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PREFACE

The Structure, atnd %Iatcrials PanelI has been itsols ed in tudiws of fatiue and fractu re oft critical IJet Ccinc cim p, met
for manyv years. In I 9X2 a Suh-comrnittee on '-Damage Tolerance Concepts for Critical Engine Comiponents' "as formed ito
studs the overall philosophy and the implications of introducing damage tolerance co ncepts (DRc into the design an-d use t
critical engine comlponlents.

The damage tolerance philosophyN offers potential cost sasing, of ,onsidcrablc magnitude "hen compared Nith a "safe-
life" approach provided such a concept can be implemented with an assuidree that current safeti, statndard, will not be
prefudiced. A, an example of possible ciost savings. it has been estimated that over 8M. oi engiiie discs have ten or nmore low
cycle fatiguelives remaitning when discarded under safe-life- rules, and if is the useful rentaining life that ETiC ais ito exploit
in service, Ap-irt front conomlic advantages, the DTC approach offers a practical tnethod for using modern fiigh-strength disc
materials that could be rejected by the application of-safe-life' conditions oIf usage.

In 19, 3 the Sub-committee on Damage Tolerance Concepts foir Critical Engine Comnttentts. under the chairntanship of
D.AFantier (UK), organized a Cooperative Test Programme on Damage Tolerance in Titanium AlloN Engine Disc Materials
A separate Sub-cilmmitte (In Engine Discs Cooperative Tests (ITX- 1141 %~as formed to direct this activity. ONser the years the
fiollowing Panel members participated in the sub-committee:

A.Ankara ITU)
(IM.Burie (US)
[I.jG.Carvdlhinhos (PO)
M.N.Clark (CA). Chairnian 1983-85
D.Cioutsiluradis (BE)
JiDe Luccia (US)
G.LDenman (US)
A.Deruyttere (BE)
M.Doruk (TUI
W.Elber (US)
D.AFanner (UK)
J.J.Kacprzynski (CA) Chairnman 1 986-
R.Labourdette (FR)
J.S.L.Leach (UK)
A.Salvetti (IT)
R.Schmidt (US)
H.PRvan Leuweit (NLI
W.Wallace (CA)
I IZocher (GE)

The cooperative tests were perfornmed by twelve laboratories represented by

i.Foth. IABG. GE.
A.Frediani. Univ. of Pisa, IT
CGostelow. RANE UK

.- Iarmsworth, AFML-. US
C.fowland. RR, UK
R.H.Jeal. RR. UK
E.U.1-e NADC. US
A.Liberge. CEAT. FR
N.McLeod, RR. UK
AJA.Mom. NLR. NL
T.Pardessus. ('EAT. FR
M.D.Raizenne. NAF. CA
W.Schiitz. IAI3G. GjE
P.Sooley, Univ. of Toronto. ('A
J.Telesman. NASA. US
M.Yattishevsky. QETE. ( A
(.Wilkinson. RR. UK

The coordinators ilf the priogramme were:

for Euriope - A.JA.Morn
for Niorth America - M.D.Raizenne

As a resuilt of the very large size of the test priogramlme. it appeared toI be cionvenient from an administrative point of N ic,
to divide it into a Core Programme followed by Supplemental Programmes. In the (ore Programme all the laboratories
performed identical fatigue and fracttire tests for one material at cionstant amprlitiie and at room temperatir. A suima, ,
tftese tests is included in the present report. and all the test data are stolred at the National Aeronautical Establishment (lf the
Natiional Research Council of Canada and are asailable on request. In the Suppiumentary Programme. no"i in progress. three

ini



materials are tested ar room temperature and iAith load patterns represented 11% tRBISt.\N, IhItih icmrpcraiuic tests "I
fatigue and crack 1!rirath "ill he performed in at separate prograninic

The part of the (ouperaliie Engine Disc Tecst Procamme completed ito date produced sets %aluahle results and
represents a significant progress in implementation of damage tolerance concept% to life cisaluation of ernine critical
components. Mian thanks to all who contributed to this %crs. difficult actisits and particularit, to tile participants and tile

coordinators. Special thanks are due Tt R.H.-cal. "ho. tit spiteo it hibuss% profssiotal lie it Rolls Roce., %kas a -atais and
strong supporter of the programme.

NlattN thanks to participating laboratories and particularl. to:

NLR - tor producing programme reports. bookkccpi ni. fractigrapht tests and anal. sistit test daita.
Rolls Royce - for supplying engine discs atid producing tes: pecitrien'.

A I- for data collection. %tatistical anal i so presentation ,and storini-.
QF~TF for I ractograiph~ tests it selectedl specnitiN

Du rine tile ciecution of this test programme. close cooperation has been dei cli ped a ith participants of flier palesi
aeti s ties and particularly1 with the Shirt Cracks test ( ooperatis e Programne. Noit iils did lte t iai riain f 111hu t safs
cottintitte. 1./ocher, participate it, in Lngitie Disc, Sub :-omtriie meniber. hit also hoth cs rdinaitors. DFr P.Rffharu Is

and Dr J.( Neattiaii siiuntccr,f to p:rtiopateaiic Their coitributioin is o-reatl\ ai-ri~cil.d \s t result i)t ilie
Ci 1:ri Irtil of these taIo SuLs-Comnt ies al add iititaf11 ii i test pro,-,raitit las hcci IforTIIitI L te fIs tossk i it progress and Ilie

reslts Wil h e ticludeId Inl future rep.. ts.

The objctis es oft the I te'iit fDiscs ( oolperatite lest frirgmitic hare bcti -1- r cu Isseti more than aas plantied has
been achicssd [fits is demntstrated hr tl fact lhii ,c01 oA thle jvitpatiig lilsorat iries inufefsliuiilnx producedI reslIts is

igood is, flie oiters I his ttt,i\ liinisti11 11ie reIluiettieC to us, othler's data hi life dleciirimiiin of critical compoitetils1

Tlteceonul (tilane Cheenci ..s th ufrliti fes riciulhips tet iln e p)11ItieMaIs' A's a result of 111r..
at rilrsoi pertortiig a difficult arid I isk% life CNsalliition ofi a critical etigine coiifineit cani co( ll his friends titt other NAf M
couties t his i iaxtlls ini finding setter sikitiotis to our coiiii prolIylti

I hed rlcelopitretit olfclose cooperatin of professiotials oA I( cttirjc ies a a dreitti4 if fheufrc son Karniati aiid o
is a plecasure it) see fiat it has beet a~chieculk

.Kaeprcrrtski

sutb-( mirnit oil
ilac D isc (i opcrai c Iest frog ramnie
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ABSURA(TF

This report describes the initial re,ulIt, of an MA DI test pr -grammeic on atrinuc heftiastour 'te cntic disc inattcrttl Ie

first phase of this progrramime. the (lire Progr~atrnec. %kas minieill riest pr ikCslu anld SpelCIPienl stittidartifM~ !-!'lIt Ldh~TI

of the 'zirious. lahoratrries. A detailed uiirking dtocumniit is beetn prepared zitid ts inIIclude Ini this1 'i It 11i 1 lse I II,
test ing fUttdatnettt tis and priteedurcis and It tidesCC the aitils\ sis pr- )i ieU res ttsel tiot Iltiidl InI the test ];itti

Fat cue crack inittiattoit and propanaion test ing is as pertforimed ott ft -''Al 4\ - utcrial under roomt tni-ict iili re1-d
etitisttiti tnipiittadi liatfinnVctnitions, tisini: titir diffet-rtit sfn'ieini designs All res1ult,'CI seti 'titisiclk Mit1i% sCII 1i0 st

5tt;ittifileiccs illn tttttriii 'climi ttleii t disC Iteeitin s tiIesIC. 'ji-cims1 r 1L.e1tit1t Ill Olii '1, Ir "li

i rappirt firesetitc is oreiters restii (I un prinrrr;i- tIii t isis tic A! VARDt I- iitp ci it ci i 1tt'u

itaterius\ minttttstiso sfc i ttur. [-i pietitetre phasedt LC ic roviriite ppe Ii Ic pvniittttii' (' ics- i't ul O'1
de nirniatlisr I-s pr cedu res siessat et Ii's cchain ii litt ci sdc proceiler a I cthaiitnns dtic apip~tr-Cil' 1ittsis sVI iTc lk''n' it1 Ill

differett lii'uraiiit's I ni focinctt dci triitii detattllc -t iti' tpr~ile 11 iii illm e 1 i app'iL II tlt~l LITIiei-ilpt

pritteipes ties tesl tsi de procesfures ittlisces. \ettiprisIc i's'oes ues (~ItlalsC i'IN itie i ells i' it: It' lep'tIIlletts:1I1 it
ifinnecsifs It-est.

Des tests stir Ic tiebuit ct li progressio CIi s fissN rivits tic a itene tin etc execu tes tir du ii naricl I I v \1- J\ a

tenmperaure atitiatite. asc csharnetnit am itsl'c iiM)lt(COIst;IIits'. cit uttlisatit itni' iCliantilloits iftferin. it'I tit''i d I!tt

tiafriaut. I 'EnsCM11CLIle Ii'C rstltats ;t etc HaI\C se 1sItIisITictIIeIt JIttM i1i' 110t'r dicuitils Ceatrts steitilstt dii;, Ii
itinpiirt''r'tnt di nrateriviux. i'n lointi sdi I'iisrit sIl prs'esstii'tit sirI Is: iisqiis. slit aius ftarattii'iss ii ti iiitmn 'it 'm\ll

teehiquies ittiplowcs p~ar Is's siiifcrs'itts [tfrt'rs



.tGARD ENxl LI S(, PivIPTRI iE TEST tb'R.AiAMYE
I) - 2)

,)A. .A. Mms 311d M.D. Ratesnee
National Aerospace Laboritory NLR

P.O. ox 905cr, 100b BM Austerdon,

The Netherlands

2) N.tional Aeronautical Establishment

National Research Coucncil

Montreal Rad, Ottaw-, Ontario KIA 0R,
Canada

I UMMhARY

ihis ieport describes the initial results sf an AGARD test programme an fatigue bohavi,-r If cagine

disc materials. the first phase f this programe, the CUiE progra.mme, was aimed ot test procedr 05

s57!mton s'-dardicutfoian d calibration of the various laboratories. A detailed working i document has lee
prepared and is included ie this report. It describes the testing fundaimentelt and erocedores and includes

the analysis procedures used tur handling the test data.

Fatigue crack InitiaLio a t srg.
t

i. resting were pertormed on "i-bAIl-V material crder room

temperature and cotstant amplitude loading conditions using tour nifterent specimen deigrs. All results
were statistically a oalysed far possible sig:.iicant differences in material behiur due t, disc pi-
ceasing variables, specimen location in the disc or testing laboratory.

