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PREFACE

The Structures and Materials Pancl has been imvolved in studics of fatigue and fracture of critical jet engine components
for many yvears. In 1982 a Sub-committee on “Damage Tolerance Concepts for Critical Engine Components™ was formed to
study the averall phitosophy and the implications of introducing damage tolerance concepts (DTC) into the design and use ot
critical engine components.

The damage tolerance philosophy offers potential cost savings of considerable magnitude when compared with a “safe-
life” approach provided such a concept can be implemented with an assurance that current safety standards will not be
prejudiced. As an example of possible cost savings. it has been estimated that over 80% oi engtie dises have ten or more low
cycle fatigue lives remaining when discarded under “safe-life” rules. and it is the usetul remaining life that DTC aims to explont
in service, Apart from economic advantages, the DTC approach offers a practical method for using modern high-strength dise
materials that could be rejected by the application of “safe-life” conditions of usage.

Tn 19# 3 the Sub-commitiee on Damage Tolerance Concepts for Critical Engine Components, under the chairmanship of
D.A Fanner (UK), organized a Cooperative Test Programme on Damage Tolerance in Titanium Alloy Engine Disc Materials
A separate Sub-committe on Engine Discs Cooperative Tests (TX-114) was formed to direct this activity. Over the years the
foltowing Panet members participated in the sub-committee:

A.Ankara (TU)

H.M.Burte (US)

H.J.G.Carvalhinhos (PO)

M.N.Clark (CA). Chairman 19Y83—85
D.Coutsouradis (BE)

J.J.De Luccia (US)

G.L.Denman (US)

A.Deruyttere (BE)

M.Doruk (TU)

W Elber (US)

D.A Fanner (UK)

J.J.Kacprzynski (CA) Chairman 1986—
R.Labourdetie (FR)
J.SLleach(UK)

A.Salvetti (IT)

R.Schmidt (US)

H.P.van Lecuwen (NL)

W Wallace (CA)

H.Zocher (GE)

The cooperative tests were performed by twelve laboratories represented by

JFoth. IABG. GE

A Frediani. Univ. of Pisa, IT
C.Gostelow, RAE UK
C.Harmsworth, AFML. US
C.Howland, RR, UK
R.H.Jeal, RR. UK

E.U.Lee. NADC. US

A Liberge, CEAT.FR
N.McLeod, RR, UK
AJAMom NLR.NL
T.Pardessus. CEAT, FR
M.D.Raizenne. NAE, CA

W Schutz, IABG. GE
P.Sooley, Univ. of Toronto. CA
J Telesman, NASA, US
M.Yanishevsky, QETE.CA
C.Wilkinson, RR. UK

The coordinators of the programme were:

for Europe — AJ.A.Mom
for North Amcerica — M.D.Raizenne

As a result of the very large size ot the test programme. it appeared to be convenient from an administrative point of view
to divide it into a Corc Programme followed by Supplemental Programmes. In the Core Programme all the laboratories
performed identicat fatigue and fracture tests for one material at constant amplitude and at room temperature. A scammary «,
these tests is included in the present report. and all the test data are stored at the National Acronautical Establishment of the
National Research Council of Canada and are available on request. In the Suppicmentary Programme. now in progress, three
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materials are tested at room temperature and with load patterns represented by TURBISTAN, High temperatute tests ot
fatigue und crack growth will be performed in a separate programme.

The part of the Cooperative Engine Disc Test Programme completed to date produced very valuable results and
represents a significant progress in implementation of damage tolerance concepts to hife evaluation of enpine critical
components. Many thanks to all who contributed to this very difficult activaty and particularly 1o the participants and the
coordinators. Special thanks are due to R-HJeal, who. m spate of his busy professional Bife at Rolts Rovee, was a catadyst and
strong supporter of the programene.

Many thanks to participating laboratories and particulurly w:

NLR — tor producing programme reports. bookkeeping. fractography tests and analysis of test data,
Rolls Royce — for supplying engine dises and producing test specimens.

NAL — for data collection, statistical analvsis. presentation and storing.

QETE — tor fractography tests on selected specimens

During the execution of this test programme. close cooperation has been developed with participants of other panciy’
activities and particularlv with the Short Cracks Test Cooperative Programnie. Not onby did the chairniin 8 that sub-
committee, H.Zocher. participate as an Engine Dises Sub committee member, hat dalvo both coordinators, Pr P.REdwards
and Dr LOCNewman voluntecred 1o participate active’s Their contribution s greathy appreciated. As a result of the
cooperation of these two Sub-committees anadditional jome test programme has been lormalated. THisnow an progress and the
results will be included in future reports.

The objectives of the Engine Dises Cooperative Test Programme have been acke ved, Even more than was planned has
heen achieved. Thisis demonstrated by the tact that cach of the partetpating laboratones independently produced results s
good as the othiers. This may dinumise the reluctance to use other's data for hie determination of criical components

The second unplanned achicsement was the deselopment of close friendships between the participants. As aresalt ot thee.
aperson performing a ditficult and risky life evaluation of g entcal engine component can consalt s friends i other NATO
countries. This nuy helpan finding better solutions to our common problems

The development of close cooperation of professionads of NATO countries was i dreant of Theodore von karman and o
ts a pleasure to see that it has been achieved

L3 Kacprovnsk

Chairman 1986~

Sub-Committee on

Fogine Dise Cooperative Test Programmie
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ABSTRACT

This report desenbes the initial results of an AGARD test programme on tutigue behaviour of engine dise materials. The
first phase of this programme. the Core Programme. was atmed at iest procedure and specimen standardisation and calibration
of the various laboratones, A detarled working document has been prepared and s included i thas eeport Tedeserbes the
testing fundamentals and procedures and includes the anadysis procedures ased tor handling the test data

Fungue crack initiation and propagation testing was performed on Tre6 ALY matenal under room temperature and
constant ampiitude loading conditions uang four different specimen designs. Al results were statsticatly analysed tor posable
sighitficant differences in material behaviour due o dise processing variables. specimen Jocation i the dise o tesung

' .

laboratory. 4, 0 L0 a e, R L I N Lo, 7

~

Ce rapport presente Jes premiers resaltats dun programme de tesis de PAGARD car e comportement on tatirue dos
materiaux constitutifs des disques de moteur. Lapremiere phase de ce programmce, appele e programme Core, o pout abyectit
de normaliser les procédures diessan et fes echantillons ¢t de procdder a Petidonnage des apparails de mesare detenus par les
differents laboratorres Un document de travand detulle acte prepare, IHest jomt a e rapport Hourmt une desapton des
principes des tests ¢t des procedures atilisees, s compnis Tes procedures danabyae mises envacas re pout fe depoutiement des
donnees de test.

Des tests sur e debut et la progression des fissurations de fatigue ont cte exeeutes sur du maieriel ToaN Iy
temperature ambiante. avee chargement aamplitude constante. en utilisant quatre echantillons differents. composes du meme
matériau. 'Ensemble des resultats a ¢té analyse statstiquement afin de noter dreventueds eearts sagniticatifs dans e
comportement des matdriaux. en fonction de Pendrott du prelevement sur le disque. dis aux parametres de labrication otauy
technigues employees par les differents nborataires,




AGARD GInk UISC CCOPRRATIVE TEST PRUGKAMME
1y by )
‘)A.J.AA Mom ! and M.D. Raizenne®

Nationdl Aervspace Laboratury NLR
P.O. Box 90G>U., 100b BM Amsterdam,
The Netherlands

2) Nutiunal Aeronautical Establishment
National Research Council
Montreal Road, Ottawa, Untario KIA OR6,
Canada

SUMMARY

‘ihls report describes the initial results of an AGARD test programme on tatigue behaviour of engine
disc materials. The first phase of this programme, the CUKE programme, was aimed at test procedure and
sz2simen stardardization ard calibration of the various laboratories. A detailed working document has been
prepared and is included in this report, It describes the testing fundamentels and vrocedures and includes
the analysis procedures used for handling the test data.

Fatigue crack initiation and oprar-a tiLe testing were pertormed on Ti-bAl-al material under room
temperature and constant amplitude loading conditions using tour difterent specimen designs. All resulres
were statistically enalysed for possible sipuificant differences in material believiour due Lo disc pro-
cessing variables, specimen locaticn in the disc or testing laboratory.

1. PREFACE

[he results in this repurt are & collaborative etfort of the following pdarticipants and their re-
presentatives (in parenthesis the code name of each participant used throughout the text is in-

dicated):

Alr Force Materials Laboratory (AFML), WPAFB, Dayton, Ohio, USA; C. Harmsworth (code: AF)
Centre d'Essais Aéronautique de Toulouse (CEAT), Toulouse, France; A. liberge,T. VFardessus {code: CE)
Industrie-Anlagen Betriebsgesellschaft (1ABy), Ottobrunn, Germa W. Schiitz, 1. Foth (code: 1A)
Naval Air Develupment Center (NADC), Warminscer, Pennsylvanla, USA; E.U. lLee ccode: N
Natiousl Aeruvnautics and Space Administration (NASA), Cleveland, Chiu, USA; 1. Telesman (conde: NR)
National Aeruspace lLaburatory NLR, Amsterdam, The Netherlands; A.J.A. Mom tcudes N
Narional Kesearch Council, National Aerondurical Establishment

(NAE), Ottawa, Canada; M.D. Raizenne icode: NK)
Quality Engineering Test Establishment (QETE), Ortawa, Canada; M. Yanishevsky {code: O

C. Wilkinson, €. Gostelow (code: RAG

Royal Aircraft Fstablishment (RAE), Farnberough, United Kingdo

Rolls Ruyce (RKR), Berby, United Kingdom; k.H. Jeal, N, MclLeod, Howland (code: RE)
Universitv of Pisa, Pisa, ltaly; A. Fredianj (code: Iy
toniversicy of Torente, Teronte, Captda; P, Soolev teode: T

2. INTRODUCTION

The ACARD engine disc cooperative test programme is a joint f{nternatiovnal efforc to address the pro-
blem of tatigue crack growth fracture of disc materials under operational Ivading couditions.
ledge of f{atigue and fracture characteristics i1s a major requirement before a danage tolerance dis
4pproach can be successiully implemerted. These aspects are discussed in Reterence [1] of which detuils
are given below.

For airframe structures, the damage tolerance design aprroach was introduced by the USAF in 1970, and
1t has been etrectively applied since then on a number ot civil and military aircratt (MIL-STD-1%30 and
MIL-A-83444). However, [or engine compunents, damage tolerant design has been 3 recent development.
Application of this design dpproach, with respect to disc lifing, is currently under censideration and
vecasirnally applied. A specification <~ engine damage tolerance requirements, listed as MIL-STD-1783, ks
recently been developed.

Nevertheless, most discs are currently designed based upon the so-.alled safe~life philascophy. Both
design approaches are concisely reviewed below.

Currently sate lite design is still the most widely used appruach in the lifing of engine discs. In
this respect, "safe life” means that parrs are designed for a finite service life during which no signi-
ficant damage will occur. No critical defects are assumed to be present in the new structure and nc in-
spections are required during the design life. After reaching the safe life limit, the part is retired
from service.

wWitt respect to alrcraft engine discs, the safe life is defiped as the number of cycles at whi:h,
statistically, one of every 1000 components will develop a crack of 0.8 mm (1/32 in) surface length. This
crack size has been chosen because:

(1) at this size, high cycle fatigue (HCF) crack growth under vibratory conditions would not yet occur,

(2) this crack size was, for existing materials, significantly smaller than the critical crack size for
rupture, and

(3) a 0.8 mm crack was considered to be the smallest crack detectable.

The =afe life design of discs implies that 999 out of 1U00 components are rejected based un the
statistival probability of a crack forming withouc actually requiring the presence of & detectahle crack.
From ecunomic considerations this is not very attractive. lt hLas tn»en shown {2-4] that owing to a large
sratter in the rime to initiate and ¢~ - ~rark to a3 detectable size, most of these retired components
still h~ve considerable service life left. If components could be withdrawn from service tased on the pre-
sence of an actual crack, then a much betrter usage of this inherent availabie life would become possible.
This latter approach is in essence the basis of the damage tolerance design philosophv.
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Lamage telepance design

In damage tolerance design, the possibility of a crack ur defect present in a new structure is ac-
counted tor. Assuming that crack growth cau be predicted in critical locations under cperational loading
conditions, safe inspection intervals can be established. Regular inspections will then screen out those
components which have insufticient life to be returned to service, as indicated in Figure . A&s can be
seen from this figure, the inspection interval is based on the maximum allowable c¢rack size ir service,
a_, the minimum reliably detectable crack size by means of non destrurtive inspection (NDI} or other tech-
niques, a,, and the availability of crack growth data.

