz. Spectrum tests were performed witk .onstint disp)acement
~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 R

in the core prograrme the Al 2024-13 alloy was tested at R = 0, -1, -2 and with FALSTAFF. Other
participants also investigated R = 0.5 and GAUSSIAN loading. For esch test condition three different load
levels were used. These are given in Table 6 in Ref. [4].

In the supplemental prograrme the Al 2024-T3 alloy was also ianvestigated under TWIST spectrum
loading with maximum gross stress levels of 225 and 275 ¥Pa. The Al-Li 2090-T8E41 a loy was tested at
R = 0.5, with mixinum gross stress levels of 150, 180 and 200 MPa, with FALSTAFF, vith maximum gross
stress levels of 200 and 240 MPa, and with TWIST at a maximum gross stress level of 240 MPa.

FALSTAFF (8, 9] s a standardized load spectrum, based on a large nurber 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{bt). The severity of the spectrum s here identified by
the stress unich the test specimen experiences at the highest load level in the total sequence. During
the coee programie, the ability to accurately apply the FALSTAFF loading sequence was independently
checked, see Annex D in Ref. {4 , with a good set of results as outcome.

THIST {10, 11] is also a standardized 10ad spectrum. It is representative for the load history of
the wing root of transport ajrcraft and is based on center of gravity measurements on 0C-9, Soeing 737,
BAC 1-11 2nd the military transport Transall, and on theoretical frequency distribution of DC-10, Fokker
F-27 and F-28 aircraft. The total sequence, with a return period length of 4000 flights, consists of
398 665 Joad cycles distributed over ten different flights. The load spectrum, based on a level crossing
count of gust Toad cycles and tue ground to air cycles, is shown as a cumulative exceedance distribution
in Figure 2(a) and the first 150 cycies of flight type H are shown in Figure 2{b). Taxi loads are cmitted
in THIST, The severity of the spectrun is here identified in analogy to the FALSTAFF sequence abuve, f.e.
by the stress ievel related to the highest load level in the total seouence.

2.5 Short Crack Measurements

. A1l measurements of short crack growth date were performed with a plastic replica method as outlived
in Anmnex E of Ref. [4]. It was found ihat best resnlts were obtained when the specimens were not otched
prior to testing.

For each test condition, i.e. comdination of loading and applicd stress, two different sorts of
tests were performed, Firstly, in order to obtain surface crack lenjth versus no. of load cycles data,
one specimen was tested until one continuous crouk was all the way <cross the notch root. The specimen
was then statically pulled to faflure. Secondly, in ordur 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 ¢f the
natch wWas between 0.5 ¢end 1.0 ma. Then. the specimen was broken ctatieally N

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 lepgths use for data evaluation 2re 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 applied o the
ran data, which significantly reduced the total amount of scatter in the data.
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2.6 Llong Crack Measurements ~

The TWIST ivad sequénce was applied- 1o cuntre cracked specimens in order to obtain long crack growth
data over a wide range of crack orowth rates. Tais was done by firstly load shedding the total sequence
“oxn to the thresheld regime and then increasing the reference load by a certain fraction to obtain cra.x
growth datz under pX-iscreasing conditions entid fracture occurred. The load shedding was performed by
reducing the rererence joad with 55 cf the immediately prior load level after a crack growth increment of
¢,% . The 165t procedure 3s extremely tedious with some tests running up to six months. The same sort
of experimenis were performed on FALSTASF, but with larger load reduction in each step, Annex G of Ref.
{4], and on the GAUSSIAN 1022 sequence with a fixed load decrement, Annex H of Ref. [4 f

3. NSMESICAL MODELLING

Although both microstructural and statistical models have been proposed to account for short crack
effects, e.g. [1,72], these have in common that they rely on extensive experimental cata te 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 fnability of the elastic stress intensity factor to describe
the crack tip ffelds 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 varjous forms, were recently found to
be the primacy cause for differences in the behaviour between long and short cracks {12 }. 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 b2 used as a basis for modelling of
short crack effects. This is because this form of crack closure fs -the only one that can be used to
predict the deveicpment of closure with increasing crack length in a quantitative way, as evidenced from
recent finite clement modelling [12-14]. However, it should be pointed out that measured closure levels
(in plane strain) were found to be significantly higher than numerical plame 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 microstructures (12, 14 }.

Despite such shortcomings as mentioned above, the plasticity-induced crack closure concept has been
utilized in the core programme of the current AGARD activity with very good results [4]. The model used,
originally developed by Newman {15] and already apolied to short cracks in Refs. {16, 17}, is based on
the Dugdale sodel but modified to Teave 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
programme and the supplemental programme. The utilized model has been verified {18; for both plane stress
and plane strain computations of crack closure in a CT-specimen subjected to constant amp)jtude 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].

Humericel predictions presented subsequently have been performed with the same input parameters,
regarding effective crack growth properties etc., for the Al 2024-13 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 supplements] programme be given. As al}
the experimental data of the core programme have already been included in Ref. (4], a detailed account
will not be repeated here. Instead, the performed numerical predictions will te presented and compared to
the data in Ref. {4] and to the calculations included therein.

4.1 Core Programme

ldentical computations as those performed in Ref. {4] were carried cut to evaluate the computer code
being used. Firstly, the increase in computed crack opening stresses upon crack extension s shown in
Figure 3(2) 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. PZ ]
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 cbservations. where
aiso an effect ot applied stress level becomes important.

.ngure 3(b} compares experimental and predicted surface crack shapes under censtent amplitude
loading at R = -1, It appears that the grosth behaviour of both naturally initfated cracks and arti-
ficially introduced defects is accurately modelled.

T
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Experimental and predict>d crack growth rates for short cracks under all the various loading con-
ditions 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 comparisoi. The GAUSSIAN load
sequence used for these calculatfons is not identical io the sequence used for testing. That sequeace 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 = Ny/ly = 0.99 where Ny is the no. of
mean Jevel crossings with positive slepe and M; is the no. of peak loads) was devised for the compu-
tations. For 1 = 0.99, this difference from the test sequence should be negligible. All other input data
to the calciilations, e.g. initial crack size, plane strain constraint factor and effective stress in-
tensity range varsus crack growth rate relationship, were the same as in Ref. [s].

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 agreement. However, a closer comparison shows that the current
numerical model always predicts siightly lower crack growth rates than the predictions in Ref. [4} At a
stress ratic R = 0.5, Figure 7, the effect of applied stress level on predicted results is rather small
whereas particularly at negative stress ratios, Figures 4 and 5, but also in spectrum Joading, Figures 8
and 9, this effect becomes very cbvious. 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 2024-13, 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 may, however, be attributed to the difference in
the GAUSSIAN load sequences, as mentioned above.

4.2 Supplemental Prograrme

The evperiuwental short crack data obtained on Al 2024-T3 under THiST 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 offect of the gpplied stress levels, qp,, = 225 and 275 HPa, 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 THIST sequence. The skort 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 2090-T8E41 alloy are summarized in Figures 15 to 17 for R =
= 0.5, FALSTAFF and TW4IST loading, respectively. The first interesting observation from these Figures is
that the growth rates -  remarkably close to those presented for aluminium alloy 2024-13 above. It
should be noted -though, that surface crack lengths were tiaken as the projected crack length normal 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 THIST loading is entirely different, see Figure 20.

Comparing the short crack growth rates for R = 0.5 to long crack qrowth data obtained on the same
Al-Li alloy, and in the same orfentation, L-T, by other workers [4, 5] it seems that the short crack
effect is virtually absent at this high siress 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 Al 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 2024-73 shows that the aluminium Tithium alloy has a higher
mean crack growth rate, although the data is overlapping.

For THIST 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 i Figure 20, how-
ever, are of entirely different character. The crack path is very straight, exhibiting no typical
alurinium-lithium features, and the data is repetitive in the sense that several performed tests yield
the same smooth crack path.

The specific reason for this behaviour during THIST loading §s still unknown. It may perhaps be
related to the high mean stress of the many qust loads occurring in the spectrum, which gives a very
small ratio of reversed to monotonic plastic zone size at the cract tip,

Modelling of the Al-Li data is under way but not yet completed. Those results will be published in a
separate report.

