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Preface

The Structures and Materials Panel has been involved in studies of faiigue and fracture of critical jet engine componznts for
many vears. In 1982 a Sub-commitice on “Damage Tolerance Concepts for Critical Engine Components™ was formed to study
the overall philosophy and the implications of introducing damage tolerance conxcepts (DFC) into the desizn and use of critical
engine cormponents.

The damage tolerance philosophy offers poiential cost savings of considerable magnitude when compared with a “safe-life™
zpproach provided such a concept can be implemented with 2n assurance that current safety standards will not be prejudiced.
As an example of possible savings, it has been estimated that over 80% of engine discs have ten or more low cycle fatigue lives
remaining when discarded under “safe-fife™ rules. and it is the useful remaining life that DTC aims to exploit In service. Apart
from cconomic advantages, the DTC approach offers 2 praciical method for using modem high-strengih disc matenals that
could be resecied by the application of “safe-life” conditions of usage.

In 1983 the Sub-committee on Damage Tolerance Concepts of 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-commitiee on Engine Discs Cooperative Tests was formed to direct this activity: Over the years the following Panel
members participated in the sub-commitiee:

A Ankara (TU) L. Kompotiatis (GR)
HM. Burte (US) R. Labourdette (FR)
H1.G. Carvalhinhos (PO) JSL.Leach (UK)
MN. Clark (CA). Chairman 1983-85 Mrs. CE W, (Arit2) Lootje (NL)
D. Couisouradis (BE) B.E Peters (CA)
13.De Lucaa (US) CL. Petrin (US)

GL. Denman (US) R Potter (UK)
A_Deruytiere (BE) A Salverti (IT)

M. Donuk (TU) R Schmide (US)

CN. Economidis (GR) HP.van Lecuwen (NL)
W. Elber (US) SL. Venneri (US)

DA Fannes (UK) AP Ward (UK)
HFN. Goncalo (PO) 13. Waldman (US)

L. Grabowski (UK) W. Wallace (CA}

G. Grueninge: (GE) H.Zocher (GE)

JJ. Kacprzynski (CA ) Chzirman 1986~

As a resalt of the very large size of the test programme, it appeared to be convenient from an administrative point of view o
divice it in10 2 Core Programme followed by Supglemental Programmses. In the Core Programme all the laboratories performed
identical fatigue and fracture tests for one maierial, Ti-6 A4V, at constant amplitude and at room iemperatere. The summary of
these tests is included in AGARD Report 766.

For the Supplemental Programme, throe maierials were tesied, T-6AV, N I 685 and Ti-17, und=7 both constant amplitude
and under vasiable amplitude TURBISTAN loading sequences. Tests were performaed at room temperature; high temperature
tests became a separate activity and wili be reporied in another report. Five crack growth modeds were evalusted and their
predictions were verified by experimental data.

In the Supplemental Programme 13 laboratories pariicipated and were represented by 23 participants from:

Eurcpe: CEAT, Toulouse France T. Pardessus, E._ Jany
FFA, Stockholm, Sweden A.Blom
IABG, Onobrunn, Germany P. Heuler, W. Schitz
NLR. Ansterdam, The Netherlands CEW. (Anita) Looge, RJH. Wenhill
RAE, Fammboroagh, UK C. Gostdow, C. Wilkinson
Rolls Reyee, Derby, UK R.Jeal, C. Howland, L. Grabowski, M Walsh
Usiversity of Pisa, Italy A_Fredizm
North Amezica AFML. Dayton, US C_Harmsworth, J. Ruschau, A Xrawezk
NADC, Warmtnsier, US EULee
IAR/NRCC, Otnawa, Canada MD.Raizenne
NASA Langley J.Newrmau,
QETE. Ontawa, Canada Af_ Yanishevsky
University of Toronto, Canada D. McCammond, P> Sooley

T. Pardessus and E. Jany served 2s coordinatoss for Europe and MD. Raizcane for Notth America.




The present Report, written by 11 authors. includes the summary of tests and analysis. All the test data from both the core and
the supplemental programme are stored at the Institute for Acrospace Research at the National Research Council of Canada,
and are available on request.

Finally it hzs to be emphasized that research of this size 2nd complexity can be performed only as a collaboranve programme,
noi caly duc to reasons of costs but also by the need to bring together experts from different arcas and countries and by
cncouraging the exchange of ideas and expertise.

Many thanks to all participants for their valuable coniribution in tests, analysis and in the preparation of this Report. Many
thanks to the members of the Sub-committee who over the years patienily served with guidance. Thanks to AGARD for making
it possible.

JJ. Kacprzynski

Chairman 1986-

Sub-commiitee on Engine Discs Matcerials
Collaborative Programme
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Abstract

The Report describes fatigue and crack growth Zests of Ti-Al6- *V, IMi 685 and Ti- 17 specimeas under coastant amplitude and
under variable amplitude TURBISTAN loading sequences at room temperature. Five crack growth models are evaluated and
compared against experimental data. Microstructure and fractography data for the tested materials are also presented.

Résume

Ce rappont décrit Ies résultats d'essats de fatigue oligocydlique et de propagation des fissures de faneue sous des soffiatatioss
damplitude consiante. ou sous chargement TURBISTAN 3 amplitude variable, pour des échantillons de TISAHV, de IMI6S5
a de Tl 2 i2 fempérature ambiante. Cing modées de croissance des fissures sont évalués en fonction des résuliats
expérimentaux. La microstructure des matériaux et kes faciés de surface de rupture sont également présentés.
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The AGARD SMP Engine Disc Cooperative Test Programme

M.D. Raizenne
Institute for Aerospace Research
National Researcia Council of Canada
Ottawa, Ontario, K1A OR6

Since the late 1970’s there has been a
concerted effort in the gas turbine engine
industry to enhance the safe-life design of
rotating engine components by including
damage tolerant lifing methodologies in
the design process. Damage tolerant lifing
had been in place for airframe structures
since MIL-A-83444 {1] was introduced in
1971. By safely adding damage tolerant
lifing to the component design process
substantial cost savings can be realized in
the form of extended component lives.

In recognition of this emerging technology.
the AGARD Structures and Materials Panel
formed two sub-commiltees in 1982 to
address the key issues in this area. The
first sub-committee, designated
SMP/SC.27, was formed to organize a
speciaiists’ meeling on ‘Damage Tolerance
Concepts for Critical Engine Components’
which was held in San Antonio Texas in
April 1985 [2]. A series of four follow-on
workshops which addressed the key issues
raised at the specialists’ meeting were held
in 1988 and 1989 [3.4.5.6].

The second sub-committee. designated
SMP/SC.33. was formed in 1983 to organize
a test programme between NATO countries
to promote:

e familiarization of NATO laboratcries
with test techniques for damage
toleranice properties of engine disc
materials.

e standardization of test specimen
geometries and test techniques for
engine disc materials. and

e calibration of participating
Iaboratories through a round robin test
programme using low cycle fatigue and
fatigue crack growth specimens.

The subcommittee was formally called the
‘Engine Disc Material Cooperative Test
Programme’.

Through the use of typical engine disc
materials. Ti-6Al-4V, IMI 685 and Ti-17,
and the use of realistic engine loading
sequences the Engine Disc Material
Cooperative Test Program was intended to
establish a data base for cvaluation of

different modelling techniques in the
prediction of fatigue crack growth lives.

The SMP/SC.33 subcommittee appointed a
European and a North American
coordinator to set the round robin test
programme in motion.

The Engine Disc Material Cooperative Test

ramme was carried out in two parts.
The first part called the Core Programme
was tightly controlled. limited to one
material, Ti-6Al-4V, and a single constant
amplitude loading sequence R=0.1. There
were 12 participating laboratories
representing seven couniries in the Core
Programme. The round robin testing was
completed in 1988 and was published as an
AGARD report {7).

The second part of the programme called
the Supplemental Programme expanded the
titanium data base to include IMI 685 and
Ti-17. The number of loading sequences
was increased to include constant
amplitude and variable amplitude loading.
Five different crack growth models were
evaluated. Thirteen laboratories. two of
which had not participated in the Core
Programme. NASA Langley and the FFA,
participated in the Supplemental
Programme.

The purpose of this report is to present the
Supplemental Programme results.
Chapters Two through Seven present the
microstructure, fractography. low cycle
fatigue. fatigue crack growth and fatigue
crack growth modelling results
respectively. Each chapter is authored by
one of the Supplemental Programme
participmnts.

QVERVIEW OF THE CORE PROGRAMME

The intent of the Core Programme was (o
familarize participants with state-of-the-
art test techniques using a well behaved
titanium alloy. Ti-6A1-4V. Detailed test
procedures {8] were writtien. Four specimen
geometries were selected. two investigating
low cycle fatigue properties and two damage
{olerance propertics (Sce Chapters Three
and Four). The Ti-6Al-4V matcrial for the




programme was provided by Rolls Royce
from RB211 fan disc forgings.

Tables 1 and 2 provide a list of the
participating laboratories and an overview
of the Core Programme test matrix. There
were 216 tests carried out by the 12
participating laboratorics. The final report
concluded that:

* standardization of test specimens and
procedures provided a basis for the
comparison and calibration of the
participating laboratories,

+ statistical analysis of both the LCF and
the fatigue crack growth data indicated
no deviating test resulls,

* potential drop technique proved
extremely accurate in measuring small
flaw sizes for both initiation (LCF) and
fatigue crack growih specimens. and

» a sufficiently large data base on Ti-6Al-
4V was gencrated which could be used in
the Supplemecental Programme for life
prediction modelling.

OVERVIEW OF THE SUPPLEMENTAL
PROGRAMME

At the conclusion of the Core Programme
the participants agreed that all of the
original programme objectives had been
achieved and that a Supplemental
Programme should:

* c¢xpand the titanium data base to
include coarser grained alloys such as B-
processed IMI 685 and Ti-17. This
would incrcase the confidence level in
the potential drop system in detecting
flaw initiation and growth.

+ include loading scquences that would be
typical of those expericneed by cnginz
compressor discs. The suppicmental
programme included two constant
amplitude scquences and five variable
amplitude sequences based on the
Turbistan joading scquence [9].

* usc the expanded fatiguc crack growth
data basc o cvaluale state-of-the-arl
fatiguc crack growth modclling
techniquces.

An overvicw of the Supplemental
Programme is provided in Tables 3 and 4.
The disc matcrials for the Supplemental
Programme were provided by Rolls Royvee
and General Electric. A sccond set of {est
procedurcs was writien for the participants
[10].

Before the modclling phasc of the
programme staried. the constant amplitude

crack growth data was collected from the
participants, collated into a data base and
forwarded to the modelling participants
with 60 load cases to be modelled {11). Six
participants including one gas turbine
engine manufacturer. Roils Royce.
participated in the modelling phase of the
programme. The modellers did not have
access to the experimentally generated data
for the load cases they were predicting. The
modelling results were collected and a
comparison was carried out between the
modelling results and the experimental
data.

The contents of this report conslitute a
major effort by the participating NATO
countries to determine if damage tolerant
lifing methodologics are applicable to gas
turbine engine disc materials.
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TABLE 1

CORE PROGRAMME
List of Participating Laboratories and Their Representatives

North America AFML, Dayton, USA C. Hammsworth
NADC, Waminster, USA E.U. Lee
IAR/NRCC, Ottawa, Canada M.D. Raizennc*
NASA Lewis, Cleveland, USA J. Telesman
QETE, Ottawa, Canada M. Yanishevsky
University of Toronto, Canada P. Sooley
Europe CEAT, Toulouse, France A. Liberge, T. Pardessus

IABG, Ottobrunn, Germany
NLR, Amsterdam, Nctherlands
RAE, Franborough, UK

Rolls Royce, Derby, UK
University of Pisa, Italy

J. Foth, W. Schiitz

A. Mom#*

C. Gostelow, C. Wilkinson

R. Jeal, N. McLeod, C. Howland
A. Frediani

* Programme Coordinators
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TABLE 2
CORE PROGRAMME
Test Matrix
Type of Test L.CF Life / Crack Formaticn Crack Propagaiion
Test Specimen Smooth Flat Notched Comer Crack Compact Tension
Cytindrical Ki~22
i
Number of 6 6 3 3
Specimens
Crack Detection — potental PD or opticai Ps
Technique érop (PD)
Test Objective tota] life total life + *short’ crack total da/dN - AK
iritial crack range curve
formaticn
TABLE3
SUPPLEMENTAL PROGRAMME
List of Participating Laboratories and Their Representatives
North America AFPML, Dayton, USA C. Harmsworih, J. Ruschau.
A. Krawczyk
NADC, Warminster, USA EU. Lee
IAR/NRCC, Ottawa, Canada M.D. Raizenne*
NASA Langley J. Newmaa
QETE, Ottawa, Canada M. Yanishevsky
University of Toronto, Canada D. McCammiond, P. Seoley
Europe CEAT, Toulouse, France T. ParCessus® E. jaav®
FFA, Stockholm, Sweden A. Biom
IABG, Quobrunn, Germany P. ticuler, W. Schiitz
NLR, Amsterdam, Netherlands C.EW. Looiie
RAE, Franborough, UK C. Gostelow, C. Wilkinson
Rolis Royce, Derby, UK R. Jeal, C. Howland. L. Grabowski,
M. Walsh
University of Pisa, Italy A. Frediani

* Programme Coordinators
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FRACTOGRAPHIC AND MICROSTRUGCIURAL ANALYSIS OF
FATICUE CRaCK GROWTH IN Ti-6A1-4V FaN DISC FORGINGS

R.J.H. Vanhill and C.E.U. Looife.

Naticnal Xerospace Laboratory NIZ,

P.O. 3ox 90502, 1005 BM Asstercdas
The Netherlands

SOARY

The constant amplitude and flight sisulation
(TURBISIAN) fatigue crack groxth behaviour of Ti-
6A1-4V fan disc forgings tested in the AGARD engire
disc cocperative test programme was investigated by
fractograghic and =microstructural analysis. The
crack groxth curve shapes and fraczograghic
characteristics were similar. Transitions in the
fatigue crack growth curves correlated with a
change from structure-sensitive to conticuum-mode
crack growth, primarily in the transformed and aged
B grains, and decreased fracture surface roughness.
The transitions wers mest pridably caused by the
paxizux plare strain cyclic plastic zore sizes
becoming egqual to and exceeding the average
platelet a packe: sizes. The significance of such
transitions for prediction of fazigue crack growth
and service failure aralysis is discussed.

Fey words: fatigue crack growth, Ti-6a1-4V titanium
alloy, microstructure, fractography.

BOMERCIATERE

a crack length

a titanium 21loy phase with hexagonal
close packed crystal structure

B titarium alloy phase with body centered

cubic crystal structure

CORONA 5 titaniumm alloy containing nominaliy 5.5
weight I  alwminium, 5 welight I
moljbéeszm and 1.5 weight I chromiuz

d gTain size

da/én fatigee crack growth rate

G crack driving force per unit thickness

v degree of clustering

e maximm stress intensity factor

X, cTack opening stress intensity factor

&Ryer effective stress intensity factor range

J 3 oot Bean valve of effective stress
intensity factor range

., B hypotransitional and hypertransitional

exponents of linear apprexizations to
the fatigre crack growth curve

n moder of cycles or flights
P packet stze
Poax zaxizzz icad

£;.T,.35.%y ®mootonic and cjelic plane  sirain
plastic zcne dimensions in x and §

direcciozs
-3 stress ratio (o,../0..,)
.2, fracture surface roughness paraneters
STA soluticn Ireated and aged
Cpuz o Oxes zaxizes and ainimo fatigue stresses
o,.c5 momtonic an? cyclic yield streases

(0.2 T offset)

Ti-6al-5V  itaniux 2lloy comtaining neminmally §
weight T alezinizm and & weight 2
wasadice

Ti-8A1-1Mo titaniue alloy containing nomirally 8

-17 weight I aluminiua, 1 weight I
molybdemm znd 1 weight T varadiue

TUABISIAN TUZBIne ioading STANCard

UIs uitimate tensile strength

1 INTR0DCCTION

As nart of the XiR contribution to the AGARD engire
disc cooperative test programme [1] the constant
amplitude and flight simzlation (TURBISIAN) fatigue
crack growth properties of Ti-€Al1-4¥¢ fan disc
forgings were investigated using fractographic and
micrestructural analysis. This type of amalysis is
an essential background to selecticn and use of
fatigoe crack grewth prediction msethods and to
interpretation of the prediction results.

by 3 \vj COSDITIONS

The materials were Ti-6Al-4V citaniuz alloy fan
disc forgings supplied by Rolls-Royce for the AGIRD
programme. The forgzings were in the couventicnal
(a + f) soluticn treated and aged condition. This
STA hkeat tTeatmentr results in a ¢éxplex
microstructure of prizary e and platelet & in 3.

An overview of the specinmens and test coxfitions is
given in tadle 1. Compact teasicn specimens
conforming to ASTM Standard E399 were machined frem
disc riaz locations by =Rolls-Force. all cthese
specinens vere oriented with the loading direction
Tangential and the crack growth directicn radial.
This is illustrated in figzre 1, which also shows
that the discs were textured. The IexIcre was
typically moderate. with hexagonal a {00027 planes
parallel o the radial and axiai Qirections of the
discs {1}.

Cylindricai axial fatigue test specimens, diameter
4.5 mm, were supplied by Rolls-Royce for zthe
deterzination of =onotonic and cyclic stress-strain
curtes. These specinens all came from disc bore
locations.

Average and minim:a msechanical properties for disc
rim locaticzs, in the :ax:;ez:tial'directic::. are
given in tadle 2. This directicn has been chosen
because it corresponds with the lecading axis of the
canpact Tension fatigoe crack growth specimens. The
cyclic stress-strain curves for disc bore locaticns
wvere deterxined by the nmultiple step strain nmethod
§3]. Resulis of the scnotonic and cyclic tests ave
=xpared in figore 2. The cyclic yield stess vas
93 2 of ihe somdtonic jield stress. This is iz
excellen? agrezzment with ithe resulis of Sorchert

Is].
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TASLE 1
Specizens and test conditions

TEST CONDITIONS. TEST HOUSZ, AND SPICIMEN CODZ

SPECIMEX pisc FATIGUES CRACE CROWTH MCNOTCNIC
TY?E LOCATION - . — AND Ci¥CLIC
£} CONSTANT 2MPLITUDE STRESS-STRAIN

. o7 TURBISTAN CURVES

TA3LE 2

Mechanical properties for disc rixz locations,

in the tangential directiorm {1. 2}

0.22c,
TYPES OF VALUZS (22)

Average 950
Mint=cx

UTs

& FATICUZ CRaCls CROXTH

&1 Constant a=plitude Tests

The constant azmplitude fatigue crack growth tests
were cone in ladboratory air at roem lesperature
(293-295 ). ihere were w0 siress ratios. For
] = 0.1 the stress waveforz was trapezoidal with a
mozinal cycle frequency of 0.25 #z. For R - 0.7 the
siress wavefors was rianguiar with 2 cycle
frequency of 1.5 Bz [5]. Axtomated crack growth
zeasurenents were zmade using the DC potential drep
technique. Full experizental details are given in
reference [1].

Fatigeue crack growtkh rates were calculated frem

increzental =measuremenls of crack growth as
follows:
dafda - (a,.1-2,)/(00;-0) )

and were correlated with aX values derived froa the
oean of the crack growth interwval. f.e. (a,.:43,)/2.
The results are shown in figure 3. Sizilar results
were obdtained by oiker participants in the ICaD
prograzze.

Figure 3 shows that the f: igee crack growth curves
are approxizmately tilimear on a lcg-log plod. with
transitions, aX;. at §.5% and 16.0 »pafz. as will
be showm, tbese Iransitlions correiate with changes
in fatigue fraciure mechaniszs 20 topography. and
they occur xhen the cyclic plastic zeme size
becomes equal to characteristic =icrostructurail
dizensions [6-9}.

1

Figure & shows the crack growth rate data plotred
against £5,c;. The vTalues of JX,., vere derived from
the following formula:

Bygr = Ty Ty = Toe (0-75-0.052-1.132%40.4587) (2)

xhich is an approxizmation derived froz ¥ewman's
contizmmm Dechanics crack opening =del [10].
assuxing plane strain conditions. It is seen that
the hyperiransizional (wpper) crack growth curves
are well correlated by 23... but the occurresce of

transitions at widely different &X; values and
crack growth rates results in non-correlation by
£X,.. in the hypolransitiornal regions.

§.2 TTRSISTAN Tests

TURBISTAN fs 2 spectirum load history for fighter
aircraft engine dises {11]. The TURBISTAN sequence
contains 15452 load reversals in a block of 100
different flights. vhose average longth .s about 80

cycles [11}]. A sa=ple of TT2BISTAN, cooprisinz
flights 6£-69, is shown in figzre 5. It is
izportant to note that there are freguent load

excursiozs from 0O o 160 I Jomce per flight) and

less than 20 I o adeut I0C I. Twing 30 their
frequent occurreske. Umse iarge lozd excursions

237 be expecied 20 control the faligue crack growth
behariocur and To resxli in a xore or less regular
process of crack extexsion [12].

The TCRIISTAN fatigue crack growth tesis wera done
in laboratory air at room l==perature (2%3-295 K).
A constamt loading rate wus minlzrined. resuliing
in cycle freguescies anging frea § Hr for the
largest lozd emcursions to 20 ¥z for the s=allest
load excursions. utezated sTack growth
zeasurenenls were ade using Uwe L potential drop
tecknique. The cxpe":n:::z’ dezaiis are given in
references [1. 13j.

fatigee crack grewik Tates were calculated from
izxremenial oDeasuTrezents of crack growth, see
eguation (1). and were correlated with T, and &3
walues darived for the nean of the crack growth
interval specified in egumation (1). The general
expression for 23, is

P zl Im ) ¢))
1=

=wete 7, is the mmber of laad excursions
corresponding o IX,: = is the slope of the
comsiant azpiitude log dajdn worsus log &X,. plot:
and 2, is obtaimed Jrom I, - Hon, - K-




Estizates of 2X,.. , were derived froa equation (2).
assuzing no load inte-action effects on ¥. This
is a sizplification, which in the first instance is

defensible because 2zost load excursions in
TURBISTAN have similar high naxiza, see figure S.

Figure 6 shows the TURBISTAN crack growth rates
plotted against #£,,. together with bilinear
approxiznations to the data below ¥, - 36 ¥Pa/iz.
As in the case of the constant 23plitude data,
figure 3. these approxizations indicate transitions
in the crack growth curves. Figure 7 correlates the
TURBISTAN and constant amplitude crack growth rate
data with £X... w~hich for constant azplitude
loading is 8¥,.,. An overall wvalue of = - 3 has
been used, which is clearly incorrect for the
hypotransitional (=) parts of the TURBISTIAN
fatigue crack growth curves. However., the =zain
point is that the hypertransitional (=) parts of
the TURBISTAN and constant amplitude fatigue crack
growth curves can be described by a single data
envelope, which is linear on a log da/én versus log
8% plot.