1. PREFACE

thet results in this repoct are a collaboratise nilort ol the following particiyonts anid their co-

presentatices (in parentlicsus thc code name ol each participant used thr,ughout the text is in-
dicated):
Air Force Materials Laboratory (AFAL), WPAFB, Dayton, Ohio, USA; C. Harmsworth icods: AC)
Centre d'Essais Arautique de oulouse (CEAT), Toulouse, France; A. liberge,i. 'ardossis code: (E)
Industrie-Anlagen Betriebsgesellschaft (IAC), Ottobrunn, German-; W. Schiltz 1. Foth (c,,d: !A)

Naval Air Development (,enter (NAPC), karminster, Penesyvrania, LSA; L.C. I-e ,code: NA;
NatLioiI Aeronautics and Space Adminis t rati, NASA), Cleveland, fhio, -ISA; I. Tles (-de: N)
National Aerospace Lab.rator NI.R, Amsterdam, lie Netherlands; A.J.A. Mla cde: NI

Narionlil hesearch Council, National Aeroctical Establishment
(NAE), Ottawa, Casadi; ".D. Raizen, code: Nb0

Qual ity Engineering Test i stab ishment (QETEI ), Ottawa, Canada; M. Yanishevsky icode: i)E
Royal Aircraft Fstablishment (RAE), Farborcugh, [nited Kingdm; C. Wik iso n, C. Gostl ow (cd,: RA

Rolls Royce (RR), Derby, snited F gdk ; b. Jeal. N. !cheod, C. Howland (code: RP)
[niversity of Pisa, Pisa, Italy; A. gredasi cde I

(ninesiry o( Torsco, T,..rt., Caodo; C. Sale ,de I

2.I NTRODECI ON

The AlIARD engine disc -ooperative test programme is a joint internatical effort to address the pr-
blem of titigne crack growth and fracture of disc materials under ,perational loading coditions. Km-w
ledge of fatigac and iracture haracterstics is a major requirement before a daage tOllrdsce disc lifi;t
approach can be s-ccessiully ipoemerted. These aspects are discussed i' Relerence [11 .1 which detoils
are given below.

For airframe structures, the damage colerance design approach was introduced by the ISAF in 19-0, and
it has been ettectlvely applied since then on a number o civil and military aircrait (MIL-STD-130 +rd
MIl-A-R1444). Rowever, for engine omponents, damage toleraor design has been a recent devel,,pment.

Application of this design approach, with respect to disc lifing, is currently under consideratias and
occasionally applied. A sp-cification :- engine damage tolerance requirements, listed as SiC-ST1-18, his
recently been developed.

Ne',ertheless, most discs are currently desigoed based upor the so-allcd sate-life philsph. lth
design approaches are coincisely reviewed below.

afe fife dc a1s'

Currently sate lile design is still the most widely used apprach in the IIing of engine discs. in
this respect, "safe life" means that parts are designed for a finite service life during which c signl-

ficant damage will occur. No critical defects are assumed to be present in the new structure and no in-

spections are required during the design life. After reaching the safe life limit, the part is retired

from service.
itt respect to aircraft engine discs, the safe life is defined as the number of cycles at which,

statistically, one of every 1000 components will develop a crack of 0.8 mm il/32 i,,) surface length. this
crack size has been chosen because:

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

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

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

The uafe life design of discs implies that 999 out of IOO components are rejected based on the
statistical probability of a crack forming without actually requiring the presence of a detectable crack.
From economic considerations this Is not very attractive. It has '-en shown [2-4i that owing to a u rge
scatter is she ti- to initiate and g-, - -sack to i letectable size, most of these retired comnonents
still b-"e considerable service life left. If components could me withdrawn from service based on the pre-
sence of an actual crack, then a much better usage of this inherent available life would become possible.
This latter approach is In essence the basis of the damage tolerance design philosophy.



in damaige tocernce design, the possibilit) of a crack or detect present i a new structur !o ac-
counted tor. Assuming that crack growth ca be predicted in critical locati-os under oeraEiotal lading
conditions, safe inspection intervals can be established. Regular inspections will thiii screeni aut those
components which have insufticient life to be returned to service, a indicated in Figure 1. As can be
seen from this figure. the inspection interval is based an the maximm allowable crack size i service,
a , the minimum reliably detectable crack size by means of non destructive inspectio N111) ar ,ther tech-

nqu, ad. and the availability of crack growth data,.

From the foregoing it is clear that several key design parameters are requircd before tic damage
tolerance lifing approach can be successfully implementid:

- the operational load history of discs,

- material crack growth data for the appropriate lcading conditions, and

- the suitability of NDI or other techniques for the reliable detection of ver small cracks.

In recent years considerable progress has been made in inspection capability. It has been claimed VI
that under proper inspectionl conditions, working with well motivated people and very special equlpsect,
cracks af 0.375 in surface length and i.125 nu depth can be detected at the 90 Z prahility/Q5 con-

fidence level. At present, however, it sems more realistic cc assume a crack detectici. capabiltn Ir

cracks of at least 0.751) x 0.375 mm [6.

With respect to monitoring of operational load paramcters, several systems are presently in use, .g.
the AID (Aircraft integrated Data) and EUM (Engine Usace Monitoring) Systems. Proper analysis ,i the re-
corded signaa 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
Turbistain working group, with the goal of developing a standard or reference load sequence for gas torbine
discs [7].

The third basic requirement, essential for applicatlon of the damage tolerance philosophy, Is know-
iedge about material crack ,rowth and fracture behaviour under operational conditions. Tbis 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 before damage tolerance lifing pro-
cedures can be tmplemented. By adopting the common e~fort of a number of laboratories,. broad 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 PkGRAl.p OBJECTiVES

The major ohjectives of this AGAR coordinated programe are:
- the determination of material behavlour, crack initiation and propagation characteristics under

realistic engine conditions, and

- the uxamloation of the ability ,t fracture mechanics to predict crack growth behaviour In discs under

service c ditlons.

Ihe first phase, the CRh programme, was aimed at test anid specimen t..odardisat.sh t- t-olliari-
sition, and clihrazio., .f the different la,oratoles. The socond pl,se, the .,:PPI.EMENTAgY progranme, will
specifically address parameters representative of real service operation-like mission loading, sequence
aod dwell effects, temperature, fatigue thresholds, etc. In addition, i0e predlction methods, thetr ap-
plicability and limitations, will be addressed in this phase.

The major bectives of the CfORE progranme are:
frlomli s-{. t of various laboratories in North America and forope with new test techniques, such as
the potential drop technique tar crack length mass, -- nt z: at-no'I dta " --

- standardizatlon of test specimens and test techniques for engine disc materials,

- calibration of the various laboratories via a raund robin test programme in order to galn confidence In
each other's :esults. and

- material data collectice, asing Ti-hAI-4V, for verification of lite prediction techniques !oed in damage
tolerance design ot engine discs,

- idecification and docuwentation of data analysis techniques.

[he set-up of the CORE programe, the test procedures and the reolts are presented in the Illowiog
sections.

4 CORE PROcRAMMh

4.i CORE Programme Set-fp

The CORE programme test matrix is shown in table 1. Each laboratory performed all the tests in the
matrix for comparison and calibration purposes. The test matrix consisted of a series of fatigue life
tests (unnotched and notched specimens) and a series of crack propagation tests (compact tension 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 control, corstant amplitude and roo. temperature conditions. Tine
fatigue load levels were chosen to achieve realistic lifetimes to failure and/or crack propagation rates.
For valid comparison of the individual laboratory test results, a working document detailing the ro-
cednires for instrumentation, measurement, testing and data acquisition was developed and is included in
this report as Appendix A. Coordinators, one from Europe and one from North-America, were selected to

oversee the programme and to coliate and analyse the data.

4.2 Specimens

a.2.i Spetimtn types/background

For atandardisation purposes four specimens were selected nor fatlgue life and crack propagatc.
testing. One of the goals of the programme was to establish specimens as stndards and thus encourage
other laboratories to use them. In this way a broad data base using these specimen gc:etries would be
created. Toe selected specimens are shown in Figure 2. The specimen shown in figure 2a is a smooth



c,Iticdrtcal spec ine.!ti inted as I h-s-in iiin iced Ior fitlgie tl test leg. i a

catced spncille, with , K 2 2 (detinidii as K s_1pesiment,!i., ,i a lres,
testing;. Howeelr.,,, part ce the 'life to failirs tie, !its ti crick muitt- is ,tt hot.
taut crack sie) san also he, detersmiced.1ti .cc el hrI kon'slFM c t ti:-c , i1 c-i_ .- *,-
pec ini icisae CT-specir i it t thaa 

5
h thiskins- i-t shown, ii- figur, .i l--i

used for crack yniiyagciticio testig iv th, -- 01,d~ 1--i,- rc reg-tt sa ti- LI cr k - ,-c -i i

iotllc tw-dimc, i-a itid the , ei -- tcac is cuic r. !ge9t tis ticoirains 11 , I the. ctici I 1

tatl da/dN-AK -sEe iii.l-ding, ths ie t-Lire-h.l ' "K Eli i- -ll 0 ~
fourtrh syneciEnit shown inE F igi re -'d ,is tt.- ,rcer esh V~ si_ si. m_

was designed specifically tar crack yr,latliiu test nl, of i. rattalsI 1- tiMniiat ae t ane -
dfmettsIanaIli srcco f1 FId, is htiseo e ntered in c r ts ic,1 -itI siabt,,.e s .In, thi i ,p-ot
i t is necesary ti refer to Putears L~ al ,nafwil se i11.- thi he si p. f--,ei.: pca 1
wish CC-specines cleans - ills nIc. tllcusr- ee-cr-ted witll ( i . As 1 cc-111,hi a -tin
specimnie c rac k growthI datad w ItLh c rack growd it. I c !I i-ts-tl diisi th stts:at s I I Is acwt
i:C-specinit da t a, ne reas the use tfI l-datit cccId ce1ss1t iii at liiiIerec1icli ; nit I. -r.

two . Heniring this in mind ft was osidered -ersnt ii that hoth tvycs of cciii it lanati.- iec ti es..
ssed in1 tice programme. As well1, tihe iCi-npecfn en wis cois o ered i dealI t (r doetermn icy hri etc,

o or coa.rse graticed natorial..