— . - e e - e - —
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5.  CONCLUSIONS

Based on numerical modelling and short crack growth experiments conducted on a 2024-13 aluminium
alloy and a 2090-78£41 aluminjum-1fthium 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 rumerical model predicts about 10% higher life and around 5-6% higher closure loads than
Newman's originai model.

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

- During constant asplitude loading short cracks grew 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 same stress intensity ranges.

- A stress level effect 1{s very pronounced at negative stress ratios and also becomes apparent for
some spectrum loading. ihis effect manifests itself in higher short crack growth rates at higher
load levels for the same stress inteasity range.

- The crack path jn the aluminium-lithium alloy is highly deflected for R = 0.5 and FALSTAFF loading
but straight for THIST 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 a1d for 4340 steel and to evaluate the ability of a closure-based crack-growth
model to predict fatigue crack growth rates and total fatigue lives for the steel. Single-edge-notched tension specimens of each
allyy were used to obtain the short crack growth rate :nformation via an acetate replica technique. In addition to constant
amplitude loading, tests on the steel were conducted usirg the Felix/28 variable amplitude spectrum {a shortened formn of a
standard loading sequence for ‘fixed’ or semi-rigid helicopter rotors). The short crack growth rates were compared to those
for leng cracks grown under similar loading conditions. Metalluigical features associated with crack mtiation 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 35°) to the loading axis. For 4340 steel under constant amphtude loading at R = 0.5 and 0 and for
the Felix/28 spectrum Joading, short-crack growth rates agreed well with long-crack growth rates, even near the long-crack
threshold A shght 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 site, especially for the Felix/28 loading sequence.

A semi-empirical crack-growth inodel 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 and fatigue hives. In general, the predicted lives were somewhat shorter than
those measured experimentally and, thereforé, were conservative. For R = —1 loaaing conditlons, 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 Progrzm on short-crack growth hehavior. {4 follows an extensive cooperative testing and analytical
project on 2024-T3 aluminum alloy, shieet, the results 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 1t 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 paior austenite grain size contaiming an even
more finely divided microstructure of tempered martensite. Because the crack would traverse several martensite lathes when
1t was still quite small, it was expected [2,3] that a material with this type of microstructure wauld exhibit less prorounced
short crack behiavior than was observed in the Core Programme for 2024-T3. The objectives were to obtain crack growth
data for short and long cracks over a range of loading conditions and to determine the capability of a crack-growth mudel,
mcorporating crack closure effects, to predict fatigue crack growth rates and total fatigue hives from small pre-existing material
defects in each case.

The 4340 steel selected is commonly used in dynamically loaded hehcopter rotor compenents. For this reason, it was
appropriate to choose Felix/28, a standard spectra develcped for “fixed’ or semi-nigid helicopter rotors,[d] for the vanable
amaphtude load spectra employed in this study. The combination of experimental results from thus specteum with the range
of constant amplitude loadings serves as a representative sampling of loading histortes for this atloy.

The selection of 2046-T8E41 alloy for limited testing (at R = —1) allowed a comparison of the shor: crack growth
behavior of the new light aluminum alloy with the vintage airframe alloy, 2024-T3. The addition of approximately two
percent by weight o. lithium produces an alloy with a six percent decrcase in density and a ten percent icrease in stiffness
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 lughly 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 £ = —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 ane 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 presenced.

Material and Specimens

Al-Li 2099.- The aluminum-lizhium 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% offsct) and ultimate tenstle strength were given as 525 MPa
and 580 MPa, 1espectively. SENT specimens, shown in Figure 2(a), were identical in configuration, machining practices and
cheinical 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 Laugley Research Center. For the 50-mm wide specimen, the 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 microstructure of the 2090 alloy for the crack growth (T-S) plane and notch root surface
(L-5) plane, respectively. These metaliographic specimens were immersed for 2.5 minutes, with no agitation, in an etchant
solution of 60 mi Hy0, 3 ml HBF4 and 3 ml HNO3. The pancake microstructure, typical of a rolied alum:num sheet, appears
to contain strings of recrystallized grains approximately 5 um in thickness. Two types of constituent particles are present
in the microstructure. Larger particies, up to 5 ym, which were visible on the polished surface prior to etching were shown
by energy dispersive x-ray analysis to be AlzCupFe. The smaller particles which precipitated alung the grain boundaries are
the © phase (AlzCu).

4340 Steel.- The steel specimens were manufactured from a single AIST 4340 steel plate, 9.5 tnm 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 roili. g direction (L} of the plate and were ground to a thickness of 5.1 mm. Specimens were heat
«reated to a hardness level of 45 on the Rockwell C scale by a one hour soak at 840°C, tempering in vacuum at 440°C for
two hours 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 priot austenite grain size was approximately 10 uym. Two types of inclusion
particles, sphericai 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 i the SENT speciinens. 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 mn the
specimen after heat treatment. In order to measure crack growth on the long-crack specimens using an optical microscope, at
feast one surface of the specimen was mechanically polished using standard metallographic specimen preparation techniques
down to a I um 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]. Thus is
approximately 5% higher than K7 for the 50-mm wide SENT specimens used in the Core Programme.

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

Testing Procedures

Al-Li 2099—8hort-Crack Tests.~ Short-crack tests on Al-Li 2090 were conducted at R = —1 for maximum stress levels
of 97 and 9 MPa. These levels were selected to produce fatigue lives in the 1 x 10° to 5 x 10° cycle range based on results
from fatinue life teate which were conducted by Mazur and Rudd {7} on specitmens prepared concurremtiy with vhose described
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 ard examined directly in the scanning electron microscope (SEM) at a beam encrgy 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 2 function of fatigue cycles. The nomenclature for
crack length measurement is illustrated in Figure 5.
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4340 Steel—Short-Crack Tests - 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-Ly 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 crack position were obtaned
from observations of the replicas in an SEM. As in the Core Programme, the load was held at 80 percent of maximum while
each rephca was made duriag the constant amphtude tests. To obtam rephcas 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 mn 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 0. the SENT specimen fracture surfaces, river markings could be followed back to the crack onigin and
the imtiation-site defects identified.

4340 Steel—Long-Crack Tests.— Long-crack tests (crack lengths greater than 5 mm) were conducted under each of the
constant amphtude stress conditions, —1, 0 and 0.5, and under the Felix/28 spectrum The specimens were gripped in either
hydraulic or friction grips i a hydraulic load frame calibrated to 89 kN. The test machines were aligned using the critena
from the Core Programme and, additionally, each specimen was stramn gaged and alignment was verified at installation. The
cyclic frequency was 30 Hz for tests at R = 0.5 and 0, and 12 Hz for the B = —1 and Felix/28 tests. In tests involving
compress.ve loading, guide plates contaiming a rectangular cutout for momtoring 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 imtiated under R = 0 loading and then the minimum load was
increased to obtain R = 0 5. For the other lvading conditions, the same stress ratio (or Fehix/28 spectrum) used to initiate
the crack was used for the remaimder of that test. Crack length measurements were made visually using a 60X microscope
mounted on a micrometer shde. 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 (puint-to-point) method empleyed in the Core Programme.

Growtl, rates above about 10~ mmj/cycle were generated in conventional increasmg AK tests. Growth rates below
about 1077 mmycycle were obtained in decreasing load amplitude tests in which a manually-controlled, discrete-ctep load
shedding method was employed. After eack 0.5 mm increment of crack growth, the maximum and munimum loads were
decreased by 6 percent. Tlus resulted in a rate of reduction of AKX which was within the guidelines recommended in the
recently revised ASTM Standard E-647-85-Standard Test Method for the Measurement of Fatigue Crack Growth R tes
After the “threshold” rate (1077 mm/cycle) was achieved, several tests were contimued as increasing MK tests to corrvborate
the decreasing-AK data.