Tnis collinearity is zore clearly shoun in figure
8, which fits so-called "Paris lax” expressions to
the TURABISTAN and constant anplitude
hyperiransitional fatigue crack growth rate data
frez the present investigation and reference f{1}.
These fils have obvrious practical significance for
prediction of fatigue crack growth. Tais is
discussed later in this paper. in section 10.2.

p] HICOSTRUCTUZAL 3MaLVSIS

The nicrosiruciures of all five ccopact tension
fatigue crack growth specizens were exazined on
three orthogonal sections and quantified by sexi-
aulozated image amalysis.  Exazples  of  the
zicrostrucivres in the overall plane of fatigee

crack growth are given in figure 9. These show
considerable variation in the relative awmcunts and
zorphologies of prizary a and transformed and aged
8.

Table 3 1lists
=2icrostruciural

values of the
parazeters. ¥ost of  these
parazeters arvre self-evident, but the degree of
clustering. 7vy. requires explanation. The general
expressions for the degree of clustering are

characteristic

grain size ¥y - (&% - !

%)

a packe: size ¥y =¥ - (5)
where d* ¥, p* ¥, 3 and p are the 95th percentiles
and averages of the grain and packet size
distridutions. Also. the nost izportant parazeters

are plotted in figure 10.

The quantitative results confirz the wide wariation
in the relative azotnts of primary o and
transforzed and aged 3. On the other hand, the zost
consislert parazelers are the average sizes of the
primary o grains and platelet o packets.

(] FRACTOC2APHIC ANALYSIS

In the first instance the fatigue fracture surfaces
were exazined by cptical =2icroscopy. indications of
“transitions™ ir the fracture surface appearances
vere seen, more or less correspordirg to the crack
growth rate transitions pointed out in figures 3
ard 6. The fracture suxface transitions proved wery
cifficuit to photograrh. Figure 11 shoxs the
clearest examples, which were for constant
azplitude loading: in fact., only the tranmsition on
NiL125 is really <isible optically. and zthe
transition on CECT12 is indicated by 2 dashed line
derived zainly frcm scanning electron zicroscopy.

Tasts 3
(aracteristic sicrostructural patazeters for the cocpact tension specizens

CONSTANT AMPLITUDZ
- N TCRIISTAN
MICSOSTRUCTURAL PARANETERS R-0.7
PICT1E
Prizary a grains

zaximzm diaseter () 17 2 7 12 ¢5 1226 125 1225
zinizus diazeter (=) 105 13 623 i3 73
aspect ratio 1.9 £ 0.9 1.7 £ 0.05 2.1 1.5 1.7 £ 0.5 i.8 2 0.5
average diazeter (=) 13 10 9 9 i
CegTee of clustlering about
average diazmeter (z=="%) 0.117 0.093 0.071 0.0%2 0 079
voluze X £2.5 265 &6.5 23.5 2&.7

e Tranzforned and 2ged § grains
zaximm diameler (=) 23¢9 n.d. 19 ¢ 0 a.d. 51 2 1%
ziniz= dizmeter (=) iS5 a.d. 0SS a.d. 23+ 8
aspect ratio 1807 n.d. 2.2%909 a.d. 1.9 £ 0.6
average diameter (=) 12 n.d. s a.d. 32
legree of ciustering adbout
aversie diameter (==%) 0.103 n.d. 0.0:3 a.d. ©.040
welune I $7.5 i3l $3.6 7c.5 15.3

e Platele: o packe: size
zxxis=z diameter (&) ig ¢ 7 16 ¢ 7 13¢5 is:9 16 £ ¢
zinimz= diameter (=) 11 2 & $:5 7s3 €25 926
aspect ratio 1.7 £ 0.5 2.2 222 202068 2.121.1 2.1 213
average diameter (=) 18 11 10 12 i2
Cegree of clustering adout
average ciameter (m="%) 0.093 0.039 0.075 0.050 0.950




Dezailed fractographic analysis was done using
scarming electron microscopy at an accelerating
voltage of 12 kV. A coxprehensive analysis was nrade
of specimen NLCT25, as reported previously {14},
anrd this analysis is presented in detail in section

6.1, The main features of this analysiz were
checked for the other specizens, which are

discussed in section 6.2.

6.1 Specizen NiC125 (Constant axplitude, R = 0.1)
Particular attention was paid to the pre- and post-
transition fractographic characteristics. A su=mary
of the results is given in tadble 4.

Pre-transition fractographic characteristics

Repr:sentative views at interzediate magnification
are given in figure 12. The fatigue fractures wvere
zicroscopically very rough and consisted of

(1) Cyclic cieavage facets, both in prizary e amd

transforzed and agzed 5. figures 13 and 14.
{2) Specific features zssociated with cyclic
cleavage facets, figure 15. These features
have been tersed pseudofluting {15] and
furrows [16} or terraces [17]. Note that the
furrowed terraces in figure 15b were already
indicated in figure 12.

{3) A coczplex nmixture of structure-sensitive
fractures, figure 15, withour resolvable
fatigue striations. The highly geomeirical

nature of these fractures indicates that they

result froz cracking along slip bands and the
intersections of slip dbands. A typical area of
cozplex structure-seasitive fracture is also
indizated in figure 12.

fost-transition fractographic characteristics

Representative views of irzediately post-transition
fatigee fractures at intermediate zagnification are
given in figue 17. Toe fractures were
=icroscopically less rough than before the
transition, coxpare figures 12 and 17.
Characteristic features of the immediately post-
transition fatigue fracture were

(1) Cyclic cleavage facets, both in prizary a and
transforzed and aged 5, figeres 18a-18d. Soth
pes of cleavage were covered with
2icroserrated ridges, unlike pre-tranmsitica a
cleavage (see figure 13).

(2) ill-éefined pseudoficting ard furroved

terraces, figures 185, 18d.

(3) Szooth and irregular contirsux-mode fractures,
figures 18c, 1fe, 18f.

(4) Fatigue striations always resolvable on saooth
and irregular contim=m-node fracrures,
figures 19a-19¢c., and occasicnally resolwadle
oa «cyclic cleavage facets, figure 194.
Striation spacings were larger than the
macroscopically  deternirmed  crack  growth
increnents per cycle. as was 2iso foxnd in
reference [1].

TASLE &

Swmary of fractographic observations for specizmen NiCi25 (cons

e amplitude, R - C.1)

® cyclie clexvzge
- pot=aty @ Tlat frscizre witil fealtary zatkizgsa .33
= rxsfer=et £2f sgel 3: flzt Lralluve wild micTezeTialed Iidges, «lie }33
szsecpraief 57 pacallel 31:p ltzes (d-lize3) (7]
o fealxTes 3pecifically sszeciaief w3t cpelis clexrsge Tatets
PTe-cTreaitien 12-13 - Pesillziizg [13]
- Zasremwe? terzaces [I$. 17} 13
® goameizical fzaciates zlong 3lip Seuis ant iteszectiess ¢f 3113 Baxis
- Slecky fzatixze
* m=oelt frizTe b3
- fizzated IraciaTe p2 3
14
® cyelic clexrage - 32
- PizxTy @ Tegd fraiizve wiltd micoazesTatel Iiiges 3s
= tre=gfatoet ad aged I: = 2z itk aZef Tidges, eftax
aczmpesies 37 pazallel 311p Itzes K ]
® foxiziTes 37ec.itCally xzaciatef wilt cyelic clearage Zatess
tommdizte - tll-Zallved aeztallniicg s
POIToTrmeT2 e is-38 = til-delizad fxzTemet taTiates 2 ]
® ¢ox2 =xxfe <. caresel et Jaiigoe 3iTtatiens
- v cames . i3
- trcegslar slimoar-tode IrstiiTe p4 ]
® xigye 3TTiziiens
- alwryr Tezalvadle e cmtisxE-oels Lrmizred 1
- sccazszally tezalwadle o= crelic clexrsge facexs b3
® Temgh cyciic clezrage wilh mittezesTalef Sifges xnf eccxsiaxally seselwadie -
a Zaligpe 3LTiTims
P
® ez amde < f wilh Jxiigme 3ITiatiecs 3
p
® cextineazsode IIITIes cyverel wilh Ixliguve 3iriallecs p 33
FOzI-LIIitien 2
@ izelsted Tegh Crclic clowrazge wiltk [icTesersiial Iifges 3
® cxiispsr-avie Iratlaites crvesad wild faligue 3rttaliecs =2
43
& twIy eccastecal Teod «Telle clerrage Wil AXTItesTslel Tifgez =
3 ® ¢astzrem-Dobe ITsciates (Jaligwe 33Ttaliecs] xut miciwentd csaletcetxe 3




and detailed views of

Representative
transition fatigue fractures at &X values of 20,
30, 40 and SO MPal= are given in figures 20-23. Up
to £X - 40 MPafa the main characteristics were
contimzxz-mode fractures and isolated rough cyclic
cleavage facets. At &X - 50 MPalS the contiman=-

post-

acde fatigue striations were interspersed with
nicrowoid coalescence, figure 23: no cyelic
cleavage facets were observed

6.2 Spacizmens CECT12, NICT26, PICT1S and PICT19

General pre-
characteristics

and post-transition fractographic

Representative views at interzediate zagnifications
are given in figures 24-26. In general. the pre-
and post-transition fractegraphic characteristics
were the sane as those of specizen NiLT25. see
section 6.1. However, there was cone rnotable
excepiice:. For specimen XNLCI26 both the pre- and
post-transition fracture surfaces showed occasional
sacoth contimmuz-oode fractures (SC¥F) with
resolvable fatigue striations. These types of
fracture are indicated in figure 23, and detailed
views are given in figure 27.

TURBISTAN fatigue striation patterns

Figure 27 aliso shows the pattern of factigue
striations produced by TURBISTAN loading at low
Tour valuves. The pattern is indistinguishadle frea
that produced by constant azplitude loadirz, for
exazple figures 192 and 2ia. At higher stress

intensities the TURBISTAN fatigue striation
patterns became pore ccmplicated. Examples are

given in figure 28. These show that the striations
forz block patterns, which are =ost probably
dexarcated by the large locad excursions that occur
at the begimning and end of ecach fRigad. see
figure 5.

7 FRACTOCRAPHIC AXD MICROSTRCCIURAL (WRRTIATIONS

Specinen KLCiZ5 (ccastant azplitude, 2 - 0.1) was
precision seciioned normal o the fatigue crack
growzh direction at AKX wvalues of 10 an< 1§ XPaiz.
i.e. before and after the transition in the fatigue
crack grewth rate curve, see figure 3. The fracture
surfaces were protected by Technovit twe-cocponent
resin ‘Fuizer C=2H, Friedrichsdorf. F=C) while the
sections were polished and then etchsd in Xroll's
Teagent. Tte resia vas subsequently dissolved avay
in acelone.

The precision sections enadled simulilancous wiewing
of zthe fracture surfaces and the underlying

zicrostructural features. wsing scamming clectron
micTroscopy. Izporiant examples of the relations
between fractographic and micrestructural features
ate shown in figures 292 and 30. Prizmary o cyelic
cleavrage faceis ave vwisidle, and it is evident tha:
irregular structure-sensitive and conlimmnm-node
{fractures are assaciated with the transformed and
aged S grains, and bexce the platelet o packets.

In view of the fractographic resulis. discussed in
section s, anc the fractograzhic and
microstruciural correlations illustrated by figures
29 and 38, it may be consluded that the fazigue
crack growik curve iransitions observed for all
specimens are primarily associated with a ckange
froz structure-seasitive to contimzm-mode
fractures, ¥hich in turn are zainly asscciated with
the 2ransformed and aged 8 grains. However. It mst
be noted that these associations are mot rigoTrous.
as denticned in sectien 6.2, specizmen NiLT26 showed
occasional smooth contirmmuzz mode fraciuTes both

Lefore and after the fatigue crack growth curve
transition.

8 _ FPACIIRE SURTACS ROUCHNESS

The XNLLT25 precision section fracture profiles at
8% values of 10 and 18 MPafo were exa=ined by
optical! setallograghy at magnifications u=p tc SCOX.
The linear rcughness parazeter 2, was used o
characterize the fracture profiles. 2, is the ratio
of the true lengih of profile to the projected
length along a selected reference direction [1€}.
The linear roughness parazeter cccupies a central
position in characterizing fracture profiles, and
for three-dinensionally si=ilarx racture
topographies is sizply related to the surface area
roughness R, accoriing to {19]:

R, - {4(2,-1)/x] + 1. (6)
Exazples of the fracture profiles before and after

the transition in the fatigue crack growth curve
for specinen NICT25 are given in figure 31. The

pre-transition fracture surface roughness was
significantiy greater than the post-transition

roughness.

9 AMNALYSIS OF THS
TRANSITIONS

FATICUE 3Gk C2%ATH  CUaVE

The fatigue crack growth curve trausitions like
those in figures 3 and 6 =zay be analysed in two
respects [6-9}:

(1) Correlation of the crack tip plastic zcne
sizes with =zicrostructural features (grain

sizes and platelet a packet sizes).

{(2) The relation between the sharpness of the
transition, i.e. the change in slope of the
fatigue crack growth curve, and the degree of
cluszering of the distribution of grain sizes
and platelet a packet sizes adeut their zean
values.

9.1 Crack Tip Plastic Zone Sizes

2 proper description of crack iip plastic zoze
sizes and shapes is difficult to odtain. This is
especially true for plame stirain and cyclic loading
conditions. Hahn et al. {20, 21} used an etching
technigue to reveal plame sirain Iomotonic and
cyclic plastic zomes in the interiors sf hick
specizens of Fe-38i steel. They groposed e
foilowing dizensions of the momolonic and cyclic
plastic zomes in e x and 7 directions:

Bonotonic - 003 (Fopef€y)* (7}
plame sirain T, - 0.13 (/o) (6]
cyciic plane ¢ - 0.0075 (2%;5)°  (9)
sirain, 2 - 0.1 3 - 0.0313 (a‘.'i/c;)z {10}

shere ¢} is the cyclic yield stress.

Sexzan®s contimzzz mechanics crack opening oodel
f10i. specifically cthe formula in equation (2).
exables substituting 84X, for &% in equations (9)
a<d (10). Tae resulis are

creiic { - 0.011 (85,.:2¢5)° (11)
plane strain  |{ 8 - 0.630 (IX,.o/0%)? (12)

Relaticns for r, and 1§ are particularly izporzame
becamse they deterxizs the zaxizmz extent of ke
plastic zomes. This is illusirated in figure 32,
which gives schematic drawings of the plane straia
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monotonic and cyclic plastic zone sizes, with r,.
Ty, 5 and rj deterzined by equaticns (7) - (12)

and the assuzption that ¢f - 0.93 o,. see section

3.

9.2 Correlation of Plastic Zone Sires wxith
Microstructural Parazeters

Morotonic and cyclic plane strain plastic zone

dimensions at the fatigue crack growthk curve
transitions shown in figures 3 and 6 were
calculated using equations (7). (8), (il) and (i2).
For TURBISTAN loading two values of £X,., were
selected: £K_,, representing an average for the
entire spectrum, and 2X,,, for the once-per-flight
gaxim:a load excursiocn with R - 0. The resulls are
iisted in tables 5 and 6. ard compared with the
prizary a grain sizes and platelet a packet sizes
in figure 33.

Figure 33 shows that at the fatigue crack growth
transitions the values of r, and r] correlate best
with the prizary a grain sizes and placteler o
packet sizes: note. however, that for TTRBISTAN
loading the correlation of 1 with these
zicrostructural parazeters is gocd only when the
L5 ey values for the =zaxim= load excursion are
substituted into equation (i2). In vwiew of previcus
work {6-9} it is most likely that r}. the saxim=
exteat of the plane strzin cyclic plastic zone. is
the fracture =mechanics parazeter of =zost
significance for the «crack growth curve
transitions. But the similarity of prizmary e grain
sizes and platelet a packet sizes does not perait

direcz terzination of whick =2icrostructural
parazeter is important for the transitions.

Froz the fraclographic results in section 6§ it
appears that the change froz a coxplex zixiure of
structure-sensitive fractures %o contimume-mode
fractures is the most significant £feature of
naterial behavicur asscciated with the rfatigue
crack growth curve transitions. In turn, the
fractographic and =nicrostructural correlations in
section 7 showed that these types of fractures were
prizarily associated with the zransformed and aged
8. and hence the piateletr a packets.

It is therefore concluded. especially in view of
previous work [6. 7. 22}, cthat the fatigze crack
growth curve transitions zost probadly occurred as
a conseguence of the zaxim= plane sirain cyclic
plastic zone sizes. 1. becozing egual to and
exceeding the piatelet a packet sizes.

9.3 Sharpress of the Crack _ Cro=th _ Curve
The sharpness of the fatigre crack grewth curve
transitions nay be guantified by the ratios of the
hypotransitional exponents o hypertransitional
exponents, n/a2,. of the linear approxizations o
the fatigue crack growth curves shoun in figures 3
and 6. Yoder et al. [22] related the transition
sharprness fer § annealed titanivm ailoys to the
degree of clustering of the distribution of
platelet a packet sizes adbout their mean values,
see eguation (5).The aw/z, values for Yeder’s and

TA3LE 5
Estizates of plane strain momotonic plastic zone sizes at fatigue crack growth curve transitions
FATICUE LOAD SPECINEX Toax_ 0222 = Ty
53 x4
HISTORY xnas oD (M2a) (=) (=)
- 10.3 55.6
2 - - -
Constanz [ 2701 Leazs 17.8 Srerage: 750 12.9 56.1
amplizsée | 5 0.7 cecTi2 28.1 Average: 950 25.8 112
oy 32.4 149
Minim=: §3&
Average: 950 6.56 28.4
L ¥1cT26 18.2 Minimz: §56 5.26 35.8
TCX3ISTAN PIcT1S i6.0 Average: 960 £33 35.1
PICT19 ) Minimxm: £56 10.5 &5.4
TAZLE 6

Estizates of plane zirain cyclic plastic zone sizes at fatiguwe crack growth curve transitions

SPECINEN GRRcTERIsTIC oS -0.09 0 e o
soEs ¥
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m
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NLeT23 Ferr 1.0 Yinimz=: 795 2.95 13.5
< - A . Average: 893 0.53 &.47
e Hegg_s 54 Minim=: 796 1.2% 5.62
ax 54 Average: £93 0.22 1.0
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our materials are plotted against the degrees of
clustering, v. in the upper diagraz of figure 34.
Values of m, versus y are plotted in the lower
diagraa. The results show the followinz:

(1) Although Yoder‘’s results indicate an increase
in transition sharpness, o /2., with the degree
of clustering of the plateler a packe: size,
there is ro consistent trend frox the present
investigatica.

(2) Hypertransitional exporents, z,, decrease to a
value of about 3 with irncreased degree of
clustering of the plateles o packe:r size.
Yoder et al. {22] acttributed this effect o
rexnants of siructure-sensitive fractures in
the nsainally contimnx-mode hypertransitional
region. the significance of such re=nants
would decrease with increased <degree of
clustering because there would be fewer
platelet o packets larger than the current
plastic zone size.

The lack of a correlation between transition
sharpness, my/o,. and the degree of clustering of
the platelet a packet size for the Ti-6al-4¥ fan
disc forgings is most prodably a consequence of
aicrostructure. The materials tested by Yoder et
al. {22] consisted entirely of transformed and aged
£ and hence platelet o packets, while the Ti-6al-4Y¥
SIA rcaterials froz the present investigation
contained significant a=ounts of prizmary e that
also contributed 0 the £fatigue crack growth
process.

10 DISCUSSIOoN

10,1 Fatizue Crack Crowth Curve Fransitions

The present resulls have shown that the fatigue
crack growth precess in  comrenticnaily (a+f)
solution treated and aged Ti-6al-3¥ fan disc
torging naterials is highly cozplex. especialiy in
the hypetransitional region of the fatigue crack
growth curve. Previous imwestigators (23, 2a; did
not fully recognise this. nor did they notice
fatigue crack growth curve transitions that
correlated with changes in the fraclure process.
Lowever. the transitions can be observed in figures
3-5 frex both investigations. also., it is worth
roting that fatigue crack growith curve transitions
generally occur. They hkave been reported for
alwminiem alloys [25-27]. high sirengzih s°» 1s [23;
and an iren-base superalloy [29]

An overview of the
hypertransitional

hypotransitionai and
fatigue crack frouth
characteristics of the T7i-631-4¥ STA fan disc
forginy =aterials is given in figure 35. This
overview is useful for diszussing the faligue crack
grovzh curve transitions. The transitions evidemily
result in changes in crack growth rate dependence
on the characterizing stress intensity factor (&X.
Rogg. L5,0s. 8X). and these changes are guantified
by the exponenis = and 2, of linear approxizations
to the fatigue crack growth curves. 00 a =zwoTe
fundazenzal level. these changes =ust  imwolwe
changes in fatigue crack driving force and fatigue
crack growih reszislance.

Several faciors may coniribute to the fatigue crack
driving force and fatigue crack growth resistance.

(1) Crack driving force is provided by ke
effectlive AX. Siruciure-sensitive crack paths
that are the result of inkenogenmeous plastic

ceforzation resull .a ciack defleciion, crack
branchong., and roughmess-induced enhamced
crack closure. 2ll of vhich reduce he

effective 8X {6, 7. 9. 30-32). Microstructural
barriers such as dislccaticn substructures and

grain boundaries. and also crystallographic

texture, play an indirect role by affecting
the hozogeneity of plastic deforzation.
Finally, crystallographic texture directly

affects the actwal crack driving force. G,
through its effect on the elastic modulus: a
higher elastic zodulus decreases G.

(2) Crack growth resistance is, in the first
instance, provided by a material’s intrinmsic
resistance to dislocation =otion (lattice
friction stress and microstructural barriers)
and the efficiency with «hich crack zip
plasticity. 1i.e. dislocation rovezent, Iis
conrverzed into crack extzemsion. Crack tip
plasticity in structure-sensitive fractures
tends o be highly directional and owore
concentrated at the actual crack ctip [33}.
This oeans on the one hand that slip should be
used core effectively for crack extension than
crack tip plasticity in  contimzz-aode
fractures. and on the other hand that slip
reversidbility =ay be =zore efficient §29].
Crystallographic texture plays an indirect
role by affecting the hozogeneity of plastic
ceforzation and thence the crack growih
resistance.

Sesides these intrinsic factors, cany of which are
interrclated azd can infiuence both the crack
driving force and crack growth resistance. an

izportant extrinsic factor is the fatigue
enviror=ent. Aggressive eavirorments can greatly

reduce the fatigue crazk growth resistance. For
sitaniuz alloys the crack growth resistance can be
redused in at least two ways. Firstiy. aan
agzressive envirorment proc=otes crclic cleavage
(16, 34, 35}. Tnis has an accelerating effect cn
fatigue crack growth. especially in highly textured
zaterials where {C092) are in the macroscepic plane
of fracture. since the cyciic cleavage occurs on or
oear the hexagonal a {0002} planes [16, 35-38}.
Secondly. environzental interaction with exzergent
slip steps can rTeduce slip reversidbility during
structure-sensitive fatigue fracture [39]. XNote
also that the fatigue enviromment can indirectly
affect the crack driving force by incducing changes
in crack zip plasticity. crack deflection, crack
branching. and roughness-induced crack clesure.