I~ Specinate Ec-hfnucig tsd laI,,t fI
All spe P, c o .il, r tlcil *F1-g lio nc ante - cl-iid hp Iol Is-c-. Its i- -E nos -t strats c-

tw oceial 1 1Yi dea loa tIs. disc torglres scipyl ted t- FIl s -h!i-, Ac% t w.rc ri ,i7ig, 'T
fargicigs wer made :rum6n l - l-I in the soictEion troted 1eC igo.! r.*h -,-
drawing inducating tse loaio ,i each indtvidsal specimen is show, I olar i Is eci ft

speclucon c rack plIanes I c relIa tion t o the f org ing dic;. tLi-n-c w speciEf I d -,, it as il b -I, s is I

uisieoreId iss cs- ricc. The dcotcihsti-n -if speciress was a -0,ci sick t ithclce N-u osi r t Ii

haroe lah-,ras-icec ohsa it',d -m.ccepictc ciii if specocccs Ifr,-s is iscirt -,ii
iht i implet nets ti specisens fran the ,thor disc, s- -v dt FiI- is , -li

diff erence in natorsal hehaotosc het wells 1 li t o d iscs t hi :i tii, ii J1,rv 11 tale te hhc--

matera rIm tehe two diss ic0r set
t 

lir o I snta _1 I

Asci .snatri . rpn .c cari thoe- discs wer ds-tsr.nieid I-illsn
and are canparcd wi th the iM.tierualI ipii icat ict-i mi inon, - I- I 1 0.sy I c, ~ itt-b.1
-aIses eapec ted Icon such foegingsi6. In general , the measueed pr--soert ies arc- --qca. -- tot I.,

spect fed sie"Ia.. The sil -ccptios t,, this w an t he CO K dutillic ( A wlichi wis, ieit- Ha
Howcver, thin avocaIp was amelloratled by the oiigtinmeast-0r t tkc c s 'l,"it

fta co lad ed that tile t.- discs usplc 1,'11o-d a ad hartis to -o tc 
5 iatcc

4.- i Microstructarc
li1.e eic ro-t r ctse ift the I i-hAl-% ciSc msatoc-1l, whic sac it, the 51A s, lati Io t; i:-s-1

5
Iednoitu-o, consisted of ritit-d a-phasc in a t r.a.stoned 6-ma t,,s -rsnif-, ci-, cosi I~

-i). Occas-laa a-alignments were ohserved as seen in Flitro ).
Tke aoot at it-phase, dotresiced withi qis t at fcc moss ligrapis, ws ib it ao,'. i -

, p,,rcd te, three perpendicular directions: in the plaec, at the disc , perpeclioc-irsk.- dh isc 1 lamei
the rad ialI direct Is- and perpeedictilar to the disc plane in ice cfrcsstiersvt iI d Irect fo- .So 1-ccI-
sut Ifer-enco-s i n microstrsuctire in these three direstions we-e observed.

Teetti.r differenices hetween selected lcpi-ss wore determined hit she hAF. K) f.-t k oysesii
were prepared from tented specimens. see Figure 6. Nuts that the surface in which the fnstirel ecesito--ut
was periaored was a radial plane perpendlico s o she disc plane. Afices tot tlie testure detiriasior
were prepare'd I rs specimens CC 14, 16, 18, 20 and 2' from hoth discs, ipecfmens c(t Ii, Is ard IS were
-1e -erre jc ;-co tecst-re viriotom i the .- aireceicn I the disc, whereas specimns i--, 210 and
.were selected to Indicate radial tenture nariatian.

tAnxindicationoci Ltsire in a imaterial canhbe ,ohtainedi hy the sse iiipole iicures. In the fllowiogs a

Crystal lagsraphic planes, anes suei angles can he represented an a putknewo as the ceiorence r
polar o phere. whet, a costaf is asssmed to he small compared to the sphere and to hr tooted it its
centre, *one way to represeit s he ceystal p lanes oe shle sphere is to erect per, cidicaiars to the p1 00c.

These platie armia ls are made to p ass thros gh th sph ere centre iad to iintersect the spherical -~l at
points known as she polos of the planos.- The rrap of poles on ske sphere ltrm a ole c iorc which cipFro-
sect" the cr1 Itt in 01 she crystal pilanes. Ie pC It ice it ss sore cocenient t( one a map if the sphere
hiaown as thIne st ereegra'phic, priijection. This en .s a two-dimensioital represonta ion oi she pole iigiire.
huch representations are cannnlonle esed to compare testures, which are preferred criesstioins ,f crystal
planes wit hia a poItyL-crstall_'inc sample . To do this she stereographic proj;ec tion is alIigtied to s he o-crIff
geometrical feature's ai the specimen" and the numher of grains in -aricss ranes of crienitii ate thee
indicated in it hel a series of contour fires, The experinental informcatlan is usoalfe ohtained trim sic
relative intensities of 1)-cay ref lectioens iron the pslyerystal at ssio-u angular settings.

Ikhe pole figures tii the selected spec imens are shows ie Figure 7 .-i disc fW~it /2001 and inie, is
for disc oGWhyD 1 113. "hac S. of ifig ures (a) through (f) shows the itl002) pole figures, whereas ihi

igures g' through (i) show,
5 

.. ilk) polo figures (equivalent tc ill)
1 )
) In 4ii~ss notation) fcr e~rici

posf tlIins in . t d iscs,- (Note that the specimens CC 210 and CC 22 of dint WGW2DI 113 where processed in a
sl ightly d ifIferent way. I nstead of the 1(110f (equivalent to (1120))) pnle figures the ; iOTO) pole flecres
were deterined, nec-..run PP sod 8(z). Hlowever, this does not alter the concluioes.) The figuren
(a)I, )h) an ct) giv ail iniaion of the tenter e itsel f and the texture variatfan in Ike asi-al directi-u

spome in CC A CC 1and Gi. 18 re"p enctlneIy, see aise Figure 3 for their detailed posit ion) and I lgoces
Id) (e) and Mf gleve an, inliatlon of testate satiation he the radial direction (specimen nrs CC ih, CC
201 asd C C 22 respectively).* The figures ske w that the tentural differenen between the discs are re-
latively snail, if a strong texnuste wouid enist then much higher figures fer the coneour lenels would kane
keen enceuntered. As mentioned hefore, these contour Ienvels indicate relative densities of cr'cssalle-
graphie orientations In apecific directions, lilac hiWidyl Ill3 (Figure 8) showed slsghtly more testate and a
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lync i e iw 1c its -nita, t I-ohniontI jri nea I uci I n ,17

sh t. np c in r -intif t t pil p-nI b e t hn eI i-

eT1 . cedre n r it it 't tu fr.m1
"Itl itnttip t ti 1 -aedio ir ten to ten ninie in dt ti t th rh wi n1

l Ahocat g In tic a ca tos In CI ittnc hsw, de"f In so-"1 h ewsr i rt It t r i t n T e

gr asse lttf r cn1ttnt nontri l.cd 1 ttigi, stc n g s; and 111f1' 1 dileem - - shn w I t --t ~ ii -I< I tin
appl ied Smm 1 sh non i Si- estn aia ors I i len's tpc-c edorn ant diame sdte

he nar va r it to: ns i n t:en s teit toIe the pitntt ar- menttrem-Inn
Io I o I.r, the cCA: npec mn I'tinda ta was noti a iw-ins otI- tried or c- In Id n-- tc s-tntI n airalI -d Igiht

tIilf teCrn'n"'e n I prnhc wire as saclinere In one case at i CT~ specimen, ..lii the hitniti Ic ,i I P, it , tc I I tu tC
uPt ma! cran-k l esptl mentIsreis.e.t techsiques were emp ito,,d. (The Kl M11, fi-IIin tr s ct ii I~ m 11 -r-tin in
taPe I wich in , dhes Inelb hitded tn ithe spec is en I a snface crck eres1ti -lintnt e~nds it I he I i I
ca h e nesrcaI * h ,~ Rten l oll, wan atitacheCd ti ins tde ot s ie I- -pec ime, It inving PN! -i ( t h neh I! ti



osn lN, t Lha t, prstit-uIart, rtoe.
1he PU-ne..a.nr.emcenrt -cnaoc to i wa . pnnr: orne a inc d itl-nrntwa s . 1 The nec -e-ne yr -sOr1

vi tn in Figure A5 of 1,ppendis A. In the yrtvodare both o-rnct-l ond torrent-:ue .0. loners -vn -c
at simon load within the imetrne it one yen-od. however. !-cauu or a r d tit ts I I!

onde Ir twL ocoo."eavee tot noltch and refeee t l ra 1tges -oo 5 1-teon In ene-y-1

secand. lens, ti. euric tage reading, or tLie. c id not he rmeasurnd Iiots -5 lly pt Iemw i

onitoat~ ofwith tile K specimen, where tw,- notch voIl cgen and .- , -er enon % t ige ha. t5 11C es~e

uleultaneionly .in a lition, the norent should hr otahilioe h et wen ou .e .- . -'in,

oboe yr htl van lvorc-e either i,%: leegtllen-ig the tine at .00 5a t r~ lic, ars> Kilr .o

,tnt n 1 d-,ingo -th nll mI-nte mneasurements ilInsc -Svrn c-woe:tle:,I Zl
applied Lte naninonl time at lad ftad lt '- nose to he increased iron I to I .i -n l ods - the
:-. I to s ec onds . ()tile rIahora turles adopted the ocecond ne thod : tire eye~u J ' n om I' ne- ot -t- I

iiOO i us 15 c n"I,
both, met-od etight havn as, eltent . b there-~in ty. An increasd r no.t oacnul Id ' t I - tin

T! mescuonnen It ICIlevI)r .nia eonorl the dwell nt fnct 1..Ithough thi, in nIect i I rhblyvr-ti .
tsyreffent in eyc cr10 in cyc les ,light gine ,at very high craon growth i-.acnr ,l

growth diet ot it, ican be s impI h oercome by counting the cyc les daring tina c-1 0 .o -c oen
,.rn -rortor and telercic voltage will chasge onln slowly)

i. SLdtlTS

lite tent rnn- s for thle toot speciens tent~d ore disosned indin i-iI v n Ih ,Iown, l
eti -- 5.

I. Aecoot hIll cylondrica .1f F spec r-ens

i nor raI lritt-d-i tion
Al test result toe hpreyented ie TIcl r and are shown greybliolIn in I ,

0
tre I Ntet -t k

ongileettg gconventiLon, [the strens range as thle independent nariable it, p1,t T h rim- tit-I r aon nd

t he c ycIcs to t alIa r e on shL 1e vne rtlIc-jI asis for ocional ito with thle ntottML;a iIis Lh
La -- I e Lions). Tie result s app ea- te td icate thatI the Phlli "IU-o disc data ire s! ighi Is lhove the sthWip

-i Oy dat This agrees with cho data in, Table 2, A statistical analysiso the r-no, -wal erlni-or-

t dr- p) -bn diii> ernies i.' -eral bhbankctr tot the two discs, or !'or partlcila ,t' I, tltilt'
discs, or to iodiatn' deviatfng trends in t he resls ot inainidual Iourr iy .

ti no stabI Irreret of. linear enuatier rslipn between strevs and life bayed in -i ti-c
nstahboiet t coefideyne iLernals lot thene curses, ani teots i-n tilo nal tdtt,. ie 1 - - I

toi' a l~.ar.e..n..sinn used in the statistical anlalnis wn

l A I hh i which Y IlogN

N n n-nher ofcce to toilure

Ilo stotiotical 1oooinnis wor. iertotnni occ-tding t,- tlo.- pinced u, c- aeIm I In Ac,~ -M L-d and
tact in F, Id-on 1 I I . A o ho rt rt i atry 0 g Ive Int A ppeordt I..