ANALYSIS
Calculation of Stress-Intensity Factors

In the following, approximate stress-intensity factor equations for a surface crack or a corner crack emanatmg from a
semi-circular edge notch are presented. Thesc equations are used later to compare crack growth rates measured for short
racks with those measureu fur long cracks as a function of the stress-intensity factor range The calculation of stress-intensity
factor assumes that exther a semi-elliptical surface crack 1s located at the center of the edge notch or a quarter elliptical corner
crack 1s 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 surface (¢ = 7/2), the crack
length () and the crack depth (¢) must be known. This relationship can be determined from measurements made on
specumens broken in tension with smail fatigue cracks For AL-Li 2020, the c/a relationship developed from crack shape
measurements on 2024-T3 specimens in the Core Programme was used. The crack depth (c) for cither a surface crack or a
corner crack was calculated from the following equation

¢/a = 0.9 = 0.25(aft) {AL-Li 2090) (1)

For 4340 steel, a different reiationship was the best visual fit to the crack-shape data generated from the short-crack
specimens tested in this study. These data arc presented in the Test Results section. The zrack depth (c) for either a surface
crack or 2 corner crack was calculated from the following equation

¢fa=1~0.25(a/t) (4340 Steel) (1b}

The stress-intensity factor range equation for a surface crack located at ihe center of the edge notcn subjected ¢o reniote
uniform displacement is (8]

AK = AS(zafQ)Fyn (2a)

ikt kg, U

TR

¥l




e e —————— A e e e e

7.4

for 0.2 < afc < 2 and a/t < 1. Equations for Q, the shape factor, and Fyn, the boundary-correctinn factor, are given i the
Appendix.

For a corner crack, the stiess-intensity factor is

AK = ASy/(7a/Q)Fen (2b)

for 0.2 < afc < 2 and e/t < 1, where

Fen = Fgn(1.12 = 0.09a/c) for afc<1

Fen = Fon(140.04c/a) for afc>1

The stress range (AS) is full range (Smax — Smig) for constant amplitude and spectrum loading. For example,
AS = 28max for ft = 1 loading. For spectrum loading, the highest peak stress is Smax and the lowest trough is Jmip.

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 Felix/28 spectrum loading. This growth mode! was developed in
reference 9 and was previously applied to short-crack growth avalyses in references 1, 10 and 11.

The basic assumntion in the growth mode. is that the growth rate for any loading cycle lies on a single, master K, sy
against rate curve, where the AK, sy is AK modified to account for crack-closnre effects. The growth model incorpcrates
a model of the crack-closure process that is used to calculate crack opening stresses (and thereby, AK, £4) 2s a function of
loading history. The AK, sy was then used to enter the master AK,sg-rate curve to obtain a predicted crack-growth rate

The crack growth model was developed for a central through crack in a finite-width speci:uen subjected to uniform
applied stress This model was later extended to through cracks emanating from 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 matesial in the wake of the crack. The primary advantage in using the Dugdale mnodel is that
the plastic-zone size and crack-surface displacements are obtained by superposition of two olastic problems—a crack in a
plate subjected to: (1) a remote uniform stress and (2) a uniform stress 2pplied over a segment of the crack surface. In the
current work, it was assumed that the opening stresses calculated for a through crack of length “" were the same as those
for a surface crack of depth “¢”.

TEST RESULTS AND DISCUSSIONS
Al-Li 2090

Short-Crack Tests - A total of six tests were run at R = —~1, three 22 each of two stress levels, Figure 6 shows a plot
of maximum stress against number of cycles until a crack was first observed on a replica and against number of cycles until
failure for cach specimen. One test was stopper prior to failure, Cracks were frst observed when they were between 6 and
73 pm 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 natch. Crack propagation, within this hmited data
set, was found to consume from 26 to 62 percent of the total Jife Az the lower stress level, two specimens with corner cracks
were detected 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 pm crack). At the upper stress level, the specimen with the propagation life which was much shorter
than the cther two specimens contained multiple surface eracks 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 specimens
was 80 percent.

In this alloy, cracks were found to propagate a: 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 initiatzd alozg the bore of the notch often, but not always, initiated at inclusion
particle sites which were visible on the replicas ¢f the notch surface, as in Figure 7(a). The cracks in some cases grew in a
horizontal direction for a short distance (5-30 yun) and then turned to a direction approximately 35 degrees to the loacing
axis. Other cracks grew at this acute angle from the point of initiation. Figure 7(h) shawe the crack from Pigure 7{aj afier
an additional 24,000 cycles {upper crack). It has continued #~ grow, essentially in a planar fashion, to the surface on the right
and to intersect another crack at the specimen midthie’ ... 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 the new orientatior (Fig 8{v) at location ‘B'") or (3) the crack would exhibit a jog in the new
orientation and then revert back to the original orientativn. A “V".shaped crack might also be formed by the intersection
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 1s hkely
to be textured, as Al-L1 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 {13}, the Royal Aeronautical Establishment, at various locations through the thickness,
it was deterrmned 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 deFrertas 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, over the
range of stress tested, there appears to be 1o stress level effect. The short cracks grow at stress intensity factor levels below
the long crack threshold (approximately 4.5 MPa/m) 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 = -1
loading at the lower stress levels. It should be noted, however, that AKjy, for 2024-T3 1s somewhat higher (6 MPa\/m). 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 MPay/m. No attempt has been made to account
for Mode If or Mode III contributions to the calculated stress intensity factors or crack growth 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 MPay/m, for R = 0 the threshold occurred at a value of A K = 500 MPay/m whale the threshold for
R = ~1 loading occurred at a value of A K = 12.4 MPay/m.

Fatigue Life Tests.~ A series of fatigue life curves were established from tests to failure on the SENT specimens run
under both the & = 0.5, 0 and ~1 constant amplitude loading conditions and the Felix/28 variable amplitude spectrum. The
results from the constant amplitude tests are shown in Figure 15. These series of tests were conducted near the fatigue limt
condition which may account for the considerable amount of scatter. The horizontal dashed lines indicate the stress levels
which 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 Ioad capacity of the test machine. The local notch-root stress at the maxitnum
and minimum gross stress levels for each constant amplitude test condition, divided by yield stress, is given 1n 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 initiated 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 thss situation will be shown later in this
section.

Examination of the initiation sites for over 30 fatigue cracks from SENT specimens yielded information on the
distribution of crack initiation site dimensions. The spherical particle defects range in size from 10 to 40 um in diameter.
The stringer particles are typically 5 to 20 um in the 2a direction and range up to 60 um in the ¢ direction. These data are
shown in a graph in Figure 18. The median values of the defect dimensions measured were 2a, = 16 um and ¢; = 13 pm. In
Figure 19, the ¢ and 2a values for each initiation site have been paired in an aspect ratio, c/a. The predominant ratio size is
1 < ¢/a < 2. which is the range for a hemisphere to 2 ephere The aspeet ratis for the mvdian defect is 1.62. Ciearly the stress
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 (o = 1260 and 1000 MPa),
Lankford {2] observed crack initiation under R = 0.1 loading only at spherical inclusions. That result is consistent with the

o L A Bt

*
Z
el
iz
=
3
=




7-6

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 scen 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 particle 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, aft, 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 {1b), 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 (sce 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 hne 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 1073 m/cycle. Short cracks grew slower than long zracks
at the rates greater than § x 10-8 m/cycle. At this stress ratio, there appears to be no short-crack effect near threshold.
A compatison of long- and short-crack growth behavior for R = —1 is shown n Figure 25. Below a stress intensity range
of approximately 15 MPay/m, 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 rativ became more negative. The
short-crack effect noted for the 2024-T3 aluminum, however, was substantially greater than that found for the 4340 steel m
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

AK,s; Against Crack-Growth-Rate Relationship

Application of the closure-based crack growth inodel requires a AK, s, against crack growth rate relationship as input.
To establish this relationship, the long crack data generated in the current study under constant amphtude 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 descnibed
in Reference 15. The NLR data is presented in Figure 27(b).