Froa figure 35 it zay be deduced that apart from
texture and environzmental changes. the fatigue
crack growth curve iransitions for he Ti-LaA1-4¥
$7A fan disc forging =aterizls in the present
investigation involved =ost - if not all - of tke
foregoing factors. This is alse the case for
transitions in other zaterials. e.g. [27]. Thas in
general the skape of a fatigue crack growth curve
transition and the values of o and =, wiil depend
on a balance of several competing and reinforcing
factors. This is illustrated schezalically in
figere 36, zhich =lso shows that for titaniwm
alioys there are at least three iypes of fatigue

crack growth curve zransitien involving changes
froz struciure-sensitive 0 contimmxm-zmode crack
grewzh, and that a change of envirormenmt can

revarse ihe transition inflectioa.

10,2 Fatirzue Crack Crowth Prediction

Figures 7 amd & show that it is possible to
correlate ithe hyperiransitional consiant amplitude
and TURBISTAN fatigue crack growth rale data usizng
LX_.. the Tool mean value of ke effective siress
intensity faclor range. The imcentives for
attexpiing such correlations are he efficient
estization of speciruz loading fatigue crack growth
tives using constant amplitude data batmiks and the




possibility of
variations by recalculating 28%_.

sizply accounting for spectn

A necessary, but not sufficient, condition for such
characteristic-K correlations is that fatigue crack
gro=th be a regular, quasi-stationary process [12,
42}. This is :ypically the case when the fatigue
load history contains peak loads w=ith shor:
recurrence pericds, as does TURABISTAN. However, as
can be seen froz figures 7 and 2, the correlations
fail in the hypotransitional fatigue crack groxtn
regize. There are two reasons for this:

(1) Variations ir alloy =microstructure influence
the locations of the fatigue crack growth
curve transitions, which zost probably depend
on r; becezing equal o and exceeding the
platelet o packet sizes.

(2) For spectru= loading 1iike TURJISTAN. which
contains freguent (once per flight) naxime=
load excursicns, the value of rj which controls
the fatigue crack growth curve transition is
the maxim= walue. and not the root mean
value. Thus a correlation of fatigue crack
growth rates by &%, will always fail if chere
is a crack gro¥th curve transition. This has
already been gpredicted for sizple spectriz
loading of landinz gear steels  [43].
Supporting evidence that the =zaxime=m value of
r; controls the f. (gue crack growth curve
transitions is provided by the TURASISTAN

fatigue striation patterns. Close to che
transitions the striation pattern is
indistinguishable froz that produced by

constant axplitude loading., see figure 27 and
section 6.2. This oeans that fatigue crack
growth in the cransitional region is
controlled by the zaximum load excursions.

Despite the inability of the characteristice-X
(£X_,) approach to account for fatigue crack growth
curve transitions, figure § shows that "aris law™
expressions based on the hypertransitional data
provide a best fit and upper bound that are
reasonably conservative for TURSISTAN loading.
Eence these cxpressions can be used to predict
fatigue crack growth - for “loag™ cracks - evea if
the trausition point is uninown. Such predictions
may be deter=inistic or probabilistic. The
advaniage of the oore difficult prodadilistic
approach is that it avoids excessive comservatisz
[a%. 45].

A pore serious problex for fatigue c:ack growth
prediction is the behaviour of “short® cracks. as
gointed out by Noul et al. [45]. short crack
behaviour differs considerably from that of long
cracks. and the prediction of fatigue crack growth
lives based only on long crack data can be
unconservative [56]. This prodlex can be solved
oaly by experizents o odtain short fatigee crack
growth data and the development of analytical
a2odelling techniques for short cracks. One of us
(2J5d) has recently shown that short fatigue crack
gTowth should be modelled predadbilistically to
avoid excessive conservatisz [47].

10,3 JService Ffailure Analysis

1t zay be anticipated that structure-sensitive to
contimnzz-aoode fraciure transitions will occur in
Ti-6Al-4V  STA discs that  experiesce fatigue
cracking in service. Tkis is becaise the service
load histories will 1likely reseadle TUS3ISTAN in
that they vill include many zaxim= load excursions
with shor: (once per flight) recurrence periods. If
the ransitions are readily defimadle on service
fatigee fraciures. ther could act as benchoarks for

checking the analysis of local stress and siress
intensity conditions and fatigue crack growth
rates, thereby assisting in the overall znalysis of
service problens. However, this requires detailed
2icrostructural analysis as weil as fractographic
analysis, and chere is obviously rooa for
uncertainty ir deterzining the transition point
£X,,. for the =zaximz= 1load excursion froz the
assuwzed equivalence of the platelet a packet size
and the =zaxim= plane strain cyclic plastic zone
size.

11 CONCLUSIONS

Fractographic and¢ =microstructural arnalysis of
constant azmplitude and flight sizualation

(TCR31STAN) fatigue crack growth in comventionally
(xt3) solution treated and aged Ti-6Al-4V fan disc
forging materials showed that:

(1) The farigue crack growth process was highly
coaplex with =any interrelated fracture
features.

(2) Transitions in the fatigue crack growth rate
curves correlated with changes in the fatigue
fracture process: specifically. a change fron
structure-sensitive to contimnz=m-mode crack
grovth and a reduction in the roughmess of the
overail fracture topographyr.

(3) Tze change fro:  structure-sensitive o
contimnum-zode  fatigue crack growth was

primarily associazed with the transforzmed and
aged 2 grains, and hence the platelet ¢
packets.

(%) Close o the fatigue crack growth transitions
the TU2BISTAN fatigue striztion patterns were
indistinguishable froz= that of constant
azmplitude loadingz. At higher stress
intensities the TURBISTAN fatigue striaticons
forzed block patterns, which were =ost
probadly demarcated by the large load
excursions that occturred at the begiming and
erd of each flighc.

{5) The hypertransiticnal fatigue crack growth
rates were correlated by 2%, the root =ean
value of the effective stress intensity factor
range. However, the correlations failed in the
hypotransitional fatigue crack growth regize.

(6) Tae fatigue crack growth curwe 2iransitions
nost probably occurred as a consequence of the
zaxzimm plane strain cyclic plactic zome
sizes. rj. becoming equal to and exceeding the
platelet o packe: sizes.

(7) .he overall shapes of fatigue crack growth
curve Iransiticns depend on several coxpeling
ard reinforcing factors that contribute o the
fatigue crack driving force and fatigue crack
growth resistance.

{8) "Paris lax" expressions based on the
hypertransitionzl fatigue crack growth rate
data correlated by &X, provide 2 best fit and
vpper btocund that are reasonably conservative
for predicting long fatigue crack growth under
realistic (TGRBISTAN) load Listories.

(9) Structure-sensitive to contimmzm-mode fracture
transizions zay be definadle on the fracture
surfaces of Ti-6Al-4V discs that experience
fatigue cracking in service. These transitions
could assist in the owerall analysis of such
service prodle=s.
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Fig. 12 Characteristic features of pre-transition fatigue fracture for constant
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® FLAT FRACTURE WITH MAINLY CONVEX GRAIN BOUNDARIES
@ FEATHERY MARKINGS
® OCCASIONAL INTERSECTING SLIP MARKINGS

Fig. 13 Characteristics of cyclic cleavage in primary & for R=0.1 and AK = 10 MPaVim. Arrows indicate
(a) a high angle grain boundary and (b) a low angle grain boundary

’

® FLAT FRACTURE WITH FREQUENT CONCAVE GRAIN BOUNDARIES
® MICROSERRATED RIDGES
® OFTEN WITH PARALLEL SLIP LINES (W-LINES) {7]

Fig. 14 Characteristics of cyclic cleavage in transformed and aged B for R=0.1 and AK = 10 MPaVm



PSEUDOFLUTING [15] FURROWED TERRACES {16, 17]
3 | @ FAIRLY STRAIGHT RIDGES b | ® FINE LINES AT ~30° TO FURROWS
[ J COMPLEMENTA{Y ON MATCHING FRACTURE SURFACES ® COMPLEMENTARY ON MATCHING FRACTURE SURFACES

COMPLEMENTARY FRACTURE SURFACES
¢ | ® PSEUDOFLUTING AND FURROWED TERRACES d
® ARROWED SLIP TRACES PROBABLY 31010* <1120>

FURROWED (FT) > BLOCKY

TERRACES FRacTURe (BF)

Fig. 15 Characteristic featurcs associated with cyclic cleavage fracture for R=0.1 and AK = 10 MPaV@w
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I AK = 18 MPa\

Characteristice features of
constont ampliitude fatigue,
18¢ and 19d respectively

immediately post-transtition fatigue fracture for
R=0.1, Inscts are shown in detail in figures
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a CLEAVAGE WITH MICROSERRATED RIDGES AND
FISSURE AT A GRAIN BOUNDARY (ARROWED) .

TRANSFORMED AND AGED  CLEAVAGE AND
ILL-DEFINED FURROWED TERRACES (FT)

G CLEAVAGE (aC), § CLEAVAGE WITH W-LINES {8C) AND
SMOOTH CONTINUUM--MODE FRACTURE (SCF)

O CLEAVAGE (aC) AND ILL-DEFINED PSEUDOFLUTING
{PF} AND FURROWED TERRACES (FT)

e AN f

SMOOTIHISCE) AND IRREGUE AR (ICH) CONTINUUM MODE FHACTURES
SECONDARY CHACKS ON TRBEGUEAR CONTINUUM . MODL FRACTURES ARE PARALLEL TO FATIGUE STRIATIONS

LT

TR et b of charactoriat e featares of immediately post-transaition fatipue {racture for o1




K = 18 MPavm &

DETAIL OF FIGURE 18c: IRREGULAR CONTINUUM~-MODE FRACTURE ACROSS A
FATIGUE STRIATIONS ON SMOOTH CONTINUUM-MODE PLATELET a PACKET. SECONDARY CRACKS ARE

3 | FRACTURE. STRIATION SPACING ~0.14 ym, b PARALLEL TO FATIGUE STRIATIONS AND ALSO OCCUR
MACROSCOPIC CRACK GROWTH RATE ~0.09 um/CYCLE AT a/3 INTERFACES

DETAIL OF FIGURE 19h L e - FATIGUE STRIATIONS ON A CLEAVAGE FACET

FATIGUE STRIATIONS ON 1RREGULAR CONTINUUM  MODE d STRIATION SPACING ~0.17 um.
€ | FRACTURF STRIATION SPACING ~0.23 um MACROSCOP!IC CRACK GROWTH RATE ~0.13 ym.CYCLE

MACHOSCOPIC CRACK GROWTH BATE ~0. 13 unmCYCLE ARROWS POINT TO FISSURE AT A GRAIN BOUNDARY

Frge, 19 Characterintaes of fatigue strigtions on o immedtately post-transition fatijpue fractures tor R 20,1
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Firy. 20 Chorgcteridtic teatures of fatigue fracture at AK = 20 MPavm for R=0.1
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Fig. 32 Plane straia plastic zose size estimates for fatiguwe crack growth in the
Ti-6GA1-4Y fam disc forgisgs wader coastast amplitwde lcadiag at R=0.1

constany | W5 | 2=t
LT L] possuny papes -
t 3
LT S
Tonton |
mene | =y
constART MmeIs|] A=t
CN2 | R=9?
nCTs | Saney
TORGETAS Fotie [
ncT | ey
!
MUEPLITORE ceera 1 =
] H -
mers | : | 'z
TORNSTAN 1 !
e ! !
e I !
1 |
i 1
coustaay | B :
MIPUTOOE | ceerz i
§
weras i
TORSNTAN ]
T =
neTS | H
]
1 1

Fig- 33 Ceaparisons of msseetenic and cyclic plane straia plastic zeae dinensiens
st fatigwe crack gresth curve trassitions with the primary € graia sizes
asad platelet G packet sizes




0 w2 T T3 T3 o
DEGREE OF CLUSTERMG 7 (pm~?)

Fig. 34 Tramsition sharpaess (ny/m,) aad hypertraasitionsl exponent (mg) of the fatigue crack gresth
curves ss functions of the degree of clusteriag of the platelet G packet size
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FRACTOGRAPNIC INVESTIGATION OF IMIGCSS
CRACK PROPAGATION SPECIMENS FOR SNPF SC33.

Paul Heuler
Industrieanlagen-Betriebsgesellschaft mbH
Binsteinstrasse 20, D-8012 Ottobrunn
Germany

Suamary

Fracture surfaces from comspact
tensjon and corner crack specimens
have been examined for various
complex waveforms. Features have
been related to the various stages
of crack growth, as well as to the
knowvn response of the material.

1. Iatroductioa

IMI68S is a beta processed titanium
alloy. Al is added as an alpha
stabiliser, 2r as an alpha /beta
strengthener, Mo as a beta
stabiliser whilst Si is added to
improve tensile and creep

ies. The alloy is heat
treated at about 1050°C followed by
an oil quench, which results in a
martensitic transformation of the
beta to alpha/beta lathes. If
slower cooling rates are employed,
filmy alpha occurs at the grain
boundaries prior to the
transformation tC a more coarse
alpha/beta structure. Ageing at
550°cC re-distributes the
dislocation structure.

2. Heat Treatment

Five engine discs in IMI 685 were
allocated to the programme'. The
heat treatment was:-

Solution Treat 1050°C 1\2H 0.Q.

Age $50°C 24H A.C.
From the limited micrographs
available the grain size was
estimated as ASTM 3.7

3. Fractography

Specimens discussed here represent
the extremes of the test conditions
used i.e Type 1, Type 4, TurblO,

Turb50 and Full Turbistan.

3.1 Compact Teasioa Specimeas

The first specimen to be examined
had been subjected to a Type 1
waveform in which the minor cycle R
ratio = 0.9. Early stages of crack
growth contained areas of angular
fracture as well as quasi-cleavage
fractures, Fig.1l: facets containing
very fine ductile dimpling which
indicated that a mixed mode of
trans and inter granular growth was
occurring.

Awvay from the notch, areas were
found where irregqular lines were
observed on angqular features,
Fig.2. As the lines are often
parallel to the growth direction it
is unlikely that they are
striations. NLR have obsexved
similar features which they call
- lines. These probably
correspond to underlying
microstructural features such as
alpha/beta lathes and should not be
confused with striations.

Specimens tested with the Type 4
wvaveform {minor cycle R=0.1)
exhibited highly faceted fracture
with plenty of evidence cf striated
crack growth, Pig.3. This was in
marked contrast to the previous
specimens where the Type 1 waveforas
produced few signs of striated

crack growth.

With the complex Turbistan cycles
it was more difficult to identify
uniform striated regions from any
portion of the fracture surface.

The fracture surface of the
specimen subjected to the TurdlO
waveform contained a number of
areas vwhere "W" lines perpsndicular
to the growth axis existed. 1In
addition, it was possible to find a

241
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few isolated regions containing
faint striations, Fig.4.

The Turb50 waveform should have
been more likely to produce a well
defined striated structure, however
littie or no evidence was observed
of well defined striations. 7The
fracture surface contained faceted
regicas and areas of angular
fracture, indicating a mixture of
trans and inter granular failure.

3.2 Cormer Crack Specimeas

In stark contrast, the corner crack
specimens showed wmore regular
striated growth than the
corresponding compact tension
specimen.

The specimen subjected to the Type
1 waveform showed evidence of
striated crack growth of regular
spacing throughout the fracture
surface. There was evidence of
significantly different crack
growth rates in adjacent grains,
Fig.5. For a material with a grain
size of approximately 1msm, short
crack growth effects would be
evident up to crack depths of 2 or
3=

-

The fracture surface of the
specimen subjected to the Type 4
waveform was expected to show
clearly the overload cycle in
contrast to the minor cycles. The
striations that were observed were
not as well defined as in the
previous specimen and were more
widely spaced, Fig.6. It is
believed that the overload cycle is
the only one that is forming a
resolvable striation.

Testing with the Turbl0 wavefora
produced faint striations on facets
close to the notch. Evidence of
well defined striated growth was
3lso observed close to the final
fracture, Pig.7. It is difficult to
decide vwhether the area was
originally all striated and
subsequently damaged or the visible
striations occurred in lathes
oriented parallel to the growth
direction.

The only corner crack specimen not
to show appreciable amounts of
striatdd growth was that subjected
to the TurbS0 waveform. As with the
corresfoncing CT imen the
fracture surtace contained faceted
arcas and inter-granular fracture

but no where were there any well
defined striations.

The wmost interesting fracture
surface was a corner crack specimen
that had been subjected to the Full
Turbistan cycle. The crack growth
datz showed a significant increase
and a later retardation of crack
growth rate for a crack length from
0.6 to 1.8 mm. Examination of the
fracture surface showed that this
corresponded to a large facet
containing well defined striations,
Fig.8. From the striated regions it
wvas possible to estimate the crack
growth rates and these corresponded
well with the bulk results.

In contrast to the good agreement
for a large facet close to the
notch, striated regions close to
the overload did not correlate with
the bulk crack growth rates. If the
crack is longer than about two or
three grain diameters then the
short crack effect is unlikely and
continuum mechanics will apply.

4. Coaclusioas

Deformation of the material is by
intense planar slip on planes close
to the basal plane. Dislocation
pile-up occurs in the beta lathes
until shearing of the alpha lathes
occurs. This msay be mistaken for
irregular striation. Some early
czacking may be inter-granular in
appearance. Fractures are typically
faceted combined with significant
amounts of secondary cracking. Some
facets =may appear featureless
however at high magnifications it
is possible to resolve ductile
dimpling on a very fine scale. This
is termed quasi-cleavage fracture.
Some of the facets exhibit striated
growth which say appear regular or
irregular, depending on the packet
orientation that the crack is
passing through. Final fracture is
of a ductile nature.

Due to the large grain size of
INI68S it is difficult to draw any
firm conclusions as to the effect
of various waveforas on the mode of
fracture.

Refereace

(1) AGARD: Co-operative Programme
on Aircraft Stngine Discs -
Supplementary Prograsme Material
Evaluation. C. Howland; Rolls Royce
Internal Report MEG030360 Nov 1987.
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MATERTAL CHARACTERIZATION AND FRACTOGRAPHIC EXAMINATION
OF Ti-17 FATIGUR CRLCK GROVTH SPECIMEXS FOR SMP SC33

Marko Yanichevsky
Brvan Corawall®
Martin Roth
Quality Engineerirg Test Establishment
Department of Mational Defence
Ottawva, Ontario, X1A 0K2
Canada

Suamery

This annex ccatains material
characterization and m=metallographic
examination of the Ti-17 material
tested as part of the Supplemental
Prograame for Engine Disc Damage
Tolerance Testing AGARD SC33 (Refs 1
and 2). As well, a complete
fractographi¢ examisatioa is provided
for the <Compact tensiom specimens
tested uader the six types of simple
spectra load comditions and the four
levels of load excursioa damage level
omission of the complex spectrum
TURBISTAM, this latter spectrum
representiig MATO gas turbine engine
missions used in fighter aircraft
applicatiions (Ref 3).

1. Descriptios of the Disc

Th- Ti-17 (Ti-5A1-2Sa-2Zr-4Mo0-4Cr)
forged and machined disc utilized in
this study was received from General
Electric Inc. and bhad undergone the
full processing and aeat treatment
cycle for the stage 1 and 2 compressor
rotor disc employed in FA04 gas
turbine enmgines powering CFI188
aircraft. The compact teasioa (CT)
specimens tested at (QETE were removed
from the upper, lower aad vertical web
sections of the disc ia C-R, C-T, R-C
asd T-C orientatioms, where C is the
circunfereatial, R is the radial ad T
is the thickmess directioa.

2. Material Characterizatioa

A chemical analysis of the Ti-17 disc

% Presently at Queean'’s University,
Dept. of Mechanical Engineering,
Kingstom, Oatario, K7L 3N6, Camada.

miterial tested was conducted and the
results are presented in Table 1. The
aluminjum, tin, molybdenum, chromium
and iron elements were analyzed using
atomic absorption. Carbon was
analyzed wusing a high frequency
induction furnace, wvhere the products
of combustion were passed through a
catalyst converting any carbon
monoxide preseant to carbon dioxide,
and the carbom content was measured in

the carbon infrared cell. The
zircoajum content was determined vsing
the Mandelic Acid NMethod. The

elements oxygen, nitrogen and hydrogen
vere analyzed at CANMET/MTL. Oxygen
and nitrogen content was determined
using the Inert Gas Fusion technique;
hydrogen was measured using the Hot
Extraction Method.

A metallographic investigation was
conducted in the three areas of the
disc where the CT fatigue crack
propagation specimens were extracted,
i.e., the thia sections of the upper
and lower discs and the vertical web.
In each case the wmicrostructure wvas
examined in three orthogonal planes
(perpeadicular to the radial,
circumferential and thickness
directions). Im addition, a section
of the lower web was also investigated
in a plane perpendicular to the
circunferential direction.

The microstructure of the Ti-17 alloy
was characteristic of beta processed,
beta rich alpha-beta titanium alloys,
wvhere the alpha phase was preseat
along a large portion of the former
high temperature beta grains and vhere
the grain interiors consisted_of alpha
Vidmanstitten plagtes wvithin the beta
matrix (Photos 1 and 2). Righ




Table 1.

Chemical Composition of the Ti-17 Disc Material

Weight X of

Alloy

Alloying Element Nominal | Range | Actual
Aluninium 5.0 4.5 - 5.5 4.82
Tin 2.0 1.5 - 2.5 1.87
Zirconium 2.0 1.5 - 2.5 1.92
Molybdenum 4.0 3.5 - 4.5 3.94
Chromium 4.0 3.5 - 4.5 4.23
Carbon - - 0.011
Oxygen 0.10 0.08-0.13 0.09
Nitrogen - 0.04 max 0.005
Hydrogen - 0.0125 max 0.0015
Iron - 0.30 max 0.0915

Table 2. Ti-17 Grain Size Based Upon the Lijear Intercept Method (Ref &)
LOCATION RADIAL DIR'N CIRCUMFERENTIAL DIR'N | THICKNESS DIR’'N
(men) (zm) : (mxn)
1
Upper web ¢.33 / 0.36 0.33 / 0.36 0.17 / 0.16
Lower web 0.36 / J9.34 €.40 / 0.35 G.17 / 0.16
Vertical web } 0.25 / 0.21 0.31 7 0.34 0.44 / 0.28

Note 1.

The radial and thickness direction measureaents carried out

on the vertical welt vere offset approximately 30 degrees to
obtain the maximum and minimum ranges of these grain sizes.

Note 2.

Difficulties in differentiating grains in the thickness

direction of the vertical web affected the accuracy of these

measurersents.