11titli haedling '-t the mnoith cyl indrical 1fF spec ir data
An, initial statist I,1-,1,nalsi wan performeod on all the data, excenpt the one rcn-o t. ,O fITl in

whvi alen :rthe ttnoiI ,ter ilbM? cycles. T.r results, see Figoire 1i shiw that cla ibtaf:ond it

ono igh stress lends, rstreus range - 875 MP.) eshihitef large scattet .aIzricI a -1n hf h

pini1t iceo"f thle nean urneore all the results. The higih stres -igei of T,5 Pa ci renyredt

ocIreInI of 11 7"Mp Aho wh is neat or ah'e the intine specit ied tensile strenth In the n-tori i is se
la"le 2. i-rtntis roaio- thesn tent bra were initted I in the sta istloo analysis. Tin r.-,i *ti

tainu In to lowe,, ,r tress rinses ,, 700 t.- hI'l Ma had mot ipproprtaite l Ines t o -1 tr :
(),d rye ins with less noatter.

The, data ewerehreanalysed and the resultant neat curve zno the 9S c-l-fidence int vlo, ,

I,;r g Im l. Th reaeieg of the confidence internal in teat, haee in the anelos ef a sertes -t itierpe

dent dat-i sets, we nayN en pest that 95 7 of tire conuited intervels will I nclude the -n nurse. (I.i
ther word S, the 'ttent "t he --can cur ve (of the total ditstririutin) l 1 - wit hin tho r-npnted otna

has ', 1, probability of beIng6 correcIt isLe Pefereece Ii I) Figure ii6 also showo the comnitof nrail

t icti Iparameters A aed 9(which ar e tile manlein~ I ihhoid entisatersi ,f A and B, the line-c-rff i t- and,

their intersal Is10r a 90 aid na 7 cnfidence lenelI. tol additionr, the narianee and thle parameters in-

alcatio g the correctness ot the linearity hypothesis are Indicated. These pairameters are described in tore

detall in Appendin b.
An, cat be teen fro"m thle computed stat istifcal data (see tig. It) the l ineari ty hypothesis, Pcr oilI

'e'Ilto - was Irs alI. id owener , t he ene etb"oof thbe linearity hypothesis is caused by a single data point
(All - 828 Mitt, N = 4i 3r 1yclten, disc 0110Mb 1113). W hen the stat ins mecl dave handling wan repeuted with the

-nanef thin partbnnlct test peint., the linearity hypothesis was shownl ti, hr valid. Fir reasons of

niple the -uin of i nearity in thL range of 21010 - 501<0001 cyncs to- tallnre wan thertl-e -r-
vidrd to he -prpriate. The linrar nidel was alma used tllall nybseqoent analinni. (Note: tiln patti-

-nat daita F-pot was nit recase. in the a lss

nfl >1 Atatiot cil o-mp a rl- ,It iniidual laboretr, ies, discs and dine locations
F Igi r -;s 1, rangh 2M show the int-mne of thle ,.seqolent ntat lotihal araloses it w1hich -rions nonl-

harbors were made an fIllwo..:

I. inhdlIdnaI dt"oc relsuits with respect to the ontrell data,,

T, I]d Idsal ,r la -ao r y realtol I to with rce ,a , d to0 the reo pen ILi dice data lonl coresyoid ig coenfidence
hnteoalo a L it regard,,to thedeseral I data, and

n-i A Iis dis l IicIo wi tl rgard t o the e-pentilee dis.o fete



Figures 17 and 18 show the test results and associated median carves and -onfidece intervals lot
discs WGWMD 1113 and LWND 7200 respectively. The statistical parameters are also given. Tie results scow
that tioe ssumption of a linear relationship is valid for the L.MD 7200 disc data but that this assumpttn

is incorrect tor the WbMD 1113 disc data. This was caused by the sitgle data point discussed in Section
h.i.2 resulting in a steep line coefficient B (i.e. slope) tot disc WGWiD 11!3.

A comparison between the individual median curves for the two discs, as constructed in he Figures 17
and 18, with the overall median -urve for all results, Figure 16, is shown in Figure 19. In this figore,
the test data for disc WGWND 1113 tend to fall slightly below the disc I'MD i20O data as mentioned in
Section h.1i. for the somewhat higher stress ranges. At these highest stress ranges (Ac - 8-f MPa) te

maximum ditterence in fatigue life is about a factor of 1.5.

- are aL show che overall median curve and the median curve for disc W10M) 113. The individual
fitted curves of the ,. iaboratories which tested this disc are also plotted. Mosi of the ildividual
curves fall withii. the 95 Z co.fAlence intereal for the overall curvo. Hioever, some data fall outside
thus interval. This behaviour may be expected since the umber o specimens tested per Laboratory was
small.

Is Figure 21 a similar conpais ,n is made. However, the overall median curve and issociatei
contidence interval have been omitted and the indicated 95 7 confidence interval now telates to disc ihiMD
1113 only. In this case the individxcal laboratory curves fall within the wider 95 7 confidence intesval.
Although there is a clear ditference in line coefficients for tie various laboratories and a slight shit
in the line position, there is no major indicatiou that the results from an individual labo rastry clearly.
iall outside the scatter ho.nd.

Figures 22 and 23 are equivalent to Figures 20 and 21 but now refer to disc LIWMD 7200. Most of the
individual laboratory curves for this disc run almost parallel to the overall median curve ind tie disc
median curve with one exception, which shows a nose steep relatinship. Figure 23 also shows that ,l in-
dividual curves fall within the 95 7 confidence interval for tie disc median curve. Thus there is 11c iv-
dication of clearly deviating results for indlvi 'ual laboratories.

Durng disc design and production the intention was to obtain homogeneous properties throughout the
disc. Tne test results enabled us to check whether this objective was met. To this end di terso lou.tioes
it) the disc were identified (see Figure 24) which could provide an indication about radial and axial
variations in morerial behaviour. Figures 25 and 21 show, for the respective discs, a complisn ,f the
fitted relationships tor various radial locations with respect to the median disc curve. Figures '7 .,d 28
show similar comparisons for different ixial locations.

The results indicate that differences do occur due to location. However, these differences apper t
me insignificant. In Figure 25, disc WGWMD 1l13, tee RIM area tends to be superior with respect to the MID
and hIRE locations at the higher stress range, but it is inferior at lower stress ranges. This behviour
is not very Logical. If the RIM area would indeed have supelior fatigue properties thn ,ne would expect
that this superiorits would manifest itself over the entire lite regime, espeoi.,lly because it Ic :-t
expected that the failure mode would chige significantly in this particuiar regime, -d thus tht i

°

would result in an upward shift of the fatigo life curve. the observed line-crossings oi the R.M, MIT -d
b(uR life lines are therefore moat probably the result ,i ormal scatter in the test dat,, and the re-
latively small batches used fer this location analysis. Asther important point supporting the oboe ,.u
clusion is that c.), wold expect that a ceitaln trerd in material behaviour for various Icnltions wV,,d be
similar 1cr both discs. However, i)l comporing Figures 2] and bh such a trend could not be observed.
Fihure 26 for example, dis LMD /

0
0, shows that tile RIM, MID and DoRi locatcs are essentially sic:lot

in fatigue behaviour.
A comparison with respect to axial location for boih discs was made in Figures _7 and 2b. live-

crossings were also observed iv Figure 27, disc WGWKD 1113, MID and AFt locations. In addition. the two
discs do not show similar behoiour for the various lccations, which would have been expected if there was

m truod in material properties for a certain location. in Figure 2h the fitted curves, per location, ore
grouped closer togother although the MID rsults tend to be somew.lot lower.

in reviewing the above obtailled location relationships all resilts seem to ouggest that there is n5
apparent material inhomogeneity in relation to LCF fatigue properties for thie various locations studied to
this analysis.

e.2 Flat double edge notched K, 2.2 specimens

6.2.1 Introduction

Fbra tie K 2.2 specimens both the lite to crack ilitiation and tie lie to failure were deterined.
ite to crack initiation was defined as the lumber of cycles at which a 1 7 increase in potential deop

value was otained. The actual crack size for a I Z Pb increment was estimated by breaking open one oi the
fdmmy) specimens at the I 7 PD iocrease level, as seen in tigure .9. The Crack slape was scmi-elliptcai
and had a maximum crack depth of about 0.6 nom, with a surfuce length of 1.6 mm.

All test data are presented in *Table 4. The life to failure results for both discs ore shown in
Figure 30. Again, unlike engineering convention bat for commonality with the statistical onalyses, tie
scress range as the independent variable ii plotted on the horizontal axis whereas the cycles to failure
are plotted o the vertical axis. Figure 31 shows the life to initiation and the lite to failure for disc
LWMD 7200 only. Figure 30 shows that the spread In results for the K, .2 snecimens is smaller than for

the LiF specimens. This eitect is especially evident for the high stress levels. Anther finding lsco
Table 4) is that lile to initiatico and life to failure are closely related. Furthermore the life 'c is-
itation, as defined, accounts for the gre test part (- 85-95 %) oi the total life at the specimen. This
occurs because of the fairly large crack vize associated with an initiation level of I 7 PD increment.

Almost no difference in notched fatigue behaviour between tie two discs was observed. Hhowever, in
order to detect 'ossible trends in material belaviour between the two discs, nod between individual
Laboratories and disc locations, similar statistical analyses were performed as on tie iCF data.

6.2.2 Statistical handling of tie K z.2 data
An initial statistical analysis was performed on a.1 data, excluding the rue-outs ,l total three),

shown in Figure 32. The single data point at the highest stress range (is = 1091 MPa, N I 3b cycles) al-
ets the position (A) and tie line coefficient () (i.e. slope) of tie median curve in tile area of in-

terest, the life regime between 100 and 1OO,000 cycles. Following the procedure adopted for the Itf spe-
oisens, this data point was omitted trom all subsequent statistical anmlysis. The remaining data were



again statistically analysed and the results ore shoiwn in Figure 33. together with the 95 N cos idec, ,c t
terval for the median curve. As can be seen the linearity hypothesis for the median curve -as determined
to be correct in this life regime.

b.2.3 Statistical coniparison of individual laboratorie., discs and disc locations
Figures 34 through 45 show the outcome of the statistical analyses in which the following comparisons

were made:
I. individual disc results with respect to the overall data,

2. individual laboratory results with regard to the respective disc data (and corresponding con-
tidence intervals) and with regard to the overall data, and

3. various disc locations with regard to the respective disc data.

Figures 34 and 35 show the test data and fitted relationships including the 95 Z confidence intervals, for
discs i i.sMD Ills and hiND 720U respectively. The assun~pton of linearity for the median curve was - uscl-
tied, as can be seen from the statistical parameters. A comparison between the median curves of the tw,
individual discs with the overall median curve ror all results (Hg. 33) is shown in Figure si. The in-

dividual median curves lie close to the overall median curve and, in addition, line-cr.ssing was h,berved.
Both facts scggest that there is no appirent difference in tie notched fatigue behaviour of the tw,

discs,

In Figure 37 the overall median curve and nhe media curve for disc WGW D H3 a.re shown and,
is addition, the litLed curves for the sis individual laboratories which tested this disc have been
plotted. All individual curves tall within the J5 7 confidence interval of the overall median curve. Il
Figure 38 a similar comparison is made. however, the overall curve and its associated confidence interval

have been omitted and the 95 7 conlidenoe interval now relates to disc 4'tGiiN I I ily. Although some
dcltereece in line positions did coefficients can be okserved there is no indication that the results -l
individual laboratories clearly fall outside tie scatter bond.