The effective stress intensity factor is given by

AKgy _SE'L:g"_AK

/ Smax ~ min

whete 55 was waicuisled from the equations given in Reterence 16. For these calculations, a constrant 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 AK, s 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 AK,sy threshold value of
3.75 MPay/m falls within the range of ‘effective’ thresholds for crack growth rate data from the three stress ratios. The
median crack initiation defect size (2a; = 16 um, ¢; = 13 um; 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 AKy; 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 the 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 MPay/m, 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 sohd symbol) for the predicted curve is 2 function of the selected stress level and the assuined 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 MPay/m. The model predicted higher crack growth rates for short cracks at this stress ratio.
In Figure 28(c), the 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 the gceatest closure effects and the predicted curve displays the classic
short-crack behavior. The crack growth rates are initially lugh due to the low value of crack-opening stress, So & Spin, and,
hence, high values of AK.yys. As the crack grows, S, increases rapidly causing AK, s/ 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 nitially grow but arrest as the crack opening stress approached an equilibrium
value and AK, s became less than AK,ppriny = 3.75 MPay/m. 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 imtial defect size, located at the center of the notch root, to farlure (Ko = 170 MPay/m
{17]). Fatigue hfe predictions for R = 0.5, 0 and —1 are shown ip Figure 29 superimposed on experimental data from fatigue
hife tests. Agreement between fatigue limit for model predictions and the experimental data is good for R =0.5and R = -1,
The fatigue limit for R = 0 1s somewhat low. Ths reflects the fact that the R = 0 long crack data near threshold fell to
the low AK, s side (3.2 MPay/m) of the AK, 11.th value selected (3.75 MPay/m). 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 shghtly 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 the experimental
data for high values of AK.

For the Felix/28 load sequence, the comparison between mode} 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 intiation 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 likehhood 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,
mverted Falstaff and Gaussian load spectra [1,10]. Use of a predictive model such as this might elinunate or significantly
reduce the amount of testing which needs to be 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 be 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 fo 45Rc):

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

1. Cracks often initiated at inclusion particle {(AlyCusFe) 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.

3. For crack growth measured orimal Lo the 1oad axis, short cra-kz grew below the long crack throshald (4 5 MPa./m)
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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14.

For 4340 alloy steel, quenched and tempered to 45R¢

1. Fatigue cracks imtiated at either calcium aluminate (10pum < 2e < 40um) or manganese-sulfide (5um < 2a <
20um) 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 the 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 anu 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 AK,ss-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 mnput 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 24-3.0

Li 1.9-2.6 Mg 025

Zr 0.10 Fe 0.12

Mn 005 Cr 0.05

T 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 0003 Ca <0.001
Si 0.27 Mg <0.002
Cr 0.79

Table 3 Mechanical Properties of 4540 Steel from Tensile Tests

Yield Strength
(0.2% offset) Ultimate Tensile Elastic Modulus

ays L1} E

x\f‘f’a MPa GPA

1418 1512 194 4

1420 1498 189.6

1407 1507 193.7

1425 1513 179.3

1402 1496 1924
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 . Ko s

Loading Stmax{MPa) _I'F;‘m _I‘Esm
Constant
Amplitude 585 1.42 0.71
R=05
Constant
Awmplitude 385 0.93 0.00
R=0 360 0.87 0.00
Constant
Amplitude 270 0.65 -0.65

=-1 240 0.58 -0.58
Varable
Amplitude 415 1.00 -0.28
Felix/28 380 0.92 ~0.26

Table 5. Effective Stress-Intensity Factor Range

Against Crack-Growth Rate

elationship

AK,; de/dN
MPa\/x% m/cycle
3.75 3.0E-10
5.30 2 0E-09
730 7.0E-09
16.0 4.5E-08
50.0 5.5E-07
120.0 3.0E-05

e .

e
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Figure 1.- Load time history for one flight of Felix/28 sequence.
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Figure 2.- (2) Core Programme SENT specimen. (b) Al-L§ 2090-T8E4)
microstructure in nominal crack growth plane and (c) notch
root surface plane .
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Figure 3.- Microstructurs of 4340 steel in the (a) notch root surface plane

and (b) nominal crack growth plane.
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Figure 4.- Configuration of (a) long crack specimen and (b) short crack

specimen for 4340 steel.
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Figure 5.- Nomenclature for crack measurement.
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Figure 6.- Cycles to Tirst crack detection and cycles to failure for Al-Li
2090-T8E4L alloy under R = -1 loading,




Figure 7.- Replicas of potch surface of a single Al-Li 2090 specimen at
different times during test. (a) Initfation (I) at inclusion
particle site and conversion to crack growth at acgte angles,
(b) Growth of two intersecting cracks and crack bifurcation (B).
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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 initiation at edge of notch.
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Figure 9.- Fracture surface profile of Al-Li 2090 specimens shown in Figure
8. Arrows indicate crack initiation sites.
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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 = -] tests.
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Figure 15.- Fatigue life of 4340 steel under constant amplitude loading.
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Figure 16.- Fatigue 1ife of 4340 steel under Felix/28 spectrum loading.
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Figure 17.- Fatigue crack initiation sites in 4340 steel.
inclusion particle and (b) stringer inclusion particle site.
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Figure 16.- 3.ze distribution of crack initiation defect site in 4340 steel.
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Figure 21.- Crack growth characteristics of 4340 steel.
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Figure 22.- Experimental fatigue crack shape measurements.
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Short crack growth rate data from 4340 steel R = 0.5 tests.
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Figure 25.- Short crack grcwth rate data from 4340 steel R = -1 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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Figure 27(b).- Long-crack growth-rate data for 4340 steel SSCH specimens
tested at NLR under R = -1, 0.1 and 0.5.
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Figure 28(b}.- Experimental and predicted crack-growth rates for 4340 steel
for R = 0 Toading.
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Figure 28(c).- Cxperimental and predicted crack-growth rates for 4340 steel
for R = -1 loading.
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Figure 28(d).- Experimental and predicted crack-growth rates for 4340 steel

for Felix/28 loading.
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Figure 29.- Experimental and predicted total fatigue Tife for 4340 steel for
constant amplitude loading.
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APPENDIX
Approximate Stress-Intensity Factors for a Surface Crack and Thkrough Crack at a Semi-Circular Notch!

An approximate stress-intensity factor equatton for a semi-elhptical surface crack locat« d at the center of a semi-circular
edge notch (Fig. 4) subjected to remote umform displacement 1s

. earr c
{(7a/NFq, (;, T 5»45) ©)

for 0.2 < afc < 2,aft < 1,05 <r/t < 3,(c+r)fw < 0.5, and ~7/2 £ ¢ < n/2. (Note that here t is denned as viie kalf of
the full sheet thickness for a surface crack and as full sheet thicknsss for a corner crack.) The shape factor, @, is given by

1.65
Q=1+ 1.464 (%) for ‘-c’- <1 (4¢)
1.65
Q=1+1.464 (E) for % >1 (4b)
and
a\2 4
Fyn = {Mx + M, (-{) + M3 (%) } 91929394 f3 S (5

1 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, K, to appear
as a separate variable. This was necessary because the two short crack specimens have slightly different values for K7. The
finite width equations, (14a) and (14b), reflect a change from an aceumntion of remste Ghifonm sires to an assunption o
remote umform displacement. Also, separate equations are necessary for the steel and Al-Li as the specimens have different
aspect ratios, i/w, where h is the half-height and w is the width of the specimen test section. The final change was made
to the function v, the variable in the finite width equation, to include the dependence on normalized crack size, a/t. This
factor, (a/t)l/z, 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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The fimte-width correction, fy, was

fu=1+212-35v" 438/  for h/w=2(AlLLi specimien)

fu=1+39372-559+593y%  for h/w = 3(Steel specimen)

where

cHr (::)1/2

=

The function fs is given by

fs= [(%)2 cos? ¢ i gin? é] &

For afc > 1.

e ()"

The functions M. Mz, g1. 92, 7, 93, g4, and fiy are given by Eqs. (7) through (14), respectively, and f5 15 given by

1/4
fo= [(2)2 sin? ¢+ coszé]
Lrus 3|

(6

™

8

©

(10)

an

(12)

{i3)

(14a)

(14b)

(15)

(16)

(17)

19\
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When the surface-crack half-length, a, reaches one-kalf sheet thickness, ¢, the crack is assumed to be a through crack of
length, ¢ The stress-intensity 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 1s

K = 5\/[70)Fs (5 a’)-)

(19)
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for (c+ r)/w < 0.8. The boundary correction factor, Fy, is

Fu=f194fw (20)

where gy and fy, are given by Eqs. (13) and (14), respectively. The function fj is given by

f1 =1 +0.358) + 1.425)% = 1.5783 .1 2,156 (21)
where
1
A= 3

The difference in specimen configuration between the ctcci and AlLi specimens affects the stress mtensity factor
calculations through two perameters, K and fy. Figure Al shows the variatior uf the product, fy, K7, with crack size
factor, {c + r)/w, for the case of remote uniform displacement and for remotc uniform stress. The sohd curves show these
relationships for the = ¢l specimen, with h/w = 3; and the dashed cvrves represent the Al-Li specimen configuration, with
h/w =2 The stress concentration factor apphcable for each srcumen under each condition as calculated by the Boundary
Force Method [6] is listed in the following table.