SPECIMEN
NUMBER

| SEQUENCE

8K or Kmax
(6 MPaim)

(10 MPainm)

8K or Kmax

8K or Kmax
(20 MPain)

8K or Kmax
(35 MPalxz)

SIMPLE
0, R=0.1
0, R=0.7
1 (102)
2 (302)
3 (50%)
4 (1702)

TURBISTAN
0 (Full)
1 (10%2)
2 (302)
3 (50%2)

Photo 20

Photo
Photo
Photo
Photo
Photo
Photo

Photo
Photo
Photo

Photo

17
21
22
25
28
31

34
37
40
43

Photo

Photo
Photo
Photo
Photo

18

23
26
29
32

35
38
41
44

19

25

-
s

30
33

36
39
&2
45




magnification scanning electron
microscopic (SEM) examination of the
microstructure (Photo 3) revealed the
presence of fine needle-like alpha
plates in the bteta phase indicative
of material ageing (N.B. the SEM
micrograph contrast 1is opposite to
that in the optical micrographs). The
grain boundary alpha phase width
appeared to be tvpically 1 to 2 um in
thickness, slightly thicker than the
Widrmanstatter alpha plates.

The fairly large grain size of this
material was revealed best under
polarized light, as shown in Photo 4.
Some grain flow and grain flattening
were apparent in the planes of the
upper, lower and vertical webs due to
forging of the disc blank. The grain
sizes were measured by the linear
intercept method in three orthogonal
directions (radial, circumferential
and thickness) in areas typical of
the fatigue crack propagation in the
CT specizens. The grain sizes, given
in Table 2, are the average intercept
distance, Heyn intercept value, or
mean free path in accordance with the
ASTY Ell12 method (Refi 4), where two
different specimens were used for
grain size reasurexments in each
direction.

Energy dispersive X-ray analyses of
the alpha and bteta phases revealed
differences in the distribution of
soze of the alioying elements. Mo and
Cr, known beta stabilizers, were found
to be higher in the beta phase. Al,
an alpha stabilizer and solid
solution strengthener, was found to be
slightly higher in the alpha phase.
Sn and 2r, solid solution
strengtheners, were found to be evenly
distributed in both phases.

3. Fractographic Observations

Scanning electron nicroscope (SEM)
examination was performed on samples
selected to cover the ten different
loading conditions investigated in
this study.

3.1 General Observations
Under 2all loading conditions, the

fatigue fractographic features were
influenced by the mnicrostructure,
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mainly the orientation of the alpha
plates which varied from one prior
beta grain to another. Under
conditions correspording to a low K,
value, typically 10 MPadm, ths prior
beta grains were clearly recognizable
tecause of changes in surface
roughness and degree of facetting from
grain to grain. Facetting occurred
when fatigue cracking followed
favourably orientated alpha plates at
an angle to the macroscopic crack
plane (Photo 5). In some grains there
was secondary cracking along the set
of alpha plates with its orientation
rost closely approaching that of the
macroscopic crack front.
Occasionally, fatigue striations wzre
present on some of the facets
asscciated with propagation along a
suitably orientated alpha plate (Photo
6). At intermediate K_ ., typically
around 20 MPaldn, the macroscopic
differences frcam one prior beta grain
to another were less pronounced.
Secondary cracking increased in
severity (Photo 7) and sozetimes
occurred along two sets of alpha
plates (Photo 8). Fatigue striations
were alsc observed along alpha plates
(Photo 8). At Km approximately 35
MPalm and higher, the fatigue surface
became rougher and the differences
between the grains less pronounced.
These could still be distinguished by
the change of orientatios of the
secondary cracking from grain to grain
{(Photo 9). Occasionally, the crack
path followed the alpha phase along a
prior beta grain boundary. The rcore
readily observable fatigue striations

were no longer restricted to
favourably oriented alpha plates
(®Photo 10).

The local rate of crack advance per
cycle was estimated from the spacing
of the striations such as shown in
Photos 6 and 8. Even within on2
grain, there appeared to be local
variations. In Photo 8, the striation
spacing was 0.5 um (5E-7 nr/cycle).
Similar features in close proxinity of
tc this site indicated striation
spacings of 0.3 p= (3E-7 nfcycle).
The corresponding macroscopic crack
growth rate obtained by the potential
drop technique was 0.2 px (2E-7
a/cycle).
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The influence of the microstructure on
fatigue crack propagation was clearly
illustrated when the polished side of
a cracked specimen was investigated in
the SEM wusing the back scattered
imaging node revealing the
microstructure (Photos 11 to 13).
Generally, the cracking occurred
across alpha plates (Photo 11);
occasionally, the crack path followed
a suitably oriented alpha plate (Photo
12). As K .x increased, cracking could
occur along the alpha phase outlining
the prior beta grains (Phote 13).
Further insight into the cracking
process is provided when the crack
surface is viewed along with the
microstructure in a plane
perpendicular to the crack (Photo 14).

The overload failure in this material
was characterized by coarse tearing
along the prior beta grain boundaries
at the macroscopic level (Photo 15)
and ductile dimples at the microscopic
level (Photo 16).

3.2 Detailed Observations

Detailed SEM fractographic examination
wvas performed on samples selected to
cover the ten different loading cases
investigated in this study. A summary
of the photos taken are presented in
Table 3. Whenever possible, the
fatigue features were scrutinized in
areas corresponding to stress
intensity ranges, 8K, of 10, 20 and 35
MPadm for Simple Sequences Types 0
(R=0.1), i, 2, 3 and &%, and
corresponding K, values for all four
of the TURBISTAN load sequences. For
the load sequence Type 0 with R=).7,
fatigue features were exarined
corresponding to 8K values of 6 and 10
MPadm. This approach facilitated
cozparison of the cracking behaviour
between the various specimens. To
portray typical features at each 8K or
K,.x level, four photos were taken: a
lowv magnification photo to show the
entire width of the sample, a X200
magnificaticn photo with back-
scattered detector turned half oa to
illustrate differences between grains
with different orientations, and two
higher magnification photos {typically
at X1000) to illustrate the fatigue
features in more detail. in all
photos the direction of crack

propagation is from the bottom of the
photo to the top.

3.2.1 Simple Sequence Type 0, R=0.1,
Specimen CISA

At the low 8K value of 19 MPalm, the
fatigue fractographic features were
very dependent on the microstructure,
specifically the orientation of the
alpha plates, which varies from one
prior beta grain to another. At low
to intermediate magnifications, the
prior beta grains were clearly
recognizable because of changes in
surface roughness and degree of
facetting (Photos 17a and 17b). In
sone of these graims, the microscopic
plane of cracking coincided with the
macroscopic one and the fatigue crack
surface was relatively smooth (Photos
17b and 17¢). 1In some other grains,
crack propagation occurred in part
along favourably oriented alpha plates
at an angle to the macroscopic crack
plane 1leading to a rough facetted
surface (Bhoto 174). High
magnification examination revealed the
existence of secondary cracking along
the set of alpha piates with its
orientation most closely approaching
that of the macroscopic crack front.

At intermediate 8K values
(approximately 20 MPalm), the fatigue
features were still dependent on the
microstructure, but the macroscopic
differences from one prior teta grain
to another were less pronounced
(Photos iBa and 18b). Secondary
cracking was more severe than at the
lower 8K level and in soxe cases the
cracking occurred along two sets of
alpha plates (Photos 18c and 18d).

At high 8K levels near 35 MPaim, the
fatigue surface became rougher and the
differences between grairs less
pronounced (Photos 19a and 19bB).
These could still be distinguished by
the changes in the orientation of the
secondary cracking fro= grain to grain
(Photo 19b). In soze grains, the
secondary cracking was very pronounced
(Photo 19c¢). Indicative of crack
propagation at higher 8K in soxe
grains was quasi-overload
characterized by dimple-like features,
co=bined with other fatigue cracking
features (Photo 194d).




3.2.2 Simple Sequence Type O, R=0.7,
Specimen CT6B

At high R valuves, K will approach
the fracture toughness K. of the
material at much lower 8K values than
in the case of low R values. As such,
K,,, is approximately the same at 8K=6
MPadm with R=0.7 and at 0K=20 MPainm
when R=0.1, and 0K=10 MPaJm with R«=0.7
and at 8K=35 MPaJm when R=0.1.

At OK=6 MPalm, the roughness and
extent of facetting were very grain
dependent (Photos 20a and 20b), and
quite similar c¢o the features of
Photos 17a and 17b. At higher
magnification, there was evidence of
secondary cracking along favourably
oriented alpha plates (Photos 20c ard
20d). At O0K=10 MPalm, where |
approached K,., the crack surface wvas
quite rough and at low magnification,
it was not possible to recognize the
prior beta grains (Photos 2la, 21b and
21c). Occasional significant local
deviation of the crack from the
macroscopic crack plane, possibly
along the alpha phase outlining the
prior beta grain boundaries, could be
observed among areas with fatigue
features typical of this material
(Photo 214).

Comparing the fractographic features
at R=0.1 and 0.7 zevealed similar
features in situations corresponding
approxicately to the same K,  rather
than 3XK.

3.2.3 Simple Sequence Type 1, 10X
Minor Cycles, Specimen CT1

The fatigue fractographic features
vere quite similar to those observed
under Type 0 loading with R=0.1. At
low 8K, the wvariations in surface
rcughness and facetting from prior

ta grain to grain wvere also quite
noticeable (Photos 22a and 22b). The
facetting was associated with local
crack propagation along alpha plates
(Photos 22¢ and 224). As &K
increased, so did the extent of
secondary cracking {(Photos 23b to
234d). At the sace time, the
racroscopic fractographic differences
between former beta grains diminished
as can be seen when Photos 22a {dK=10
NPadn), 23a (0K=20 NPsim) and 24a

(8K=35 HPadm), in addition to the
severe secondary cracking wusually
along more than one set of alpha
plates, some coarse striations were
observed (Photos 24c and 24d). The
average striaticn spacing was abcut
1 uym (1E-6 =m/cycle), while the
macroscopic growth rate was 1.9 um
(1.9E-6 m/cycle). There were 1local
variations in the direction of crack
growth as indicsted by the orientation
of some of the striations (Photos
244d).

3.2.4 Siaple Sequence Tyce 2, 30%
Minor Cycles, Specimen CT12

There were no marked fractographic
differences ccmpared to the previous
loading sequence. Some of the photos,
illustrate well cases of facetting
from preferential cracking along alpha
piates (Photos 25d, z6c, 26d and 27c).
At high 0K, well defined coarse
fatigue striaticns were observed when
cracking occurred along suitably
oriented alpha plates, while there
were no visible striations when the
crack path was across the alpha
plates. The fatigue striation spacing
along the Photo 27c alpha plate was
about 1.2E-6 m/cycle ccmpared to a
macroscopic crack growth rate per
cycle of 1.7E-6 m/cycle.

3.2.5 Simple Sequence Type 3, 50%
Minor Cycles, Specimen CI7

At low and interped - -~te
magnifications, the fatigue features
were similar to those for Type O

t¢rapezoidal waveforns and load
sequences 1 and 2. At higher
magnification, fatigue striations

along suitably oriented alpha plates
could be observed at 3K as low as 10
MPada (Photo 28c). As 8K increased,
the fatigue striation spacings
increased frem 0.6 pm (6E-7 m/cycle)
at 5K=20 MPaldn (Photo 294) to 1.6 p=
(1.6E-6 n/cycle) at 8K=35 MPain (Photo
30c): the corresponding macroscopic
crack advances per cycle were 0.46 px
(4.6E-7 m/cycle) and 4.2 un (4.28-6
mofcycle  respectively. As
approached K;., areas with ductile
dinples wvere present (Photos 30d).
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3.2.6 Simple Sequence Type &, 170X
Overload, Specimen CTZ

The 1702 spike overload every 1000
cycles induced well defined beach
marks which indicated clearly the
location of the crack front as the
crack propagated (Photos 31b, 3lc, 32a
and 33a). There was significant crack
front curvature and the local crack
growth direction was occasionally
quite different from the macroscopic
direction (Photcs 31b and 31d). The
crack growth was faster in sowme grainms
than in the adjacent ones {(Photos
32b). At higher 8X, th= beach marks
were ir fact a narrowv band with
overload features (Phctos 330 and
33d); between these marks, typical
fatigue features were observed.

3.2.7 Full TURBISTAN, Specimern CT10A

At low and intermediate magnification,
the fatigue fractographic features
were very similar to those under
constant amplitude Type 0 loading with
R«0.1. At =10 MPadm, the crack
path foliowed favourably oriented
alpha plates in some grains (Photo
34c); the extent of secondary crackirg
varied from grain to grain. As
increased, so did the secondary
cracking (Photo 35d). At X _ =20 MPaim
some faint striations were observed
when the crack followed alpha plates
(Photo 35d). At higher ., the
fatigue striations, where observabile,
showed variable spacing typical cof
spectrum loadiag (Pho*» 36d4).

3.2.8 TURBISTAX 10X Damage Omission,
Specimen CTZ%&

Cozpared to the Full TURBISTAN, there
were no noticeable differences in the
fatigue fractographic features.
Resolvable fatigue striations were
observed alcng some of the alpha
plates at K, around 20 MPai=a (Photo
38d). As K increased with crack
depth, the striations became coarser
{Photos 39c and 39d).

3.2.9 TURBISTAN 30X Damage Omission,
Specimen CT13

Onission of a greater proportion of
the load cycles did not change the
fracteographic features compared to the

Full TURBISTAN case. Some areas in
this specimen illustrated clearly the
geometric relationship between the
alpha plates where crack propagation
occurred along one set of plates and
secondary cracking occurred along
another set {Photc 40d). As in the
previous case, fatigve striations were
first observed along alpha plates at
intermediate X, {Photo 41d) and then
more uniformly as K increased
{Bhotos 42c and 42d).

3.2.10 TURBISTAN 50% Damage Omission,
Specimen CI5B

Iz the final TURBISTAN scquence, the
vast majority of cycles were of very
large amplitude and low R ratio, amd
the fractocgraphic features were very
similar to those wunder coastant
amplitude locading at low R ratio at
equivalent K values. As bvefore,
fatigue striations were first observed
along alpha plates at intermsediate Koax
(Photo &44d) and these were rmore
readily apparernt arnd unifcrm ia the
K =35 Mralz case (Photos 45c¢ and
45d).

4. Conclusions

Scanning electron microscope (SEM)
fractography indicated that:

a. Under all ioading conditions, the
fatigue fractographic features were
infiuenced by the microstructure,
mainly the orientation of the alpha
plates which varied from one prior
beta grain to another.

b. At low levels cf 38X, the prior beta
grains were clearly recogrizable
tecause of changes in surface
tovghness and degree of facetting from
grain to grain, with the facetting
occurring priwrarily when  fatigue
cracking followed favourably oriented
alpha plates at an angle to the
macroscopic crack plane. Secondary
cracking was found to occur along
alpha plates with the orientation cost
closely approaching that of the
macroscopic crack front. Fatigue
striations vere present on soxe of the
facets associated with crack
propagation along a suitably oriented
alpha plate.




c. At intermediate levels of 8K around
20 MPaJdm, the macroscopic differences
from one prior beta grain to another

were less pronounced. Secondary
cracking increased in severity.
Fatigue striations were also observed
along alpha plates.

d. At BK approximately 35 MPadm and
higher, the fatigue surface became
rougher and the differences between
the grains less pronounced, with the
grains being distinzuished by the
change of orientation of the secondary
cracking from grain to grain.
Occasionally, the crack path followed
the alpha phase along a prior kteta
grain boundary. The more readily
observable fatigue striations were no
longer restricted to favourably
oriented alpha plates.

e. The overload failure in this
material was characterized by coarse
tearing along the prior beta grain
boundaries at the macroscopic level
and ductile dimples at the microscopic
level.
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200X;

Fatigueo fractographic features in spocimen CT13 undor 30% Omission

TURBISTAN, and K., « 20 MPadm. (a: 36X;
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10§ CYCLE FATIGUE BEHAVIOUR OF TITANIU® DISC ALLOYS
C.E.U. Llooije
Kational Aerospace Laboratory NIR,
P.0. Box 90502, 1005 B A=zsterdax
The Netherlarcs

SToARY
This paper dascribes the low cjycle fatig:e

behavriour of the titaniuz alloys IMI 685, Ti-17 and
Ti-€A1-4V tested §n the AGARD Engine Disc
Cooperative Test Programze. Load controlled locw
cycle fatigue tests were carried out on smooth
cylindrical arnd fiat couble edge rotched specimens
at room teuperature. Tne Test resclts vere
statistically analysed and discussed. Ihe tests
showed that the differerces in iow cycle fatigre
behaviour between IKI 685 and Ti-6A1-4¥  are
negligivle and that Ti-17 h2s superior low cyzle
fatizze properties.
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1 __INTRODGCTION

Three titanium alleys were investigzated in the
AGARD Ergire Disc Cooperative Test Programme. In
the core programee {1} a large amount of Ti-6Al-4V
datz was gererated., while in the supplemental
prograxme INI 633, Ti-17 and a few Ti-6Al-&V daza
were gererated.

In this paper the low cycle fatigue results of the
suppleszental programme are presenied and ccupared
with the Ti-6A1-4V results gererated in the core
programme.

¥, 1. : AND GCEDURES

The citanfua alloys iMI 685, Ti-17 and Ti-6Al-4V
wvere investigated. The specimens werz extracted
from fan disc forgings provided by Rolls-Royce anl
Gereral Electric. The forgings were ir the solution
treated and aged conditions. Ti-6al-4V was
conrenticnally (o#9) processed while INMI 685 and
Ti-17 were B processed. The mechanical properties
are given in zable 1.

Two different types of specimens were selected for
the ix¢ cycle fztigue tests. A sscoth cylindrical
specimen (designated as LLF specimen) and a flat
double edge notched specimen with K.-2.2
(designated as K;2.2 specimen) were used in the
core programme as well as in the supplemental
programme. Rolls-Royce used their oun szooth
cylindrical specimen (desigrated as ERIR 8001
specimen) for the additional Ti-6A1-4V tests in the
scpplemental programme. The specirens are shown in
Ligure 1. The surface finish of the specimens was
icdentical to that specified in the core prograzse.

load conizolled 1low crcle fatigue tests were
carried out in ladboratory air at room temperature,
using a trapezoidzl waveform with stress ratio
2=0.1 and a romiral frequency of 3.25 E=. Fowever,
the Ti-6A1-4V tests and scee IMI 635 tests,
perforased by Rolls-Royce. were done with siress
ratio R=0_. The rotched specimen vas uvseé to measure
the mxmber of cycles to “initiate™ a certain crack
size as well as the rxaber of cycles to failure.
Crack initiation was detemnined by using the DC
potential drop (FD) techknique: i.. the mumber of
cycles at wvhichk a 1T increase in D level was
obtained. The actual crack size for a 1T PP
increment has been estizated in the core
programme [i}. The crack shape was semi-elliptical
and had 2 maximum crack depth of about 0.6 »=, with
a surfzce length of 1.6 an. More details are given
in reference [2]. An overviex of the low cycle
fatigue <tests performed in ths core ard
supplemental programme is shown in tabdle 2.

TABLE 1
Typical material properties
UrsS 0.23% yield reduction ]
(xPa} strength elongation (%) in area (%)
{MPa)
IMI 685 1029 903 6" 15"
3 Ti-17 1175 1035 10 19
l Ti-6Al1-4V 970 870 11 27

* gpinimam specified




TABLE 2
lex cycle fatigue test matrix

nuaber of test specizens participating
laboratories
smooth flat notcked
cylindrical K,=2.2
Core programze: AF, CE, IA, ND, NL, NR,
® Ti-6Al-4V 72 72 RS, PI, QE, RA, RR, UT
Supplemental
progragne:
® IMI 685 18 18 IA, NL, PR
® Ti-17 6 6 ND
® Ti-6A1-4V 6 - RR
Dome.L {oML X | DM R
SECTION AR hl:f 538 | 27 9
+085
3saam 8% BOTH ENDS
H l +82 s
;:Em 1-220HAM ¥\
i ATSS 22 £ oo
<yl
%
l T ' +£
&5°220 RADR-9:
3 / BOTH ENCS
n -
! DMEL-225 Y.V T
R2-9 :u R ] o45-085
‘-*{_f— 12-21 [ . l\-
y_ . 1 <0
t +9 x04-53
i cAX-013 3
; l -2 ‘ +e
3
4 ; I Sy %;\us-u
t
/e | I ;szng
Hig=1 Aise2 A
P-! sl ' ::u
O SPOLISHED I¥ 115/ {02} BREAX 52 U RS
AXIAL D:RECTION vl V Jcorwens mnsu;;a:m
FY EFF J1198-35
a| CYLWORICAL UNNOCTCHED b FLAT DOUBLE £DGE c | CYLINORICAL UNNOTCHED
LCF SPECIMEN NOTTHED SPECIMEN (K, =22j RLH 3001 SPECHNEEN

Fig. 1 Specimexs used in tke prograame

3 STATISTICAL AXAIYSIS

A statistical analysis of the results was perforzmed
to Cetect differemces or deviating trends in the
Tesults from individcal ladoratories. Tre zest
resclts were analysed according To the procedures
described in ASTM Standard Practice E 739-80 [3}. &
201t summary is given in Appendix A. The analysis
izroived the establisiment of linear relazionships
between stress and life based on a log-morzal
distridution. and the estadlistment of confidence
inTervals for these cusves. For these purposes. it
is assumed that the fatigue life is leg-zormally
distriduted, and that the variazce of iog life is
constant over the eatire range of the independent
variable (ke stress paraeter).

The 1linear expression used in the statistical
2nalysis was:

Y=2a+ 32X (1)
in which:

Y = logs

K - mmber of cycles o failure

X « stress range

The variance. the 95T confidence intervals for
parameters A a3 B 22 a2 951 confidence band for
the entire median S-X curve were cowputed. These
paTImeters are gescribed in Appendix A. The meaning
of the confidence band is that, based on the
analysis of 3 series of independent daza sels, one
may expect t=at 953 of the compulted kyperdolic
basds will include the mean curve. Or, in other
words, the statement “the mean curwe (of the tolal
distriduzion) lies witkin the comguted interval®
has a 952 probebility of being conrrect.




