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Abstract This paper present the ongoing DISFAT project faially supported by the French National
Agency ANR and its white program. It aims at a dggmderstanding of mechanisms leading to cratiafitin
in metals and alloys in Very High Cycle Fatigue (@F). In contrast to conventional fatigue testsgeding
irreversible microstructural changes using cyctiess-strain curves analysis is no more possiblEast with
conventional measurement systems, since the magicsoehavior is quasi-elastic. To cope with thislpem,
we propose to use the energy signature of the wefion mechanisms. The main challenge of this ptoje
results from the fact that the energy and mechameaifestations as well as the microstructuralidemnces”of
the mechanisms of interest involve very low sigmalthis paper, we explain our strategy and presente
results on fcc and bcece single-phase polycrystals.

1 INTRODUCTION

The DISFAT project (“Microplasticity and energy siigation in very high cycle fatigue”) is an ongoing
French project financially supported by the Frehtional Agency ANR and its white program. It aiatsa
deeper understanding of mechanisms leading to énétéktion in metals and alloys in Very High Cydiatigue
(VHCF). The VHCF regime is associated with stresgnitudes lower than the conventional fatigue liamtl as
a result, numbers of cycles higher thaf. The present project is a fundamental researgeqrdHowever, it is
motivated by industrial problems. Some mechanioainmonents, such as pistons, rotating axes, in the
transportation and more generally engineering imgiusiave been designed previously using fatigwéstance
data at lower numbers of cycles (¢1fycles ; the regime of High Cycle Fatigue, HCF)evdas they must
endure oscillating loads for a number of cycleshaigthan >18cycles (Bathias and Paris, 2004). In addition,
many experiments prove that failure occurs at steesplitudes lower than the conventional fatigudtli There
is also growing demand for the development of robiesprediction and damage assessment methodssdbat
allow the safe extension of service lifetimes faansportation and power generation systems beybed t
original design lifetimes; the methodologies musballow for the design of new efficient systemtended to
operate at even longer lifetimes. These requiresnenttivate the need to understand the fundamental
mechanisms of fatigue in the VHCF regime, corresyagly, to explore novel methods for the charaetgion
of fatigue behavior at these very long lifetimeddGF has been a subject of growing interest in regears
giving rise to four International Conferences omryEligh Cycle Fatigue (the first one was organibgdPr C.
Bathias in Paris in 1998, next Vienna in 2001, Kyt 2004, Michigan in 2007, Berlin in 2011).

In the High Cycle Fatigue (HCF), much work, incluglianalyzing and modeling proposed by Pr. H.
Mughrabi (e.g. Wang and Mughrabi, 1984; Sommen,e1298) has been performed, and a fair understandi
has emerged over the years. Cyclic strain locainain Persistent Slip Bands (PSBs) is generallyntb and
accepted as the critical onset of fatigue damagbkarHCF regime in ductile single-phase materials$ also in
many precipitation-hardened alloys. Once formed3$ccompanied by the development of extrusioms an
notch-like deepenings, commonly referred to ausitms, lead to cracks. Basically, cyclic straicalization in
PSBs represents fatigue mechanisms, characterizedel-defined threshold amplitudes. Fatigue dambhge
cyclic slip can only occur when elementary forwaligp displacements during one half-cycle are naofgutly
reversed during a subsequent half-cycle. The cglificis thus commonly referred as partially irrmesible. Here,
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the term “irreversible” is not used in the senséheirmodynamics. It simply refers to cyclic slippesses that
cause permanent or irreversible microstructurahgea in the bulk leading to damaging notch-pealoggoes
at the surface. The irreversible microstructuradrgfes are mainly related to dislocation proced38&8 and
dislocation structure in the matrix depend on thargorientation, grain size and more generallyttom local
mechanical state. In addition, the ability of scrdiglocations to cross slip and annihilate is kndaibe a key-
parameter for the dislocation structuration proessBo the fatigue mechanisms that are becometigtfen the
VHCF range are simply those, mentioned above, dhatknown to be active in the HCF range? Most adirre
studies have focused on the VHCF behaviour of Bigbngth materials containing microstructural
heterogeneities such as inclusions and referragpasll materials (Mughrabi, 2002). An importamding was
that, in the transition from HCF to VHCF, the ongiof fatigue failure changed from surface to iotetfish-
eye” fracture at non-metallic inclusions (e.g. Bashand Paris, 2004; Mughrabi, 2006). What aboutiléu
single-phase materials which do not contain handnregallic inclusions? For ductile single-phase mialks
referred as type | materials, only few investigasianainly on copper (Stanzl-Tschegg et al, 2007idWé et al,
2010; Stanzl-Tschegg and Schénbauer, 2010; Kruph 2011; Hoppel et al, 2011) are available rdiay the
shape of the fatigue life curve and the damageutionl. From these experiments, it is suggested ¢hatk
initiation will take place at the surface owing the accumulation of very small but irreversible sia
deformation over very large number of load char@&sghrabi, 2002). However, there is no possibifiy the
formation of a pronounced PSB structure at very $tngss amplitudes below the PSB threshold. Thexefbis
necessary to conduct systematic investigationype t materials after cyclic deformation in the VH@gime
in order to clarify the role of the above mentiomeechanisms and parameters.