Uniform Uniform
Specimen Stress Displacement
Material Kr Ky
Steel 342 3.30
Al-Ly 3.17 3.15

For each specimen the range of crack size over which short crack data is obtained 1s indicated in the figure. Note
that the difference betwean the two curves and, hence, the difference between the uniform stress and uniforin displacement
formulations in the area of interest for the Al-Li specimen varies from approximately 3 to 4 percent. For the tincker and
narrower steel specimens, however, the vanation in f, K7 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 uniform displacement more accurately describes the experimental test conditions, 1t was decided to use a uniform
displacement {ormulation for this work.

10 T T T T
o L. — Steel Specimen, h/w « 3 ]
-~=- Alli Specimen, h/w = 2
Figure Al.- 8 —
Comparison of finite width Uniform
correction factor for uniform 7 - St 7
stress and uniform Jisplacement ross
for two specimen configurations. 5 Area of
o K Interest
w 5 |-
4
3 k- r -
Displacement
21— N
4]~ a/t =1 N
0 g 1 1 L
0 A 2 3 4 5
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SHORT AND LONG FATIGUE CRACK GROWTH IN 2024-T3 UNDER FOKKER 100 SPECTRUM LOADING
R.J.H4, Wanhill and L. Schra

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

SUMMARY

The behaviours of short and long fatigue cracks in the widely used damage tclerant 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 disensions

BPTHT Bonded Patch Three Hole crack Teusion (specimen)
C specimen geomeiry factor

ccT Centre Crack Tension (specimen)

da/dn congtant amplitude fatfgue crack growth rate

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

/e ctreas dntencicy foctor - rrosb longeh gradfone

Ae cyclic strain range

EPFM Elagtic - Plastic Fracture Mechanics

X stress intensity factor

Kmf characteristic stress intensity factor baged on Smf
Kc clastic stress concentration factor

8K stress intensity factor range

"I’LZ”'S’L&’Q’S"% short cracks

L, 1,8 longitudinal, long transverge and short transverse directions
LEFM Linear Elastic Fracture Mechanics

ne number of flights

4 notch radius (SENT specimen)

R stress ratio (= Smin/smax)

S stress

Smnx’smin maximum and minimum stxesses

Smf mean stress in flight

SENT Single Edge Notch Tensfon (specimen)

oy yield stress (0.2 7 offset)

t specimen thickness

THT Three Hole crack Tension (specimen)

UTS Ultipate Teusile Strength

W specimen wideth

2024-73 damige tolerant naturally aged A%-Cu-Mg alloy

l NOTE |

In thxs contribution the short crach nomenclature 15 the reverse ot that in the ALARY core progracme
and the other supplemental programme contributions. Thus the notch surface crack length is 2c (surface
crack) or ¢ (corner crack) and the crack depth or side surface dimension 18 a. The reasons for choosing
this nomenclature are:

(1) It is used wore or less consistently in aircraft damage tolerance requirements (MIL-A-83444) and
in gerospace fracture control guidelines (ESA PSS-03-1203),

(2) 1t 18 consistent when dealing with the transition from short to long crack growth.
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1.  INTROJUCTION

Modern transport alrcraft are designed for economic service lives ~ 50,000 - 100,000 flights. This
means that permissible fatigue stress levels in the airframe are low ant that a large part of the fatigue
life is spent in initiating and growing small cracks. A schematic fllustration is given in figure I: long
fatigue lives are achievad 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):
(1) Design principles and fatigue design categories.

(2) Applicability of nen-destructive inspection (NDI),

(3) Service load characreristics.

The airframes of tramusport aireraft arc designed according to damage tolerance principles {4]. Safe
and cconomic service lives must be e¢stablished on the basis of fatigue crack growth from pre-existing
flaws. Small cracks are therefore potentfally relevant, depending on the other two factors. The wmost
important of these 1s nen-destructive inspection. Pre~ and in-service NDI are required for demoustrating
safe crack growth luves, but nct 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 shoun in more detail
in figure 2: all inspectalie flaw sizes are beyond 0.5 mm, which {s about the lizit of the so-called short
crack regime for most materials [4].

On the other hand, durability analyses are concerned with the widespread initiation and growth of
very swall cracks [ 5-7}. Assumed und estimar~d initial flaw sizes are well within the short crack regime,
and a tetter understanding of the apparent anomalous behaviour 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. The Fokker 100 aircrafc 1is
designed to have an economic repatz 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 alumiunfum alloy sheet. Average longitudinal teunsile
properties und microstiuztural characteristics are given in table 1. The main difference in properties was
the higher UTS for the NASA wmaterial. 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 seen from figure 4, the
crack growth rate dependences on 8K and R were very similar,

3. FATIGUR TEST SPECTRUM

The Reduced Basic (RB) spectrum for the Fokker 100 wing root area was used in this investigation,
The RB spectrua differs from the basfic (B) spectrum only in replacing taxi{ load cycles by a paxioum
dowuwa.d load during each ground phase (landing + takeoff). This approximation has no effect on fatigue
crack geoweh {12} .

For testing purposes the RB spectrum for the wing root area is approximated by the 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 {s expressed as S/snf' where §

is stress and Smf i{s the mean stress in flight. There are efght gust load levels and three taxi load
levels.

The test load sequence consists of blocks of 5070 different flights. There are eight different flighe
types (A-H) ranging from storm (A) to calm (H) conditions. Table 2 gives the frequency of occurreuce of
cach fiight and cach load level within each type of €1light. The load sequence was derived by defiaing the
sequerse of application of the different flights, the scquence 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, narely
one "A" sub-block and threce “B" sub-blocks. The positions of the severest flights in these sub-
blocks are listed in table 3. These positions are random cxcept that clustering of severc flights
has been avoided. Also the arrangement of A and B rype flights provides characteristic markers on

fatigue fracture surfaces and enables fractographic tracing of crack growth back to flaw depths
laga than 0.7 mm {131,

(2) load sequences have been generated individually for each flight within a sub-block. This means
that flights of the same typs will generally have a different load sequence. Also, the different
taxi load levels have been distributed randomly over each sub-block. Hence there is wo relation
between {1light type severity and taxi }vad level,

(3) The loads within each flight are applied 2s 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 2 sequence as “random half-cycle, restrained" {14],

- - o i~ =
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(4) The highest load level (fn flight type A) corresponds to a cumulative frequency of 1 per 5000
flights, i.e. 18 occurrences during the economic repair life of 90,000 flights. This peak load
level {s considered to be reasonable for obtaining sufffcilently conservative fatigue crack growth
results {12}.

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

4.  FATIGUE TEST SPECIMENS

There were three types of f{atigue specimens. Their configurations are shown in figure 7. The Single
Edge Notch Tensfon (SENT) specimens were identical to those used in the AGARD core programme (15} and were
used for studying short crack growth under Fokker 100 spectrum loading. Centre Crack Tensior (CCT)
specinens were used for K-increasing tests with the Fokker 100 spectrum. The starter notches were Electric
Discharge Machined (EDM) slots 2 mm long on either side of 3 um diameter central holes. Stress intensity
factors were calculated using appropriate stresses and crack lengths in the Feddersen secant formula [16].

The third specimen type was the Bonded Patch Three Hole crack Temsion (BPTHT) specimen. This
configuration was derived from the THT 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 initiatfon 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 iun resistance to crack initiation at the other sid¢ ‘f the starter notch hole.

There were two reasons for using the BPTHT specimen configuration:

(1) 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 BPTHT specimen i{s suitable for load
histories containing compressive loads.

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

S.  EXPERIMENTAL PROCEDURES

The SENT and CCT specimens were tested {n a 200 kN AMSLER electrohydraulic machine. The BPTHT
specimens were tested in a 2°0 kN MTS electrohydraulic machine. For specimens made from the thinner gauge
NASA material (see table .) it was necessary to usc 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 the AGARD core programme [15). In other words, the SENT
specimens were most carefully alfgned and crack growth was monitored using the plastic replica
gethod {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 incremental recorder. The MTS machine was controlled by a PDP 1} 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 Hz in
laboratory air with relative humidity of 40 -~ 60 7 at 295 K.