&4__ RESULTS 70
An overviex of the low cycle fatigue test results i
of the core programme is shown ir Appendix B. In sal- K, =1.RT
thke next subsections the 7results of the 18° cYCLES R=0
supplemental progra—=se are presented.
4.1 Smocth eylindrical ISF szeciaens 3 r=al
The =251 results are presénted in tadle 3. The &
applied stress levels at a siress zatio R-0 have r
been converted to comparable stresz levels at a -4
stress ratio R=0.1. The ratio Ogn. 3.9 / Ops_ 333 AT g
a given musdber of cycles tc failure is deterzined -
by linear interpolation in figure 2 [4). The stress S =i sxiscyvoies
range belonging to stress rario ?-0.1 for tnis <
mmber of cycles o faiiure can be calculated now. -
It should be noticed that the constant life lines < 20 Wocvoies
plotted in figure 2 have teex derived for unnotched
IMI 685 spezimens at rcoz tesperature. Because
there were ro Ti-6a1-4V data available, figure 2
was also used to ccnwert the Ti-8A1-4Y stress 10
ranges. The test results are shown graphically in
figures 3-6. Note that, wunlike engineering
convention, the stress rzoge as the independent 0 16 % 5 - % 610 70
variable is plotted oni the horizontal axis and the
cycles o failare on the vertical axis. This is for MEAN STRESS (T51)
commonality with the statistical analyses of the
resuits. Fig. 2 Constant life diagram [4]
TABLE 3
Fatigue 1ifs test results on swooth cylindrical LCF specimens
laboratory i disc no. | specimen stress stress converted cycles to
no. ratio R range stress failure
(MPa) range Ng
{¥Pa)
IMI 685
1 797 6160
2 797 3820
IA 2 2 0.1 73 141-9;'0
5 842 2080
| 6 850 1720
1 775 15847
2 850 2210
NL i 3 0.1 730 24782
4 775 14830
s 850 3886
[ 730 23552
1 820 763 22553
2 900 825 4642
RR 3 3 1] 780 729 33083
4 740 687 15609
S 700 €67 9466¢ I
6 720 677 50819
Ti-17 I
1 750 1851300
2 750 1460560
D GL567 3 0.1 850 377240
4 950 14450
S 850 472885
6 950 12410
Ti-6Ai-4V N _
1 860 18558,
2 860 19564
RR el 3 o 860 796 10290
4 800 742 15493
5 740 694 £3541
6 700 65968

* thread fallure
# cata 30T availadle
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Figure 3 shows the test results and associated
median curve and confidence intervals for IMI 685.
The individual fitted curves of the three
laboratories which tested IMI 685 are plorted in
figure 4. The overall median curve and confiderce
interval are also plotted in figure 4. The
individual laboratory curves fall within the 951
confidence interval. There is no indication of
ceviating results for individual laboratories.
Figures 5 and 6 show the <test results and
asscciated median curves and confidence intervals
for Ti-17 and Ti-6A1-4V respectively. Owing to the
very few data, the confidence interval of the Ti-
6Al1-4V curve has been caitted.

TEST RESULTS LCF SPECIMENS
ALL 1M 685 RESULTS
3% conFi-
PARANETEE | VALUE DENCE LEVEL
55— A 1003
5 INTERVALA 138
N | ] -o0878
5 INTERVAL 8 0.0617
= VARIANCE 0
50— Py
45—
. 5
o X
o -
-3
40—
35
3.0[.;_:
650 w0 750 300 850 900
{CONVERTED] STRESS RANGE {MPa}
Fig. 3 Fitted relationship between fatigee life
and stress range for all I¥I 685 LCF data.
The 95% confidence interval is also
indicated
50

LOGN
5
LI A DLttt et At Tt e o

€030 650 700 70 00
STRESS RANGE (WP}

Fig. 4 Cosparisoa betwen the overall median curve
and the individusl ladoratories. The 95%
coafidencs interval relates to the overall
carve

TEST RESULTS LCF SPECIMENS
ALL Ti—17 RESULTYS
5% CONF-
9 - PARAMETER | VALUE DENCE LEVEL
- A 11202
N INTERVALA 3an
L [ 4 -0010¢
8 INTERVALS 00837
s VARIANCE | 0872
i
z 5
e ¢
- H c'ss
sk
4 .
af
70 750 800 850 900 950 1000

STRESS RANGE (M?3)

Fig. 5 Fitted relationship between fatigue life
and stress range for all Ti-17 LCF data.
Tke 95% confidence interval is also
indicated

TEST RESULTS RLH 3001 SPECIMENS
Ti-6GAl-4V RR RESULTS

55 5% CONF?
i PARAMETER | VALDE | ooe - cVEL
- A 906
- INTERVAL A 16402
50} 3 —0.8861
- INTERVAL 8 (171
- VARIANCE (111
X °
15
-4 -
2 - ™
-~ —
£0— (J
15 S,
1 [IFPES PUUR Y RPN IR FETTE FUTES |

600 650 200 750 800 850 %00
{CONVERTED) STRESS RANGE (MPa)

Fig. 6 Fitted relationship between life and stress
range for 1> Ti-6Al1-4V data geacrated ia
tie supple—srtal programme

& t_doud dre notched K.« e
For the FK.2.2 specimens both the life o crack
iniziation and the life 2o failure were determined.
Owirg to the size of the specimen, the larger part
(78-95X) of the total mmber of cycles comnsists of
the cycles to crack initiation. This is shown im
tadble &. No sigrificant <difference in crack
initiation versus total life between the titanium
alloys was observed. The life o failure resuits
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are shown graphically in figures 7-9. Again, the TEST RESULTS Ky 2.2 SPECIMENS
stress range is plotted on the horizontal axis ALL 1M} 685 RESULTS
vhereas the cycles to failure are plotted on the ~
vertical axis. - PARAMETER | VALUE ;:fcffgél
Figure 7 shows the test data and fitted
relationship including the 95X confidence intervals
for IMI 685. A coxzparison between the overall
=median curve of IMI 685 with the individual
laboratory curvez is made in figure 8. This figure
shows that the individual laboratory curves lie
close to the overall median curve and are all well
vithin the 95X confidence interval.

Figure 9 shows the test results and fitted
relationship including the 95X confidence intervals
for Ti-17.

A 6.1%3
INTERVALA 0347
8

INTERVAL B 0.0%5
VARIANCE 0016

50

45

LOGN

40
S __ DISCUSSION

The monotonic and cyclic stress-strain curves for
Ti-6A1-4V and IMI 685 are shown in figures 10 and 35
11 {5] respectively. Figure 12 shows the cyclic
stress-strain curve for Ti-17 [6}. The oonotonic
stress-strain curve for Ti-17 is nissing because

there were no data available. 30
Figures 10-12 and table 1 show that there are no 4% 500 600 700 800 %00
xarked differences in cyclic behaviour of the three STRESS RANGE (MPa)}

titaniuz= alloys: mild softening cakes place at rooa

temperature. However, there are differences in Fig. 7 Fitted relaticnship between fatigue life

vllv]l"l'l'l!'llll]ll‘ll

aechanical properties between the titaniua alloys. and stress range for all I¥I 685 K;2.2 data.
Especially the 0.2Y yield stremgth of Ti-17 is The 95% confidence intc wal is also
superior. Keeping this in mind, the test results indicated
TABLE &
Fatigue life test results on K.=2.2 specimens (R=0.1)
laboratory disc no. specimen stress cycles to "it | cycles N; /N,
no. range crack initia-| to
(MPa) tion® N; failure )
Ne
INI 685
1 675 7150 8160 88
2 549 18850 20700 91
IA 2 3 675 7420 7840 95
4 801 1520 1520 100
5 549 21800 23900 91
6 801 4050 4680 87
1 600 10100 11422 88
2 800 1650 2017 82
NL 1 3 375 44450 47290 o4
4 600 11075 12044 92
5 800 2140 2450 87
6 475 18900 23852 79
1 765 3060 3860 79
2 666 4605 5560 83
RR 3 3 495 18500 21601 86
4 495 24820 26939 92
5 666 5428 6166 88
6 765 2070 2577 80
Ti-17
1 475 - 30088 -
2 475 18500 23643 78
ND GL567 3 625 - 10456 -
4 625 13100 16738 78
S 775 5700 6212 92
6 775 7200 7566 95

sucden rupture

*
§ <data not availadble
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LOGN

LUGN

have been plotted in two different ways:
fatigue life as function of the stress range and as
function of the ratio of stress range to 0.2% yield
strength.
Figures 13 and 14 show the median curves of the LCF
and K.2.2 test results generated in the core and

the
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Fig. 8 Comparison between the overzall median curve
and the individual laboratories. The 95%

confidence interval relates to the overall

curve
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Fig. 9 Fiited relationskip between fatigue life

and stress range for all Ti-17 Xp2.2 data.

The 95% confideace interval is also
indicated
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1000 supplemental programme. Almost no differences in
smooth as well as notched low cycle {atigue
behaviour between Ti-6Al-4V and IMI 685 were
observed: both sets of Ti-6il-4V¥ and IMI 685 curves
lie close to each other. Furthermore figures 13

00 and 14 show that Ti-17 has very good smsooth but
less pronounced notched low cycle fatigue behavicur
cozpared with Ti-641-4V and IMI 685. In fact,. the
¥.2.2 curve of Ti-1l7 crosses the IMI 685 and Ti-

- 6A1-4V curves, with Ti-17 showing better notched

K 600 Ti-17.RT low cycle fatigue behaviour at higher stress
s E =118000 MP2 ranges. The good low cycle fatigue properties of
@ Ti-17 at higter stress ranges have also been
b reported in the literature [7] alloy. Ti-17 wzs
s developed to previde an grade suitable for use in
9 2001~ aircraft engines as a fan and coapressor disc
=aterial. This alloy possesses improved properties

cozpared to coaxercial titanium alloys like Ti-$al-

4V [7]). Bowever, the reduction in fatigue life due

200 to the double edge noiches is greater in Ti-17 thae
in Ti-6a1-4V and IMI 685. This is illustrated by
the fatigue notch factor ¥,. which is defired as
the ratio of the stress range of the unnotched
specizen to that of the rotched s-eciren ar a

L 2 L 1 1 L 3 specified maber of fatigue loading cycles. The F,
0 02 03 06 08 10 12 14 value at 25000 fatigue loading cycles of both Ti-
STRAIN (%) 6A1-4Y and INi 685 is 1.4, whereas that of Ti-17 is
1.9
Fig. 12 Cyclic stress-strain behaviour of Ti-17 at “hen taking the 0.2X yield stremgth ints account
rooz temperature 6] the smooth low cycle fatigue behaviour of Ti-17 is
Us 50
i 3 [lx=2zresuss)
6+ 15+
g Ti-17 g
S sl g ol
g sk S a0
-t - - -
sk ™1 635 3sb
- Ti-SAl-LV -
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Fig. 13 Corxparison of tke saootdk LCF speciDen Fig. 14 Coxparison of the E;2.2 results geacrated
results gezerated in the core and szpple- in the core and supplemental prograzne

2ental prograxme
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still superior but the Ti-17 K.2.2 curve now lies
below the Ti-Sa1-4V and IMI 685 curves. More test
results will be necessary to describe ihe notched
low cycle fatigue behaviour of Ti-17, especially at
high stress ranges, because it is not allowed to
extrapolate the Ti-17 curve [3].

6 CONCLUSIGMNS
1. The results of <the statistical analysis

indicated no deviating test outcome for
individual laboratories.

2. The larger part (78-95%) of the total life of
the K.=2.2 specimens consisted of cycles to
crack initiation, as defined in section 2.

3. Ti-6A1-4V and IMI 685 shoved similarity in low
cycle fatigue bekaviour.

&. Ti-17 has supericr samcoth low cycle fatigue
properties 2s compared with Ti-6Al-4V and IMI
6€85.

S. The good notched lox cycle behaviour cf Ti-17,
which is present at higher stress ranges. is
neutraiized by taking the 0.21 yield strength
irto account.
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APPENDIX A

The statistical analysis of the ICF and K.=2.2 data
is based on the procedures described in ASTM E739
"Standard practice for statistical analysis of
lirear or linearized stress-life (S-K) and strain-
life (e-N) fatigue data®.

A short susmary of the procedure applied in the
current AGARD programme is presented below.

Lice equation

The statistical analysis is based on the assumption
that the S-N relationship can be approxirczted by a
straight line for a specific interval of stress.
The following line equazion was used:

Yed+ XX
in vhich:

Y - logX
X~8c

The coefficients & and B of this linear model can
be calculated according to:

(arerage X, valuz)

(average ¥, value)

k = total mmier of test specizens.

X and 8 are called the zaximm likelihood
estizators of & and 5.

(Tke syadol “caret™ (") derstes estizmaze: the
syzbol “overbar™ (-) derotes average).

Yariarce
To estimate the variance of the norzmal distribution
for log K the follexing expressicn is reccamended:

Y G-
&2 e i1
=T
in vhich:
LR -3

The tera k-2 is wced iznstead of ¥ to rmake & an
wsdiased estimator of the worzal population
variance o3.

Confidence jinte
The confidence intervals for A and B are given by:

ﬂtt,b -

B2c,5

1e2

x -‘sz
Yx-n ]

The value of t, is read from the t-distribution
using the desired valve of tke conficderce level P
associated with the confiderce interval (see
Table Al). The entry parareter n (the dezrees of
freedom of t) eguals k - 2 for the Two above
eguations.

TASLE Al
Values of ¢,
n P,z
(k - 2) 9% 9s
5 2.1318 2.7765
5 2.0150 2.570%
6 1.9432 2.5569
7 1.8955 2.36456
4 1.8595 23050
9 1.8331 2.2622
10 1.8125 2.2281
1 1.7959 2.2010
12 1.7823 2.17e8
13 1.7209 2.1605%
15 1.7633 2.1548
15 1.7530 2.1215
16 1.745%9 2.1159
17 1.73%6 2.109¢
18 1.7351 2.1039
19 1.7291 2.0930
20 1.7257 2.0850
21 1.7207 2.07%6
22 1.7171 2.0739

Xote: ? is the prodadility in percent that the
random variable t lies in the interval from
-2, to T,
n is ot sazple size. but the degrees of
freedox of <. Tisn-k -2

Confidence band for the entire median S-X corwe
The confidence band for the extire log X - 23 curve

is calculated using the following egtation:

(I P

YeAokns IFF ,}
¥ - n

in which ¥, is given in Tadle &2. This zadle
con~ains two eniry parameters n; 2 o, vhich are
the s2atistical degrees of freedor for F. For the
adove equation n; = 2 and n; - k-2,




TABLE A2
Values of F, for a 95 X probabllity

Degrees of freedom n; -~ ¢ - 2

2 3 &

1 199.50 215.71 224.58

2 19.000 19.16% 19.267
3 9.5521 9.2766 9.1172
& 5.9443 6.5%14 6.3883
5 5.7861 5.4095 5.1922
Degrees of freedom. n, 6 5.1433 &.7571 4.5337
7 4£.7374 £.3468 &£_1203
me-k-2 s £.459%0 4.0662 3.8378
9 4.2565 3.8626 3.6331
4£.1028 3.7083 3.4720
3.9823 3.587% 3.3567
3.8853 3.4%03 3.259%2
3.805% 3.4105 3.119
3.7389 3.3639 3.1122
3.6323 3.287% 3.3556




311

APPENDIX B presented below. A more detailed description of

these test results is given in AGARD Report
A summary of the Ti-6A1-4V low cycle fatigue test Bo. 766: “AGARD Engine disc cooperative test
results generated in the core programme is programme® (1988).

TABLE Bl
Fatigue life test results on LCF specimers (R=0.1)
DISC UG 1113
. stress . stress lcycles
laboratory | specimen range specimen range to
no. V.14 no. a0 failure
MPa MPa Mg

ICF 2 800 ICF 33 878

ICF 6 800 ICF 35 828

oT ICF 4 775 LCF 36 788

ICF 5 775 LCF 34 788

ICF 1 750 ICF 38 742

ICF 3 - ICF 37 742

ICF 19 800 LCF 23 875

ICF 16 775 LCF 21 800

OE ICF 18 775 ICF 25 775

iCF 17 750 ICF 22 775

LCF 14 750 LCF 20 759

ICF 15 700 LCF 24 750

ICF 12 800 LCF 31 880

ICF 7 800 LCF 27 790

R ICF 9 750 LTF 28 750

ICF 8 750 LCF 32 750

1CF 10 725 1CF 29 720

ICF 11 700 ICF 50 720

1
DiSC WD 7200

ICF 19 800 LCF 33 878 40
ICF 18 775 ICF 35 832 3136
AF ICF 16 775 1CF 36 788 8508
ICF 14 750 ICF 34 788 5440
ICF 17 750 LCF 38 742 >16262
ICF 15 - ICF 37 742 23076
ICF S 825 LCF 27 878 1158
ICF 2 800 1CF 29 878 348
ND iCF 3 775 ICF 30 810 3298
ICF 6 750 IZF 32 810 4466
ICF 4 725 ICF 28 742 12805
1CF 1 - LCF 31 742 14656
I ICF 9 809 ICE 22 800 3071
ICF 8 809 LCF 23 800 2472
NS ICF 7 779 LCF 24 775 6874
ICF 12 766 ICF 25 775 4724
LCF 10 751 1CF 20 750 9964
LCF 11 747 ICF 21 750 7540
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DISC SCD 1113

TABLE 382
Fatigue life test results on K.~2.2

specimens (R=0.1)

speci- | stress cycle to cycles speci- stress cycles to cycles
labo- | zen range “1Z crack to lado- =en range “1X crack to
ratory | ro. to iritiation® | failure ratory | oo. J.Y initiation® | failure
MPa N; N ¥Pa X, N
i £ i 3
x5 775 3420 3576 K. 36 700 5950 6700
1 775 4202 4247 K. 40 562 6700 79C0
or | = & 625 2484 920 PR £ 35 562 13000 14200
K, 2 625 10630 10999 & 39 562 17500 19500
. 6 475 22764 23856 K. 37 486 20500 23500
K 3 475 31717 33026 K 38 486 34000 36590
£ 17 775 3501 3701 £ 25 775 3026 3557
¥ 14 775 3301 3726 K 26 775 3301 37:4
QG .15 625 - 10952 sL K 23 625 16941 1858%
= ® 13 625 7701 8826 - K 24 625 10207 11436
< 18 475 41620 43730 £ 27 475 27101 29352
K. 16 475 356601 38826 K 28 &75 21501 25118
X 10 775 2707 2771 £ 31 775 2832 3288
L 9 775 2750 2841 K. 32 775 3023 3s1o
=2 K 11 625 10050 11191 A K 29 625 11357 12352
E 8 £25 8875 8921 X 33 $25 21349 12176
K 7 475 295¢0 30051 K 30 &75 48748 51337
% 12 475 38500 39551 K 34 475 >56511 >56511
DISC LD 7200
K 14 775 2037 2334 . 38 698 4691 5230
X 13 775 2704% 3039 X 35 562 19832 20599
AF . 17 625 8131 9254 c K. 37 562 13811 14953
T 16 625 9053 9768 . 39 428 201595 211330
E 18 475 21775 23053 K 40 428 35500 £0190
E 15 475 59499 51568 X 36 - - -
E 1 775 2150 2765 K 32 780 2050 2566
K. 5 625 5850 6038 K 33 776 2510 3039
o K 4 625 9200 10258 1A K 34 627 6550 7317
£ 6 &75 46950 48995 K. 31 626 7340 $040
K 2 475 27300 29800 K 30 528 1230 13180
3 - - - K 29 475 >63750 >63750
E 9 775 4050 4350 K. 26 1091 28 3
E 12 775 2575 2890 K 23 775 3010 3182
JEHEEE B IR AR A B
£ 11 509 27000 29350 K 2 550 17025 17933
K 10 500 25100 27120 K 25 &75 >55197 >55197
TEST RESULTS LCF SPECIMENS (R=0.1) TEST RESULTS K22 SPECWMENS {(R=0.1}
CONFIDENCE LEVEL € COSFIDENCE LEVEL
1900 PARMNETER | v 260 ] PARAMETE 3
3 MEw% | s | ] 1 sl TRE N BE
» A 22 3 100 a & J6o
- mz.mm A I L L - 55 r INTERVALA s | un .
5 - ] 2 t T . 3
INTEAVAL S 090812 | cams = L INTERVALS ey | omE Jsg
o100 [ VARLRNCE | 0B 52 o b o |vamamce | ois E
o t 3 o i 3
* 3 E : w:)L .
4] =35 sl E - 50
= - = -4 -
Q b o £ 4
g : 5 & :
= 10} 320 < t 335 -
g i g E i 8
S - X ] E § e p z
g § —3s g TOE = 0
1= = 4 S = S
- : ’<‘ 3
é l=— -:30 [ E -_35
E € | % ]
L« 1+ 1 2 X2 1 o 1 o I s 325 VWerzzlerseloxaslonzafeson¥ooe-tazznles=-:330
7 70 W MW W0 =0 2 80 400 450 500 530 SO0 66 00 E0 80

STRESS RANGE (W03}

Fig. Bl Fitted rclationship betwcen fatigoe 1ife

azd stress razze for the LCF data

STRESS RANGE {MP2)

Fig. B2 Fiited relationship between fatigue life
and stress rasge for the K;2.2 data




FATIGUE CRACK GROWTH RESULTS
FOR
TH-GA-4V, IMI 685 and T-17

ML.D. Raizenne
Institute for AerGspace Research
Nationzl Research Council of Canada
Ottawa, Ontario
K1AORG

SUMMARY

This chapter presents the fatigue crack
growth results for the titanium alloys IMI
685. TI-6A1-4V and Ti-17 that were tested in
the Supplemental phase of the AGARD SC.33
Engine Disc Cooperative Test Programme.
The fatigue crack growth work was carried
out under load control using compact tension
and corner crack specimen geometries. Tests
were conducted under the following loading
conditions: constant amplitude (R=0.1 and R
= 0.7). constant amplitude (R=0) with minor
cycles. an R=1.7 single overload sequence and
the cold TURBISTAN variable amplitude
sequence. The data is presented using a point
to point or secant method. The constant
amplitude and single overload data base was
subsequently used by five participating
laboratories to predict a series of 60 load
cases using their respective crack growth
prediction models.

Crack Length (mm)
Specimen thickness (mm)
Comer Crack Specimen
Compact Tension
Specimen

Meters / Gycle or
Meters/Flight

Change in crack tip stress
intensity during a single
load cycle (MPa ¥m)
Maximum crack tip stress
intensity (MPavm)

Cycles

Applied load (kN)
Minimum load/maximum
load

Specimen width (mm)
Applied stress (MPa)

q8@*®

10 INTRODUCTION

The AGARD Structures and Materials
Subcommittee 33 - AGARD Engine Disc

Cooperative Test Programme was carried out
in two phases: ar: initial Core phase and a
follow-on Supplemental phase. In the Core
phase twelve laboratories from seven NATO
countries generated a single R-ratio (0.1)
database of fatigue crack growth data for
titanium TI-6A1-4V. The Ti-6Al-4V material
was supplied by Rolls Royce from RB-211
compressor fan forgings. The Core phase
succeeded in calibrating the twelve
participating laboratories using
standardized test specimens and test
procedures. The results, reported in
Reference 1. show a narrow scatter band of
between two and three for the crack growth
rate data between 20 and 35 MPa¥m.

In the Supplemental phase the single
alloy/load case was expanded 1o sixty
different alloy/load case combinations. The
expanded test matrix included:

e one a+ B processed alloy (Ti-6A1-4V) and
two 8 processed alloys {(IMI 685 and Ti-
17)

e two constant amplitude sequences (R=0.1
and 0.7)

e one overload sequence (R= 1.7)

» three constant amplitude sequences
with varying levels of minor cycles

e cold TURBISTAN and three mcdified
versions. and

* two specimen geometries, the compact
tension and the comer crack.

The sixty alloy/load cases were also modelled
using five different fatigue crack growth
models currently in use at NASA Langley.
CEAT. FFA. NLR and Rolls Royce. The
objective of the ing was to compare
predicted and experimental results. Model
descriptions and resuits are presented in
Chapters Five and Six.

The purpose of this chapter is to present the
experimentally derived fatigue crack growth
resulls in graphical format.