In this project, we will focus on both face-centéfécc) and body centered (bcc) cubic single-phmstals,
displaying planar or wavy slip. These materialsgoed candidates because their HCF behavior haslamely
studied in literature and we will be able to rdfethis knowledge. A special attention will be p&acthe role of
grain size and orientation and of the initial scefastate following the work of Mareau (2007) andi€aet al
(2010) in HCF regime. In addition to the questidrir@ material dependency of fatigue mechanismsesded
above, studying the VHCF range requires developperific experimental equipments and methodologies.
perform experiments up to a very high number oleyin a reasonable time, ultrasonic equipmenttasting
frequency of 20 kHz will be used. It takes only feen hours to perform i@ycles at testing frequency of 20
kHz whereas it takes one hundred days at 100 Hzoitrast to conventional fatigue tests, detedtirgyersible
microstructural changes using cyclic stress-sttanves analysis is no more possible, at least @dthventional
measurement systems, since the macroscopic belisigoasi-elastic. To cope with this problem, wepase to
use the energy signature of the deformation meshemi The temperature increase of the specimenbwill
measured during the cyclic loading. The dissipateergy will be deduced from temperature field measents
by solving the heat equation accounting for excleanpsses and material conductivity. This caloninet
method has been successfully developed for coromaitfatigue at testing frequencies ranging frorrb@Q0Hz
(Boulanger et al, 2004; Meneghetti, 2007; Chrysoshet al, 2008; Doudard et al, 2010; Connessoh 2041).
In this project, it should be adapted to 20 kHzlioge loading. From an industrial point of view, nasonic
fatigue testing and dissipation estimates duringlicyg loading may appear as rapid methods to selet class
materials with regard to their fatigue propertidswever, it addresses the issue of the frequenpgdtmon the
fatigue response. To clarify these aspects andeifability of these methods as well as for bettederstanding
of physical mechanisms, multi-scale observationshef material of interest will be performed to éoll the
microstructural changes at the surface and/orerbthik.

The project brings together four academic partéils complementary fields of expertise and equipeisie
(PIMM — Arts et Métiers ParisTech, LEME - UnivegsiParis X, LMGC - Université Montpellier 1, LSPM —
UPR CNRS). A technical center (CETIM Senlis) isocafssociated to transfer the results of this furedaal
work to industrial applications. Most of participag researchers have worked in the HCF fatigued feahd
Professors Bathias and Mughrabi who contributethéoproject provided pioneering and well-known woik
the VHCF range. In this paper, we first introduaehground on VFCF. Then, we explain our experinmenta
procedure. Finally, some results are presentedderdo illustrate our methodology.

2 BACKGOUND

Definition of the VHCF regime

During the last 30 years, studies of metal fatiguextended fatigue lives of more than’ tycles to failure
(Awatani et al, 1975; Willertz, 1980; Hessler et #981; Bathias, 1999), were mainly focused onsthape of
the fatigue live diagram (also referred as S-N ean\&: stress, N: number of cycles to failure oh&ibcurves)
with special emphasis to the so-called “fatigueitlimFigure 1 represents the typical fatigue lifeagtam
characterized by three or four stages accordirtge@uthors. These four stages can be charactexrizémllows
(from Mughrabi, 2002):