The standard Smf level of the Fokker 100 wing root acea is 65 MPa [12). As with many new afrcraft, it

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

level) was used in the present investigation. Some BPTHT tests were done at lower § £ levels fn order to
reach lower stress intensities, »

6. DATA ANALYSIS PROCEDURES
6.1 Short Crack Stress Intensity Factors

As described in the AGARD core prograr=e {15} tle calculation of stress intensity factors for short
cracks assumes that either a semi-elliptical surface crack fs 'ocated at the centre of the edge notch or a

quarter-elliptical cormer crack is located at an cdge. 2 key assumption in the calculation £s thar the
aspect ratios (a/c) of t 2 cracks are approximated by:

afc = 0.9 ~ 0.25 (2c/t)? m
alc = 0.9 = 0.25 (c/t)? @)
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where a and ¢ are the ellipse semi-axes perpendicular and parallel to the notch surface respectively. The
notch surface crack lengths 2¢ were derived from projection of the actual crack lengths onto a 1line
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 {racture surfaces. An example is given
in figure 9, which shows that crack front markers can be traced back to flaw depths legs than 25 wm.

The fracture surfaces of specimens tested under the Fokker 100 RB spectrum loading were examined by
scanning electron microscopy (SEM). All cracks fuitfated as semi-elliptical surface cracks. The a/c
dependence on crack size and specimen thickness is piotted in figure 10 together with the approximation
equation (1) and constant amplitude data from Swain and Newman {20}. Equation (1) fits the data weil for
surface crack lengths 2¢ > 100 ym. For smaller cracks a better f£it 1s 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. unis 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= 2.955 Vma 3)
K = CS Ya(atr) (4)

and C = 1.12 = 0.231 {(a+r)/¥] + 10.55 [(a+r)/H}% = 21.72 {(atc)/W]° 4 30 39 [(atr)/m)".
(2) For a > 1.5 mm equation (4) was used.

Equation (3) s derived from the Smith and Miller approximation for short cracks at unotches [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 aud "Shadowing"

Multiple cracking at the notch roots of SENT specimens results fn crack interactions (coalescence and
"shadowing") that affect crack growth rates. Straightforward criterda for rejecting crack growth fata when
interactions occuxr were proposed by J. Foth (formerly with the Industrieanlagen-Betriebsgesellschaft,
Fedvral Republic of Germany) and are illustrated iu figure 1l. There are three basic criterfs for non-
interaction:

(1) Crack growth data for colinear cracks (il and £2 in figure lla) are rejecied when the distance

d between adjacent crack tips is less than the length of the larger crack, %£,. In this case

1,2
crack interaction is expected to accelerate crack growth,

1"

(2) Crack growth data for cracks one above the other (£.l an] 23 an figure lla) are rejected when the
distance h1 3 between them is less than the length of che larger crack, 11. Here it {5 expected

B
that the larger crack "shadows" the smaller ome, f.e. the stresses in the vicinity of the shorter

crack are reduced and its growth rate decreases.

QG

~

Crack growth data for coalesced cracks, figure 1ib, are rejected until the combined crack
length £ {5 twice the total length at coalescence, ll ¥ 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 [15] and were also
applied to the crack growtihr data from the present 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, {.e.

da__ 41 T )
dng Mgy oy

or
de_ |45 [(ZC)M . (ZC)‘] (6)
dn Niel By

The corresponding crack lengths and stress intensity factors were determined uging the veans of the
crack growth increments.




7. RESULTS
7.1 Short Crack Growth
The short crack growth data will be presented in the following ways:

e notch surfuce crack lengths, 2c, versus number of flights, ne

o valid notch aurface crack growth rates, dc/dnf, versus 2¢
e valid in-depth crack growth rates, da/dnf, versus Kmf'

In the latter instance figure 10 was used to convert 2¢ versus ne data into a versus ne 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 be 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 was possible to determine the crack infitiation
mechanism. All cracks initiated at the {uterfaces between inclusions and the alloy matrix. This is
consistent with the results of the AGARD core programme [15] and earlier investigatfons of high-cycle
fatigue in 2024 alloy 128-30].

In-depth crack growth rates versus the characteristic stress {intensity factor Kmi are shown in

figure 16, A best fit 1linear relationchip between log da/dnf and log Km{ is indicated together with 95 %

confidence limits for the data. It is evident that despite considerable varfations in crack growth rates
at similar Kmf values there is a trend of increasing crack growth rates with increasing Km{'

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 Kmf ~ 20 MPasm. In particular, the NASA material exhibited

an initially decreasing crack growth rate. This behaviour {s characteristic of ductile, thin sheet
materials tested under gust spectrum loading [31], whereby pcak loads in severe flights cause significant
crack growth retardation. The difference in crack growth behaviour between the two materfals can be
explained by differing constraint (stress state) during peak loads as a consequence of different shect
thicknesses.

Figure i8 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 Km£ ~ 20 MPavm. In this case it is thought that
differing conutraint occurs during peak loads at similar Kmf values because of the different specimen

geometries. Also there may be differing st rt-uv effects during which crack closure levels gradually
stabilise [15}].

7.3 Long Crack Growth Undexr K-Decreasing Conditions

The long crack growth behaviour of BPTHT specimens of the NASA material is shown,in figure 19. The
crack growth rate dcta were poorly correlated by Kmf' Crack growth rates below 2 x 10 = n/flight were not

obtained owing to secondary crack initiation at the other side of the starter notch hole.

7.4 Comparisons of Short and Long Crack Growth Behaviour for the NASA haterial

Figure 20 cozbines the short and long crack growth rate dara plotted against Kmf' The data enveiopes

give an indication - despite the considersble spread in the data - that shoxrt cracks propagate at higher
crack growth rates than 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 constralnt during
peak loads, differences in start-up effects, aud differing d¥/da,

8, DISCUSSION
8.1 Practical Significance of Short Cracks

The practical significance of short fatigue cracks {n 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 holee in airframes {2}.
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(2) In the development of new airframe materials (e.g. aluminium - lithium alloys) the short crack
behaviour should be compared with that of established materfals which have proven capable of
being built into durable structures,

The results of this investigation are relevant primarily to assessing the importance of short fatigue
crack growth for durability amalysis of the Fokker 100 wing/fusclage 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 initfal flaw
sizes and predicting crack growth at fastener holes in airfrawes {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:

e assuwe Initial corner flaws with side surface digension 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 {n a SENT

gpecimen with thickness t = 4 mm (representative for the Fokker 100 wing/fuselage
skin) using the appropriate stress intensity factor equation [1b] and Smf levels

USE SHORT of 65 MPa and 81.25 MPa: the SENT specimen configuration {s sultable because the
CRACK GROWTH 4  notch Kt is representative for fastener holes in airframes {15}
RATE DATA

o transform the best fit and 95 Z confidence upper limit relationships between

da/dn£ and Kmf in figure 16 into curves of dnf/da versug a for quarter-elliptical

corner cracks at the notches in SENT specimeus with smf levels of 65 MPa and 81.25
MPa

numericslly integrate the curves of dnf/da versus a to obtain a versus ne plots up

to ¢ » 4 mm (side surface dimension a = 2.6 mm, see equation (2))

e at ¢ » 4 mm assume instantaneous transition from a quarter-elliptical corner crack
to a through crack of length a « 2.6 o

derive a versus Kmf for a through crack using Kmf - l.lZSmf Vn (atr), {i.e.

neglecting finite width effects in equation (4), and smf levels of 65 MPa and
81.25 MPa

USE LONG

CRACK GROWTH S {n SENT specimens (see figure 18) into curves of dng/da versus a at S o
RATE DATA 65 MPa and 81.25 ¥Pa

transform the upper bound relatfonship betwaen da/dnf and Kmf for through cracks

levels of

numerically integrate the curves of dnf/da versus a to give a versus ne plots

e sum the results of the short and long crack a versus ne plots to obtain estimates

of crack dimensions after 45,000 flights (guarantced crack-free 1life) and 90,000
flights (economic repair 1ffe): compare these dimensfions with in-service NDI
1imits,

Figure 21 shows the estimated crack sizes as functions of Bes the best fit and upper limit da/dn{
versus Kmf relationships, and Smf' At 45,000 flights the estimated crack sizes are below 6.35 nm, which is
the minipum 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 fiights.