The irdividual laboritory curves for disc .iND 7,0 ale shown in Figures 3V and 4i. These cvtrves have
a wider spread than iv) the case of disc 41 11; 113. Figure 39 shws that not all irdividul urve lall
vempletel within the 95 3I confidence interoal toe the overall edion curve. However, Figure 3, shows that
these curves fall within the 93 - c;tl idence interval or the disc media curve. Becasett ' tie smal, size
of the individual batches no firm n s tions can be drao about the signit 000or t. e ': r tatit ito
dividual laboratory test results.

A conparison in setoied t11t6 titvit betweett different locotions in tie discs ws I- ode.

Figtro -I sflows te idertiicil ,, the various radial ard aoial loltis ttved I, ito, subseqtrn
analysis. Figures 42 and 43 show ror both dis, tile compariaon in iatigue bohaviur _f the radial I-
catitls with the median disc curves. Similar comparions with repect to tite xriaus avial bocatin r
shows in Figures 44 antd 4. The rcsuits indicate that the variations between different disc uocatins are
very oall; there is tic appoiet material inhaeogencitv with respect to ritm itched iotigue properties tr

hat. discs.

0. (morer track c) and tempaet !etstut -Ilpe KI) pcimnos

I Data Anlysis
Fatigue crack growti data Irm 31 ctrecra, and 33 coipc tensi tycope spot(mes were ,',,cet~d

stid analysed. -opically for each specimen data set, 35 pairs L'1 c-ck liength ard cvcej 0uvit data were

provided for the analysis. The data wet' provided itte ts tocrded oirtdir ian rit teder to tocillitate the
use o a comiu) smoothing tecinique.

four seo'thlng ec.liques were "-idered ttr the da'dN .tt.ysis proedure: th vecait mthi,, the

modntin dii terence method, the even point It:crment polyoomial method id the total pIvnomial net 'd'
The seven p'int incremental polynomiol technique wan ultimc:ely choses because therc were stf(icient
numbers of data points tvoilable in each ditta set, tite techique is; recommended i', the current ASIM stor-

drd ior fatigue crack growth rate testing, Reroo [i ,1vnd it p.'ssessed stil Ii eI si chin, .cpa-
bility to iontity possihe trend, in t' data.

The 'evel pint ncrvmvtoi pol't.l tsti:ia .'ti ftc'v , ln o i. ons a ittncti,':o' o :! t is detrtibed
in detail in Reference il.. briefly the teohtique itomon fitting a , ea,'d-,'rdecrpolsr'eal p-aL-,L
to sets ot seven successive values of observed crack Iength. ihe leri It the qt ,tit'n for the locai itt t
,rack length is:

where C = I +

I -

Ind hO, hi aind b- .rc regressiit tarisetor
Ihe rate or crack grth, dh/dN, is , t.litt.d t t king the ilest derisative 'I ti ive h , eq ,ti'

ih respect to N:

b
I

da./dNi - + 21 2 (N - t:l iI C 2 i 1

The value of a. is ::sed for tie aIcu1a.titn tf the corres. nding 7K.. The stress itteesity sitlutns I o ,I

the CI and C(, specimens ore described In Secti,.ts 5. 1,3 and 1.4.. t Antendis A cespe: rise i's.



h.3-' Fatigue Cruck Growth Rate Description

in order to utilize the data generated in this anal'sis tor design and life preditio,tl ,I!-rts, a
curve fitting mode! in usually applird to the data. A rumber of curve t iting s.dels have been proposed to
describe the sigmoidol shape of the crack growth rate carve. Mil;er uid .allaher I- des, r h.,r- ASTM

round robin programmle where ten different models were used. One of the most successful undels nvd ne ot
two nodels selected for this analysis is the table lookup procedure. In this technique tabulated values ,i

dadiN and AK values are obtained as rugulor log da/dN interval.. Co build the table, tie data for each
specimen ge..eetry were combined ad sorted by da!dN. At selected intervals of da/dS, the data were
,veraged and a mean da/dN and K were calculated. because of the large oumber of data points a tallsle t
each specimen geometry, an accurate estimation of the mean performance of the data was thus obtained. The
mean crack growth curves are described by 36 pairs of data for the corner crack specimen geometry and hi
32 pirs of data for the compact tension specimen geometry. The mean data are presented in Figure .77 and
are listed in Tables 5 and h. Standard deviation data for da/dN are also presented in Table 5 and h.

A second model utilized to describe the crack growth benaviour is the power law or Paris model "3'.
this model assumes that the crack propagation behaviour over discrete ranges of da~dN is linear and can
thus be described by the equation:

da/d\ = CAKu

To obtain the coetficierts C and n, the crack propagation data in the assumed upper linean portio ,e "
the data were selected by specimen geometry aed a least-squares regression line was fitted. Ie results
are shown in Table 7 and in Figure 47. The fitted lines in Figure 47 show an excellent crrelation with

the mean data obtained using the table lockup model described above.

6.3.3 Test results
lhe uata sets of da/dN versus AK are presented in Figures 4h thr-cLgh 63:

Figure 46 The data for each laboratory are identified as a conma,u group for irtelaorrtrv

comparisons,
Figure 47 Mean data and power law lines are presented tor the tw, Sp-im ge-ntries,
Figure 48 The CC data for the two discs are compared,
Figure 49 The CT data for the two discs are compared,
Figures SO and 51 the data for the two discs, LW41D 7200 ad 1sii 1 3, are compared, rd
Figures 52 through h3 The data sets for each laboratory are compired to tihe c-hmied nean dota -r tie

two specimen geometries, CC and Cl.

In figures 4 to 51, one trend in the data appears consistently. As evident in the mea: data ir
Figure 47, the CT specimen produces a higher crack growth rate than the CC spermen, especillly In tie
highr AK ranges. The compact tension data are the mcre conservative ,f the tw, spec imen geoantris. At .Y
- 16 MPa,m the ditterence is a factor of 1.4, and at AK = aC MPa.'m the factor increases tU .75. !his

effect was also nted for Ti-bAI-4V in heference [RI usifg the samo -mact tension ano c-,rot crach
specien geametr ies.

FiKAtICURAHIfY

Fractographic invest igations were carried our by QETE 1'. and NLR on both CT and C spcc imeI.
t riaton spacins -' the fracture surface determined by means of scorning electron microsc,,py have heer

compared with the macros..opucally observed cr-k growth rates, determi:od by the Pr) method or h, opt :r l
means. The results of the cmparisu are shown it Figure , tr both a CT and a CC -ecimer. In Table

detailed ci-nparfso, is Riven for the rf-specinc.

the results indicate that in general, at the lower AK values, the measured striation spacings are
larger than the macroscopicaily determined cyci i: crack growth by a factor of approximatel i 1. . Tl!is
situation is reversed at high AK values. This behaviour may be explained by the following covuide-atire.
At lower AKt values striftions are diiIcuit t, observe. Only the larger ones tend to be found, resulting
in s overestimation of crock growth rate. At higher AK values nor-cyclic cr.ck growth, e.g. mice- vid
coalescence, c-n -utcnribute such that striation spacing does not rc.flect the ,verall ibigher) crsck orowth
rate.

ic figure 6b an illustrotion is given of the fractigraphic appearance ,f specimen CC i at vari,s
iocations A14 . From thcse photographs it is clear that microscopic crk giowth directions it the lower
AK ralues car deviote considerably from the macroscopic growth directice, indicat il, o ste, g sre-
utructural effect. ,t h igher AK values, micropi ic crack growth aligns itself rse r with t1, ,vera -

ro.ack growth direction.

r. :liSCU'S ION

The major objectives -f the tORF ptgrammr were:
familiariation of tihr participating laboratories with new test techniques, e.g. the potential drop
technique and automated data collection;

- standardization of test specimens and test techniques for engine disc materials;
calibration .f the partilipating laboratories to gain confidence in each other's results; and
material data collection, using li-hil-C., for verification of life prediction techniques used in

damage tolerance design of engine discs.

The program e 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 could easily be compared. A de-
tailed statistical analysis was performed to Indicate possible deviating trends in individual laboratoey
test results. However, the analysis did not confirm any such behaviour. Individual laboratry results
fall within expected scatterbands and there was no obvious trend Indicating a particular test outcome for



certain laboratories. Ihis is an important result because the participants have sow ben manually cali-
brated, which will give confidence in each other's future test results without the need ol continuous
duplication.

In the current prugramm a large amount of data was gennrated. hoth in the LIP life area as well as
,m the crack propagatioc area. The data will be used as baseline data for the SLUPPLEMENTARY programme in
which the effect of subcycles. spectrum loading (simple and complex sequences) and diflter-ot materials
(with different grain size) will be investigated. At that stage the baseline test data will be used for
comnarung material behaviour and will serve as input lor the various life prediction models to he applied.
In the SUPPLEM!NTARY programme the applicability and limitations of these models will be addressed.

The applied testing procedures, making use of PD measuremmet 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
quality equipment is usd, together with a carefsi PD-instrumentatlon of the specimens. fitimatelv a
better than 5 pm crack length sensitivity could be obtained for CC-specimens and about a 10 om sensitivity
tor CT-ipeccmens. it should be realized that this accuracy is based on the real average crack length. Even
it the same accuracy could be realized with optical measurements the PD-method would still be in favour
because the optlCdl method only provides a surface crack length. The difference in crack sizes obtained
car be qoite large; with the CT-specimens differeeces of about I mm in crack length between the surface
and the average value were measured.

*a. .'.NCLUSI(NS

i. Standardlo-ticn of test specimens and testing procedures allowed comparison and calibratiou of
participating laboratories.

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

I. The CORE programme collaborative effort generated a large amount of data in both the LCF area and
the crack propagation area. The data will be used as baseline data for the SUPPLEMENTARY pr.gramme
and serve as input for the life prediction models to be applied at that stage.

4. The two specimen types, CT and CC, provided fatigue crack growth inforrmation tor through thickness
and surface/corner crack flaw geometries.

5. The fatigue crack growth data results indicated that the CC crack growth ratn data wene between 30 to
50 percent slower than the CT data for given values of AK between 15 and i5 MPaVm.

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

7. The PD technique is eutremely accurate in measuring small ilaw sizes In the CC-specimen geometry. A

crack length measurement sensitivity down to 5 om - I we realised.
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TABLE I

CORE Programme test mtrix

Type ot test LCF life / crack lormati t, Crack propagatiur.