.o d .

From the foregolng {t 1is clear that several key design parameters ave required before the damage
tolerance lifing approach can be guccessfully implemented:

- the vperationsal load history of discs,
- material cruack growth data for the appropriate loading conditions, and
- the sultability of NDI or other techniques for the reliable detection of verv small cracks,

In recent years considerable progress has been made in inspecticn capability. It has been claimed { <]
that under proper inspection conditiums, working with well motivated people and very special equipment,
cracks vf 0.375 mm surface length and U.125 mm depth can be detvcted at the 90 I prooabil{ty/95 7 con-
fidence level. At present, however, it scems morve realistic to assume a crack detectivi capability frr
cracks of at least 0.750 x 0.375 mm [6].

With respect to monitoring of operational load paramcters, several systems are presently in use, e¢.g.
the AID (Aircraft Lntegrated Data) and EUM (Eugine l'sage Monftoring) Systems. Proper analysis of the re-
corded signai to enable accurate determination of life consumation or crack growth prediction is, however.
still in an exploratory stage. A considerable amount of work in this area is being performed by the
Turbistan working group, with the goal of developing a standard or reference load sequence for gas turbine
discs [7].

The third basic requirement, essential for application of the damage tolercnce philosophy, is know-
ledge about material crack srowth and fracture behaviour under operational conditions. This is the area
which the current AGARD cooperative test programme addresses. An extensive amount of data and a basic
understanding of material fatigue crack growth behaviour is needed betore damage tcolerance lifing pro-
cedures can be ‘mplemented. By adopting che common effort of a number of laboratorfes. » hrodd data base
and an improved knowledge and understanding of the testing techniques could be realised. This was
achieved by the first phase of this collaborative programme.

3. TEST PRUGRAMME OBJECIIVES

The major ohjectives of this AGAR! cuordinated propramme arve:
- the determination of material behaviour, crack fuitiation and proragation characteristics under
realistic engine conditions, and
- the examinatiocn of the ability o1 fracture mechanics to predict crack growth behaviour in discs under
service ¢ dirions.

The first phase, the CORL programme, was aimed at rest and specimen stundardisation 24 ramiliari-
sation, and c2ltbrativ. of the different laboratories. The second phuse, the . UPPLEMENTARY programme, will
specitically address parumeters representative of real service operation-like mission loading, sequence
and dwell effects, temperature, fatigue threshelds, etc. In additicn, lite prediction methods, their ap-
plicability and limitations, will be addressed in this phase.

The major (biectives of the CORE programme are:

- fuzilierisarion of various 'aboratories in North America and Furope with new test techniques, such as
the potential drop technique tor crack length measuicacnt 2nl autamoted data 3 4 “rian

standardization of test specimens and test techniques for engine disc materials,

calibration of the various laboratories via a round robin test programme in order to gain conridence in

each other's :esults, and

material data collecticn, using Ti-HAl-4V, for verificatlion of lite prediction techniques used i1n damage

tolerance design ot engine discs,

- ifdeutificatiun and docuwentatiopn of data unalysis techniques.

The set-up of the CORE programme, the test procedyres and the results are gresented in the f{ollowing
sections.

4 CORE PROGRAMME

4.1 CORE Programme Set-Up

The CORE programme test matrix is shown in Table l. Fach laboratory performed all the tests in the
matrix for compariscn and calibration purposes. The test matrix consisted cof a series of fatigue life
tests (unnotched and notched specimens) and a serjes of crack propagation tests (compact tensfon and
corner crack specimens). With these data, both the safe life and the damage tolerance approach could be
addressed.

All testing was performed under load comtrol, corstant amplitude and ru-m temperature conditions. The
tatigue load levels were chosen to achieve realistic lifetimes te failure and/or crack propagation rates.
For valid comparison of the individual luboratory test results, a working document detailing the iro-
cedures [or instrumentation, measurement, testing and data acquisition was developed and 1s included in
this report as Appendix A. Coordindtors, one from FEurope and one from North-America, were selected to
oversee the programme and to collate and analyse the data.

4.2 Specimens

4.2.1 Speciman types/background

For itandardisation purposes four specimens were selected tor fatigue life and crack propagatic:
testing. One of the gouls of the programme was tc establish specimens as stindards and thus encourage
other laboratories to use them. In this way a broad Jata base using these specimen geizetries would be

created. Tne selected specimens are shown in Figure 2. The specimen shown in Figure 2a is a smooth




cylindrical specimen (de:ignated ds LUb-specimen) used for futlgue 1ile testing. The tiot doub.c vduee
notched specimen with 4 K = 2.2 (designated o5 K 2.0 specimen), Figure by, s alse tsed 1 r latigne it
testing. However, apart irom the life tu failure the life to crack initiation 'or better: lite t. a ier-
tain *crack $ize) can alse be determined. Thne well krown ASTM - :
specimen (designated CT-specimen) with o through thickness aote™ 15 shown in Figure Jc. This spedimer is
used [or crack prupayation testing in the so-called lory orark regime, where the orack eeometoy is q, r-
mally two-dimetrsional and the initizl crack ieneth is much larger than the wrain size ot the material. Ine
total da/dN-2K curve including the fatigue threshold, 4K, car be determined using this specimesn

fourth specimeu, shown in Figure 2d, 1s the corner crack specimen designates (tespecimer ) . This sy
was designed specifically for crack propagation testing of dise raterials t. simulate the same thre.-
dimensional strees fielde 43 those encountered in criticel lecations suvh os bolt heles. In this respect,
it {s necessary to refer to Pickard vt al B whe have shown that the crack propapati.o curve obtai-ed
with CC-specimets cleariy *4lls below the curve peverated with Ul-specimens. As 2 resuclt, when vomparing
specimen crack growth data with crack growth in uan sctual disc, the latter wil. be well predivted with
CC-specimen data, whereas the use of Cl-data could result in an underesrimation ot fife by o tazray o«
two., Bearing this in mind it was cunsidered vesential that both types of crack propagation
used in the programme. As well, the (U-specimen was considered ideal for determining shoert

for coarse grained materials,

mpact tete | oslse ¢ i

crotuesdor

serimen. e

crack eltects

4.2.¢ Specimen machiniug and location

All specimens ior the VOKE programme were machitied by Rolls-konce. The specimens were extracte! trom
two nominally identical ten disc torgiogs suppliced to Rolls-Kovie By twe ditterent forging
torgings were made lrom li-bAl-4V ip the solution treated 2and aged (S1A) conditit. The disc cut-f
drawing indicating the location uf each individual specimen is showr in Fipure 3. The nrientettor of the
speciwen crack planes in relation to the forping directions was specifievd oo 1t would be the same 3¢ co-
countered in service. The distributi
European jabuerdatuties obtained compiete sets of specimens frowm ve disc, and the remaivis, labrat. =:..
vbtained complete sets of specimens from the cther disc, uy seen in Fipgure tc. lhie wenld allow
differences in material behaviour between the twe discs to be :dentitied and to focilitate tne
material trom the two discs ror metallurgical examination.

cts. Ghe

of specimens was arranged such that three Nertt

SeTivar g Thite

4.2, HBasic material preperties
Busic material pruperties tor thes

discs were determined by Polls-Rowce. these are civen an gt le o,
and are compared with the "Material Speciticativn minimum value' (1.e. the lowest acceptabie progoer
values expected trom such forgings). Ip general, the measured pronerties werv wgual to o7 ‘ettoer than the
specitied minima. The sole exception to this was the 17 “C ductility (7 ka) which was Voolaw,
However, this ancmaly was ameliorated hy the elongation measured irum the same <pecime:n.

It was coucluded thde the twe discs supplied totmed o ¢cod basis tor this ¢ cpevas

slivht!?

[rooevATLE .

4.2, Microstructuare

ihe microstructure of the Ti-bAl-\ disc material, whiclh was in the STA (solution tio.z+ and Lge:
cendition, consisted of equiaxed a-phase in a transtourmed f-matrix contatning coarse acicalar a f jgnre
4). Occasional a-alignments were observed as seen in Figure 5.

The amount ot a-phase, determined with guastitative metslicpraphy, was about 407, Cross-serti nw were
. vepared in three perpendicular directions: in the planc ot the disc, perpendicular (o the disc plane 17
the radial direction and perpendicular to the disc plane in the circumferertial directior. No .bvious
ditferences in microstructure in these three directions were observed.

Texture differences between selected specimens were determined by the RAF. bur this purpese <lices
were prepared from tested specimens, see Figure 6., Note that the surface on which the texture measulement
was performed was a radial plane perpendicul:v to the di plane. Slices fur the texture determination
were prepared ir.m specimens CC 14, 16, 18, 20 and 2 from both discs. Specimens €C l&, l6 and 18 were
celectad reo i-dicare textvre wariztion in the direcrion of the disc, whereas specimens (U l&, 20 and
22 were selected tv indicate radial texture variation.

An indication of texture in a material can be obtained by the use of pole figures. In the follow
short explanation of the construction and purpose of pole tignres is given.

Crystallographic planes, axes ana angles can be represented on a sthere, known as the reference or
polar sphere, when a crystal is assumed to be small compared to the sphere and to be located 4t its
centre. Une way to represent the crystal planes on the sphere is to erect perp:ndiculars te the planes
These plane normals are made to pass through the sphere centre and to intersect the spherical surface at
peints known as the poles of the planes. The array of poies on Lhe sphere form a role tifure, which repre-
sents the orieutation of the crystal planes. In preo~tice it 1s more convenient t¢ use a map of the sphere
known as the stereographic projection. This en-' '¢s a4 two-dimensional representa fon of the pole figure.
Such representations are commonly used to compare textures, which are preferred orientations of crvstal
planes within a polycrystalline sample. To do this the stereographic pruojectinn is alipned to the overall
geometrical features of the specimen and the number of grains in raricus ranges of orientation are then
indicated in it bv a series of contour lires. The experimental information is usually obtained trom the
relative intensities of X-tray reflections from the polycrystal at varioos angular settings.

The pule figures of the selected specimens are shown in Figure 7 .ur disc LWMp /7700 and in Tigure R
for disc WCWMD 1113. FEach se. of figures (a) through (f) shows the {0062} pole figures, whereas the
tigures (g) through (1) show ric {i10} pole figures (equivalent to {1120} in 4-axis notation) for vericus
positions in the discs. (Note that the specimens CC 20 and CC 22 of disc WGWMD 1113} where processed in a
slightly different way. Instead of the {110} (equivalent to {1120}) pole figures the {1010} pele figures
were determined, ec~ Firores #(k) and 8(1). However, this does not alter the conclusions.) The figures
(a), (b) and (c) give an indication of the texture itself and the texture variation in the axial direction
(specime.s CC 14, CC 16 and (< 18 respectively, see also Figure 3 for their detailed position) and figures
(d), (e) and (f) give an in'ication of texture variation in the radial direction (specimen nrs CC 6, CC
20 and C( 22 respectively). The figures show that the textural differences hetween the discs are re-
latively small. If a strong tex-ure would exlst then much higher f{igures for the cortour levels would have
been encountered. As mentioned before, these contour levels indicate relative densities of crystallo-
graphic orientations in specific directions. Disc WGWMD 1113 (Figure 8) showed slightly more texture and a
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gredter variation in texture i the axial direction than aisc LWMD 720U (Figure 7', In the radiai di-
tection the varidtion was less than that displaved :n the axial case. lp ract, verv '1ttie o
chserved betweet specimer positions L0 Ju and (C 2!, Discussions with RAE indicated tlat
texture and texture diilerences were not very marked, even betweea the twoe discs, ard
1wes won'd not he expected to resullt In dpprecidble changes in mdterial properti
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o TEST PROCEDURES

I Leneral
Al: testing wos done acvording te the "working document 10T tue AGARD couperative test ;rogracme o
titapium alloy engime disc material ¥ . During the actual test phase of the prouramme, os o reselt ot
datd generation and testing exXper:ence, this document was modified ard amended and is .¢
pendix A,

Tuded

v Potential drop crack neasurement technique

An interesting aspect o! the test progrumme was that crack initiati.n and growth wes =7
medars of the podentis] drep (FBT technique. This technique teguires that o Conetant
throvgh tie specimen and the electrical potentia’ ver tue track plune he aedasured by twe
o It
Figures An and A5 of Appendis A tor
rack length can be achieved,

Hrrent be passed

between crack lengtio ard veltaye is

Chpuslte sides ot the o s

specimel respectivein, an accurate detern:

The advantage of the PO method is that crack lenwth detective is alse possibie 1t oo
d. Additienally, the averiage crack e
Tined instead ot the surface crock length as in the case ot vptival sureme:
Curvature 4re thus accounted ror,

ind that asutiweted data (oilection 1s easilv attai

ement 1y shows o Big e 0 hote 1!