At 90,000 flights the situvatfon is more complicated. With the current design smf level of 65 MPa the

maximum estiwated crack size is 7.7 wm. Taking into t the pr e of fasteners {n actual
structures, this crack size is below the minimum detectable by in-service inspection. Thus in view of the
consigtently 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
other words, widespread detectable cracking at fastener holes would not be expected to occur within the
design economic repair 1ife of 90,000 flights unless the initfal flaw sfzes were larger - which is
unlikely - and probably beyond the short crack regime.

On the other hand, figure 21 also shows that with an smi level of 81.25 MPa the maximum estimated
crack size at 90,000 flights fs 84 wm. This is well bYeysnd the minimum detectable by fn-service

fnaperctdon, and such z crack would bLe sepaized before YU,U00 flights were reached. The differences within
and between the upper and lower diagrams fin figure 21 are dramatic and {llustrate the important influence
of design stress level and choice of ghort crack growth rate relationships. It scems fair to state that if
future developments lead to design stress level incresses of 10 7 or more, the significauce 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 chis
problem zre the generation of representative short crack growth data and the use of short crack growth
wodels to provide additional analytical capabi{lities.




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 ndicrostructural 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 [36-40] but the behaviour of
aluminjum 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 {15,41,42). This should be
sufficient provided upper limits can be defimed to give consistently congervative 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 [43] successful correlations of flight simulation fatigue crack growth rates by
characteristic stiess iuntensity factors can be useful for interpolative preifctions of crack growth.
However, such correlations are empirical and by themselves provide little inright {into crack growth
behaviour.

Ironically, unsuccessful correlations are more instructive. The long crack growth results from the
present work indicate that characteristic-K correlatjons tail when the constraint during peak loads £s
different. This means that temporary changes in constraint during peak loads should be taken into account
by more sophisticated prediction methods, for example the models of Newman [44], De Koning [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. 1his means that careful consideration nust be
given to the choice of specimen geometry in rclation 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:

(1) The apparcntly anomalous behaviour of short fatigue cracks is not significant for durability
analysis of the current wing/fuselage structure of the Fokker 100 aircraft.

(2) 1f future developments result in design stress increases of 10 2 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 new materials (e.g. aluminfum-lithium alloys) as
candidates for durable wing/fuselage structures In 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 lomg crack growth rates for different specimen types failed,
especially at lower stress intensities. The lack of correlation is attributed to differing
canatrafnt during neak loads. start-up effects and differing dK/da. The effect of differing
constrafnt during peak loads should be taken into account by long crack growth models. Also,
analytical strip-yield models can be helpful in deterwining 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 stecl patches.
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(9) The Fokker 100 Reduced Basic (RE) spectrum load sequence for the wing root area results in crack
front markers that can be traced back to flaw depths less than 10 ym 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 1
Average longitudinal tensile properties aud 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
°y (MPa) 359 352
UTS (MPa) 497 456
ELONGATION {Z) 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,8 0.57 ¢ 0,07
L 108 ¢ 45 L 153 £ 70
GRAIN DIMENSIONS (um) T 59 ¢ 23 T 61 ¢t 18
S 29+ 7 S 20+ 3
TABLE 2
Definitfon of flight types and the number of gust cycles
within each flight for the Fokker 100 spectrum (8}
NUMBER OF FLIGHTSI NUMBER OF GUST LOADS (FULL CYCLES) AT THE TOTAL NUMBER

FLIGHT IN ONE BLOCK 8 AMPLITUDE LEVELS OF CYCLES
NUMBER OF 5000 FLIGHTS |VIII Vit \'28 v v 111 11 I PER FLIGHT

A 1 1 1 2 4 9 17 28 62 124

B 3 1 0 4 6 12 24 62 109

C 8 1 H 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

H 2548 13 13
TOTAL NUMBER OF CYCLES PER
BLOCK OF 5000 FLIGHTS 1 4 10 52 235 1313 8708 73,900
CUMULATIVE NUMBER OF CYCLES
PER BLOCK OF 5000 FLIGHTS 1 5 15 67 302 1615 10,323 86,223

AVERAGE NUMBER OF GUST CYCLES PER FLIGHT =~ 16.8

TABLE 3
Positfons of severest flights in the Fokker 100 spectrum test load sequence [12)
FLIGHT NUMBER IN SUB~BLOCK

FLIGHT
TYPY "A" SUB~BLOCK "8" SUB-BLOCK

A 699

B 699

[ 369,1013 369,1013

] 140,321,551,769,780,823,929 140,321,551,769,780,823,92%




A MONOTONIC FRACTURE STRAIN
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Fig. 1 Schematic relation between fatigue lives, stress-strain levels and initial flaw sizes. After [1]
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ASPECT IN-SERVICE
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Fig. 2 Current well-defined ¥DI limits

for initial flaw sizes in aerospace structures [2)
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Fig. 9 Photozontage of fatigue crack initiation in a specimen tested with the Fokker 100 RB spectrum
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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

SUMMARY

In this study, as part of the Supplemental Programme of the AGARD Collaborative
Effort on Short Cracks, the growth of short iatigue cracks was monitored using a plastic
replica method for cracks propagating on the .specimen notch from the initial length of
40-50 um up to the specimen thickness of 2.3 nm. 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 cvonclusion is that the growth 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.

INTRODUCTION

Fatigue crack propagation in engineering materials has been the subject of consider-
ablie research. MNost 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 investigated, 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 simply physically small
{eg <0.5 = 1 mm} [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 and long crack
behaviour on several materails such as aluminum allovs {3-6}, steels {7,8), titanium
alloys [9,10), aluminum-iithium 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 iong crack threshold stress intensity factor values. Some of the short cracks grow
with decreasing rates until arrest, while others propagate quite ravidly and merdge with
long crack data (Figure 1).

Since crack growth from "short" pre-existing flaws in many engineering structures 1s
an important part of their fatique life, the growth behaviour of short fatigue cracks has
great importance for understanding the total fatique 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) fa?igue specimen. The notch was semi-circular with a radius of 3.18 mm
(Figure 2}.

The material wag 7078~T& aluminum allav cheot with a thisknese of 2.3 mm. This
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 fat.gue testing. Aluminum shims were used between the specimen and
the grip jaws to prevent any damage to the specimen by the grips.
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Figure 2. Single-edgye-notched tension fatigue specimen

Under compressive loading (R = -1}, anti-buckling guide platos lined with teflon
sheets were used (Figure 3) to eliminate buckling of samples.

In the testing programme, constant amplitude sinusoidal lvading was used with a
frequency of 15 Hz at all stress ratios. At each R-ratio, two stress levels (Spax) were
applied, providing a total of six different loading conditions:

Smax = 220 MPa and 195 MPa for R = 0.5
Smax - 40 HFa and 120 MPa for R - O
Smax = 95 MPa and 80 MPa for R = -1,

-
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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 examinaticn 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. While 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 ontical microscope to
measure the length and determine the location of the crack{s).

DATA AMNALYSIS

Figure 4 shows the area over which crack(s) were monitored and recorded by plastic
replicas.

After measuring the crack length along the bwure of the notch, its value and location
were recorded on the Data Chart as a function of cycles. The Data Chart includes the
specaimen 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, ai the higher stress levels several cracks developed along
the bcve of the notch.

To calculate the stress intensity factor, the crack length (a) and the crack depth
(c) must be known. Since replica metnod only gives information on the crack lenath, the
crack depth (c) was calculated from the equation:

S = - 22
y 0.9 - 0.25 (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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A Section A-A

Figure 4. Surface crack at center of semi-circular notch

The stress intensity factor range equation used was [18]:
oK = ASY{ma/Q)F

where AS is the stress range (Spay = Spin), 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 _ da _ az-ay

dN AN N2-N3
The cycle interval, N;-N;, 1s the interval between replicas.