Lest specime- Smoot .. ]iat notched corner crack ASIM CI
cylindrical K

t  
2.2,

Nuber a: specimens b ,

potentlaI

CRACK drop s-
DE'iEI I' , - -

hi-CI ON ,pt ical +
"Pt I, a IU

-- al t~tal lit total [ife "short" cr-ck t,,ta
-liitiil crack range da N -t trmar io K coroc

Not: All tests condicted ,st r -,n eperature

LABLI l
.il.;.rlF ro%[:ld ,,1,oosurod eLill yr-Tr ertie tar

the twI _lcs tosird

Mateial specil icatior Minim. measure, v"Is,
Sinissum Caluie__________

disc WGAM!1 I i disc iL.Nd 7-00

Room temyrature.1tenlsle strength. OPa -. 0; 9 his

0.27 5ir d strength, MPa RIO '5s n's

7 elongation I0 l.11 II
reduction in are. ,9

150 *C tensile strength, Mpx 7o 799 89
0.27 yield strexgth, MPa 6Si72 1 9 21

. elongation 14 15 4
Z reduction in area 35 34.a ci

rotating bend fatigue test

10 7cvcles. MP. 4fis0 4.0,

LCF tatigue test, R I 'j

10 cycles. MPa

bre 772 890 ,/0
web 772 535 ih8

rim 77? 772 890

fracture toughness, MN/
3 / 2  

49.5 53.7 52.3

minimum value not specified; target minimum is 410 MPa.



TABLE 3
Fatigu, ilte test results on ICF specimens EG=. 1)

DISC WCwnD 1113

stress cycles to stress y[. o

Laboratory specimen amplitude failure laboratory specimen amplitume lailure

no. 0 N
t  

no. 00 N
I

EIPa M~a

LLF Z 8O 2b50 LCF 33 878 3

LC:F 6 800 2340 LCF 35 828 437
UT LCF 4 7J5 4790 RR LCF 36 788 5t17

LC 5 775 5150 LCF 34 788 5687

LCF 1 750 13540 LCF 38 74- 21'17

LCF 3 - - LCU 37 742 14515

LCF 19 800 3509 LCF 23 875 j

LCF 16 775 5665 LCF 21 800 3151

QE LIF 18 775 7050 Nl LCF 25 775 764

LCF 17 750 8851 LCF 22 775 7264
LCF 14 750 12484 LCF 20 750 9457

LCE 15 700 40341 LCF 24 750 19426

LCF 12 800 1800 ICF 31 880 '1

LCF 7 800 190(0 I.Cf 27 790 5982

NR LCF 9 750 12100 LCF 28 750 8545

LCE 8 750 8800 LCF 32 750 13284
LCF 10 725 18500 LCF 29 720 22474

LCF 11 700 42000 LCF 30 720 15209

DISC 14811 7200

LCF 19 800 3928 LCF 33 878 40
LCF 18 775 4672 LCF 35 8 3 3136

AF LCF 16 775 5632 CE LCE 36 788 8508

LCF 14 750 1614" LCF 34 788 5440

LCF 17 7W0 25933 lI. 38 742 >16262

LCF 15 - - ICF 37 742 23076

LCF 5 825 3831 LCF 27 878 1158

LCF 2 800 6235 LCF 29 878 348

ND ICF 3 775 8174 LCF 30 810 3298

LCF 6 750 21709 LCF 32 810 4466
LCF 4 725 41222 LCF 28 742 12805
LCF I - - LCF 31 742 14656

LCF 9 809 2679 LCF 22 800 3071
LCF 8 809 2350 LCF 23 800 2472

ICF 7 779 5510 LCF 24 775 6874
.ICE 12 766 11016 PCF 25 775 4724

LIP 10 251 8156 LCF 20 750 9964

LCF 11 747 11327 LCF 21 750 7540



TABLE 4
Fatigue life test results cn Kt  2.2 specimes 6RO.1'

1SC WH,1 1113

lab.- specimen trss cycles to ccles labora- speciiec tte- c cles to cycl-
ra ory n . aplitud e 1% crack to failure tory rn . amplitude "I' crack L" lalur ,

6c ini t iat Ion" c in i L fat i -)"
N NMa NN

K 5 775 3420 3476 K 36 700 590 -706
25 4202 4247 Kt 40 562 6700 7900

4 625 8484 8920 K 5 562 130t
K K 2 625 10630 10999 K39 56 7500 i9500

K' 39 62 170 40Kt 8 4 22764 23856 Kt 37 486 20500 M55u
K 3 475 31717 330z6 K

t 
38 486 34000 "

17 775 3501 3701 K 25 775 1026Kt t 4 5 2o1 3726 K' 26 775D 37134511 I 85n4

OF Kt  13 25 7701 - L K
t  

24 h25 10-07 1 1
K t 1b 475 4168(. 43730 Kt 27 475 27101

16 475 36601 388 ' t1501 11:2t Kt  ;

K 0 775 270) 271 31 775 28

t 75 2750 214)1 3 2 3U' 1 I
K t 625 10090 11191 K 625 11357 I,N K K, 8 6 -'5 8875 892t R Kt  33 625 1 1349 i 1176
K { 475 29500 30061 Kt V) 3-7

K L2 475 38500 39551 Kt 3 4 475 "55_ __5

DISC LWM) /21)0

K 14 775 203Y 2334 1 A , 4hnl 4230g
t  

13 115 2 U4 3(13 Kt 3 5 2 1 9h32 2 0599

-F 625 8131 9254 K 7 CE 1 0i
V 1 9045 9768 Kt 39 b 2015 9 2133
K 8 475 21775 2302 4 8 36500 19 o
K 5 475 59499 61568 K

t  
bt IIt

K l 775 2150 27(5 Kt 32 760 208
S 5 62 5850 6038 K t 3)0 77h 59

625 9200 1(1)258 K 4 h27 550 731
Nl K 6 5 46950 48995 1A Kt  31 34

K
t  

2 475 27300 2980( Kt 37 )28, I 1 80Kt 3 - - tK 29 47 6 75 >837

K 9 775 4050 4340 Kt 26 1091 18 18
Kt I2 775 575 2890K 23 77 3DIO 318
Kt  7 65/ 9200 9660 K 24 10

NS gt  1 625 8950 9810 Pi K t 28 625 7888 8855
Kt 11 500 27000 29350 Kt 24 550 i(D14 17q33
Kt  I o 500 25100 712 K 25 7 5197

- mt m. .,mm = IIm mm m mmmmnm( mm



TABLE 5
M-.z fLot ue crack growth rate data for CC specimens

1247 Data Sets

da/dN Std.dev. AK Data Sets da/dN TSd.dev. 6K Data Sets
nt/cycle nt/cycle MPaVt nt/cycle .t/cycle MPa.

5.92E-09 1.41E-09 12.50 11 4.91E-S7 1.40E-08 28.00 40
1.08E-013 1.42E-09 12.89 40 5.47E-07 1.94E-08 29.04 40
1.51E-08 l.51E-09 13.43 40 6.11E-07 1.77E-0B 30.21 40
1.99E-08 1.85E-09 13.78 40 6.64E-07 1.44E-GB 31.03 40
2.95k-0B 4.19E-()9 14.22 40 7.28E-07 I.97E-08 32.58 40
4.33E-08 4.11k-Ok 15.0k 40 7.98E-07 1.96E-08 33.65 40
6.49k-S8 6.58E-09 16.07 40 8.65k-SI 1.82k-08 34.72 411
9.10k-O8 1.81k-OS 17.33 40 9.44E-07 2.99E-08 35.93 40
lAISk-Oi 8.78k-O9 18.31 40 1.05k-Ok 3.17k-08 1 .;e '

1.4/k-U, 9.10k-09 19.46 cO 1.17k-06 3.55k-SB 37.77 40
1.75E-07 7.94E-09 20.19 40 1.31k-Oh 4.80k-SB 39.32 40
2.54k-07 1.04k-GB 71.66 40 1.47k-Oh 5.09k-GB 40.83 40
2.46k-0, 1.15k-08 22.49 40 1.67E-06 6.79k-0B 42.12 40
2.79k-07 9.83k-OS uo-s 40 Isnel-Ot 7.01k-UB 43.83 40
3.12E-07 9.31E-09 24.48 40 2.12k-O6 7.97k-0B 45.13 40
3.55k-S7 1.45k-0B 25.06 40 2. 4 4k-Ok 1.09k-SI 46.4 1 40
4.02E-07 1.22k-SB 26.19 40 2.89k-O6 1.69E-07 49.42 40
4.47k-Si 1.32k-SB 27.66 40 4.10k-Oh) k.49E-57 51.16 40

TABLE 6
Mean katigue crack growth rate data for CT speckmns

1365 Data Sets

da/dN Std.dev. AK Dat Sets da/dN Std.dev. AK Data Sets
nt/cycle nt/cycle MPa~t nt/cycle nt/cycle MPae'n

6.50k-O9 1.19E-09 10.98 I 39 2.68k-07 6.95E-09 20.90 40
1.22k-SB 2.45E-09 12.30 40 2.93E-07 8.35k-OS 21.31 40
-15E~-08 3.04k-OS 12.42 40 3.25k-S77 9.70k-OS 22.14 40
3.64k-OS 5.21k-OS 13.70 40 3.5Bk-07 -0lk-OB 22.94 40
5.39k-GB 4.86E-09 14.84 40 4.O1k-Ol 1.19k-SB 23.61 40
7.40k-SB 6.64k-OS 15.15 40 4.49E-07i 1.56k-GB 24.65 40
9.39k-SB 4.90k-OS 16.16 40 5.04E-07 1.65k-GB 25.87 40
1.08k-S7 3.57k-OS 16.18 40 5.58E-07 1.88k-SB 26.65 40
1.19E-07 3.87k-OS 16.98 40 6.34k-07 2.68k-0B 27.6k 40
1.33E-07 3.91k-OS 17.21 40 7.53k-07 3.61k-OS 29.07 40
1.45E-07 5.00k-OS 17.64 40 9.08E-07 5.54k-GB 30.77 40
1.64k-S7 6.08k-OS 18.30 40 1.12E-O6 6.64k-Ok 32.29 40
1.80k-07 3.95k-OS 18.48 40 1.29E-O6 7.07k-0B 33.28 40
1.98E-07 6.32E-09 19.06 40 1.75k-Oh 1.73E-07 35.97 40
2.19k-07 8.78k-OS 19.90 40 2.84k-Oh 6.75E-07 38.62 40
2.47E-07 7.26k-OS 20.27 40 15.24k-Oh 1.55k-Ok 42.14 1 8



IABI.E 7

Power !, FCGR aata

Specimen geometry 1Applicable da/dN range fm/cycle) C o

CT 8.26E-08 toi.
2

Oi-cS 8.3979F-12 3.9

CC 1.80E-O? to 1.96E-O 2.598F-I1, 2.951

lAbLE
Comparison between measured striation spacing and calculated macroscopic

growth rate based on PD-data for specimen CT 12 (disc WGWMID 1113)

Striation spacing (wm) Macroscopic Relation between

Distance from LK measured from iracture surface at: crach growth macroscopic growth
notch (mm) MPa/6 rate (um/cycle) rates and measured