A typical sel=up tor ratiyue testifg aun crack lenpth measo
ipart rrem the notch veltage, o reterence velldee 3s medsured to dceuvunt for temper.ture elliee s and o o1-

Tonl variat fhermovavctrie vttects and dritt of the svste. are ed i ptletenion H
Twi Measuremenits, no with currert-ce,  oe Wwith cartent-. f§,
o bxample Jescription of vrack length measurement using the P techiigue

Te o pilustrate how the dctusi procedare for erack growth medsurement  wos rmed, the T W
example uning 4 UL specimen Is 2iven. An instrumented Corner orack specimer is cobigure L ot
that o1 reasors ~! osimplicity hoth the noteh probe wites and the reter wWiTes were wWelded o7 Lo same
edge) . S0 the actusl test proxramme, to jrevent the occurrerce Tou TeleTeNie potertiag cbar due o

crack crowth the reference probes were welded at a locaticn st which the potert, (]
by orack growth, d.e. At the op; sile (orner,

The resuit vt & preliminarv te ot i the dumny specimer - i LN L s presented i
ihe tigure ilflustrates tue dmportance of the locatior o £1 bes, o dear Bowrle v .-
credse in relerence oo Lential ds o orespit 1 kelng jocoted Pothe o [ SRS

Phe actual ¢rack growth viurve taverace crack lenglh verans o iviess wie otetro: ted o tUir Porrars
St othe anteh veltare versus crack lenwth. For this purpose the verdge ook sice b the LR
was determined Toest. lhe specimer was deliberately hroken - pen amd e
(rack dength readings were tahe twir Gt the aide sLTtace-, 1.v, the LA SN S ek
three ut angies of 2057, and T Thie averaging rethod rewsited v v 0aow over. saeop Ai:
trom the real dveraee crdck leigtic bralned Lo tractare orea Jedsurcement. . a1 Fye e w
Ltoinved by drawing a <traight jine throngh this ctiral. Jdars il and tie v b e .
straseht Tine assumpticn 1s fnustitied 5! fhe dislanie BeTweer Uhe s € oam . with
the sjpecimen width e Appe RO L R L ATty v w7

Fiwure 0 alse shows the rei tion detwest (he oot W Tg.pe Cenoombae o it .
specimer wee duri tre test. This curve dndicates that e Rl o0 medsurerac 1 St s of et 0
aveldge orackh ength as detived By the collbrat o curve. b ogse f e crlecr .
vatlire 9t rhe specimen sonrface, as seen in Figare [0 "his wevampls lear st

the PO method tor crack lengeh determina®ion cver the opticai meth

tivity is verv good. The system shown ir Fighre  ailows chabyss it cvack e oth
better thdan Sum sensitivitv.

igure 13 another tedture can als: be weer. ip the ear!s oo the te Rt tesiln wen ntarruptes
for heat tinting 1o crder 0 have ar additiond  data podne tor calivrat Fhic ot

in Figure i, lies exactly on the calibration curve, giving additional contidence i

The corlibration procedure described above tor the U specimen §s cimilar to tist ceed tor
specimen with the excepticn that the calibration curve for thi~ specime im o third  vder v
tunction., However, me-surement of the tingl average erack size (rom the Fracture wnrlole dn wae o
the LL specimen, is sufticient to fix the posit tothe calibration curve.

5.4 Test provedure variativns

Allhough the procedures for testiny are described in detair, there were stil]l variistiens betws ot
laboratorfes fn the actual testing technigues, lhis was due to: hardware limitati.on soditietenies inoproe-
grammes {or computer controiled fatigue tusting; and differences in the wav the potentiai dr i ometh

dpplied. Some of the more impertant varjations in test procedures are decumented Yelow.

The major variatiuns in test procedures cuncern the potential drop meastrement techulgue. v pire
ticular, the CC specimen PD-data was not aiwavs obtained or could not be vasily analvsed because of elight
differences in probe wire attachmert. In one case of 1 €T specimen, hoth the humul foil PD methog and the
optical erack length measurement techniques were emploved. (The RUMI'L fo1i is an electrically conductive
tape which is sdhesively bonded to the specimen so that surface crack growth, which extends inti. the toil,
can be measured). The Rumul feil was atteched to vne side of the Ci-specimen. giving Pit crack length dats




only for that particular surtace.
e PD-measurement tecbnique itself was pertormed in ditferent ways. The recommended proceaure os
st oin Figure A3 of Appendix A. In the prucedure both current-uf and current-¢fi Teasuiclients are done
at gimum load within the (imetrame of uvpe 4ecuond. However, because of hdrdwere |imitatiors, the
reeded for two successive measurements of noteh @ud reference veltages wis solelimes In eXxcess

second. Thus, these veoltage readings at times could not be measured simultanecusiv. ihis problem wis ac-
centuated with the K 2.0 specimen, where two notch voliages and wvoe reference voitage had to he measured
simultaneously. io d&dltAUn, the current should be stabilized between current-on and current-uot
dienls.

ike abcove problen was overcume either by lengthen.ny the time at lvad tor these particular messure-
ment cviles ur by deing notch and referenve measurements in successive cvoeles. 1Polpe Dirst
dpplivd the maximoem time at lead had in one case to be increased trom | to 1.3 secords; in oaother case
trow 1 to 4 secopds. Other laburatories adopted the second method: the executivn of PD medsurements 1o
successive cycles.

suv

rethod wes

hoth methods might have an eitect o= rhe recs rugylts, An increased time ot maaimun load ttor the
les) could enbunce the dwell etfect although this effect s probably very
measurements in successive cycles might give, at very high crack growth rates, a minor shitt 1u wrack
arowth data vut this can ve simply uvercome by counting the cycles during the actual notch messurement
tihe current-off and reference voltage will change only slowly).

measurvment ¢ wer. P

fH.  RESULTS

lhe test results for the lour specimens tested are discussed individually in the fuollowing anb-
sections.,

fo 1 smooch cylindrica., LCF specimens

toiol beneral intreduction

All test results are presented in Table 3 and are shown graphicaily in Figure 14, Nete that,
vngineering convention, the stress range as the independent variable is plotted or the herizontal is and
the cycles to failure on the vertical axis for c<mmonality with the statistical analvses ~{ the results
{uiekl sections). The results appear to indicate that the LWMD [JUU disc data are slightly ahove the WoWVi
13 dise data. This agrees with the data in Table 1, A& statistical analysis 1 the results wag performed
tv detect pussible differences ia material behaviour ior the two discs, or for particular locaticres in the
discs, or te indicate deviating treads in the resulcs of individual lsboratories. The ariivs
the establishment of linear reliativiships between stress and lile based un a4 log-normal distriboeticn, the
establishment ot confidence intervals fur these curves, and tests on the validity ot the spplication -t
the linwgr model,

Sk
Like

is 1ovolver

[ lisear expression used in the statistical analyvsis was:

Y = A+ BM in which Y = logX\
X = Aac
N = number of eviles to failure
A0 = stress range

The statistical avalysis was performed according te the procedures gescribed  in AsTM standard
Practice B 739=-80 (10]. A short summary is given in Appendix B.

h.1l.0 Statistical handling «f the wmooth cylindrical LOF specimer data

1 inditial stacistical analvsis was performed von all the data, except the one vun-cut, CEAT LOF 3M
which tufiled in the thread atter (6,260 cycles. The results, see Figure !5, show that data ohtafned ot
very high stress Jevels (stress range ~ 875 MPa) exhibited jarge scatter cavsiog a major shift the
p>s£t£<r wf the mear curve for all the results. The high strecs rauge of 875 MPa corresponded to o ma¥imum
{ 970 MPa which is near or abeve the minimum specified tensile strength for the raterial as seen
J. Yor this reascn these test dats were opaitted from the statistice]l analvsis. The resuits ob-
tained 1n tne lower stress vanges ot 700 te B3 MPy had more appropriate lives to fajlure of i o
Wi, G0 cycles with less scatter.

in

The data were reanalysed and the resultant mean curve and the 95 7 confidence interval are shown ir
figure 16, The meaning of the confidence interval is that, based on the analysis of a series ot ingepen-
dent data sets, we may expect that 95 Z of the computed intervals will include the mean curve. Or, in
other words, the statement '"the -.ean curve (of the total dxatrxnu(xon) lies within the computed interval'
has o 99 % probability of being correct (see Reference [10)). Figure 16 also shows the computed statis
tical parameters R and B (which are the maximum likehood estimators of A and B, the line-coefficients) and
thelr intervals for a 90 and ¥> 7 confidence level. In addition, the variance and the parameters ir-
dicating the correctness of the linearity hypothesis are indicated. These parameters are descrited in more
detail in Appendix b.

As can be seen {rum the computed statistical data (see Fig. 16) the linearity hypothesis, for all
results. was 1nvalid. However, the rejection of the linearity hvpethesis is caused hy & single data point
(A0 = 828 MPa, N = 437 cycles, disc WGWMD 1113). When the statistical data handling was repeated with the
omiitance of this particular test point, the linearity hypothesis was shown tu be valid. For reascons of
simplicity, the assurprion of linearity in the range of 2000 - 50,000 cycles to tallure was therefure con-
sidered tn» be appropriate. The linear model was also used {u all subsequent analvsis. (Note: the parti-
cilar data point was not removed in the anilysis).

1.3 Statistical comparison of individual laborat.vjes, discs and disc locations
Flgures i/ through 28 show the outcome of the s.bsequent statistical analvses in which various com-
parisons were made as follows:
1. individual disc results with respect to the overall data,
. icdividual lahoratory results with regaid to the respective disc data {and corresponding confidence
intervals) and with regard to the overall data, and
t, varions disc locations with regard to the respective disc data.
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Figures 17 and 18 show the test results and assuciated median curves and confidence intervals tor
discs WOWMD 1113 and LWMD 7200 respectively. The statistical parameters are alsc given. The results show
that tle agssumption of a linear relationship is valid for the LWMD 7200 disc data but that this assumption
is incorrect tor the WCWMD 1113 disc data. This was caused by the sirgle data peint discussed in Sectiun
6.1.2 resulting in a4 steep line coefficient B (i.e. slope) tor disc WGWMD 1113,

A comparison between the individual median curves for the two discs, as constructed in che Figures 17
aad 18, with the overall median ~urve for all results, Figure 16, is shown in Figure 19. In this figure,
the test data for disc WGWMD 1113 tend to fall slightly below the disc LWMD 7200 data as meptioned in
Section h.l.l. for the somewhat higher stress rangeés. At these highesr stress ranges (Ac ~ B8l{ MPa) the
maximum ditference io fatigue life is about a factot of 1.5,

{pure U stows c¢he overall median curve and the median curve for disc WGWML [113. The individual
fitted curves ot the . x laboratories which tested this disc are also plotted. Most of the jndividual
curves fall withii the 95 7 co.fidence interval for the overall curve. However, some data fall vutside
this interval. This behaviour may be expected since the vumber of specimens tested per laboratory was
small.