The data base can also be made available in




numerical format by contacting:

Donald Raizenne,

National Research Council Canada
Institute for Aerospace Research
Building M-14

Ottawa. Ontario

Canada K1AOR6

20 PARTICIPANTS

The participating laboratories in the
generation of the fatigue crack growth data
were the following:

AF Air Force Materials Laboratary (AFML).
WPAFB. Dayton, Chio. USA

CE Centre dEssais Aéronautique de
Toulouse (CEAT). France

IA Industrieanlagen - Betriebsgesellschaft
(IABG). Ottobrunn. Germany

NL National Aerospace Laboratory (NLR).
Amsterdam, The Netherlands

PI University of Pisa. Pisa. ltaly

CE Quality Engineering Test Establishment
{QETE). Ottawa, Canada

RA Royal Aerospace Establishment (RAE).
Farnborough. United Kingdom

RR Rolls Royce, Derby. United Kingdom

UT Universily of Toronto. Toronto. Canada

The IAR coordinated the test programme by
preparing the detailed test procedures (23,
collecting the crack growth data. providing
sclected data to the five modelling
laborataries (3} and preseating the

cxperimental results.
30 MATERIALS AND SPECIMEN
GEOMETRIES

The specitnen material used in the
Suppiemental phase was provided in the
form of solution ireated and aged compressor
disc forgings by Rolls Rovce (Ti-6Ai-4V and
IMI 685) and General Eleciric (Ti-17). Typical
mechanicai prepertics for the three alloys
are provided in Table 1.

There is a distinct difference in grain size
between the cenventionally a + f processed
Ti-6AI-4V and the £ processed IMI 685 and Ti-
17 alloys. Ti-GAl-4V has a typical grain size
of 25 um while IMI 685 and Ti-17 have

typical grain sizes in the range of 400 pm.
One objecttve of the Supplemental phase was
to determine the grain size sensitivity of the

potential drop technique in measuring crack
size. A second objective was to compare the
scatter in the fatigue crack growth resulls
beiween the two alloy groups.

Two specimen geometries were used for the
fatigue crack propagation testing. The ASTM
compact tension specimen (designated CT)
was used for crack lengths in the long crack
regime which are typically two-dimensional
through-the-thickness flaws. The second
specimen, developed by Rolls Royce $)., is the
corner crack specimen {designated CC}. Rolls
Royce developed this specimen to simulate
comner crack flaw geometries with three-
dimensional stress fields typically found in
the disc bore locations and fastener holes.
Both the CT and CC specimer geometries are
shown in Figure 1.

The specimen blanks were cut from various
lIocations in the disc forgings. The disc cui-up
drawings are shown in Figures 2. 3 and 4. The
orientation of the specimen crack planes to
the forging directions were specificed so that
they would be representative of those
encountered in service. Rolls Royce
machined the Ti-6A1-4V and IMI 685
specimens and IAR machined the Ti-17

specimens.

The thickness of the compact tension blanks
cut from the Ti-17 forging (Figure 4} were less
than the specificd 25 mm in Figure 1. A lack

of available matcrial necessitated specimen

thicknesses in the range of 7 mun to 18 mm.

In oxder to simpiify specimen identification.
the supplemental tesl programmic specimens
were coded as foliows:

RR CT 18
Laboratory Specimen  Specimcen 2
Geomelry

A dcetailed specimen cross refercnce.
including matcrial. disc location and
scquence is provided in Tables 2. 3 and 4.

40 LOADING SEQUENCES
41  Constant Amplitade

Two constant amplitude scquences. R=0.1
and R = 0.7 were sclected for the test
programme. The wave shape was trapezoidal
with a frequency of 0.25 Hz. The R=0.¢ lead




sequence as shown in Figure 5.

42  Simple Sequences

Three simple sequences were selected to study
the effect of minor cycles on a single major
cycle. The sequences designated SS1. SS2
and SS3 are shown in Figure 6. The dwell
time at peak load in the constant amplitude
trapezoidai cycle (Figure 5) is replaced with
10 minor cycles. Minor cycle amplitudes of
10. 30 and 50 percent of peak load were
investigated. All major and minor cycle
loading rates were constant and the R-ratio
was set at zero. The cycle period. defined as
the time for one major cycle. increased from
four seconds for the constant amplitude cycle
(Figure 5) to 13 seconds for the SS3 cycle.

The fourth simple sequence (designated SS4)
was selected to investigate the retardation
effect of a single overload on 1000 constant
amplitude cycles. An overload ratio of 1.7
was chosen. The wave shape used for this
sequernce is a simple triangular shape. The
S54 sequence is shown in Figure 7.

4.3 Complex Sequences

The four complex sequences used in the test
programme were the complete Cold
TURBISTAN sequence 8} and three modified
versions. TURBISTAN is a variable
amplitude loading standard that was
developed for ‘cold’ compressor parts using
combat jet aircraft engine data from four
NATO airforces and five aircraft types. The
basic Cold Turbistan sequence is comprised
of 100 individual flights with an average of
154 end points per flight. The loading points
are expressed in percent values of the
maximum load. The maximum loads for the
supplemental test programme were sclected
to provide approximately 30.000
TURBISTAN flights to specimen failure.

One of the programme objectives was to
investigate the influence of minor cycle
omission on fatigue life. Four Turbistan
sequences (designated TURB100. TURBIOC,
TURB30 and TURBS0) were tesied with minor
cycle ainission levels of 0%. 1036, 30% and
50%. The number of end poinls per scquence
are listed in Table 5. As the smali cycles have
small amplitudes and varying mean stresses,
the omission algorithm was not based on

range filtering. but on damage fillering

An illustration of the effects of the three
omission levels on a TURBISTAN flight is
presented in Figure 8.

30 CRACK LENGTH MEASUREMENT
PROCEDURE

Crack lengths were measured using a direct
current {DC) potential drop technique. The
details of the technique are provided in the
core programine report. Reference 1. For the
supplemental work, the DC potential drop
technique was modified to accommodate the
simple and complex sequences as illustrated
in Figures 9 and 10. Typically a one second
hold time is applied to the maximum load
level during which both current off and
current on measuremerits are taken.

The detailed test procedures for the
supplemental phase are provided in
Reference 2.

60 RESULTS

The fatigue crack growth results for the three
titanium alloys are presented in:

Figures 11 to 20 - Ti-6Al-4V
Figures 21 to 31 - IMI 685
Figures 32 to 41 - Ti-17

The fatigue crack growth rates were
calculated from the incremental crack lengih
measurements:

da/dN = (a;,) - 23) / (¥;,1 - N;)
The crack tip stress intensity solutions used

in the analysis for the iwo specimen
geometries are the following:

Compect Tension

=P _29+aw (9ggs + 464 (alw) - 13.32
Bﬁ(‘l-alw)l-s( * (@)

(atw)2 &+ 14.72 (a'w)3 - 56 (a'wh)

Comner Crack or Quarter Circular Crack

(potential drop crack length measurcment)
136)

The crack tip stress intensity equations for
the average circular crack length are:

= (0.97 - G.09 (a:wp) 1.16 2 2o
Ior alw < 02




K, = (0.97 - 0.09 (a/w)2) (i.12 - 0.13 (a'w) +
1.84 (a/w)z - 0.11(a/w)s + 0.8 (a/wh) :‘;—01’:—:
for alw > 0.2

Ti-GAL-3V
‘The results in Table 6 indicate:

e For the simple sequence data. using R=0.1
as baseline. the addition of minor cycles
does not influence the crack growth rate
until the magnitude of the minor cycle
reaches 50% (SS3) of the major cycle.

* For the compiex sequences, using the full
TURBISTAN sequence (TURB100) 2s
baseline, minor cycle omission leveis of
10 and 30% do not significantly alter the
TURSB100 dala. When the omission level
reaches 50% {TURBS0) the crack growth
data is reduced by a factor of two at 30
MPavm

e The crack growth rate for ihe full
TURBISTAN sequence. TURB1GO is four
times more severe than the R=0.1 data ai
Kyax = 30 MPavm

* The overload sequence. SS4. compareq to
the R = 0.1 data retards the crack growth
rate by a factor of eight at 10 Mpavm and
four at 30 MPa¥m.

IMI 685
The results in Table 7 indicate:

¢ For the ssmple sequence data. using R=
0.1 as baseiine, the minor cycles increase
the crack growth rate when the minor
cylces reach 3026 (SS2) of the major cycle
and increase further at 505 (SS3).

* For the complex sequences. (he omission
levels of 10, 30 and 5056 do no
significantly alter the baseline
{TURB100) data.

¢ The crack growth rate for the full
TURBISTAN sequence, TURB100 is
approximately ihree times more severe
than the R=0.1 data at Kyax = 30 MPavm

¢ The overioad sequence, SS4 compared to
the R = C.1 data retards the crack growth
Tate by a faclor of four at 30 MPavm.

T-17
The result in Table 8 indicates:

¢ For the simpic sequence data, using R =
0.3 as baseline. the addition of minor

cycles of 30 and 50% (SS2 and SS3) of the
major cycle increases the baseiine crack
growth rate.

For the complex sequences, the crack
growth rate is reduced by z factor of two
for the 50% omissicn level (TRUB50) at 30
MPaVvm.

The full TURBISTAN sequence, TURB100.
is approximately four times more severe
than the R= 9.1 data at Kmax - 30 MPavm.
The overload sequence, SS4. compared to
the R = 0.1 data retards the crack growth
rate by a factor of four at 30 MPavir.

A compariscn of the different alloys
indicates:
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Minor cycles of 10 to 30% of the major
cycle do not significantly aiter the
constant amplitude or TURBISTAN
baseline data for Ti-6Al-4V or Ti-17.

For IMI 685 the data is conflicling as the
minor cycle effect starts at 30% of the
major cycle for the constant amplitude
data while omission levels of 10. 30 and
50% did not reduce thie ciack growth rates
for the baseline TURBISTAN data.

The full TURBISTAN sequence produces
crack growth rates three to fcur times
aigher than the simple R = 0_1 trapezoidal
baselire data for the three alloys.

The retardation effect in S54 is greater in
the fine grained Ti-6Al-4V (x10} than the
two coarse grained alicys. IMI 685 and Ti-
17 (x4).

The DT potential drop technique proved
successful in measuring crack lengths in
the two coarse grained Titanium alloys.
In comparing the scalter in the data. Ti-
17 produced the nastowest range of data
for all of the test sequences. The different
CT specimen thicknesses {7 to 25 mm) for
the Ti-17 specimens did not influernice the
crack growth rate results.

DISCUSSION & CONCLUSIGNS

The major objectives of the fatigue crack
growth part of the Supplmental Programme
were:

build on the testing expertise developed
during the Core Frogramme.

expand the test matrix to investigate the
cffects of minor cycles. retardation and
variable amplitude loading on fatiguc
crack growth,

investligaic the crack growth rate




properties of coarse grained titanium
alloys, and

e evaluate the DC potential drop technique
for crack length measurements in coarse
grained titanium ailoys.

In all aspects the programme objectives were
met. One hundred and eighty-five tests were
carried out by the nine participating
laboratories. Sixty different allov/load case
combinations were studied. The DC potential
drop technique developed in the Core Phase
was successfully used for all tests.

The test results indicate that the use of test
sequences other than simple constant
ampiitude can greatly affect the crack giowth
rate properties of a material. Loading
sequences for rotating gas turbine
components have traditionally been reduced
to a single major cycle. Minor cycle effects
have largely been ignored or viewed as non-
damaging. The data produced in the test
programme indicates that minor cycle effects
must be viewad in the context of the materiai
microstructure. Ti-8Al-4V with 2 grain size
in the range of 25 um is less seasittve to the
30%¢ minor cycle range than the two coarser
grained (400 uxvij alloys where the 393 minor
cycle range noticeably acceicrated the crack
growth rate. However. when minor cycle
effecis are combined in 2 variable amplitude
sequerice such as TURBISTAN the results
shcw a different ranking. The Ti-6Al-4V and
Ti-17 show cmission leve] effects at the 50°%
level while IMi €85 shows only a minar
eifect. The reason for the different materisl
responses to tire loading sequences is difficull
io explain. A mors detailed statistical
approach would be ussful in quantifying the
effects. A conclusion howeser is that
generalizing sequence effects can result in a
non-censervative estimate of fatigue life.

The use of a specific leading standard such as
TURBISTAN is very usefu! for comparative
purpose. At present TURBISTAN is the oniy
accepted loading standand for gas turbine
applicatiorss. The TURBISTAN crack growth
results indicaie that using a single cycle to
simulate a flight is a non-conservative
approach by tw to three times when
compared to the TUKBISTAN data.
Conversely the TURBISTAN sequence and the
load selected load levels may be too severe.
The crack grewth medelling results in
Chapter six address the TURBISTAN load
levels and the rate of damage accumulation.

The retardation effect again points to
material microstructure as an influence. The
retardation in Ti-6Al-4V was two to three
times more severe than Ti-17 and IMIG85.
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TABLE 1
MECHANICAL PROPERTIES AT ROOM TEMPERATURE

FOR TITANIUM ALLOYS
Urs 0.2%YS |Elongatio~{ Reduction in{ Fracture Toughness
(MPa) OMPa) (%) Area (%) MPaVvm

TI-EAl4V 970 870 i1 27 70

™MI 685 1029 903 6* 15* 70

Ti-17 1175 1035 10 19 70

® Minimum Specified
TANLE 2

FATIGUE CRACK GROWTH SPECIMEN IDENTIFICATION

T1-GAL-4V

AFCTO7 DISC 1.21 SSTYPE 1. R=0.0
- o8 - 22 SSTYPE 1. R=0.0
- 0 - 2 SSTYPE 2. R=00
- 10 - 25 SS TYPE 3. R=0.0
-1 - 26 SSTYPE 3. R=0.0
- 12 - 27 SSTYPE 4.R=0.1
-~ 13 - 28 SSTYPE 4.R=0.1
] - 37 10% TURBISTAN
R - 41 10% -

= 16 - 3¢ 300 -

I 4 - 40 30% -

- 18 - 39 50% -
M. - 38 FGIL -
CcBcoo? - 1 CST AMP. R=0.7
- 08 -3 SS TYPE 1. R=00
- ® -4 SSTYPE 2. R=0.0
- 10 -2 CST AMP. R=0.1
C=CTil - 10 CST AMP. R=0.1
T r - 8 CST AMP. R=0.7
- 13 ] SSTYPE 1.R=00
CECCl4 - 5 S5 TYPE 3.R=0.0
- B - 10 SS TYPE 3. R=00
- 16 - 6 SSTYPE 4.R=0.1
Cecn17 - 31 SSTYPE 4.R=0.1
- 18 - 35 10% TURBISTAN
.. - 7 FULL TURBISTAN
CECC20 - 7 10% -

= 21 - 13 lm -
Sz - 12 30% -
<] - 8 30% -
21 -9 50% -
PICCO? - 20 10% -

- o8 - B 10% -

- . - 21 30% -
10 - 25 30% -

- 1n - » 50% -

- 12 - 17 FULL -
T - 19 FULL -
PICT14 -~ 15 10% -

- 15 - 16 30% -

- 16 - 18 30% -

- w - 13 50% -

- 18 - 14 FULL -

- 19 - 17 FULL -
RRCT28 -9 CSTAMP. R=0.1




SEQUENCE

IACCO7 DISC 2.2
" 08 - 4
" 09 " 4
" 10 DISC 4.4*
" 11 .
IACT12 DISC 2.10
T 13 Y A
T 14 Y i
" 15 = 5
T 16 -2
I V4 -2
IACC18 - 1
19 -3
" 20 -
- 21 - b
T 22 I
"~ 23 -7
T 24 DISC 4.6
"2 DISC28
- 26 DISC 45
IACT27 DISC 2.1
T 28 -1
- 29 R
" 30 "4
" 31 -9
T 32 S ¥ |
"33 - 8
" 34 = 3
. "6
NLCCO07 DISC 1.1
T 08 -3
" 09 )
NLCTI10 R 4
11 " 8
T 12 -9
T3 T n
NLCC14 - 7
T 15 2
T 16 DISC4.3
R ¥ £ DISC1.6
- 18 DISC 4,2
NLCT19 DISC1.3
"2 "2
" 21 "4
T2 " 1
-3 " 5
T 24 R

CST AMP, R-0.1
CA(SINE), R=0.1
CST AMP, R=0.1
CST AMP, R=0.7

T 1 3t 3 1 1 1 1

*two tests from one specimen
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TABLE 3 (Coatinued)

SPECIMEN # LOCATION SEQUENCE
RACTO7 DISC5. 1 SS TYPE 3, R=0.05
" 08 "2 SS TYPE 2, R=0.02
" 09 DISC2.16 SS TYPE 3. R=0.C4
" 10 DISC3. 1 SS TYPE 1. R=0.06
" 11 DISC 2, 14 SSTYPE 4, R=0.11
RACC12 DISC 4. 10 SSTYPE 1, R=0.05
= 13 -] SS TYPE 2, R=0.06
RACTI14 DISC 2, 17 SS TYPE 2, R-0.05
15 " 18 SS TYPE 1, R=0.06
" 16 DiSC3, 2 SS TYPE 3, R=0.02
RACC17 DISC4. 13 SS TYPE 3. R-0.06
" 18 " i7 SSTYPE 1. R=0.05
" 19 " 14 SS TYPE 2, R=0.06
" 20 " 20 SS TYPE 4. R=0.12
RACT21 DISC 2,22 FULL TURBISTAN
RACT22 - 21 FULL "
RACC23 " 4,15 FULL "
RACC24 " 11 FULL "
RRCCO7 DISC3. 1 CSTAMP, R-0.1
" 08 -2 CSTAMP . R=0.7
" 09 " 3 CSTAMP, R=0.7
" 10 " 5 SS TYPE 1. R=0.0
"1 T4 SS TYPE 1. R=00
T12 "6 SS TYPE 2. R=0.0
" 13 "7 SS TYPE 2, R=0.0
" 14 " 8 SS TYPE 3. R=0.0
" 15 "9 SS TYPE 3. R-0.0
" 16 "1 SS TYPE 4, R=0.0
I ¥4 " 10 SS TYPE 4. R=0.0
RRCT18 DISC 1,17 CSTAMP, R-0.7
" 19 DISC 3.6 CSTAMF, R=0.1
20 DISC 1.13 CSTAMP, R=0.1
T 21 DISC 3.10 SS TYFE 1. R=0.0
T2 "9 SS TYPE 1. R=0.0
" 23 ) SS TYPE 2. R=0.0
" 24 I 4 SS TYPE 3. R=0.0
T 25 B ¥ | SS TYPE 3. R=0.0
" 26 DISC 1.12 SS TYPE 4. R=0.1
T 27 A - SS TYPE 4. R=0.1
" 29 " 14 10% TURBISTAN
"~ 30 " 18 10% "
" 31 21 30% "
" 32 T2 30% b
T3 " 19 50% v
34 " 20 50% -
T35 DISC 3.12 FULL "
" 36 DISC 1.16 FULL v
RRCC37 DISC5.3 10% "
T 38 "2 10% "
" 39 " 8 30% "
" 40 ) 30% v
T 41 " 6 50% "
T 42 DISC 3. 12 FULL "
T 43 DISC5. 1 FULL "




SPECIMEN # LOCATION SEQUENCE
QECTO7 DISC1.5 CST AMP. R=0.1
- 08 - 6 CST AMP. R=0.1
- 09 - 2 CST AMP. R=0.1
- 10 ) CST AMP, R=0.7
1 -1 SSTYPE 1. R-0.01
- 12 14 SSTYPE 1. R=0.01
- 13 o SSTYPE 2. R=0.01
- 14 -2 SSTYPE 2. R-0.01
- 15 - 7 SSTYPE 3, R=0.01
- 16 - 2 SSTYPE 4.R=0.1
- 17 - 4 SSTYPE 4. R=0.1
e - 22 FULL TURBISTAN
- 19 - 19 10% -
- 20 - 13 30% -
- 21 - 18 50% -
-2 = 10A FULL -
- 23 - 10% -
- 2¢ -~ 16 30% -
- 25 - 5B 50% -
UTCCO7 DISC 1.1 CST AMP, R=0.1
- 08 - 2 CSTAMP. R=0.1
- 09 - 3 CSTAMP. R-0.7
" 10 - 8 CSTAMP. R=0.7
“n = 1n SSTYPE 1. R=0.01
- 12 - 2 SSTYPE 1. R=0.01
- 13 - 2 SSTYPE 2. R=0.01
" 14 - 2 SSTYPE 2. R-0.01
- 15 - 15 SSTYPE 3. R=0.01
- 16 - 16 SSTYPE 3, R=0.01
- 17 S v SSTYPE4.R=0.1
- 18 - 18 SSTYPE 4. R=0.1
- 19 = 19 10% TURBISTAN
- 20 = 10 10% -
- 21 - 4 30% -
-2 - 5 30% -
- 23 -9 50% -
- 24 - 20 50% -
- 25 = 10 FULL -
- 2 = 13 FULL -
TABLE S
COLD TURBISTAN SEQUENCES

SEQUENCE | DESIGNATION | END PGINTS

TURBISTAN TURB100 15452

10%OMISSION |  TURB10 6298

30%OMISSION | TURB30 1924

S0% OMISSION |  TURBSO 962




R=01 21 1x10-8 2.5x107
R=07 2 5x108 -
SS1 23 2x10-8 2x107
SS2 24 1x10-8 4x107
SS3 25 - 8x10-7
354 26 5x109 5x10-8
TURB10 27 6x10-8 7x107
TURB30 28 6x10-8 7x107
TURB50 29 3x108 €x107
TURB100 30.31 5x10-8 7x10-7
TANIES
CRACK GROWTH RATE DATA FOR T1-17
SEQUENCE FIGURE # da/dN (m / Cycle)
k=10 (MPavm) sk=30
R=0.1 32 3x108 6x10-7
R=07 a3 6x10-8 -
SS1 3 3x10-8 6x10-7
SS2 35 3.5x108 9x10-7
SS3 36 7x108 1.5x106
SS4 37 6x109 1.5x107
TGRB10 38 1x107 2.5x105
TURB30 39 8x10-8 2x10-6
TURB50 30 5x10-8 1x106
TURBI100 41 9x10-8 2x106
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312

156 156 Gauge Length 10 be concentvic wih
10075 0075 | Sweaded ends and 10 have sirface finish 0.4Y
| 1
. 1 x 45° CHF both ends
# | ! -
0025 | |
l : . M 20
| ! 18 Paraliel 18
!' ::.é 'l' 10 A -
!7_15 7.15!
10025 $0.025 _>_ H
N\
idensilicaion 15 2Holes L —‘S
l 1005 965+ 003% A R
RS N 216
@ ' Tum & Screw 0.750-UN.F. Both Ends
I {Note: Thread Disensions in Builish Uiniis)
Root 25 |
0.08 Max 0125 0:100-
26 _.' r_mzs
L 20025 I
1965 0200- }]
+01 0250
‘This costter ine must be i -—0012
peraliel 10 the Datum Face ‘ A Max Rad
_ [
Datum Face Details
Guind Front and Back Face in Comer Notch B
#is drecion [D‘menﬁasinmﬁ]
a) Compact tension (CT) specimen a) Comer crack (CC) specimen

Fig. 1: Specimens used in the programme(1)




Fig. 3: Disk Cut-Up Drawing for Bl 685




Fig. 4: Disc cut-up drawing for Ti-17
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Cumrent
f Curent
Omax|” 4
1 1
; ; Load
1 [ ]
1 ]
1 1
i 1
0-1omax| :
0 T 12 3 4 5 6 7 8 9 10 11
4 14 ———> Time (seconds)
Current Off Curmrent On
Potential Measurement

Fig. 5: Trapezoidal waveshape used for constant amplitude tests.
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Fig. 6: Graphical presentation of simple sequences, SS1, SS2, and SS3.
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T
16.0

T
120

80

4.0

—
0.0

1.0

pLoT eAnv|ey

0.0

Cumrent Off Current On

3
]

Tune (

Potential Measurement

Note the addition of the one second dwell! time 100% relative load.