W -| C mean value based on striation spacing

PD-dat a

1 15., 0084 0.094 0.0
9  

.06 0.52
1.5 15.8 0.103 0.087 0.095 65 0. .8
2.0 f.16 0.150 0.177 0.090 0.139 .085 (R1

2.5 17.5 0.164 10.108 10.155 0.162 .112 0.69
3.0 18.3 0.152 0.198 10.217 0.189 .I i 0.75
3.5 19.3 0.178 10.277 0.277 0.244 .161 0.66
4.0 20.3 0.284 10.291 0.22! 0.265 .187 0.71

4.5 21.1 0,235 10.325 10.335 0.'98 .215 0.72
5.0 22.5 0.245 0.398 10.504 0.-82 .251 (1.66
5.5 23.7 0.297 0.342 0.322 0.320 .281 0.88
R.) 25.0 0.117 10.355 0 .414 0.395 .315 0.80

6.5 26.5 0.291 0.462 10.493 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 0.723 0.612 .577 0.94
8.0 32.1 0.612 0.881 0.726 0.740 .682 0.928.5 34.4 0.65) 0.702 0.918 I 0.759 .807 1.06

9.0 36.8 0.902 0.781 1.10 D.29 .986 1,06
9.5 39.7 1.77 1.06 1.45 1.43 1.29 0.901 . 0 43 .0 1.12 1.12 0 .9 74 1.08 1.70 1.57

10.5 46.8 1.21 1.70 1.33 1.41 2.4 1.70
(1.0 51.4 2.27 2.05 2.16 3.7
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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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1. INTRODUCTION

This report provides a working document for the actual test procedures of the AGARD Engine Disc
Material Testing prograe. Ajart 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 shows the testing matrix of the CORE programe.

2. SPECIMENS

Four standard test sprcimens have been selected, two for LCF s- eting and two for crack propa-
gation testing:
- smooth cylindrical specimen, K - I, LCF-life, see Figure Al-a;

flat double edge notched specimen, Kt - 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 AI-d.
All specimens tor the CORE programme have been machined at one location from Ti-nAl-4V material, which
was obtained from disc forgings, delivered by Rolls Royce, Derby. The orientation of the specimens was
selected in such a way that the envisioned crack plane corresponded to the crack plane to be expected in
service i.e. radial ond perpendicular to the disc plane.
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3. TEST PROCEDURES

3.1 South cylindrical specimen (Figure Al-a)

3.1.1 ucneral
Simple LCF I_-. L.sts will be performed on this specimen. Check firstly the loading axialit of the

test bench/specimen combination by the measurement of axial strais on opposite sides of the specimen
test section under elastic loading conditions. The loading axiality is considered acceptable if the
maximum difference in these strains is below 5 5.

3.1.2 Test conditions

i. Laboratory air, room temperature.

2. Trapezoidal loading waveform; R - 0.1, f - 0.25 Hz; see Figure A2.

3. Selection of stress levels:
Based on available Ti-6Ai-4V LCP-life data (see Figure A3) ot is estimated that for anticipsted
lives of 2000, 7000 and 2500 cycles the following stress levels should be chosen. (Note: seleted
stress levels refer to the low end of the scatterband because actual testing is to be performed at
R - 0.1. while the data in Figure A3 are for R = 0.1.):

N (cycles) stress range MN/m
2

2000 850
7000 800
25uov 750

Tests should start at the 750 MN/m
2 

stress level. Select additional stress levels (based on the
initial test result) to obtain data for the total 2000 - 25,000 cycles range. Note: test preferably
two specimens at each stress level!

4. The n-c hysteresis loop should be identified (recorded) for each specimen at each stress level. The
c-c loop chasges especially during the very early portion of the fatigue life (perhaps only the
first few cycles). Thereafter a steady state condition is reached. Try to record a number of 1-1
loops until steady state conditions exist. The results may later be used for deriving virius lifc
re!uions. 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 tes' frame/specimen combination by the measurement of axial

stra4- " tl7> V-ce surfaces under elastic loading conditions. The loading axiaiity is considered
acceptable if the maximum difference in strains is 5 Z.

3.2.3 Procedure for PD instrumentation and measurement (Figure A4)

I. Attach at each notch one set of potential probes diagonally at opposite corners. Use Ti-wire (tor
reasons of convenience Pt-wire might also be used) with a diameter of ca. 0.3 - 0.5 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 Surrey, UKi): MCW 550 MC power supply + ITA-90 weld

head, or:
- from Unitek, California: type 125 power supply + type 32F weld head.

2. The Ti-wfres will probably be connected to (Cu) potential cables which tre 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 is made out of
the same material as the specimen (in this case Ti-6Al-4V). Mount the reference block to the machine
frame close to the specimen.
Note: It may be difficult, because of limited equipment capabilities, to measure 3 voltages (2 notch
voltages and the reference voltage). In 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.

5. Check for good insulation between specimen and machine frame.
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6. Measure the notch and reference PD values during the test at boh current on and current off con-
ditions (Figure A5). Correct the "current on" values with the "current off" values.

7. Plot the normalized notch voltages (Vnotch/ref ) versus cycles and determine the crack formation

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

is I % above the initial value. Note that fluctuations in Vref (e.g. due to noise) may obscure the I

Z level (this is especially the case if Vref is relatively small compared to V.ot h). In that case

it would be appropriate to neglect Vref, provided that the fluctuations 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 determination at the I " increase level of the normalled potential.

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

3.2.4 Test conditions

I. Laboratory air, room temperature.

2. Trapezoidal loading waveform; R - 0.1; f - 0.25 Hz, see Figure A2.

3. Selection of stress levels.

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

N nominal stress range (MPa)

2000 775
7000 625
25000 1 J

Note that the data indicated in Figure A6 refer to a specimen with a Kt of 2.5 whereas the flat double
edge notched specimen contains two notches with a Kt of 2.2. Adjust the 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 propagation tests will be performed on this specimen using the same trapezoidal saveform as

already mentioned before. Crack length measurement is carried out by using the PD technique, making use
of a calibration formula.

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

1. Drill and tap holes (M3) and attach current input and output studs at te locations indicated in
Figure A7. The stud 'ocation must be checked and should be within 0.2 mm,

2. Attach current leads also to the reference block. The reference block must be ol 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 corners. Use Ti-wire with a diameter
of about 0.3 - 0.5 m. Ensure that the contact area of the weld is 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 voltag, in the range 1.6 - 1.9 mV.
This should correspond to a current of approximately 7.S A.

7. AtLach the reference wires (also Ti) to the reference block such that the measured PD In approxi-
mately equal to the notch voltage.

8. Attach the reference wires to potential cables leading to the voltmeter. Ensure the same temperatore
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 stabilise before the start of the test.



APPENIX A

1i. Record at the onset of the test the notch and ieterence PD values and the corresonding crack length
tar calibration purposes.

12. Record during the test, at appropriate intervals, the notch and reference PD values. Data sampling

should be done such that at least 100 but no more than 500 data prints are recorded.

13. Record the final notch and reference PD values at the end of the test. Determine the final average

crack length (see also polet 14) on the fracture surface. The results are to be uscd for calibration
purposes.

l. The final average crack length is easily determined by heat tinting (- 30 n. at 500 °C; lower

temperatures may also he applied) and a subsequent tensile test resulting in specimen ailure.

I:f !_h.t =;:i:, to ho avoid-c, l._Juse e.s. '". fracture surface will be used for detniled

fractographic investigation, the final crack length 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 atlgue and overload area.

15. The final average crack length Is determined by averaging 5 measurements taken at 0, 25, 50, 75 and

1uO Z of the slecimen width.

of the calibration curve (Figure A8 [2) or the calibration formula:

%/Vo 2 3

A + A f t A (-) +A (1-) (1)

vref'Vref 
o

in which V = notch voltage

- notch voltage ac the start of the test (crack

sine O)

V = reference voltage

VrtO = reference voltage at the start of the test

with A = 0.5766
A = 1.9169
Ah
2  

= -1.0712

A
3  

= i.6898

or (iv reversed notation):

B + B, + B
2  

+ B
3  

I V/V
gte f / ! [ r u ]

ref ref ref e

with i " -0.5U51

BD 0.6857

B, -0. 198

b- = -.398.10

a. . finall o

For evample: with a) fta the val u r cot' he

ref final/"'ref

calculated. Makiog use of the final, meosured catch voltage .ina I) the fial rference vtIcge

(rF 1 inaiqad thn iritil.A referenc, Qc age V4el t}.e valor of tic -ita trch voltage V

(according to the caicbr;tion curve) can be calculated. This %alue may not correspvld to the
actuali 5 measured initial notch oltage, which may l-e de to an .raccuracy in IiT.aI crack lentl
measurement (or averagirg method) or to the effect of plastic Core lo matior (see ali 

1
oint o).

flking use of this calculated initial putch voltaige the crck length at every data pot i\ versus

l) can now he calculated with equatito (2).

17. 3he use of V,,, may obscure the results if the nofso :evel os high and if V're
f 

is smvill compared tc

Vnrt
h
. In that csree

f 
may be nglecrod pr-onidod that the ilnotuatirs in 'r

f 
are :tot the reslt

of current or temper-tvre variation.

18. During the initial part f the test on the CT-specirns the notch iotage will firstly increase arc

atteiwards .i..,l''-. see Figttre A9. This in one of the reasons not to use the veasured lvitlal ootY
voltage for crack length valculation but isteod the calculated initial notch voltage see also

point 16).
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3...3 Test conditions

I. Laboratory air, room temperature.

2. Trapezoidal loading waveform (NB: see also point b); R = 0.1; f = 0.25 Hz, see Figure A2.

3. For Ti-disc materials we are especially interested in crack growth rates between approximately

5.l
- 5 

and 10
- 

mm/cycle. This rfers to crack growth rates normally encountered in srvice. There-
tore, and also based on Figure AIO 3], the ig-valurs mentioned further o- have been selected for the

tests.

4. Precrack the first specimen at 6X - 13.5 M/m 
3 / 2 

(to = 5.b7 kN) a-1 oont in ti.. LE with the same

load. Stop the test at AK - 55 MN/m
3 2 

(K. = b MN3/2 ); this corresponds with , crack length of

about 11.5 mm.
Caution: because of the crack front curvature at the specimen surface the surface crack length
underestimates the average crack length. Therefore, build in some additional safety.

For the Calculation of the stress intensity factor the foliowing formula iv 1-ed (valid for a/W be-

twnen i.2 and 1):

K
I  

= p-- .f(a/W) where
Belf

(a) = 2 + 3/W (D.h6+4.ba/W-13.32(a/W) 2+14.72(a/w) 3_5.h(a/W) 43 -a/W)
2

ic facilitate the calculation of K,. values of f(a/W) are tabulated in Table A2 for spciiic values
of a/W.