In Figure 21 a similar comparisun is made. However, the overall median curve and associatea
contidence interval have bees omitted and the indicated 95 7 confidence interval now relates to disc WGWMD
1113 orly. In this case the individuel laboratory curves fall within the wider 95 Z confidence inte:val.
Although there is a clear ditference in line coefficients for the various laboratories acd a slight shitt
in the line position, there is po major indicatiuon that the resules from an individual laboratery clearly
rall outside the scatter band.

Figures 22 and 23 are equivalent to Figures 20 and 21 but now refer to disc LWMD 7200. Most of the
individual laboratory curves for this disc run almost parallel to the overall median curve and the disc
median curve with cone exception, which shows a more steep relaticnship. Figure 23 alsoe shows that «ll in-
dividual curves fall within the 95 7 confidence i1oterval for the disc median curve. Thus there is no in-
dication of clearly deviating results for indivi'ual laboratories.

Dur.ng disc design and production the intention was to obtain homogeneous pruperties throughout the
disc. Tne test results enabled us to check whether this objective was met. To this end diftereut locaticns
in the disc were identified (see Figure 24) which could provide an indicativa about radial aund axial
variations in mrrerial behaviour. Figures 25 and 6 show, for the respective dists, a compirison of the
fitted relatiorships tor various radial locations with respect to the median disc curve. Flgures 77 and 8
show similar comparisons for different ixial locations.

The results indicate that differences do ovccur due to location. However, these differences appear to
be insignificant. In Figure 25, disc WGWMD 1113, tnhe RIM ares tends tu be superier with respect to the MID
and BURE locations at the higher stress range, but it is inferier at lower stress ranges. This behaviour
is not very logical. [f rhe RIM area would indeed have superior fatigue pruperties thuan one would expect
that this superiority would manifest itself over the entire life regime, especiolly because it is nod
expected that the failure mode would change significantly ip this particuiar regime, snd thus that i-
would result in an upward shift of the fatiyue life curve. The aobserved line-crossings ot the RiM, MID a:
BORE life lines are therefore most probably the result of normal scatter in the test dats and the re-
latively small batches used for this lecation analysis. Another important point supperting the above con-
clusicn is that une would expect that a certain trend in material behaviour for various locations woenld be
similar 1or both discs. However, in comparing Figures 13> and 26 such a trend could not be abserved.

Figure 26 for example, disc LWMD /200, shows that the RIM, MID and BORE locations are essentially similer
in fatigue behaviour.

A comparison with respect to axial locations tor both discs was made in Yigures 7 and 2K. line-
crossings were also observed in Figure 27, disc WCWMD 1113, MID and AFT locatieons. In addition, the twe
discs do not show similsr Lehavieur for the various lecations, which would have been expected if there was
a trend 1n material properties for a certain jocation. In rigure 25 the fitted curves, per lucation, are
grouped closer together although the MID results tend to be somewhut lower.

In reviewing the above obtained location relationships all results seem to suggest that there is ©
apparent material inhomogeneity in relation to LCF tatigue pruperties for the various locations studied in
this analysis,

kL Flat double edge notched kl 2.2 specimens

h.l. 1 Introduction

For the K_ 2.2 specimens both the lite to crack initiation and the life to failure were determined,
Lite te crack initiation was defined as the number of cycles at which a 1 1 increase In putential drop
value was obhtained. The actual crack size for a | 7 PU increment was estimated by breaking open vone ot the
(dummy) specimens at the 1 % PD iacrease level, as seen in Figure 29. The crack shape was semi-cilipticai
and had a maximum crack depth of about 0.6 mm, with a surface length of 1.6 mm.

Ali test data are presented in Table 4. The life to failure results f{or both discs are shown ir
Figure 30. Again, unlike engineering convention but for ccommonality with the statistical analvses, the
slress range as the independent variable ic plotted on the horizontal uxis whereas the cycles to lailure
are plotted on the vertical axis. Figure 31 shows the life to initiation and the life to f{ailure for disc
LWMD 7200 only. Flgure 30 shows that the spread in results tor the K' 2.2 snecimens is smaller than for
the LCF specimers. This efiect is especially evident for the high stress levels. Ancther finding (sce
Table 4) is that lite to initiation and life tu failure are clusely related. Furthermore the life <o in=-
ftiation, as defined, accounts for the gre .test part (- 85-95 %) of the total life oi the specimen. This
occurs because of the fairly large crack size associated with an inftiation level of 1| 7 PD increment,

Almost no difference in notched fatigue behaviour between the two discs was observed. However, 10
order to detect ;ossible trends in material behaviour between the two discs, and hetween individual
laboratories and disc locations, similar statistical analyses were performed as on the LCF data,

6.2.2 Statistical handling of the K 2.2 data

An inttial statistical analysis was performed on all data, excluding the run-outs {(in total three},
shown in Figure 32. The single data point at the highest stress range (40 = 1091 MPa, N_ = 38 cycles) af-
fects the posttion (A) and the line coefficient (B) (l.e. slope) of the median curve in the area ot in-
terest, the life regime between 1000 and 100,000 cycles. Following the procedure adopted for the LUF spe-
cinens, this data point was omitted from all subsequent statistical analysis. The remaining data were




again statiscically analysed and the results are shown in Figure 33, together with the 95 I cootidence in-
terval for the median curve. As can be seen the lipearity hvpothesis for the median curve was determined
to be currect in this life regime.

b.2.3 Statistical comparison of individual laburatories, discs and disc lucatiuvns

Figures 34 through 45 show the outcome of the statistical analyses in which the following comparisons
were made:

1. individual disc resulets with respect to the overall data,

2. individual laboratory results with regard to the respective disc data (and corresponding con-
fidence intervals) and with regerd to the overall data, and
3. various disc locations with regard to the respcective disc data.

Figures 34 and 35 show the test data and titted relationships including the 95 I confidence intervals, for
discs WGWMD 1113 and LWMD 720U respectively. The assumption uf lirearity for the median curve was i
tied, as can be seen from the statistical parameters. A comparisvn between the median curves of the twe
individual discs with the overall median curve tor all results (Fig. 33) is shown in Figure 36. The in-
dividual median curves lie close tov the overall median curve and, in addition, line-crussing was cbserved.
Both facts sugzgest that there is no apparent difference in the notched fatigue behaviour of the twe
discs,

In Figure 37 the overall median vcurve and che mediar curve for disc WGWMD (113 are shown and,
1n addition, the fitted curves for the six individual laboratories which tested this disc have been
pluoteed. All individual curves 1all within the 75 7 confidence Interval of the overall median curve. In
Figure 38 & similar comparison i{s made., However, the overall curve and iis associated confidence interval
have been omitted and the 95 7 confidence interval now relates to disc WGWMD 11i3} coly. Although some
ditference in lipe positions and coefficients can be ohserved there is no indication that the results of
individual laboratories clearly fall outside the scatter band.

The iudividual laboratory curves for disc LWMD 720U are shown in Figures 3y and 40. Thesce curves have
a wider spread than in the case of disc WOWML 1113, Figure 39 shows that not all indjvidual curves lall
completely within the 95 % confidence interviul ror che overall median curve. However, Fipgure 0 shows thar
these curves fall within the 95 7 contidence interval ol the disc median curve, Because ! the smal) size
of the individual batches no firm conclusions can be drawn about the significance of the variation ip in-
dividual fdboratory test resuits.

A comparison in notched tatigue behaviour between different locations in the discs was alsc zade

Figure «l shows the idertitication ot the varicus radial and axial locations used (v the subsequent
analysis. Fipures 42 and 43 show tor both discs the comparison in fatigue behaviour of the radial lo-
cations with the median disc curves. Similur comparisons with respect to the various axial locaticns are
shown in Figures 44 and 45. The results indicale that the variations between different disc 'ocatiuns are
very small; there is no appavent material inhomogencity with respect to the notched fatigue properties for
both discs.

6.4 Corner Crack (v4) and Lompact lension Tyvpe (]} Specimens

b.3.1 Data analvsis

Fatigue crack growth data trom 33 corner crack and 35 compact tensich Lype specimeds were cojjected
and analysed. Typically for each specimen data set, > pairs of crack length and cvecie count dats were
provided for the anal The data wer: provided in the s recorded condition v urder tu tacilitate the
use of @ common smoothing technique.

Four smocthing techuiques were -onsidered i1or the da‘dM aualvsis procedure: the secant methed, the
moditiea difterence method, the seven point frcrementsl pelvnomial method and the total polvnemial metiod.
The seven perint incremental polynomiul technique was ultimately chosen because there were sufficient
numbers of ddta peints available in each data set, the technique is recommended in the curvent ASIM stan-
dard for fatigne creck growth rate testing, Retervnce .11, and it possessed sufficient smeothine capa-
bility to tdentity possaible trends in ti data,

The seven point increxertal polynomial method for compnting da/dh a function ot 2N is described
in detail in Reference .il.. briefly the techpique fuvolves fitring o second-order polieomial wparabola
to sets of seven successive values of observed crack length. The torm ot the equation for the jecal tit .t

crack length is:

a, = b0+ bl
i

where

y

and bO. bl oand bl are regressicn parametoers.
The rate ot crack growth, da/dN, is obtained Ly taking the tirst derivative of the sbave equitivn
with respect ta N:
bl
a /dN, = — + b Noo-oo ] ed
da /N, ' 2(1 x)'

P!

The value of 4, is used for the _alculation of the correspending LK., The stress iutensity sclutions for
the CT and CC specimens are described in Sectinns 3.3.3 and 3.4.4 of Appendix A respectively.




Arthgyrandun

F—

6.3.¢ Fatigue Crack Growth Rate Description

in order to utilize the data generated in this analvsis for design and life prediction efinrts, a
curve titting model is usually applied to the dat3. A number of curve titting mudels have been proposed to
describe the sigmoidal shape of the crack growth rate curve. Milier aud CGallagher L1227 desyribe an ASTM
round robin prugramme where ten different mudels were used. One of the most successful mudels and one of
two models selected for this analysis is the table lookup prucedure. In this technique tabulated values of
da/dN and 8K values are obtained at rvgular log da/dN intervals. To build the table, the data for each
specimen georeltry were combined and sorted by da/dN. At selected intervals of da/dM, the data were
sveraged and a mean da/dN and AK were calculated. Because of the large wumber of data points availubile tuy
vach specimen geometry, an accurate estimation uf the mean performance of the data was thus obtained. The
mean crack growth curves are described by 36 pairs of data for the cornmer crack specimen geometry and by
32 pairs of data for the compact tension specimen gevmetry. The mean data are presented in Figure <7 and
sre listed in Tables 5 and 6. Standard deviation data for da/dN are also presented in Tahle< 5 and b

A second model urilized to describe the crack growth benaviour is the power law ur Paris mede}l 13!
This model assumes that the crack prupagation behaviour over discrete ranges ot da;dN 1s linear and can
thus be described by the equation:

da/dy = cak”

To obtain the covetficierts € and n, the crack propagation data in the assumed upper linear portior of
the data were selected by specimen geometry ard a least-squares regression line was fitted. The results
are showtt in Table 7 and in Figure 47. The fitted lines in Figure 47 show sn excellent cerrelation with
the mean data obtained using the table lookup model described above.

6.3.3 Test results
The aata sets of da/dN versus AK are presented in Figures 46 through 63:

Figure 46 The data for each laboratory are identified as a commoen group for irterlaboratary
comparisons,

Figure 47 Mean datu and power law lines are presented for the twe specimen gecmetries,

Figure 48 The CC data for the two discs are comparved,

Figure 49 The CT data for the two discs are compured,

Figures 50 and 5! The data for the two discs, LWMD 7200 and wewML 1113, are compared, and

Figures 52 through 63 The data sets for each laboratory are compared to the combined mean data tur the
two specimen geometries, CC and C1.

In figures 46 to 5l, onme trend in the data appears consistently. As evident in the mean data ir
Figure 47, the CT specimen produces a higher crack growth rate than the CC specimen, especially in the
high - r AR ranges. The compact tension data are the mcre conservative of the two specimen geometries. At zK

7

= 16 MPavm the ditierence is a factor of 1.4 and at 4K = 40 MParm the factoer increases to .75, This
etfect was alse noted for Ti-6Al-4V in KReference [B! using the same compact tension and corner crack
specimen geuvmetries,
I FRACTUGRAPHY

Fractographic investigations were carried cut by QETE 1% and NLR on both CT and (¢ specimens.