Fig. 9: Suggested PD measurement procedure for SS2 seqguence.
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1.0
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Potential Measurement
Fig. 10: Suggested PD measurement procedure in flight #1 of TURBISTAN sequence.

Note the addition of the one second dwell time at 100% relative load.
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CHAPTERS
CRACK GROWTH PREDICTION MODELS

by
Eric Jany Paul Heuler
Centre d'Essais A¢ronautique de Toulouse IABG mbH
23. Av. Henri Guillaumet Abt. TAB
31056 Toulouse Cedex Einsteinstrasse 20
France 8012 Ottobrunn

Germany

L INTRODUCTION

Seven companies or laboralories initially entered th~ exercise: CEAT. FFA. GE, NASA,
NLR. Pratt & Whitney. Rolls-Royce. Two of them withdrew (GE. Pratt & Whitney). The following
paragraphs present a short description of the models and some information on how the data
base was handled in order to carry out the predictions. A list of references on each model is
given.

2 CEAT MODEL

21  Model Description

CEAT uscd the PREFFAS (1. 2. 3) model for crack growth predictions. This model was
developed by Aérospatiale typically for application on aluminum alloy components under
spectra typical for aircraft. It is based on the crack closure phenomena and on the corresponding
cffective stress intensity factor range. It considers da/dN = C aK -

In order to account for small cycles - large cycles interaction. the sequence is decomposed
in elementary cycles by an algorithm which takes into account the rainflow eflect. The model
requires a short block size during which the crack length is held constant. The effective stress
intensity factor is determined for each cycle of the sequence using the Elber’s concept as AK ¢ =
{AR+B) AK (with A+B=1). It then cakulates, on a cycle by cycle basis, the growth during one block
and the so-called block efficiency L The crack growth rate per block can then be

(EF= ) APei")-
1=1

determined as da/dN = D.EF K maxr.  The identification of the model involves determining ihe values
of A. B. C and n. For aircraft loading conditions, the authors recommend the use of crack growth
results for R=0.1 and of a 1.7 ratio overload (every 100 cycle) sequence. However., the model can
be identified from any {wo sets of data under different loading conditions.
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22  Data Handling

The values of A, B, C and n are determined by a best fit method applied to the R=0.1, R=0.7
and Type 4 {1.7 overload sequence) data.

For the three alloys, the following sets of parameters were chosen:

n A B
Ti-6Al-4V/CT 436 0.439 0.561
Ti-6A1-4V/CC 3.75 0353 0.647
IMI685/CT 443 0.190 0810
IMI685/CC 3.80 0377 0623
Til7/CT 272 0.405 0.595
Til7/CC 355 0.287 0.713

8 NASA MODEL
31 Model Description

The NASA crack growth predictions were made using the life prediction code FASTRAN II
(4. 5. 6). FASTRAN 1l is a lifc prediction code based on Elber’s plasticity-induced closure concept
and the cffective stress-intensity factor range AK .

The analytical crack closure model is based on the Dugdale model modified to leave
plastically deformed material in the wake of the crack. At the cycle peak stress (in tension only),
the cffect of state of stress on plastic zone size and displacements are approximately accounted
for by using a constraint factor a. The effective flow stress is taken as a 6 ,, with a=1 for plane

stress and a=3 for plain strain conditions. oy is the average between the yicld stress and the

ultimate stress. The physical crack growth is operated independently of the analytical closure
modcl. It is calculated essentially cycle by cycle from the growth rate relation. The opening
stress is nicld constant until a certain amount of crack extension, Aa*, has been reached (Aa® is a
fraction of the cyclic plastic zone size) or until the applied stress exceeds one third of the
maximum stress to be applied to the cracked specimen. After that phase. the crack opening level
is updated involving the relevant max and min stress icvels of the previous phase.

32  Data Handling

The constraint factor a has been determined by a trial and error method as the value
which fits the R=-0.1 and R=0.7 data. For the three alloy a similar « values were taken for both
CT and CC geomctrics.

a
Ti-6A1-4V 19
IMI685 1.8

Til7 20
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The baseline crack growth rate vs. AK g relation was determined for each alloy-geometry
case as an assembly of linear segments in order to account for the transitional behaviours.
Fracture toughness and flow stress (op) values were determined from the literature.

4. FFA MODEL
41 Model Description

FFA used a linear crack growth prediction code LIFE (7, 8) since non-linez: load
interaction effects were not expected to prevail to a significant amount. R ratio effects were
taken into account by use of Newsman's formula for crack opening stress level depending on the
material flow stress. g, a constraint factor. @ and the maximum stress of the cycle. Newman's
formula which had been derived from analytical and numerical studies was applied to establish
the basic crack growth curves in terms of 2K oy For variable amplitude loading. this formula

was applied to derive effective stress intensily ranges for individual reversals and corresponding
crack increments from the basic curve. Crack increments were accumulated linearly.

42 Data Handling

All experimental results from the two constant amplitude load test series have been used.
In a log-log da/dN vs. AK diagram, a curve composed of several linear segments was visually
fitted for each R value. Points on this curve were then given as a table in the prediction
programme.

Similar to the NASA approach. the R=0.1 and R=0.7 data were usecd to determine the
constraint factor. o. The threshold value AK 4, and K ;. were set to the following values.

AK g, (MPavm) Ky (MPavm)
Ti-6Al-4V 50 75.0
IMI685 75 70.0
Til7 60 70.0

50 NLRMODEL

51 Model Description

The NLR predictions were madc using the CRACKS 2000 software. It is based on the
NASA/FLAGRO programme which provides the framework for calculation and was extended by
the NLR/CORPUS crack opening model (9-11). Crack growth is analysed not on a cycle-by-cycle
basis. but by intcgrating crack increments resulting from the rainflow counted load steps of the
spectrum histogram under consideration of effective stress ranges. Each load step of the
histogram consists of a number of constant amplitude load cycles where the opening load and
the stress intensity factor as well as the opening level are updated.
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For crack opening level calculation the CORPUS module is activated. It consists of a set
of rules which control the opening level dependent on previous mas and min stress levels and
their mutual interaction. Previous peak loads loose their influence on crack opening as soon as
the crack and its current plastic zone have grown through the plastic zone caused by the
respective peak load. For calculation of opening levels caused by single load cycles empirically
or analytically (via a strip yield model) derived functions are implemented.

The physical background of the opening model is explained by the introduction of plastic
deformation caused by peak loads which will be visible as ridges or humps on the fracture
surfaces and will increase the crack opening stress. Subsequent underload may flatten the ridges
and therefore decrease the opening stress to some extent. Multiple overload effects can be
handled by consideration of the interaction of sevcral peak loads.

Thickness effecis, or the state of stress at the crack tip, are accounted for through a
constraint factor. o, which influences the opening level. 1t is determined by {itting material

parameters to overload test results i.e. to simple sequence Type 4 data.

52 Input Data Handling

The input data od CRACKS 2000 consist of:
- Material properties. e.g.. K. . AK ,. 6p2. E
- Material properties
- Specimen geometry
- Load Spectrum (rainflow counted).

The matcrial parameters are determined by fits of da/dN-3K data for R=0.1. R=0.7 and
simple sequence Type 4 using the software module CRAFIT. Material paramcters are gencrated
for each of the matcrials not differentiating between specimen geometrics. These material,
paramcicrs account for threshold. C and n similar to the Paris-Elber law, primary plastic {flow
and constraint of yiclding.

6. ROLLS-ROYCE MODEL
6.1 Model Description

Stress ratio cffects are taken info account by usc of the Walker model da/dN = (AK » {1-
R)m)n_ The simple scquence cases were predicted by lincar accumulation of crack increments.
For thc TURBISTAN cases a so-called “Modificd Trend Analysis™ is applicd which consists cf a
lincar accumulation rule including rainflow count procedurcs modificd by an overload
paramctcr. Paris constant C and n derived from overload tests Type 41 are therefore additionally
introduced as basic input data for spectrum crack growth predictions. Further dctails of the
modcl were not disclesed within the present exercisc.




62 Input Data Handling

The crack growth data base results (R = 0.1 and 0.7. Type 4 sequence) have been regression
analyvsed te provide the Paris law coefficicnts C and n as weil as the Walker exponent m. CC ang
CT specimen resulis were analvsed separaiely which means that constants and co-efficients were
assumed tc be not only material dependent. The following set of cocfficients have been used by
Rolls Royce.

CONSTANT AMPLITUDE TYPE 4 SEQUENCE
C n C n m
Ti6Al4V/CT 0.7214E-12 4.238 0.3239E-13 4225 0.767
Ti6Al4V/CC 0.2455E-12 4327 0.6829E-12 3.256 0.691
iMIG85/CT 0.1745E-13 4822 0.4435E-16 6.192 0.670
iMI685/CC 0.2349E£-12 4.109 0.2570E-12 3.487 0.628
Ti-17/CT 0.4543E-10 2.800 0.3900E-11 3.102 0.858
Ti-17/CC 0.2153E-11 3.700 0.6323E-12 3.697 0577
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CHAPTER 6

CRACK GROWTH PREDICTION RESULTS

by
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and

Paul Heuler

Industrienaniagen BetriebgeseBschaft mbH (IABG)
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1. Introduction

In the following. prediction resulls for the €0 test cases described in Chapter 4 are presented and discussed.
The predictions were made by CEAT, NASA, FFA_ NLR and RR (who camed cit only a imited number of
czses) using the respective models descrbed in Chapter 5. This chapter starts with a short consideration of
criteria for the assessment of model predichions. presents an overview of the whole bedy of results followed
by a discussion of aspects relevant to medeling cf crack growth and apphcation within the design process.

2. Criteria for the assessment of prediction models

The assessment of the prediction capat:ities cf models is not straightforward because durability and crack
growth considerations represen! only one part of the design and Hing process among many others. It is not
reasconable 10 ask for a high precision of prediction models if important input vamables such as the loading
environment or the influence of corrosive media can only be specitied with a relatively high degree of
uncertainty. According to Schijve (1} results of prediction modets can be judged based on diferent crteria:

- crack grovith e from an mitial to a spectied crack length or to fadure
- crack growth rate within the range of crack lengths consdesed
- crack increments due to individual segments, e.g. fights or even indvidual cydes.

From a practical point of view, the first cniterion would be sufficient. As Schive points cut, however, a more
detailed assessment is recommended in order 10 check the physical basis of a prediction model which, in
case of a positive judgement, viould give more confidence for general appScation. This consideration brings
about the requirement that medels shouid predict empirical trends in simple vanable ampliude {(e.g.
overioad) tests with a sufficient quaniitative accuracy {1). The definition of an acceplable quaniitative overall
prediclion accirac - depends agamn on many aspects. Schive proposes, as a personal view, to consider a
prediction to be goad if the ratio of predicted versus aclual Evaes is within the range of 067 tc 1 5and as an
acceptable qually if the range ts 0.5 1o 2. The latter defmition is idenlical to that suggested in (2). whereas
Gassner (3) proposed (mainly with regard to Miner type He prediclions) that 20 percent of the predictions
should fall info a range of 1:2 on the safe sde.

3. Prediction results

In the following an overview of the prediction resulls is done for each matenial and each specimen geomelry.
Thes covers gen=ral comments on the data base and #ts uiEsation by the modelers and an overall comparison
of the predicied and experimental resuils.

Experimental resulis on Ti-6Al-4V, IMIG85 and Ti17 taken into account for the comparison are listed
respectivaly in Table 1.2 2nd 3.

For each (material, specimen) couple, the following dala are provided:




- an overall result tzeble
This gives the number of cycles predicted by each mode!, the cycle number measured during the test and
the N prediction / N test ratio. If the prediction or the test was performed for non valid load conditions (resp.
non valid crack length range), the table reads NV1 (resp. NV2) (non vaka meanirg diferent from the
prescribed one).

- a N prediction / N test ratio chart

-avs. N curves for each test condition
These curves erable for each test condition a2 comparison between the test result and the prediction.

-da/dN vs. AK cirves for the diferent tests or for each modelled result test
These curves enable a more complete analysis of the mode! perforrmance. In these charts, AK is the stress
intensity factor variation during one elementary cycle (R=0.1 and 0.7 , Type 4 sequence without ideri
the overload cycle), during each pesiodical sequence (for Type 1 to 3 sequences) during each flight (for
Turbistan sequences). da/dN is the crack extension during each of the cycle or flight as defined above.

Nota:

i) The crack length ranges considered in the analysis differ for some cases from the origimal ones presented
in the NRC report (ref.: LTR-ST-1785). These modHications have been done in order to take into account
predictions which have beer: done with crack length ranges different from the prescribed ones.

) For some predictions the crack length range was still oo dfferent from the standard one. Inthese cases, a
Npredxtion / Ntest ratio was calculated on the basis of the longest common crack length range.

i) It shovid be noted that the thickness of the Ti17 CT specimens varied tc some extent. This might
introduce some differences with regard to the constraint prevailing at the crack tip.

3.1 Tr-6AI4V, CT specimens

Prediction overall resulls: Table 4
Npredaction / Ntest charts: Fig.1
avs. Npots: Fic4t0 13

dafdN vs. AK plots: Fig.64 1073

The data base is composed of only a very Imited number of tests, since it has been decided to restrict the
data base o the results crented within the present programme. Thus results from the Core programme were
not considered. The test results appear to be consistent except for the R=0 1 case where specimen CT11
seems more vaiid than CT28. CT11 specimen has been used by all modeliers and is used for prediction
analysis as wel. Comparison test for Type 3. Turbistan 30 and 50 do not exist. Other comparison tests do
not show any specfiic feature.

Prediction results show a good agreement for Type 1 and Type 2 cases and for Turbistan 00 and 10.
Predictions for Type 4 sequence are very scattered; only NASA prc..ides a good prediction. Predictions on
Turbistan sequences are conservative. For type 1 and 2 conditions NLR and NASA's predictions are not
conservative.

All da/dN vs. AK prediction, escept FFA's exhbit a fmear behaviouwr. FFA models a slope change similar to
the actual test behaviour.

32 Ti-6Al4V, CC specimens

Prediction oversall results: Table 4
Nprediction / Ntest charts: Fig.1
avs. Nplots: Fig.1410 23

da/dN vs. AK plots: Fi3.74 1o 85

There is no peculiar feature in the data base. All comparison tests exist. There is a high discrepancy
E_et«eenthe'l’ubis!anOOand 10 on one side and the Turbistan 30 and 50 on the other side as shown on
19.75.

Prediction resulls are in good agrezment with tests and conservative for Turbistan 30 and 50. They are not
for Turbistan 10 and especially Turbistan 00 where the N prediction / N test ratio is higher than 2 for ali
models. For type 1 and 2 conditions the predictions are good. They are conservative for all modellers
except NASA. No prediciion is conservalive for type 3 condition and the N prediction / N test ratio reaches a
value of 2 for FAA and Rolis-Royce predictions. Type 4 prediction is poor for FFA.

A¥ predicted da/dN vs. AK curves exhbit a Enear behaviour except NLR and FFA for R=0.7 condition.




3.3 IMI 685, CT specimens

Prediction overall results: Table 5
Nprediction / Ntest charts: Fig 2
avs. N plots: Fig24to 33

da/dN vs. AK plots: Fig.86 to 95

In this case, the data base is very rich but shows very fittle scattering. The da/dN vs. K curves are mostly knear
with a slope of about 4.5. All comparison tests, except Type 3, exist.

Prediction results are generally in good agreement with the tests sometimes conservative sometimes not.
Type 4 prediction is poor for FFA and CEAT.

da/dN vs. AK prediction curves show a iinear behaviour except FFA and NASA ‘s

3.4 IMI 685, CC specimens

Prediction overall results: Table 5
Nprediction / Ntest charts: Fig 2
avs. Nplots: Fig.341043

da/dN vs. AK plots: Fig.96 tc 105

The data base is also very nch anc equivalent to the CT data base. All comparison tests exist. Type 2 test
shows high crack growth ratas compared with Type 1 and Type 3 (Fig.96). Turbistan 50 test also shows a
complex behaviour in its first parnt (Fig.97).

Prediction resulls are in good agreement with the tests except for Type 2 conditions. NASA and NLR
predictions remain conservalive in most cases.

da/dN vs. AK prediction curves show a inear behaviour except for FFA.

35 Ti17, CT specimens

Prediction overall results: Table 6
Nprediction / Ntest charts: Fig.3
avs. N plots: Fig.44 to 53

da’/dN vs. AK plots: Fig.1061to 115

The data base is very consistent and shows a inear behaviour with a 2.7 slope. All comparison tests exist.
No specific feature is to be noticed.

The prediction results are in good agreement with the tesis except for FFA's Type 4. The predictionftest
ratios are arcund unity.

Only FFA da/dN vs. AK prediction curves do not show a finear behaviour.

3.6 Ti 17, CC specimens

Prediction overall resuits: Table 6
Nprediction / Ntest charts: Fig.3
avs. N piots: Fig.54 10 63

dafdN vs. AK plots: Fig.i116 1o 125

The data base is also very consistent and sandar to the CT specimen data base. All comparison tests exist.
Type 2 crack growth rate is a b2t high compared with type 1 and Type 3 resulls.

The prediction results are in good agreement with the tests except for CEAT's Type 2 and FFA's Type 4.
They are somelimes conservalive somelimes nol.

Only FFA da/dN vs. AK prediction curves show a non Enear behaviour.

4. Discussion
4.1 General comments

For an assessment of the resulls presented above, the basis for the comparison of tesls and predictions
should be reconsidered. In mos! cases, two or more sels of data for each maternial/geometry/loading
condition were avaiable to the modellers to derive average base-fne da/dN versus AK curves. Contrary to
that, the vanable armpRtude (simple sequences) and Turbistan test load cases consist of one individual test
result each. Therelore no smoothening or averagng eifect prevents the dwect nfluence of possile singular
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phenomena on test Ife. Such singular events, maybe due to microstructural peculiarities or some unknown
probiems with testing itself, are normally not covered by base-line mean curves which means that the
respective predictions might erroneously be termed as non acceptable. This shou!d be kept in mind for the
following discussions. Examples for the above mentioned problem are the cases of Ti-6Al-4V CC
Turbistan00 and IMI 685 CC Type 2 where all models reveal non conservative predictions, see Figs. 1 and 2.

4.2 Crack growth lives

With regard to the above statements, it can be said that, with the exception of the overload Type 4
seguence, all predictions are in most cases in good agreement with the test results. Significant differences
between the five modeis do not occur which is somevhat surprising at first glance with regard to the
differences of the models, ranging from rather simple Iinear algorithms to quite complex interaction models.

Most predictions of the present exercise are in the 0.5 to 2 range which can be designated as acceptabie in
accordance with Schijve’s criterion.

For a more detailed analvsis, the life ratios given in Tables 4 to 6 have been statistically evaluated to
determine a mean life ratio and the standard deviation assuming a fog-normal distnbution of e ratios.
Results for CT and CC specimens and all three matenals have been combined, but individual consideration is
made for the type of loading sequence, 1.e. constant ampfitude loading. Type 1 {o 3 sequences, Turbistan
and Type 4 sequence (Table 10). For the sake of compleieness, the statistical evaluation has been made for
all predictions (see first group Table 10). For the following discussion. however, two test cases have been
excluded for the reason mentioned above (see paragraph 4.1).

Predictions of the constant amplitude tests (R=0.1 and R=0.7) are good. However it must be noliced that
the results are not significantly befter than those ootained for complex seguences.

Combining Turbistan and Type 1 to 3 resuits, i.e. loading sequences which represent actual disc loads, all
models provide very good predictions. Some small dfferences between the models can be observed with
regard to scatter. The lowest scatter is found with the NLR model. but FFA Imear prediction also delivers
good results.

With regard to the overload Type 4 sequence, the Erear prediction (FFA) turns out to be very conservative
due to the retardation effects which are not taken into account. Here, NLR and CEAT predictions are rather
scaltered, though Type 4 test resulis have been used as input data to identfy the model. It can be assumed
that predictions for this type of loading strongly depend on the weight which is given to overload data for
determination of the basic coefficients and factors of the respective models. The overioad Type 4 results are
well predicted by the NASA model which uses only constant 2mpHude data as basic input.

4.3 Crack growth rates da/dN vs. AK

n =01 R=

These data provide the basis for predictions and it is , therefore, interesting to note how the input data were
handled by each

Mostoflheactualaackgrowthrateda!apresentamoreorlasslinearbehawourmabg-logplol Some
exceptions are test data for T-6Al-4V and 1Mi685 CT and CC at R=0.7 where a slope change of the crack
growth curves exists. Slight imegularities of the test data are of course not reflected in great detail by the
mean curves produced by the modeliers. In most cases, the predicted da/dN vs. AK are Enear and parallel for
both R ratios. Again, exceptions can be found for FFA and NLR predictions for Ti-6A4V CC, NASA

predictions for IMI685 CT with a slope decrease at AK levels of 13 (R=0 7) and 24 (R=0.1) MPaVm
respectively. Contrary to that, the FFA prediction reveals a slope increase for the IMI685 CC data at R=0.1

around AK=16 !.{Pa\’;L

As an example of how modeliing the input data controls the prediction for variable amplitude loading, the
CEAT predzctions for Ti17 Type 2 cases will be consxdered. For the CT specimen, the R=0.7 crack groath
lde is underpredicted (Fig.3). The Type 2 sequence where the R ratio of the small cycles is also 0.7 is then
also underpredicted. A simdar dependency, but this time on the non-conservative side, can be found for the
respective Eves of the CC specimens.

Tables 7, 8 and 9 provide the values of the da/dN vs. 3K slopes of each prediction. The scatter in the slope
appreciation is of the order of 0 4 around the mean value.




Variable amplitude loadin

In most cases, the predicted curves are linear where the R=0.1 and R=0.7 curves were considered linear.
Transitions in the constant amplitude curves are reflected in the predicted variable amplitude curves. There
are, however, some exception for Ti-6A4V FFA CT and CC and NLR CC specimens where a knee in the
R=0.7 curve is not reflected in the varable amplitude predictions.

The comparison of 3=0.1 and Type 1 cases shows for all matenals and specimens lower crack growth rates
for Type 1 than for R=0.1 except for FFA predictions where in most cases the two results are equivalent.
Obviously, the minor cycles with 10% of the maxirum load range were not effective, i.e. below threshold.
Furthermore it can be assumed that this finding is a consequence of crack closure which gives slightly higher
AKeff values for R=0.1 than for R=0 Type 1 sequence.