5. With the first specimen, starting at 6K - 13.5 MN/m
3
/
2
, the crack growth curve is determined for

growth rate values above 1O
- 4 

mm/ cycle. Extrapolate the crack growth curve to 10
- 5 

nc/cycle and do-
cermie 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. Precrackaig 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 h47 (latest revision).
Precracking is carried out usin sinusoidal loading. During Li_ actual ceot trapezoidal loading
should be applied; however, in the case of low crack growth rates, which seriously retard the test

duration, sinusoidal loading (5 Hz) is also allowed. In that case the test should be stopped at high
load and at regular intervals if so required for the PD measurements, see Figure All. nsure that
both current on and current off measurements are carried out when the current, and hence the signal,
is sufticiently stabilised.

Compare the crack growth rates for the high and low frequency waveforms.

3.4 Corner crack (CC) specimen (Figure A]-d)

0.4.1 General
Crack propagation tests in the "physically" short crock regime will be perforod on this specimen

%!sing the same trapezoidal waveform as already mentioned before. Crack length measurement is carried out

by using the PD technique, making use of a calibration formula.

3.-.2 Loading axiality

Check the loading axiality of the test bench/specimen combinotion by the measurement J ocial
strains (under elastic loading conditions) on opposite surfaces. The loading asiolity is cooniderI a,-

ceptable if the maximum difference in strains is 5 2.

3.4.3 Procedure for PD instrument.Llon and measurement (see also Figure Al2)
The procedure outlined below is based on a detailed Rolls Rooce PD measurement procedure. Where ne-

cessary some minor deviations from this procedure have been made.
Note: The PD technique is optional for this specienv Crack growth should !iso be measured optically

(see further on, point 13).

I. Spot weld a 50 cm 0 titanium probe wire* to each support wire, see Figure Al2. Heat input should be

preferably lower than 0.5 batt-second.

2. Asiemble the 4 PD led support wires* in a ceramic holder using refractory cement. If desired the
support wires may also be eliminated; twist in this case the two fine 50 am wires from the notch to

the measurement points.

Whenever possible the support wires and the PD probe should be of the same base material as the

test piece; for this programme 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 piee .... e onntainine tho notch and seot

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 r, the separation of the probes (see Figure A13 [2]).
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4. Spot weld the remaining wires to the test piece away from the notch as shown in Figure Ali. rhesu
will be used to monitor a reference potential. rhe reference wires may also be wrlded on one or the
3 edges not containing the notch.

5. Check each wire fur good electrical connection.

6. Check that the specimen grips ore fully insulated from the machine and that they are crructly
aligned (see above).

7. Mount the specimen i,,- the machine, being careful not to disturb the welds.

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

9. Secure 2 thermocouples to test piece as shown in Figure Al2 (only optional, not necessar for CiR-
programme).

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

II. 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 aV to over 2000 ci.

12. Allow the PD signals to stabilise.

13. Surface crack length measurements should in principle be carried out by optical means. e.g. b a
travelling microscone arrangement. Don't use replicas because this may affect crack growth be-
haviour. ihe 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. Toe resolution of the optical
crack length measurement shoula be better than SO.O em.
Try to avoid stopping the machine for crack length measurement; dwell etlects at load can alter
latigue crack growth behaviour. Take photographs if this will help in crack growth measuremoct.

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

15. Record at appropriate crack length; the corresponding notch and reference PD values for correct oT
and off conditions (Figure A5).

lb. Avoid breaking the specimen Auring the fatigue test. Stop the test at a/W = 0.5 maximum (this de-

pends on K , see further) and measure the final notch voltage. This is necessary for obtainig the

final notch voltage/crack length pair for calibration purposes. To prevent static crack growth

during the final measurement ir is recommended to stop the test at iK

55 MN/m
3 /2 

(or K.. = 60 MN/m 32).

17. Measure the final averago crack length or the fracture surface fand the initial crack length u-42 in
the calibratio where possible).
The optical measurement of the final crack length can easily be performed after heat tirtiug the
specimen at the end of the test (e.g. 30 minutes at 500 IC 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 jeitutes on the fracture surface of
the specimen. If individul laboratories would like to perform a fracture surface investigatic it
is therefore recommended not to heat tint but to measure the final crack length in the cocning
electron microscope, or by optical means if the distinction between fatigue ard overload area can be
easily recognised.

lv. ine final average crack length is obtained by averaging 5 radial measurements taken at W. 22.5'.
45', 67.5* and 91e starting from the crack corner.

19. The calibration procedure of notch voltage to crack length for the CC-specimer is as f~llow:
- determine the final, average crack length and thn corresponding notch coltage;
- draw a straight line from this data point to the origin (this may b performed if /W -< 0.05,

see Figure Al
3
);

- compare the slope of this iine to the slope of the calibraton curve (Figure A13).

3.4.4 Test conditions

1. Laboratory air; room temperature.

2. Trapezoidal loading waveform (N.B. see also point 7); R 
= 

0.1; f = 0,?5 Hz, see Figure A2.

3. For Ti-disc materials in the "short" crack regime we are toterested in crack gcowth rates between

approximately 5.10
- 5 

and IS
- 3 

mi/ .ycle. This refers to crack growth rates normally encountered in
service. Therefore select a OK-value of about 15 MPa-m to start with at a 0.5 mm Isee alsc p,1ot
6).
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4. The stress intensity actor at the specimen surface can be calculatnd using the formula:

K - 1.16 e2 oa, approximately valid for n 0.21
surface

For higher values of the formula has the following form:

K1  . -l.1_0.il 1 +1.81 ( l( ) .

A graphical representation is given in Figure A14 [41.
it is clear from this figure that the stress intensity factor at an angle o1 45' is dilferenit fr

Ksur face . At a/W - u 5 (45' is more than IG - !-., " . surface". Because the PD technique pro-

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

calculation of crack propagation data. The Kmean is easily derived trom Ksurfac e as shown below.

Based on the data given in a paper of Pickard [5] the ratio between K.urface and K45' has boon plot-

ted in Figure A15. Assuming a quadratic curve through the data points (only for a/W o 0.5 is there

some deviation) the value of K45* can be expressed in terms of Ksurface:

K4 5 - - (0.94-0.18 (a/W) 2Ksurface

1(45. + Ksirface

The Kea tar this purpose simply defined as 2 , is now easily derived:

K K 45. + K surface

mean 2
- :0.97-0.09 (a/W) 2)Ksurface

,

For the tinal calculation of the test results the two above given equations for ks urfac e  r la/k

0.2 and a/W > 0.2) should therefore simply be multiplied with the factor 0.97-0.09 (a/i)0
2  

to

derive a K mean. In the following, for reasons of simplicity and also because the actual dilferencn

is only small, only the Ksurface values will he given for descrling the test conditions.

5. Initiate a fatigue crack from the notch using an alternating stress of 540 MN/m
2 

(Maximum stress =

600 MN/m
2
; R - 0.1). Thin corresponds to an alternating stress intensity at the side surfaces of the

specimen o AK = 11.2 MN/m
3 /
z (a - 0.25 mm). 3/2

At an alternating stress intensity AK - 11.2 MN/m the crack growth rate is estimated to be 2.1:0
mm/cycle (see Figure AIO [31). 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. Therefore initially a test

frequency of 5 hz is recommended. A crack size increment of 0.1 mm 15400 cycles) will then occur
within - 1000 seconds (- 15-20 minutes). Return to a 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 (W) AK(MN/m 3/

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 and realistic craco growth rate 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
Satesb ies should be corrected so that appropriate crack growth - -es orp btained. ,--it the
coordinators. In coordination with the first laboratory do(-g tee test they will decide which ad-
justments should he made and communicate the new stress levels .o all other laboratories.

6. It the stress intensity used for crack initiation is too low then a higher (e.g. 2U % higher) stress
intensity nay be chosen. If the crack initlatos at the higher stress intensity a subsequent load1
reduction may be carried out (if necessary) to obtain appropriate crack growth rates (between 10

and 10
- 3 

mm/cycle) between a - 0.5 , 2 mm.
This procedure will be illustrated by the following simple example:

a = 0.25 mm, assume at AK - 11.2 MN/m
3/2 

(AG - 540 MN/m 2; : 60 u 600 MN/n
2) 

no crack initiation;
then increase stress level 20 7;

a - 0.25 mm, AK - 13.4 MN/s
3/2

(A - 650 MN/m o : 72 u 722 MIN/m2.
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if the lead is held constant then this will result in:

u K) AK(at to 650 MN/n2) A(at A, L 5.0 MN/m)

0.25 13.4

0.30 14.7
i.3a 15.8 reduce load to 13.2

0.40 16.9 original level 14.1

0.50 18.9 15.8

continue testing at this loan level

7. Test the 3 specimens such that a reliable determination ot the total crack growth curve is obtarca.

4. FORMAF FOR THE DELIVERY OF TEST AESULTS

All CORE programme results should be sent in to the coordinators according to the tollowfog iormt:

Smoot>cylindr ical specimen

I. Specimen number
2. Stress level o); MN/m
3. Cycles to failure Nf
4. Additional comments, if necessary.

Flat double edge notched specimen

1. Specimen amber

2. Stress level (Ac); MN/m
3. Cycles to crack formation (I I), N

i
4. Cycles to failure Nf

5. Addit.uai c-uuatnts, if necessary.

Comact type specimen
I. Specimen number
2. da/dN - AK curve on supplied graphical paper

3. 50 data sets (a. versus N1 ) representing the total a versus N c-rve. The data delivered 9y thn
various laboratoLries will all be handled similarly, using a sant procedure, to Obtain represc-
tatrive da/dN- 6K curves

4. Additional comments, if necessary.

Cotner crack specimen

1. Specimen number
Z. da/dN - AK curve on oupplied grophical paper
3. 50 data sets (a versus N.) representing the total a versus N curve. The dat. delioered bO the

various lahoratories will all be handled similarl\ using a secant procedure, tc oly repro-

sentative doodN- AK curves

4. Additional eots, if vecossary.
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APPENDIX B

band
00

hesT t!,m-,c-I a --,

The contidence band for the entire log N -ic curve is calculated using the i !iowivg oquatin:

Y +F k(
Y A ix :t/zv + -

N .... 2

in which FP is given in Table B2. This table contains two entry parameters r, oro n, which ore the

statistical degrees of freedom for P. For the above equation n, = 2 and v k-C.

t oeo.g of t h. azpp icoEfl: It the ! ir ear model

The linearity control test can only be performed if ti
0 

progranme was planned such that tests were
performed at at least three different X

I 
levels (Ac - levels) and that at least he o1 the tests was

aupiiaied.

The procedure is as follows:

Assume I) the log life of the j-th replicate specimen tested at the i-th ievi of X is given the value
Y.ii

2) fatigue tests were conduated at different values of X

3) n
1 

replicate values of Y are observed at each X

then the hypothesis of linearity is rejected when the comput,d value of

ii

exceed. F , where the value of F pis read frop. Table B2 for the chosen significance level at P} .-!i

Cable has two entry parameters of and i; far this case n
1 
I -n =k

4Note that the total number of specimens tesited is given by

4

i1
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