Striation spacings ub the fracture surface determined by means of scanning electron microscopy have beer
cempared with the macro-copically cbserved cruck growth rates, determived by the PD method or by optical
means. The results of the comparison are shown i Figure 64 tur both a (T and a €C secimen. In Tabhle K o
detailed comparison is given for the CT-specimen.

The results indicate that in general, at the lower AK values, the measured striation spacings are
jarger than the macroscopically determined cyciic crack growth by a factor of approximately . This
situation is reversed at high AK values. This behaviour mayv be explained by the following considerativns.
At lower AK values striations are difficult te cbserve. Only the larger ones tend to be found, resulting
in an uverestimation of crack growth rate. At higher AK values novn-cvclic crack growth, e,g. microveid
cvalescence, can contribute such that striation spacing does not reflect the overall (higher) crack grovth
rate.

In tigure 65 an illustrution is given of the fractographic appearance of specimen CC R at varicus
iocations [ 147, From these photographs it is clear that microscoplc crack growth directions at the iower
tK values can deviate considerably frem the macrescopic growth direction, indicating o strong mocre-
structural etfect. ot higher AK values, wmicroscepic crack growth aligns itself mere with the overall
ccack growth divection.

E. DISCUSSTUN

The major objectives of the CORE programme were:
- familiarisstion of the participating laboratories with new test techniques, e.g. the potential drop
technique and automated data coullection;
- standardization of test specimens and test techniques lor engine disc materials;
- calibration uf the participating laboratories to gain confidence in each other's results; and
- material data collection, using Ti-6Al-4V, tor verification of life prediction techniques used ir
damage tolerance design of engine discs.

The programme succeeded almost completely in the realization of the above objectives. Standard test
specimens were selected and test techniques were developed and standardized. The participants, and in
addition other laboratories, adopted the new test procedures for their own research programmes and even
require that testing under contract be carried out according to the standardized procedures.

As all laboratories applied the same test procedures, their results cculd easily be compared. A de-
tailed statistical analysis was performed to indicate possible deviating trends in ind{vidual laboratory
test results. However, the analysis did not cenfirm any such behaviour. Individual iaboratory results
fall within expected scatterbands and there was no obvious trend indicating a particular test outcome for




certain laboratories. This is an important result because the participants have nuw been mutually cali-
brated, which will give contfidence in each other's future test results without the need of continuous
duplication.

In the current programme a large damount of data was generated, both in the LCF lire area as well as
in the crack propagativn srea. The data will be used 45 baseline data fur the SUPPLEMENTARY programme in
which the effect of subcycles, spectrum lvading (simple and complex sequences) and difterent materials
(with different grain size) will be investigated. At that stage the baseline test data will be used for
comparing material behaviour and will serve as input for the various life prediction models to be applied.
In the SUPPLEMUNTARY programme the applicability and limitations of these models will be addressed.

The applied testing procedures, making use of PD measurement techniques and automated data collect-
ion, proved to be very etfective. The accuracy of the system can be brought to a high level if good
qualicy equipment {s used, together with a careful PD-instrumentation of the specimens. Ultimately a
better than 5 um crack iength sensitivity could be obtained for CC-specimens and about a !0 um sensitivity
tor CT-specimens. Lt should be realized that this accuracy is based on the teal average crack length. Fven
i1 the same accuracy could be realized with optical measurements the PD-method would still be in favour
because the optical method only provides a surface crack length. The difference in crack sizes obtained
can be yuite large; with the CT~specimens differences of about | mm in crack length between the surface
aud the average value were measured.

9. CUNCLUSTONS

1. standardizatien ot test specimens and testing procedures allowed comparison and calibration of
participating laboratories.

2. The statistical analysis of all test results indicated no deviating test outcome for individual
laburatories. All laboratories fall within expected scatterbands.

3. The CORE programme cnllaborative effort generated a large amount of data in both the LGF area and
the crack propagation area. The data will be used as baseline data for the SUPPLEMENTARY prugrsmme
and serve as input for the life prediction models to be applied at that stage.

4, The two specimen ctypes, (T and (C, provided fatigue crack growth information for through thickness
and surface/corner crack flaw geometries.

5. The fatigue crack growth data results indicated that the CU crack prowth rate data were between 3U to
50 percent slower than the CT data for given values of AK between 15 and 35 MPavm.

6. Two numerical techniques, the table lovkup procedure and the Paris law technique, proved suitable as
curve fitting models.

7. The PD technique is extremely accurate in measuring small tlaw sizes in the CU-specimen geometry. A
crack length measurement sensitivity down to 5 ym -~ ! »e realised.
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TABLE 1
CORE Programme test mdtrix
Type ot cest LCF life / crack formation Crack propagatiun
T T
Test specimen Smooth | tlat notched cormer crack ASTM (1
cylindrical ! Kl = 2.2 |
Number o specimens & P ¢ 3
putential
CRACK drep M M * !
DETECTION . —
TECHNIgUEs | OPEIeal * |
I
- |
roal total lite total life “short" crack total
+ initial crack range da/sdN -
termation LK curve
Note: All tests conducted ot roum temperature

Mindmum specis

TABLE 2
fed wnd measured material
the tw> discs tested

projperties tor

Material specitication
minimum value

Room temperature

tensile strength, MPa
0.27 yvieid streugth, MPa
7 elongation

%7 reductiun in ared

150 °C tensile strength, MPa
0.2% yield strength, MPa

% elongation

Z reduction in avea

rotating bend fatigue test

107cycles, MPa
LCF tatigue test, R = O

104 cycles, MPa
bore
web
rim
fracture toughness, MN/ml/2

Minimom measurec values

disc WOWMD 1

il

disc

LaML 7200

ETRIN
83N
ia

Y
650
14
35

L4k

460

890
R3S

772

53.

969
HeA
1
2k
819
892

al

4u0

&0
L1-19)
290

52.3

* minimum value not specified; target minimum is 440 Mpa.

T w— T
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DISC WGWMD 1113

TABLE 3

Fatigue lite test results on LUF specimens (R=0.1)

stress cycles to stress cycles Lo

Laboratory specimen amplitude failure laboratory specimen [amplituqge tailure

no. Ao N: no. 49 Nf

MPa MPa

ey 2 800 2850 LCF 33 B78 3

LCF 6 800 2340 LCF 35 828 437

uT LCF 4 775 4790 RR LCF 36 788 Su67
LCF 5 775 5150 LCF 34 788 5687

LCF 1 750 13540 LCF 38 Al 21z17

LCF 3 - - LCF 37 742 14515

LCF 19 300 3509 LCF 23 875 <}

LCF 16 775 5665 LCF 21 80O 3151

Q& LCF 18 775 7050 NL LCF 25 75 &605
LCF 17 750 8851 ! LCF 22 775 7264

LCF 4 750 124864 LCF 20 750 9457

LCF 15 700 40341 LCF 24 750 19426

LCF 12 800 1800 L.CF 31 880 <l

LCF 7 800 1900 LCF 27 790 5982

NR LCF 9 750 12100 RA LCF 28 750 8945
LCF 8 750 8800 LCF 32 750 13284

LCF 10 725 18500 LOF 29 720 22474

LeF 11 700 42000 LCF 30 720 15209

—
DISC LWMD 7200

LCF 19 8suo 3928 LCF 33 878 40

LCF 18 775 4672 LCF 35 837 3136

AF LCF 16 775 5632 CE LCF 36 788 8508
LCF 14 750 1614z LCF 34 788 5440

LCF 17 750 25933 1.CF 38 742 >16262

LCF 15 - - LCF 37 742 23076

LCF 5 825 3831 LCF 27 878 1158

LCF 2 800 6235 LCF 29 B8 348

ND LCF 3 775 8174 1A LCF 30 810 3298
LCF 6 750 21709 LCF 32 glo 4466

LCF & 729 41222 LCF 28 742 12805

LCF | - - LCF 31 742 14656

LCF 9 80Y 2679 LCF 22 800 3071

LCF 8 809 2350 LCF 23 800 2472

NS LCF 7 779 5510 PI LCF 24 775 6874
LCF 12 766 11016 PCF 2 775 4724

1CF 10 M) 8156 LCF 20 750 9964

LCF 11 47 11327 LCF 21 750 7540

_ab i
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TABLE 4
Fatigue life test results on Kt 2.2 specimenxs (R=0.1)
DISC wGWMD 1113
labo- specimen| stress cycles to cycles labora- | specimen stress cycles to cycles
ratory no. amplitude | "1Z crack |to fallure|l tory no. amplitude | "1 crack to tailure
Ao initiacion”™ Le initiation” i
s 4 S N

MPa Ni Nt MPa Nx ¢ |

Ko 54 775 3420 3476 Ko 36 700 5950 6700

KE ! 715 4202 4247 K[ 40 562 670U 7900

v K. 4] 625 8484 8920 - Koo35 362 13000 14200
e K; 21 625 10630 10993 Ko 39 562 17500 19500 !

Ko 6] 475 22764 23856 K 37 486 20500 £3500

K™ 31 475 31717 33026 K~ 38 486 34000 RS0

L t

+ -

Kt 17 775 3501 3701 K[ 5 715 026 KR

K[ i4 15 2301 3726 K[ 26 175 3301 3714

KL &1 625 - 10Y52 K[ 3 625 16941 18554

OF. Ko13 | 825 7701 8826 NL Ko 24 625 10207 | Llask

kL I8 475 41680 43730 Kt 27 475 27101 A

ht le 475 36601 38826 K[ b 475 21501 “ullR

k10| 775 2707 2971 ko3l 775 283 J o

ht S 175 2750 2841 KL 2 775 302y i 330

KE 1 625 10090 L1yt Kt 29 625 11387 | 1364

NR Kt 8 625 8875 8492} KA Kt 33 625 11349 i 1217¢

Kr h 475 29500 30061 Kt 30 478 4B748 IR

Ké 12 475 38500 39551 Kt 34 475 286511 l >5k%1

DISC LWMD /200

.

R[ 14 715 2037 2334 kt 38 [ ah9| Y230

K[ i3 175 PATA 363y Kt 35 362 19832 20599

AF Kt 17 625 8131 9254 CE Kt 57 362 13811 14954

! K‘ 1) b5 9043 9768 o Kt 39 428 201594 211330

K( 18 475 21775 23052 K[ 40 428 36500 “0190

K. 15| 475 59499 61568 K gk - - -

il f___ - q

KL L 775 2150 2765 k[ 32 780 2040 ik

Kt 5 625 5850 6038 Kt 33 77k 2510 3639

K[ 4 625 9200 10258 kr 34 607 6950 7317

ND Kt 6 475 46950 48995 1A Kt 3t 2} 7340 Y040

K[ 2 475 27300 29800 K[ 3G G928 12300 12180

K 3 - - - K, 29 475 6175 >63750

L t

Ko 9| 775 4050 434y Ko 26 1091 2 38

K( 12 75 2975 JRYO Kt 23 75 3010 3182

N K[ 7 625 9200 YhhU Pl Kt 27 649 S9h4 AROIO

o Kt 8 625 8950 98110 Kt 28 25 7888 8899

KL 1 960 27000 29350 Kt 24 550 17024 17433

KL o 500 25100 7120 K[ 25 Lic *55197 *55197
|

ol ailien,
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TABLE S

1247 Data Set

5

Meal fai’gue crack growth rate data for CC specimens

da/dN Std.dev. AK Data Sets da/dN Std.dev. AK | Data Sets
m/cycle m/cycle MPavYm m/cycle m/cvcle MPavm
5.92E-09 1.41E-09 12.50 11 4.91E-07 1.40E-08 28.00 40
1.U8E-08 1.42E-09 12.89 40 5.47E~07 1.94E-08 29.04 40
1.51E-08 1.01E-09 13.43 40 6.11E-07 1.77E-08 30.21 40
1.99€-08 1.85E-09 13.78 40 6.64E-07 1.44E-08 31.03 40
2,95E-08 4.19E-09 14,22 40 7.28E-07 1.97E-08 32.58 40
4,33E-08 4, 11E-09 15.06 40 7.98E-07 1.96E-08 33.65 40
6.49E-0b 6.58E-09 16.07 40 8.65E-0/ 1.82E-08 34.72 40
9.10E-08 7.81E-09 17.33 40 9.44E-07 2.99E-08 35.93 40
1.15E~-07 8.78E-09 18.31 40 1.05E-06 3.17E-08 kR o
1.4/E-u/ 9.10E-09 19.46 40 1.17E-06 3.55%E-08 37.77 40
L. 75E-07 7.94£-09 | 20.19 40 1.31E-06 4.,80E-08 39.32 40
2.04E-07 L.Q4E-08 21.66 40 1.47E-06 5.29E-08 40.83 40
2.46E-0/ 1.15E-08 22,48 40 1.67E-06 6.79E-08 42.12 40
2.79E-07 9.83E-09 £3.07 40 i 1.68E-0b 7.01£-u8 43.83 40
3.12E-07 9.31E-09 24.48 40 2.12E-06 7.97E-08 45,13 40
3.55E-07 1.45E-08 | 25.06 40 2.44E-06 1.09E-07 46.41 40
4.02E~07 L22F-08 26.19 40 2.89E-06 1.69E-07 48.42 40
4.47E-0/ 1.32E-08 27.66 40 4.10E-06 6.49E-07 St.té 4G
TABLE 6
Mean fatigue crack growth rate data for LT specimens
1385 Data Sets