4.4 Contribution of smail cycle

An important feature of the models is their accounting of small cycles for crack growith propagation growth. If
a model gives less weight to the small cycles than expenmental tests, il is ikely that this model will provide
non conservative predictions.

In order to study this point, an analysis is done by companng Turbistan test results and predictions as shown
on Fig.126 to 137. From Turbistan 50 to Turbistan 00 small cycles of progressively lower amplitude are
added to the sequence. Ezch plot presents the relative life reduction due to the addition of this small cycles,
for the test resuits and for the prediction results as well. A similar analysis is done withthe Type 1,2and 3
corditions by plotting the relative Iife reduction due 1o the increase of the small cycle ampliude from 10%
{Type 1) to 30 (Type 2) and then 50% (Type 3).

This shows:

- the difficulty to compare small cycle nfluence between tests and predictions due to the scatter in
expenmental resuits. This is true for both, the overall He data and the da/dM vs. AK plots.

for Type 1, 2 and 3 sequences:

- the Ife reduction due to the increase of small cycle amplitude is different from one model to another,
but it seems that NASA always predicts the higher reduction and FFA generally predicts the lower reducticn.

- the analysis of the da/dN vs. AK plots shows that in almost all cases and for the AK range considered,
the three curves are linear and parailel. This can be considered as an indication that the small ampliude
cycles of respectively 10, 30 and 50% are totally effective over the whole stress intenstly factor range. The
NASA IMI 685 CT cases are special in the sense that the predictions for the three sequences exhbit a
double slope behaviour, reflecting the R=0.7 data, but the slopes are still parallel . The only real exception to
this behavicur is for FFA Ti17 CT cases where there is a typical “threshold “effect. The small cycles start to be
crack growth effective only above a threshold value. This appears clearly on the Type 2 and Type 3
predictions.

for Turbistan sequences:

- the difference between models. For all (material, spectnen) couples, the models predict a saturation
in [{e reduction . The He decreases from Turbistan 50 to Twsbistan 30 and from Turb:stan 30 tc Turbistan 10
but stays constant between Turbistan 10 to Turbistan 00. Surprising results are obtamed with FFA and
NASA who both predict a [de mcrease due to the addition of the lowest ampRude cycle (between Turbistan
10 to Turbistan 00).

- for each model the effect of small cycle is sonilar for both specimen geometries but differs with the
malesial.

4.5 Matenal related aspects

Scme {eatures of the crack propagation behaviour and of the predictions défer from one alloy to another.
Tr6ARV and Ti17 exhbz overall resulls quite equivalent although i appears (Table 11) that the efficeency of
a Turbistan fight is higher for Ti17 than for T+-6AR4V. [MI 685 exhda results whith are in all cases lower than
for the two other alloys. The Turbistan efficiency ts similar {sEghtly lower) than T+-6AlV.

A comparison between both §-processed alloys can be tried to explain the difference m Turbistan efficiency.
With Ti17, in the low K range the small cycles are more efficient than for I}l 685. Due to the coarser
microstruciure of 1M 685. hugher crack cpenmg levels and hence bvier effective stress ranges are expected
whid;’ t:reans that under spectrum loading. Ti17 would exhdit a bower crack growith resistance to small cycles
than M1 685.
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For Ti-6AI-4V it is difficult to cany out such an analysis because the results are not as consistent as those of
the B-processed alloys (maybe due to the more complex microstructure).

5 Conclusion

The diiferent crack growth prediction models which have been used here generally give satisfactory results
That is specially true for Type 1 to 3 sequences (superposition of smalil amplitude cycle on low cycle fatigue
cycles) and the Turbistan sequences (representative of actual disc solicitations). The predictions are not as
accurate for Type 4 sequence {representative of an overload effect). This tends to show that, for Turbistan
like sequences, the important point to take into account is the stress ratio effect, which is done by all models.
The integration of other effects, like overload or underload effects, is not necessary for such sequences.
The "equivalence” of the differerit models which has been demonstrated here can rot be "a priori” extended
for any other load sequence.

it should be noted, too, that three of the participants (CEAT, NASA, RR) used individual base-line data sets
for the two different specimen geometries (CT and CC). This means that uncertainties and inaccuracies
which might arise due to possible errors of the K solutions and related faciors such as the constraint present
in more complex real components have been totally excluded from the present exercise.
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Table 1 - Ti-6Al-4V prediction cases

Ti6AL8V
CT specrmens
case n {2 ol (=) 2 S0 (=xm) A2 G soscran reference
fa=01 1 95 15.3) 22slcscin
fa-07 3 a1 135, 22slczcr 2
Tyoet S 3 37 SRJAFCT 07
Tyoe2 7 £l 17 533jaTCT 9
Tyse3 E 10 17) 533f=cce
Turtisand0 15/ 75 17.3) asjcscie
Ttge2a10 13} 75 153 ISICSCi 8
Tetstn30 15 75 127 3 5{none
Tets=an3n 27 ] 175 35iacne
Tvoed B 13 17 2251C CT 17
CC speczmens
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Tabie 2 - IMI 685 precEction caszs
Migas
CT specmens
234 2 a2 maad oo} 2 &nal ) 1P sSeSen releorice

Fﬁ_x 7 75 159/ a3 er2
207 2} 73 15 dacrn
Troel 23 8.7 5.1 SIBARCT
e 27, 33 3.5 $34L,RACT 3
Tyoe3 29; 83 16 5 5 33fzcme
Tzt 331 3 189, LG
TSm0 3; 7.3 16.54 N CT g
Totse 0 3 75 16 9 T CT 20
T3t 37 73 % 7INL CT 21
Tyoel kL] 35§ 3 €iRACT 21
502 n C.H ] shaccor
A:0.7 23 25 5 :slacc o
Tgsel 23 1 35 I7SIR]CC 2
Tyoa2 231 2 232 373lRaCC 13
Tyse3 x : 2.3} Irslaace 2
Toastnio 23 (% 5 361X% CC 18
Tedamn1d 32 03 22 soba cc 1z
Tt 33 35 262 e CC 13
Tettnsd 3 0.3 5 53iX%. ©C 18
Tyzel x 0.5 3 BIRACC 0




Table 3 - Ti 17prediction cases
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Table 7 - Ti-641-4V da/dN vs AK slopes

da'dl s 5K sopes

Nota

for predxtions atich co nct exhdd 2 Enear belayioe, the 22l ard fnal skpes 27e gren
test siopes 2re given only £ the resusrs are t2xfy knezr

£CnN extsiny; test resuts of predetions are exicaced by X

R=01 R=07 Typet Tyoe2 Type3 Tu=H0 Tah10  Tehdd Tb30
TiGAIV FFA 456 36 3 36 15 16 16 16 36
MR 40 42 33 324 242 33 33 2 2
Ct INASA 46 13 32 32 20 46 16 16 46
[CEAY 12 14 34 34 33 33 13 34 2
{7EST 4634 | 5232 | 1034 343 32 32 < X X
FFA 590 25630 36 36 36 36 36 36 15
MR 46 2624 36 16 16 34 14 12 413
cc |NASA 42 42 22 22 22 32 22 32 12
| GE 44 43 14 23 143 34 4. 14 Y]
{CEAT 38 3s 38 38 38 38 38 38 38
\7EST 42 30 48 20 38 38 30 32 30
Tabie 8 - IMI 685 da’dN vs AX slopes
St vz 3K sopes
[
for predictions wisch do ret extxxt 2 frxcar belasxes, the il and faf skopes are e
sl siopes e Sren ooy £ e resuals xre larly Freac
N exsirygy test e s ot predrtoes xe rdced by X
R=4 t R=07 Tyoel Tyoe2 Type3 Tadb00  Tabid «uh30 Tudse
naNses FFA 8 | 3050 32 32 12 50 56 | 58 50
NLR 32 ' 31 32 32 32 343 33 | 33 33
Cct NASA 318 22816 3036 36320 3036 F¥3 33 33 [¥3
[csaT 33 33 23 13 32 33 33 13 313
I7es7 5232 | 2050 33 ] 33 32 32 32 32
[FFa 20 42 32 32 32 12 32 12 32
| X 32 33 332 32 32 33 33 32 32
cc [nasx 38 38 3s 3s 38 38 38 33 38
[CEaT 38 38 38 38 38 38 3s 3g 33
{7ssT 3s 3 39 3s 38 3 38 38 s
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Table 9 - Ti 17 da’dN vs AK slopes

ca'cPivs AKX shopes

fe

for peedctions wiich 6o et ext:2xt 2 fnear belayowr, the nto! and frol sicpes 27e gyen
test skpes 2re grven oy £ the resuls 2ra L2451y knear

N0 eXSENG (852 resus o predttions are ixfratedtby X

A-0.1 R=07 Tyoel Type2 Tuoe3 Tud00 TedI0 Twed33  TudSo

mz FFA 23-30 2 30 32 2 32 33 £ 32
1ZR 32 32 32 32 32 32 32 32 32

cT NASA 3e 28 238 28 28 39 30 30 30
CEAT 22 28 28 28 28 28 2£ 23 28

TEST 28 2s 25 28 25 28 2s 28 25

FFA 30 32 ) 32 32 32 32 32 32

R 32 32 32 32 32 32 32 32 32

cc NASA 32 32 32 32 32 32 32 32 32
[CEAT 36 36 36 36 35 36 356 3s 36

{7EST 3324 38 28 28 25 30 30 30 39

Tabie 10: mmmdmdwmm(m&gaummumm
TH-EALLV. I 635 2nd Tl 7}

No.ot FFA NLR NASA CEAT
orescIons
T s X s z ! s H S
1 [ Type 1-3 (a3l rescits) 16 o2 {02} 10 jo1s 121|017 ] 108|020
Torbiztan (2 ressls) = 108/ 015/088 013} 088 014!} 116 | 018
2{Cost AmX (R=G.1.R =07} 2 107 {016} 097 {012} 103 011 | 114} 019
Trpe1-31) 15 086 {017 | 095} 013 ] 115 | 015 | 102 | 0ITS
Tovisian ) 2 10 }o2fost}oiss 08t 012 112 015
Types 6 017023} 059} 036|099 |00s] 115] 028
3|Types-3e Totzn 32} 3% 09z {014 089 [0115] 096 | 0.15 | 1.08 | 0.165
4{Typel-2e Tetsa 2 «2 078 {029} 087015095} 018} 109} 0.18
1) 3 6285 CC Type 2 exciuded £ = 22650 ol NprgyNagsz. 5 = stancad devzation (log. noen, &s¥r)

2) TiEAI-EV CC Todista: (0 excixded
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AT N FFANISA R CIAT
[ Ty=et FFA - MLACEAT A3 NASA
h‘—tz FEA CEarnAa 2] URSA
[Tysa3 NASA FFANLA CEAT an
Tt 00 NASA MR FFACIAT R
I Tprtrmn 10 NASA IR FFA CEAT AR
o230 FFANASA XA CSAT a3
| TordeayetA FFA MXSA N CEAT AR
Tyses FER MNLRCEAT N3ZA R

Fig.1 - Ti-6Al-4V N prediction / N test chart

B 633
CT Secmans N znescon . Noess

= 03 0.8 3.7 03 6.9 1 12 13 T8 L3 ] 2 =D
R MR CIAL FRANISA
el F FFA NXLANASA CSAT
[Troet Fe NLR LZAT NS
Teoed FER .'vg.R NIZA Y4
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Twten 1Q hACY FEANASS CIAT
TaSzmwr ) AWLARIFL NI CIAT
Tuwd=inid 32 hats NAs3 CIAT
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CC ez
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R0 1 NLANREA C3AT FFA
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Fig.2 - Bl 865 preciction 7 N test chant -




=2 o5 -T] oz -3 § 1] 1 2 T2 15 18 2 =0

laas czaAT NISA  FFANIA
la=os czat MISA MR SFA

et CIATFTA M3 Masa

Tyce2 CZAT MA  NISA FA

T304 C2AT NASX ER Fra

[ TarrenanC0 CIAT NLANASA £FA

Tty 10 CZAT  NASA XA FFA

[T 20 CIAT NASANR FEA

L] CEAT MNMASANLA #FFA

T: FFA NASA A3 CZAT

CC pecrmans

i 8L 25 23 G Q9 L] 22 T 15 T8 2 5D

Rl 1 SR FERANASA CEXT

R0_5 A NASR CZAT
Tyset MR FTA CZAT N353

B s FFA NS CIAT
Trca3 WR MASR  FFA CZAT

| Totzeen 0 AL NASX a2 FFA (=231

Tt 1 LB NASE FFA (=2

TS ) KR NALA FFA CSAT

Rt NLR NASA FFR CZAT

Tyoet FEA AR NASA CEAT

Fig.3 - Tit7 prediction / N test chant
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Ti-6Ai-4V: CASE 01 ( CST AMP R=0,1 for CT specimen )
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Ti-6A1-4V: CASE 03 ( CST AMP R=0.7 for CT specimen )
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Ti-6Al4V: CASE 05 ( SS TYPE1 for CT specimen )
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Fig.6 - Ti-6AI4V Case 05
Tr-6AI-4V: CASE 07 { SS TYPE2 for CT specimen )
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Ti-6Al-4V: CASE 09 ( SS TYPE3 for CT specimen )
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Fig.8 - T-6A14V Case 02

Ti1-6Ai-AV: CASE 11 ( SS TYPEA for CT specimen )
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Fig.9 - Ti-6AI4V Case 11




Ti-6Al-4V: CASE 13 ( TURB10 for CT specimen )
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Fig.10 - Ti-6Al4V Case 13
Ti-6A1-4V: CASE 15 (TURB30 for CT specimen )
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Fig.11 - Ti-6Al4V Case 15
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Ti-6AH4V: CASE 17 ( TURBS50 for CT specimen )
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Fig.12 - Ti-6Al4V Case 17
Ti-6AI-4V: CASE 19 ( TURBOO for CT specimen )
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Fig.13 - Ti-6AI4V Case 18
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Ti-6AL4V: CASE 04 ( CST AMP R=0.7 for CC specimen )

Ti-6A1-4V: CASE 02 ( CST AMP R=0.1 for CC
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Fig.18 - Ti-6Al-4V Case 10
Ti-6AH4V: CASE 12 ( SS TYPEA for CC specimen )
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Ti-6Al-4V: CASE 14 (TURB10 for CC specimen )
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Ti-6Al-4V: CASE 18 ( TURBS50 for CC specimen )
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M1 685: CASE 30 ( SS TYPE3for CC specimen )
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134 685: CASE 32 { SS TYPE4for CC specimen )
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1M1 685: CASE 34 ( TURB10 for CC specimen)
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I3 685: CASE 36 ( TURB30 for CC specimen )
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Ti 17: CASE 41 / CST AMP R=0.1 for CT specimen)
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Ti 17: CASE 33 { CST AUP R=27 tor CT specimen )
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Ti 17: CASE 45 ( SS TYPE1 for CT specimen )
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Ti 17: CASE 47 { SS TYPE2 for CT specimen )
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NLR's predictions for Ti-6Al-4V (CT)
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CEAT's predictions for Ti-6Al-4V (CT)
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CONCLUSIONS AND RECOMMENDATIONS

by
Paul Heuler and Walter Schiitz
Industrieanlagen-Betriebsgesellschaft (IABG)
8012 Ottobrunn

Germany
and

Eric Jany
Centre d’Essais Aeronautique de Toulouse (CEAT)
31056 Toulouse
France

1 Introduction

The preceding chapters have presented and discussed the objectives
related to this large collaborative effort as well as relevant test
techniques, modelling details and results in great detail. In 1988
an AGARD report had been published on the results obtained vithin
the Core Programme [1] vhich represents the first of tvo parts of
the AGARD Engine Disc Cooperative Test Programmse. The major issues
treated vithin the present Supplemental Programme vere:

-~ To expand the initial Ti-6A1-4V data base to other titanium
materials such as the 8-processed IMI 685 and Ti-17. Here again
load controlled LCF iests vere carried out on sacoth and notched
specimens as vell as crack grovth tests on compact tension (CT)
and cerner crack (CC) specimens under constant amplitude load-

ing.

- To consider variable amplitude and spectrum load sequences that
would be typical of compressor disc loading conditions. Aspects
related to both the experimental techniques as wvell as to mate-
rials’ response to non-constant amplitude loading are being dis-
cussed.

- To apply and evaluate fatigue crack grovth modelling techniques
based on the material/load cases of the Cooperative Test Pro-
gramme as mentioned above.

Additionally microstructural and fractographic analyses have been
undertaken in order to relate macro crack grovth behaviour to micro-
structura? features and intrinsic material properties. In this final
chapter, some main aspects and results are suamarized. Cunclusions
and recommendations for future work are given.




2 Testing

LCF Saooth and Notched Specimens

These tests vere carried only under constant amplitude loading ap-
plying a trapezoidal wave form with R = 0.1 and a nominal frequency
of 0.25 Hz. Both types of specimens vere tested under load control.
Fut smooth specimens this control mode might turn out to be questio-
nable because of the extensive cyclic creep occurring at higher
stress levels. Tests under straim control, however, vere beyond the
scope of the present programme; they are considered within a succes-
sive AGARD test programme [2]. Despite of the inherent cyclic creep
effect, the data produced vere very consistent. Scatter of the IMI
685 data is reduced as compared to the Ti-6A1-4V data created within
the Core Programme [1] although this might be - in part - a conse-
quence of the higher number of test results and laboratories invol-
ved in the Ti-6A1-4V excercise.

Crack Grovth Tests - Constant Asplitude Loading

Similar to the LCF tests, constant amplitude tests were conducted to
expand the data base under identical conditions as in the Core Pro-
gramme. The results again turned out to be very consistent for the
vast majority of tests.

For Ti-6A1-4V it had been found in the Core Programme that the ave-
rage CC crack growth data vere betveen 30 and 50 percent slower than
the respective CT data for given &K values betwveen 15 and 35 MPa/m
[1]. The reason for this difference could rot be resolved. Vithin
the Supplemental Programme, trends with respect to the effect of
specimen geoxetry vere not as clear. For Ti-17 no significant influ-
ence of the specimen geoaetry was observed, vhereas for Ti-6A1-4V
again lowver grcewvth rates were found for the I geometry. For IMI
685, higher rates could be observed for £C specimens at lov &K
levels wherezs both CC and CT rate data merged at higher &K levels.
This can be rationalized based on the coarse microstructure of that
material where the CC crack is - at least in the initial stage -
shorter than aicrostructural dimensions. Considering the increasing
coarseness of the microstructures of Ti-6Al-4V, Ti-17, and IMI 685,
respectively, it aight be speculated vwhether the above ranking is
connected in sorze way to microstuctural effects. However, the diffe-
rent (and limited) amount of individual test data for the three
materials should be noted vhich prevents final coaclusions.

Crack Growth Tests - Variable Asplitude and Spectrum Loading

Consideration of variable amplitude and spectruzm loading was one of
the major steps beyond the scope of the Core Programze. It consisted
of an overload sequence vhich vas required for the identificaion of
basic input data for some of the models, three "underload® sequences
and four TURBISTAN sequences vhere small cycles vere successively
omitted from the full spectrum. The underload sequences (high
R-ratio constant amplitude cycles interrupted by large zero-max




cycles) represent further simplifications of the complex TURBISTAN
cycle vhich is typical for disc loading environment.

The results obtained for the complex loading sequences were again
very consistant providing a sound basis for the folloving modelling
excercise. In some cases vhere large deviations from the major data
trend vere otserved, fractographic analyses provided insight into
the mechanisms responsible for those findings. An excellent analysis
has been provided for Ti-6A1-4V by Vanhill and Looije (see Chapter
2) vwho showed characteristic microstructural phenomena to control
macroscopic fatigue crack growth vhich may be different for constant
amplitude and spectrum loading in particular at low &K levels. This
type of information may be relevant for the applicability of basic
constant amplitude data for spectrum crack growth prediction.

Vith respect to the number and complexity of tests conducted by many
participants within the whole programme, the quality and consistency
of the data base created should again be emphasized. This is cer-
tainly a consequence of the efforts of the laboratories involved,
but also confirems the quality and significance of the detailed Work-
ing Documents [3 -~ 6] providing a common basis for all participants.
Thus the persons involved in the preparation of these documents pro-
vided a valuable input to the vhole exercise.

3 Modelling and Crack Growth Prediction

Lifing of aerc-engine coaponents increasingly requires, or totally
relies on, fatigue crack crack growth assesszent under consideration
of near-service conditions. Therefore, crack growth modelling repre-
sents one of the essential parts of the Ccoperative Test Programze.
As described in great detail in Chapters 5 and 6, prediction of
crack growth was rather accurate for the bulk of test cases. It
should be ncted that in =cst cases the modellers were not aware of
the experizental results i.e. "blind™ predictions vere to be made.

Soze major conclusions from Chapter 6 are repeated here:

- Both coamplex models taking load-interacticn into account as well
as wmore simple non-interaction models produced acceptable re-
sults for spectrua loading with a slight superiority of the =ore
cozplex amodels.

- This can be rationalized by the nature of the TURBISTAN and un-
derload sequences vhere the major contribution to damage accuzmu-
lation, 1i.e. crack growth, is provided by the frequent zero-maz
cycles. This is supported by the relative insensitivity of fati-
gue test lives to severe oxzmission of small cycles.

- The overload sequence tests are appropriately modelled orly by
the cozplex =models.

- Using individual base-line data sets for each of the tvo speci-
zen georetries excludes all possible uncertainties and inaccura-
cies vhich aight result from K calibrations and other factors
such as the constraint present in real cosponents.




Vithout intending to detract from the success of the modelling exer-
cise, it should be pointed out (vhat is seli-evident, but repeated
here again) that for an application many further aspects have to be
considered such as the definition of initial crack or flaw sizes,
the effect of temperature and corrosion, the consideration of scat-
ter etc.

4 General Remarks

As already mentioned, the success of a collaborative effort such as
the AGARD Engine Disc Cooperative Test Programme is dependent to a
large extent on the quality and significance of guidelines prepared
to share experizental and theoretical studies betwveen several parti-
cipants. These guidelines have been discussed within the working
group, but prepared as Working Documents by individuals who therefo-
re significantly contributed to the final result. It is recommended
for future activities similar to the present one to devote suffi-
cient time and energy to the preparation of guidelines or wvorking
documents.

Vith regard to the topic of the present programmse, it is unfortunate
that only one engine manufacturer took part (with a reduced set of
predictions) in the modelliag excercise. This may be understandable
from a competition point of view, but nevertheless a more active
role would have been desirable in particular with regard to real
application probless. Manufacturers have supported the prograsme
through delivery of =materials and specimens vhich is very =uch
appreciated.

Finally it should be eaphasized that projects 1like the present one
are only possibie as collaborative programmes due to obvious reasons
of cost, but an equally important aspect can be seen in bringing
together experts from different areas and countries and encouraging
exchange of ideas and expertise. Therefore, this type of effort
should be continued in the future.
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