The corresponding stress intensity factor range {4K) is calculated at an average
crack length (a) given by:

a = az+ay
2

RESULTS AND DISCUSSION

Fractographic examination of the lLroken 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 the cracks tended to grow as uemi~-elliptical surface cracks. Only in two
specinens did cracks initiate near the corner of the specimen notch and propagate as
quarter-ellipticai corner cracks.

*n order to compare the growth behaviour of short cracks with those of long cracks,
crack growth rate (da/dN) versus stress intensity factor range (4K) curves for six
different loading conditions were drawn (Figures 5-10). Crack growtin 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 {19] from NASA Lanaley Regeavch Canter,

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 8K value. The short cracks are growing in the a-direction

while the long cracks arxe growing in the c~direction.
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The results for R = 0.5 loadings are shown in Figures S 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 4K values greater than the long crack threshold. Only a few data were above
the s01id 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 Sp,
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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SHORT-CRACK OBSERVATIONS IN Ti-6Al-4V UNDER CONSTANT AMPLITUDE LOADING
by

A.Lanciotti and R.Galatolo
Department of Aerospace Engineering
University of Pisa
Diotisalvi 2
56100 Pisa
Italy

SUMMARY

This paper descritos 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-6A1-4V 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 c¢rack 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 same material., On the basis of Linear Elastic Fracture
Mechanics, short cracks - cracks ranging in length from 106 um to 1 mm - grow faster than
would be predicted from long-crack data at the same stress intensity factor range, OK,
and they can also grow below the long crack threshold AX 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 /1/. The
Yeore programme” was carried out on single-edge notched tensile specimens made of
2024-T3 aluminum alloy sheet material; specimens wer=z 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 ocach. 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 /1/.

The cooperation was continued and each participant performed a supplementary
programme on short cracks; in this programme the cholce of the material, the machining
of the specimens and the type of fatigue loads were selected by the participants,
depending on thelr specific interests.

This report describes the Ttalian contributlion to the supplementary programme on
short-crack growth behaviour. The work involves Ti-6A1-4V titanium alloy 4in annealed
condition under constant amplitude loading at R=5min/Smax=0 and R=-1.

2. EXPERIMENTAL PROCEDURE

The experimental procedure for the supplementary programme is similar to that
specified for the core programme /1/, so only specific detalls will be given below.

2.1 Material

Annealed Ti-6A1-4V sheet 1.5 mm, thick was the material seiected for the research; it
was supplied by Aeritalia GVC. The results of static tests carried out on this materia.
show an ultimate tensile stress of 970 MPa, a yleld stress of 920 MPa and elongation of
8.5%.

Optical microscope observations show that the grain size in the rolling direction is

- mvnnle mwmss —ant P
ahoaut 8 ym and the typien) dimancisw in crack growth dircstisa, 25, along the notdh sool
is about 5 pum.

2.2 3pecimens

A1l 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 )
Wwere cut so that the loading direction was parallel to the rolling directinn of the
material,
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Notches were very carefully milled. Several problems were encountered in the
mechanical  polishing «f the notches; particularly, scratches were produced by using
diamond naste. Good results were obtained by very small grain emery paper (4000) and
alumina (0.25 gm). 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 Lo round the sharpened
edges. This operation proved to be efficient; only in certain specimens did the crack
begin in & corner. The mechanical polishing proved to be quite complex and time
consuming, about 30 minutes for each specimen; morecver, 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 4in /1/,
Annex C.

2.4 Loading conditions

Constant amplitude loading tests, R=0 and R=-1, were carried out; the test frequency
was between 6 and 12 Hz. Antibuckling guides were used for the negative R value.

2.5 Short erack measurements

Cracks were observed by means of a 400x 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 /1/.
Crack growth rates and stress intensity factors were evaluated according to Section 3.3
and Annex F in /1/. The non-interaction criteria between multiple cracks, Section 4.2 in
/1/, were applied to the data.

A system for electronic 1image treatment was analyzed as a possible alternative
technigue to the plastic replica method; 1t 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 t¢ this complication the automation of the tests is very difficult,
and the system was temporarily given up.

3. RESULTS
3.1 Fatigue results

Saveral specimens were fatigue tested to complete failure, to cstablish S-N curves,
while crack propagaticn was monitored only in a snall group of specimens.

Fretting fallures under grips happened in some specimens tested at low stress
level, 1in spite of tie 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 1 and are characterized by a high scatter.
The S=N curve is well established for R=-1, while the drawing of the S-N curve for k=0
is very uncertain, due to severai anomalous results.

The following stress levels were selected for short crack monitoring:

R Smax4 (MPa) Smaxy(MPa) Smax3{MPa)
0 380 390 ko5
-1 210 225 2u5

Stress 1levels 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 monitoring
was performed. Different symbols refer to crack initiation { crack length greater than
0.01 mm ) ana final fallure. 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 AK
increasing condition. The results are shown in Figure 4.

A 6% load shedding test, R=0, was carried out to analyze the effect of this parameter
on crack growth. The results, Figure %, are wholly comparable, confirming that the
threshold values are AK=10 and 6.1 MPaVm for R=1 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-ylield 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 Flgures 6 to 11, in
the form of da/dN versus oK diagrams. In all diagrams AKX is the total range of the
stress intensity factor.

Scatter 4in 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, ecrack 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 AK, 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 1s shown in Figure 17 for R = -1 and in Figure
18 for R = 0.

The short-crack effect is evident for R=-1 at low values of AK while long and short
cracks behave in the same way when AK is greater than about 20 MPavm,

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 1s 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 so0 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 noteh root in R=0 tests can also explain the similar short-
crack behaviour of R=0 and R=-1 {ests at low values of &K.

4. CONCLUSIONS

The material selected, annealed Ti-6Al-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 certain 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 residusl compressive stresses, due to notch yilelding, were inevitably present in
shorv-crack tests al A=0, sv ihe 0€3ulls are nobt fully comparable with the rolevant

long-crack data, but a short crack effect seems present in this case too.
5. REFERENCES

i. Newman,J.C.,Jr and Edwards,P.R.: " Short Crack Growth Behaviour 4in an Aluminum
Alloy. An AGARD Cooperative Test Programme", AGARD Report n.73Z, 1988,
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ANNEX
TEXTURE ANALYSIS OF 2090-T8E41 ALUMINUM-LITHIUM ALLOY SHEET
A. W. Bowen
Materials and Structures Department
Royal Acrospace 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
85° tilt) 111, 200, 220 and 311 pole figures were measured on an automated Siemens texture goniometer, using Cu Kq
radiation, in t+ Materials and Structures Department of the Royal Aerospace Establishment. The data were then processed
to produce iite orientation distribution functions (ODF) by the senies expansion method using the Bunge notation [1].
The as-rc urface was initially examined, after which material was progressively removed by polishing, with periodic
texture anatysts, until the mid-thickuess 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 (¢ = 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
ete. 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 in the unrecrystallised form. Orientation A ({112}[111], often
called the copper-type texture) decreases in intensity from surface to mid-thickness, whereas orientation B ({110}[112], often
called the brass-type texture) increases i intensity (see Figures 2(a) for the locations of orientations A and B, and sinularly
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 m the intensities of orientations A and § and an
increase in that of orientation B. No evidence of any recrystallisatior: 15 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-L1 based alloys. This is further complicated by the marked gradients m texture that exist between
surface and mid-thickness.

Analysis of the other three samples are shown in Figr-es 4 and § for the 3/4 ¢ 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 hsted in Table 1.

TABLE 1

Texture Sharpness Index (J) {1} for 2.15 mm-thick 2090 Sheet

Sample t=215 2.0 1.6 145 1 -

B1706 7.8 7.1 7.3 89 Y0

B1623 - - 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, 1087.

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 Textires of Materials, 1987.)
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Figure 1.- (111) Pole Figures for sample BI706 as a function of thickness, t.
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Figure 3.- Orientation density along copper-brass fibre texture 1s a function
of thickness, t.
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Figure 4.- (111) Pole figures for various samples at 374 t.
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Figure 6.- (111) Pole figures for various smaples at 1/2 t.

{a) Sample B1623.

(b) Sample B1425.

{c) Sample B1403.

Figure 7.- Phi2 = 45° sections through the 0DF for various samples at 1/2 t.
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