da/dN Std.dev. 8K Data Sets da/dN Std.dev. AK | Data Sets
o/cycle w/cycle MPavm m/cycle m/cycle MPa’/m
6.50E-09 1.19E-09 10.98 39 2.68E-07 6.95E-09 20.90 40
1.22E-08 2.45E-09 2.30 40 2.93E-07 8.35E-09 21.31 40
2.15E-08 3.04E-09 12.42 40 3.25E-07 9.70E-09 22.14 40
3.64E-08 5.21E-09 13.70 40 3.58E-07 1.01E-08 22.94 40
5.39E-08 4.86E~09 | 14.84 4y 4.01E-07 1.19E-08 23.61 40
7.40E-08 6.64E-09 15.15 40 4,49E-07 1.56E-08 24.65 40
9.39E-08 4.90E-09 16.16 40 5.04E-07 1.65E-08 25.87 40
1.08E-07 3.57E-09 16.18 40 5.58E-07 1.88E-08 26.65 40
1.19E-07 3.87E~09 | 16.98 490 6,34E-07 2.68E~08 27.66 40
1.33E-07 3.91E-C9 17.21 40 7.53E-07 3.61E-08 29.07 40
L.45E-07 5.00E-09 17.64 490 9.08E-07 5.54E-08 30.77 40
1.64E-07 6.08E-09 18.30 40 1.12E-06 6.64E-08 32.29 40
1.80E-07 3.95E-09 | 18.48 40 1.29E-06 7.07E-08 33.28 40
1.98E-07 6.32E-09 19.06 40 1.75E-06 1.73E-07 35.97 40
2.19E-07 8.78E-09 19.90 40 2.84E-06 6.75E-07 38.62 40
2,47E-07 7.26E-09 | 20.27 40 5.24E-06 1.55E-06 42.14 8




TABLE 7

Power iuw FUGK uata

Specimen geometrv Applicable da/dN range fm/cycle) C n
T 8.26E-08 to 1.70E-Ub 5.3979e-12 3034y
(49 I.8UE~07 to 1.96E-06 2.5987E-1.

2.991 AJ

TABLE 8§

Comparison between measured striation spacing and calculated macroscopic

growth rate based on PD-data for specimen CT |2 (disc WGWMD 1113)

—

Distance from

measured from tracture surface at:

Striation spacing (um)

Macrescopic
crack growth

Relation between
macroscopic growth

notch (mm) MPavm ] rate (um/cycle) | rates and measured
bW W Iw i mean value based on striation spacing
l Ph-data
1 15.0 | 0,084 ! 0.054 | 0.009 046 0.%2
1.5 15.8 | 0.103 0.087 l 0.095 L0HS 0.68
2.0 16.6 | 0.150 10,177 10.090 0.139 083 [
2.5 17.5 | 0.164 [0.168 10.155 .  0.i62 112 0.69
3.0 18,3 | 0.152 [0.198 [0.217 |,  0.189 L4 0.75
3.5 19.3 | 0.178 [0.277 [0.277 | 0.244 161 0.66
4.0 20.3 | 06.284 [0.291 |0.271 | 0.265 .187 0.7
4.5 21.3 | 0,235 10,325 10.335 | 0.798 218 0.72
5.0 22.5 | 0.245 [0.398 {0.504 | 0..82 251 0.66
5.5 23.7 | 0.297 |0.362 10.322 | ©0.320 281 0.88
6.0 25.0 [ 0.417 [0.355 10‘414 i 0.395 315 n.80
6.5 26.5 | 0.291 10.462 [0.493 } 0.415 418 1.01
7.0 28.2 | 0.459 [0.455 10.568 . 0.494 512 .04
7.5 30.0 | 0.453 ]0.660 10.723 | 0.612 577 0.94
8.0 32.1 | 0.612 [0.861 [0.726 | 0.74C .682 0.92
5.5 34.4 | 0.657 |0.702 ‘0.918 I 0.759 .807 1.06
9.0 36.8 | 0.902 10,781 {1.10 } 0.929 .986 1.06
9.5 39,7 | 1.77 }1.06 Las 1 1.43 1.2 6.90
10.0 43.0 | 1.12 j1.12 |0.974 1.08 1.76 1.57
10.5 46.8 [ 1.21 J1.70 |1.33 \ 1,41 2.4 1.70
RN 51,4 | 2.27 2.05 2.16 2.7 1.71
. o
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O INSPECTION : {F NO DETECTABLE CRACK THEN a, = CRITICAL CRACK SIZE
RETURN TO SERVICE 2y = MAXIMUM ALLOWABLE CRACK SIZE N SERVICE
O CRACK FOUND —=REJECT COMPONENT ag = CRACK DETECTION LIMIT
L e T - BURST — — — ~#— ~ — —
/
CRACK LENGTH /
/

F ] e e N i e =7
PREDICTED CRACK GROWTH —, W ! .7
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THE DETECTION LIMIT o L,

|
MINIMUM DETECTABLE ,
CRACK SIZE B )
A - — e o [ N S~ R
d INSPECTION - C T
INTERVAL Y
! \ L
CYCLES T
INSPECTION INSPECTION INSPECTION INSPECTION INSPECTION

Fig. 1 Schematic of damage tolerance lifing approach
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a) CYLINDRICAL UNNOTCHED LCF SPECIMEN
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Fig. 2 Specimens used in the programme
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b) FLAT DOUBLE EDGE NOTCHED SPECIMEN (K, ~ 2.2)
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[IMPORTANT T

RETAIN NOTCH FACE &
SPECIMEN POSITION IDENTITY ON ALL SEGMENTS

Disc cut-up drawing indicat+ng location of each specimen for the AGARD engine disc programme
Overview of specimen positions




i
|
v

SMOOTH CY LINDHILAYL
—_—

OOUBLE EDGE NOTCHED

e

SPECIMEN TYPE

| ASTM COMPACT TYPE

COANER CRACK

BLANK SIZE

v

A% 18 SO rmm

e e e mm

w3

LS e

—

EERNTRTS

Fig. 3 Continued.

3b  Cross-sections showing

spec.men

positions

88
o — - e
QUANTITY | POS-NOS | SECTIONS .
— — SN S —
39 L 39 00
——t = —_—
ai 1 cC
. - j
B 1 88 .
- - ——
pi ! aa
e - )
R T e
f Y l
R L ia
[ ol e v
ot Lt o2e LUE
[ R 3
Rl Rt
VOF L [N
vk
PN
[
LCE 1

R
L 26

LOF Y

DD




DISC WGWMD 1113 DISC LWMD 7200
SET No LABORATORY ]L TYPE . POSITION SET No ["LaBORATORY TYPE POSITION
i ;
! LCF 16 T‘ LcF 2 6,13
K, 22 1.6 K, 72 16
1 urT b ' ND
o1 13 cr ) 1-3
I . cC 4.6 cc ' -3
_ —— e - [ S
T . LCF 7-12 ! LCE . ToNg
! K, 22 -2 K, 22 ; 7 12
2 | NR | 8 NS
: ' ct 15 c1 a6
‘ cc ' 1-3 | cc ! 4.6
— _ - . — _ - - ——1 - —
T " LCF 1419 LCF 1 419
|
K22 13 18 K, 22 ' 1318
3 at ] A¥ '
cr | 79 cT 7y
' cc 79 | cc 79
Lo . L - L I .
! L CF 20 2% ! Lck 20 2%
K, 22 23 28 ‘ K, 22 2328
4 N 10 PI |
. c 10 12 [Uh 1512
cc 14-"6 1 CC | 14.16
i - — + —f=- — t- e s e —
. LCF 27 22 ! : Lef . 27 .32
! K.22 29 34 | I K, 22 ! 29-34
5 RA ! ! | " i 14 '
| cT 13 cr 3.1y
| 9 17 19 ! | cc 179
b [ + — : —————
: eF i 33 38 1 *‘ LCF 33 38
i
K22 I35 a0 i K, 22 : 35-49
6 RR | f 12 CE I !
‘ cT | 16 18 ! [ | w18
I
ce ' Y 22 i :
| i 20 2 | i cc | 20 22

Fig. 3 Continuyed.
3¢ Distribution of specimens

Fig. 1 Microstructure of Ti-6A1-4V disc material, Fig. 3 Microstructure of Ti-6A1-4\ disc material

showing cquiaxed a (white phase)

in a

transformed B matrix (dark phase) containing
roarse, acicular O

SURFACE USED FOR
TEXTURE MEASUREMENTS

Fig. 6 Preparation of slices from CC specimens for texture measurements

showing occasional d-atignments
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Fig. 7 (cont.) <110 Pole figures indicating texture variation in the disc; disc LMD 7200
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Fig. 8 <0002 Pole figures indicating texture variation in the disc; disc WGWMD 1113
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REVISED WORKING DOCUMENT FOR THE AGARD
COOPERATIVE TEST PROGRAMME ON TITANIUM ALLOY
ENGINE DISC MATERIAL
by
A.J.A. Mom

SUMMARY

This revised working document provides a detailed lay-out for the tests to be performed in the AGARD
cooperative test programme on titanium alloy engine disc material.
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. INTRODUCTION

This report provides a working document for the actual test procedures of the AGARD Engine Disc
Msterial Testing programme. Apart from the specimen design and testing procedure, the report includes a
detailed description of the potential drop (PD) measurement system. The standard test procedure as de-
scribed herein is the basis for the collaborative testing as performed in the AGARD CORE programme, for
which the objectives and goals have already been presented {1].

Table Al ghows the testing matrix of the CORE programme.

2. SPECIMENS

Four standard test specimens have been selected, two for LCF - esting and two for crack propa-
gation ctesting:
- swooth cylindrical specimen, K_ = 1, LCF-life, see Figure Al-a;
- flat double edge notched specimien, K = 2.2, LCF-life, see Figure Al-b;
- ASTM CT (compact type)-specimen, crack propagation, see Figure Al-c;
- Corner crack (CC)-specimen, crack propagation, see Figure Al-d.
All specimens tor the CORE programme have been machined at one location from Ti-oAl-4V material, which
was obtained irom disc forgings, delivered by Rolls Royce, Derby. The crientation of the specimens was
selected in such a way that the envisioned crack plane corresponded tu the crack plame to be expected in
service i.e. radial »nd perpendicular to the disc plane.
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3. TEST PRUCEDURES
3.1 Swmouth cylindrical specimen {Figure Al-a)

3.1.1 General

Simple LCF 1II. iests will be performed on this specimen. Check firstly the loading axtality of the
test bench/specimen combination by the measurement of axial strains on opposite sides of the specimen
test section under elastic loading conditions. The loading axiality is counsidered acceptahle if the
maximum difference in these strains is below 5 Z.

3.1.2 Test conditions

i Laboratory air, room temperature.

2, Trapezoidal loading waveform; R = 0.}, f = 0.25 Hz; see Figure A2.

3. Selection of stress levels:
Based on available Ti-6Ai-4V LCF-life data (see Figure A3) it is estimated that for anticipated
iives of 2000, 7000 and 25CC0 cycles the following stress levels should be chosen. (Nete: selected

stress levels refer to the low end of the scatterband because actual rtesting is to be performed st
R = 0.1, while the data in Figure A3 are for R = 0.1.):

N (cycles) stress range \HN/mz)
2000 850
7000 800
23uuy 750

Tests should start at the 750 MN/m2 stress level. Select additional stress levels (based on the
initial test result) to obtairn data for the total 2000 - 25,000 cycles range. Note: test preferably
two specimens at each stress level!

4. The 0-¢ hysteresis loop should be identified (recorded) for each specimen at each stress level. The
¢c-€ loop chauges especially during the very early portion of the fatigue lite (perhaps only the
first few cycles). Thereafter a steady state condition is reached. Try tc record a number of c¢-¢
loops until steady state conditions exist. The results may later be used fer deriving varicus life
relations. The storage of the hysteresis data may be done in a plotted format or digitised for
follow-on computer analysis.

3.2 Flat double edge notched specimen (Figure Al-b)

3.2.1 General

Simple LCF tests will be performed on this specimen; however, apart from the number of cycles to
failure the number of cycles to "initiate" a certain crack will also be measured. Crack initiation is
determined by using the potential drop (PD) measurement technique which is able to register small cracks.

3.2.2 Loading axiality

Check the loading axiality of the tesr frame/specimen cowbinstion by the measurement of axial
strains ~~ the Lppousice surfaces under elastic loading conditioms. The loading axiality is considered
acceptable if the maximum difference in strains is 5 Z.

3.2.3 Procedure for PD instrumentation and measurement (Figure A4)

1, Attach at each notch one set of potential probes diagonally at opposite corners. Use Ti-wire {for
reasons of convenience Pt-wire might also be used) with a diameter of ca. 0.3 - (.5 mm.
Weld the wire exactly at the corner so that the contact area is not greater than 0.5 x 0.5 mm
(Figure A4)
Welding equipment which may be used is e.g.:
- from Hughes Aircraft Systems (Weybridge Surrev, UK): MCW 550 MC power supply + VTA-%0 weld
head, or:
-~ from Unitek, California: type 125 power supply + type 32F weld head.

2, The Ti-wires will probably be connected to (Cu) potential cables which =»re connected to the volt-
meter. Ensure that the two dissimilar metal joints (Ti/Cu) for each set are at the same temperature
in order to avoid thermally induced voltages.

3. Apart from the two notch voltages a reference voltage should also be measured. Attach the T -wire
reference leads to the reference block as indicated in Figure A4. The reference block i{s made cut of
the same material as the specimen (in this case Ti-6A1-4V). Mount the reference block to the machine
trame close to the specimen.

Note: It may be dirficult, because of limited equipment capabilities, tc measure 3 voltages (2 notch
voltages and the reference voltage). Tn that case one of the notch voltages (the one which does not
crack initially) can be used as the reference.

4. Design a system which is suitable to realise a uniform current distribution through the specimen.
Individual laboratories may choose their own approach tailored to their equipment capabilities.
Figure A4 shows one of the possibilities for a current input system.

S. Check for good insulatiun between specimen and machine frame.
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6. Measure the notch and reference PD values during the test at both current onm and current off coen-
ditions (Figure A5). Correct the "current on" values with the "current of f" values.
7. Plot the normalized notch voltages (vnutch/erf) versus cycles and determine the crack formation

life value, tor this purpose defined as the number of cycles at which the normalized notch voltage

is 1 % above the init{al value. Note that fluctuatioums in Vieg (€-8. due to noise) may obscure the

% level (this is especially the case if vref is relatively small compared to V ). In that case

notch
it would be appropriate to neglect Vref' provided that the fluctuatione are not the result of tem-

perature or current variations.

8. Assure that during the fatigue test enough voltage readings are made to enable an accurate cyclic

life decermination at the ! % increase level of the normalized potential.

9. Preliminary tests showed that a 1| 7 increase in PD value corresponded with a crack of 0.6 mm depth
and 1.75 mm surface length.

3.2.4 Test conditions

1. Laboratory alr, room temperature.

2.  Trapezoldai loading waveform; R = 0.1; f = 0.25 tiz, see Figure AZ.
3. Selection of stress levels.

Based on available Ti-6Al-4V notched LCF life data (see Figure A6 for K= 2.5) the following nominal
gtress levels are chosen for anticipated total lives of respectively 2600, 7000 and 25000 cycles:

N nominal stress range (MPa)
2000 775
7000 . 625
25000 =

Note that the data indicated in Figure A6 refer to a specimen with a K of 7,5 whereas the flat double
edge notched specimen contains two notches with a K of 2.2. Adjust thé applied stress ranges if test
results show this to be necessary. Test two specimens at each stress level; begin with the 625 MPa level.

3.3 Compact type (CT) specimen (Figure Al-c)

3.3.1 General

Crack propagatiuon tests will be performed on this specimen using the same trapezoidal vaveform as
already mentioned before. Crack length measurement is carried out by using the PD technique, makiog use
of a calibration formula.

3.3.2 Procedure for PD instrumentation and measurement (see also Figure A7)

i, Drill and tap holes (M3) and attach current Input and output studs at the locations indicated in
Figure A7. The stud ‘ocation must be checked and should be within (.2 mm.

2. Attach current leads also to the reference block. The reference block must be ot the same material
as the specimen.

3. Check for good insulation between specimen and machine frame (infinite resistance). The specimen may
be insulated by insulation of the loading pins within the clevis or by insulation of the clevis to
the machine, e.g. by attaching the (threaded end of the) clevis to the swivel as e.g. shown in
Figure A4.

4, Weld PD wires to the edge of the notch at diagonally opposite corvers. Use Ti-wire with a diameter
of about 0.3 - 0.5 mm. Ensure that the contact area of the weld 1s not greater than 0.5 x 0.5 mm.
For reasons of convenience Pt-wire may also be used instead of Ti-wire. Ti-wire, however, diminishes
thermal voltages.

5. Attach the Ti PD wires to the potential cables which are connected to the voltmeter. Ensure that the
two dissimilar metal joints are at the same temperature to avoid thermally induced voltages.

6. Measure the notch voltage and adjust current to give an initial voltags in the range 1.6 - 1.9 mV,
This should correspond to a current of approximately 7.5 A.

7. Atvach the reference wires (2lso Ti) to the reference block such that the measured PD is approxi-
mately equal to the potch voltage.

8. Attach the reference wires to potential cables leading to the voltmeter. Ensure the same temperature
at the two dissimilar metal joints.

9. Support all PD wires such that no weld failures will occur during the test.

10. Allow the PD signals to gtabilise before the start of the test.
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Record at the unset of the test the notch and reference PD values and the corresponding crack length
tur calibration purposes.

Record during the test, at appropriate intervals, the notch and reference PD values. Data sampling
should be done such thst at least 100 but no more than 500 data prints are recorded.

Record the final notch snd reference PD values at the end of the test. Determine the final average
crack length (see also point 14) on the fracture surface. The resuits are to be uscd for calibration
purposes.

The final average crack leugth is easily determined by heat tinting (~ 30 min. at 500 °C; lower
temperatures may also pe 2pplied) and a subsequent tensile test resulting in specimen tailure.

TE hout tinting i3 to Be avoldol, Leoduse e.,. "l tracture surface will be used for detailed
fractographic investigation, the final crack lepgth can also be measured either in the scanning
electron microscope or directly by optical means dependent on the visibility of the transition be-
tween the 1d4tigue and overload area.

The firai average crack length is determined by averagiug 5 measurements takeun at 0, 25, 50, 75 and
U0 7 of the sjecimen width.

Calculate the crack leugth for all data points, making use of the well known final crack length, cut
uf the calibration curve (Figure 4R [2)) or the calibration fermula:

\/Vo a az a]
Tt At AL () Ay (E) t oAy @ [Q)]
ref’ ‘ref
o
in which V = potch voltage
o = notch voltage ai the start of the test (crack
size 0)
v, = reterence voltage
Te.
et = reference voltage at the sturt of the test
o
with A = 0.5766
Al = 1.9169
AZ = -1.0712
A = 1.6898
3
ur (in reversed notation):
a v/iv v/v 2 V/Vo 3
2.p+p 2 + B W — )
W IV PR - 3 ’
vef/ rei/ ret/,,
ref ref ref
(S Qo ©
with 5 = -0,5051
Bl = (.8857
B, = -0.1398
By = 2.398.1077
For example: with () the val 34 \fiﬂilii:L__ cun be
example: Gl gieay the ve of v ar
ref ref
final w
caleulated. Making use of the final, measured notch veltage (Tlinal)' the final reference veltage
8% ¢ } and the initia] reterence voltage Vrel thie value of the {witial ncteh voltage YU
finai Q

{according tu the caiibration curve) can be calculated. This value may net correspond to the
actualiy measured initial notch voltage, which may be due to an iraccuracy in fital crack leoxth
messurement (or averaging method) or to the effect of plastic zore formatior (see alsc jeint 18).
Making use of this calculated initisl nrotch veoltage the craock length at every data puint (V versus
N) can now be calculated with equation (2).

may obscure the results {f the nois: level is high and if V

The use of Vr is small compared te

ef
In that case Vr

ref

mav be neglected provided that the rluctuatiers in V are uot the result

v B
notch ef ref

of current or temperature variation.

Duriug the initial part of the test on the CT-specimens the notch voltage will rirstly increase ard
atterwards si.liliz~, see Figure A9, This is one ¢f the reasons not to use the neasured initial notch
voltage for crack length culculation but instead the calculated initial notch voltage (see also

paint 16).
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3.3.3 Test conditions

1. Laboratory air, room temperature.

2. Trapezovidal loading waveform (NB: see also point 6); R = 0.1; £ = 0.25 Hz, see Figure A2.

3. For Ti-disc materials we are especially interested in crack growth rates between appreoximately
5.1()-5 and 10-3 mm/cycle. This refers to crack growth rates normally encountered in scrvice. There-
rore, and also based on Figure Al0 [3], the AK-values mentioned further on have been selected for the
tests.

4. Precrack the first specimen at 8K = 13.5 HN/m3/2 (a2

= 5.87 kN) aud continue the itest with the same
3
3/2 (Kmax = 60 MNImB/*); this corresponds with « crack length of

load. Stop the test at 4k = 55 MN/m
about 1l.5 mm,

Caution: because of the crack front curvature at the specimen surface the surface crack length
underestimates the averuge crack length. Therefore, build in some additional safety.

For the calculatiun of the stress intensity factor the tollowing formula i¢ need (valid for a/W be-
tween G.2 and 1):

KI . .f(a/W) where
BsW
y W
f(%) = —£—1—31§7? (0.88b+k.6halw—13.32(a/w)2+14.7Z(a/w)3-5.6(a/w)“}
(l-a/w)~' ¢
to facilitate the calculation ot K[, values of f(a/W) are tabulated in Table AZ for specitic vaiues
of a/w.
5. With the first specimen, starting at 4K = 13.5 HN/mJIZ, the crack growth curve is determined for

growth rate values above lu_b mm/ cycle. Extrapolate the crack growth curve to 10_5 mm/cycle and de-
termine the corresponding AK value. Start the test with the second specimen at this value and con-
tinue {(with the same load applied) the test until a/W = 0.65. The third specimen may be used to
check the data already obtained with the two previous tests.

6. Precracking and load shedding may be applied to prevent very long initiation times. If load shedding
is performed then this should be done according to ASTM E 647 (latest revision).
Precracking is carried ovut using sinusoidal loading. During ti. actual iewc trapezcidal loading
should be applied; however, in the case of low crack growth rates, which seriously retard the test
duration, sinuscidal loading (5 Hz) is also allowed. In that case the test should be stopped at high
load and at regular intervals if so required tor the PD measurements, see Figure All. Ensure that
both current on and current of{ measurements are carried out when the current, and hence the signal,
is sufticiently stabilised.
Comparte the crack growth rates for the high and low frequency waveforms.

3.4 Cornmer crack (CC) specimen {Figure al-d)

5.4.1 General

Crack propagation tests in the "physically" short crack regime will be performed on this specimen
using the same trapezoidal waveform as already wmentioned betore. Crack length measurement is carried out
by using the PD technique, making use of a calibration formula.

3.4.2 Loading axiality

Check the loading axialicy of the test bench/specimen combination by the weasurement of axial
strains (under elastic luading conditions) on opposite surfaces. The luading axiality is censidered ac-
ceptable if the maximum difference in strains is 5 7.

3.4.3 Procedure for PD instrumenteiion and measurement (see also Figure Al2)
The procedure outlined below is based on a detailed Rolls Rovce PD measurement procedure. Where ne-
cessary some winor deviations from this procedure have been made.
Noute: The PD technique is uptional for this specimen! Crack growth should :lso be measured optically
(see further on, point [3).

I. Spot weld a 50 um @ titanium probe wire* to each support wire, see Figure Al2, Heat input should be
preferably lower than 0.3 watt-second.

2. Assemble the 4 PD lead support wires®* in a ceramic holder using re’ractory cement. [f desired the
support wires may also be eliminated; twist in this case the two fine 50 um wires from the notch to
the measurement points.

* Whenever possible the support wires and the PD probes should be of the same base material as the
test piece; for this prugramme pure Ti-wires are recommended; however, Pt wires may also be used.

3. Cement the ceramic block to one of the faces of the test piers =nt rontainjne the notch and spet
weld a probe wire on either side of the notch as shown in Figure Al2. It is critical for the probe
wire to be located right on the edge of the notch because the PD calibration is strongly dependent
on z, the separation of the probes (see Figure Al3 [2]).
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Spot weld the remaining wires to the test piece away from the notch as shown in Figure AlZ. These
will be used to monitor a reference potential. The reference wires may also be welded on one of the
3 edges not countaining the notch.

Check each wire fur good electrical connection.

Check that the specimen grips «re fully insulated from the machire and that they are correctly
aligned (see abuve).

Mount the specimeu iu.. the machine, being carefui not to disturb the welds.

Attach current leads to the teot specimen, or to another (e.g. the specimen grips) location assuriny
good current uniformity (see also remarks about the flat double edge notched specimen).

Secure 2 thermucouples to test piece as shown im Figure Al2 (orly optional, not necessary for CUKE-
programme).

Make the necessary connections (PD, thermocouple etc.) to the measurement system.

Switch current on: 15A, (If equipment capabilities do not allow this current then choose your own
value.,) At this current the PD value over the crack will increase from about 100 wV to over 2000 V.

Allow the PD signals to stabilise.

Surface crack length measurewments should in principle be carried out by optical means, e.2. bv a
travelling wmicroscooe arrangement. Don't use replicas because this may affect crack growth be-
taviour. The PD measurement system may be used solely if it turns out that the accuracy gained by
the PD method is at least equal to the optical measurement accuracy. The resolution of the optical
crack length measurement shoula be better than 0.0% mm.

Try to avoid stopping the machine for crack length measurement; dwell etfects at load can alter
tatigue crack growth behaviour. Take photogruphs if this will help in crack growth measurement.

Start the test using a constant lecad amplitude and grow the crack to a/w = 0.5 maximum. Clearly this
will be determined by the fracture toughness of the material.

Record at appropridte crack lengths the corresponding notch and reference PD values for current orn
and off conditions (Figure AS5).

Avoid breaking the specimen Juring the fatigue test. Stop the test at a/W = 0.5 maximum (this de-
pends on Kmax' see further) and measure the final notch voltage. This is necessary for obtaining the
final notch voltage/crack length pafr for calibration purposes. To prevent static crack growth

during the final measurement it {s recommended to stop the test at 4K =
55 w8/ % (or k= 60 wv/m D).

max
Measure the final average crack length on the fracture suriace (and the initial rrack length uscd in
the calibratinn where possible).
The optical weasurement of the final crack length can easily be performed after heat tintiug the
specimen at the end of the test (e.g. 30 minutes at 500 °C although a temperature as low as 350 °C
may also be used) and by a subsequent tensile test to failure,
Heat tinting may negatively affect the recognition of detailed ieatures on the fracture surface of
the specimen. If individual laborateries would like to perferm a fracture surface investigatiou 1t
is therefore recommended not to heat tint but to measure the final crack length in the scanning
electron microscope, or by optical means if the distinction between {atigue ard overlcad area can be
easily recognised.

The final average crack length is obtaiuned by averaging 5 radiz]l measurements taken at L, 2.5
45°, 67.5° and 9(° starting from the c¢rack corner.

The calibration prccedure or nutch voltage to crack lemgth for the CC-specimer 18 as follows:

~ determine the final, average crack length and the corresponding notch voltage;

- draw a straight line from this data point to the origin (this may be periormed if »/w << 0.US,
see Figure Al3);

- compare the slope of this 1ine to the slope of the calibrat.on curve (Figure Al3).

3.4.4 Test conditiovns

Laboratury air; room temperature.

Trapezcidal loading waveform (N.B, see also point 5); R = 0.1; f = 0,25 Hz, see Figure AZ.

For Ti-disc materfals in the "shoi1t" crack regime we are interested in crack growth rates between

approximately 5.10_5 and 10-3 mm/ cycle. This refers to crack growth rates normally encountered in

service. Thercfore select a 8K-value uof about 15 MPavm to start with at a = 0.5 mm {see alsc point
6}.
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The stress intensity actor at the specimeti surface can be calculated using the formula:

KI = 1,16 2z ovna, approximately valid for % < 0.2
surface v

For higher values of E the formula has the following form:

2 3 4

a a a a

Ky = ¢1,12-0.13 g +1.84 (ﬁ) +0'11(G) +O.8(E) %
surface

EN1S

A graphical representation is given in Figure Al4 {4].

Lt is clear from this figure that the stress intensity factor at an angle oi 45° is differeut frem
. At W ne K . .

Ksurface ajw - 45° Rsurface

vides information on the mean crack size it is thevefore logical to use alsv a mean K-value for the

is more than 10 J lowe.s I... Because the PD technique pro-

calculation of crack propagation data. The K is easily derived trom K as shown below.

surface
and K45‘ has been plot-

mean

Based vn the data given ip a paper of Pickard [5] the ratio between K
surface

ted in Figure Al5. Assuming a quadratic curve through the data points (only for a/W > 0.5 is there
some deviation) the value of K, ., can be expressed in terms of K 4
45 surface

K, . = (0.94-0.18 (a/w)°}K

45° surface
Kese * Ko irface
The Kmean' tor this purpose simply defined as e is now easily derived:
+
- KAS“ Ksurface
mean 2
2
10.97-0.09 (a/W) }Ksurface'
For the tinal calculation of the test results the two sbove given equations for Kk (for a/Ww

surface “
0.2 and a/W > 0.2) sihivuld theretore simply be multiplied with the factor {0.97-0.09 (a/W)": to
derive a Kmean' In the following, for reascns of simplicity and also because the actual ditference

is only small, unly the K values will be given for describing the test conditions.

surface
; . o2
Initiate a tatigue crack from the notch using an alternating stress of 540 MN/m~ (Maximum stress =
2 . . :
600 MN/m“; R = 0.1). This corresponds to an alternating stress intensity at the side surfaces of the

specimen ot AK = 11.2 MN/m3/‘ {a = 0.25 mm), 3/2 o
At ar alternating stress intensity AK = 11.2 MN/m the crack growth rate is estimated to be 2.10 °
mm/cycle (see Figure Al0O [3]). This means that if the normal test frequency were to be used
(15 cycles/minute) every 0.1 mm of crack growth would take about 5 hours. Theretore (pnitially a test

frequency c¢f 5 Hz is recommended. A crack size increment of 0.1 mm (5000 cycles) will then occur
within ~ 1000 seconds (~ 15-20 minutes). Return to 2 frequency of 15 cycles/minute when a = 0.5 mm.
If the load is held constant during the test this will give the following AK levels at the corres-

ponding surface crack lengths:

a(mm) AK(MN/mB/Z)

0.25 11.2
0.5 15.8
1.0 22.4
2.0 31.6
6.0 88

If the above stress intensities are used the appropriate amd realistic cracw growth ryate values

(between 10-4 and 10-3 mm/cycle) occur in the physically short crack regime.

If the crack growth rates encountered do not agree with the above indicated values then the applied
stiess levers should be corrected so that appropriate crack growth = “es »re nbhtained. (anenlt the
coordinaturs. In coordination with the first laboratory doing the test they will decide which ad-
justments should be made and communicate the new stress levels .o all other laboratories.

11t the stress intensity used for crack iritiation is too low then a higher (e.g. 20 Z higher) stress
intensity may be chosen. If the crack initiates at the higher stress intensitv a subsequent load_
reduction may be carried out (if necessary) to obtain appropriate crack growth rates (between 10

and l0-3 mm/cycle) between a = 0.5 + 2 mm.
This procedvre will be {llustrated by the following simple example:

5
a = 0.25 mm, assume at AK = 1l.z MN/m3/2 (Ac = 540 MN/mz; ¢ : 60 » 600 MN/m“) no crack initiation;
then increase stress level 20 7;

3/2

a = 0.25 mm, AK = 13.4 MN/m {ac = 650 MN/mZ; e 72 4722 MN/mz).
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If the lead is held constant then this will result in:

)
& {um) bAK(at Ac = 650 MN/ml) AK(at Ac = 340 MN/m")
0.25 13.4
0.30 14,7

reduce load to

0.35 15.8 = 3.2
U.40 6.y  Crigimal level = ;0
0.50 18.9 15.8

continue testing at this load level

Test the 3 specimens such that a relisble determination ot the total crack growth curve is obtained.

FORMAT FOR THE DELIVERY OF TEST KLESULTS

All CORE progrumme results should be sent in to the coordinators according tec the tollowing format:

Smooty cylindrical specimen

I,
2.
3.
4

Specimen number

Stress level (4c); MN/m
Cycles to failure N
Additionsl comments, if necessary.

2

Flat double edge notched specimen

1
2.
3.
4
5

Specimen tumber ”

Stress level (&c); MN/m®

Cycles to crack formation (1 1), Nj
Cycles to failure N

Additicinal cusments, if necessary.

Compact type specimen

[N

4.

Specimen number

da/dN - AK curve on supplied graphical paper

50 data sets (a, versus N ) representing the total a versus N curve. The data delivered by the
various laboratéries will®all be handled similarly, using a secant procedure, to obtain represer-—
tative da/dN~ 8K curves

Additional comments, if necessary.

Corner crack specimen

1.

wor

un

Specimen number

da/dN - AK curve on supplied graphical paper

S0 data sets (a_ versus N.) representing the total a versus N curve. The daetu delivered by the
various laboratcries will all be handled similarly, using a secant procedure, tc cbtain repre-
sentative da/dN~ AK curves

Additional comments, if necessary.
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Somprdence band JUr the cntire mocian o= N rure

The contidence band for the entire log N - 2¢ curve is calculated using the following equaticn:

5
- - T 1
Y= N
1\+BX’Vﬂ-p, k+ X -,
Y a-nf
i=1
in which Fp is given in Table B2. This table contains two entry parameters L, and n,, which are the
statistical degrees of freedow for F. For the above equation 0, = 2 and n, = k~7.
Testing of the appitcubility of the linear model

The linearity control test can only be performed if tic programme was planned such that tests were
performed at at least three different Xi levels (4¢ - levels) and that at least .ne ol the tests was
aupiicated.

The procedure is as follows:
Assume 1) the log life of tho j-th replicate specimen tested at the i-th ievel of X is given the value
Yij
2) fatigue tests were conducted at ¢ differeat values of X
3) o, replicate values of Y are chbserved at each X1
then the hypothesis of linearity is rejected when the computed value of

$ o -
2w Y=Y -2
1=]
S 5,2
DD IS A DS
=1 j% J
exceeds FP, whera the value of Fp is read from Table B2 for the chosen significance level of %3 3, This

table has two entry parameters n, and n,; for this casen, = & - 2 and n, = k ~ €.

1 z 1
Note that the total number of specimens tested is given by

,r
L
-
B8
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