I. Finite fatigue life regime extending from the loycte fatigue (LCF) to the high cycle fatigue (HCF)
range. The fatal cracks initiate most commonlhatgurface.
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II. Conventional HCF fatigue limit. It is characterideg some form of cyclic strain localisation threlsho
It corresponds to the PSB threshold for ductilgleinmetals.

lll.  Regime of finite very high cycle fatigue (VHCF)difMughrabi suggests distinguishing two classes of
metallic materials: type | materials are pure daatingle-phase metals containing no extrinsicriveke
defects; type Il materials contain internal defexttsh as non-metallic inclusions/dispersoids. kpet
Il materials, cracks originate from internal defeend lead to the so-called fish-eye fracture. i@n t
opposite, for type | materials, crack initiationllwake place at the surface owing to accumulatibn
very small but irreversible microstructural change®r very large number of load. This regime is
below the PSB threshold.

IV. VHCEF fatigue limit. The presence of a fatigue limélated to stage IV is still debated. Some authors
(see e.g. Bathias and Paris, 2004) suggest a oomsiy decreasing stress-life response and prefer
introducing a fatigue strength associated with \eiginumber of cycles rather than a fatigue limit.
Others (see e.g. Mughrabi, 2002) suggest the preseh a fatigue limit below the irreversibility
threshold characterized by non-damaging slip oligibte slip irreversibility and infinite fatiguefe.

IS & Figure 1. Schematic illustration of
HIE ! proposed shapes of multi-s&§-N

curve. (a) after Nishijiama and
Kanazawa (1999)
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Irreversible microstructural changes prior to crack initiation

This question of the existence of a fatigue linsitciearly linked to mechanisms prior to crack atitin. In
particular, irreversible microstructural changelwiously required to generate rupture of the niatén ductile
metals but is probably not sufficient. In the H@&gime, the role of persistent slip bands (PSBghennitiation
of fatigue cracks in metals has long been recognilrtefcc metals, PSBs in which the plastic stigifocalized
have a well-defined dislocation structure, the albed ladder (wall) dislocation structure, charaztd by a
length separating walls of dislocation dipoles. Hindity of cross slip and annihilation impacts ttislocation
accumulation processes (Laird, 1996; Lukas, 199Gpes, 2004). For example, referring to the ingasbns
of Thompson and Backofen (1971) on wavy-slip matersuch as Cu and Al but also on planar-sirass, it
was shown that for wavy slip materials and gra@esibetween some ten and several hundred micraneter
homogeneous tangle of dislocations are found andongiderable grain size influence on fatigue prige in
the HCF region is visible while for planar slip maals, planar slip bands form and the grain sifkiénces
significantly the fatigue life curve. Mughrabi dt(4979) showed that a necessary prerequisite yfoliccstrain
localization in PSBs is that the so-called PSBghodd amplitude be exceeded. However, in the VHE&Lfime,
well below the PSB threshold, marked cyclic sligdtization occurred in intense slip bands afteryvarge
numbers of cycles (Stanzl-Tschegg et al, 2007; W&iett al, 2008, Weidner et al, 2010 ; Stanzl-Tgghend
Schonbauer, 2010; Krupp et al, 2011; Hoppel eR@1,1). Does a limit of this cyclic slip localizati, more
generally labeled as microstructural irreversipilievidence”, exist? What are the conditions tovate these
microstructural irreversibility “evidences™? Do slar mechanisms involved in HCF occur in VHCF buthaa
lower kinetics? These are the main questions adedes this project.

Methods for the characterization of VHCF fatigue béaviour

The need to understand the fundamental mechanisifiagigue in the VHCF regime requires exploring abv
methods for the characterization of fatigue behaatdhese very long lifetimes. As mentioned abaN&asonic
fatigue testing at frequency of 20 kHz brings adagas to provide fatigue limit and near threshaldck
propagation data within a reasonable time. Howeterguestion of the frequency effect on the fatigesponse
is addressed. Firstly, owing to the high frequernating of specimens is observed during ultraséatigue
tests. This heating in some materials can reachQQ@®/agner et al, 2006; Ranc et al, 2008) and apresatly
modifies the material properties. To prevent hgatihspecimens, compressed air was used as a gonédium
(Bathias, 2006). Intermittent testing can also s®lation (Stanzl-Tchegg et al, 2007). Secondlg, flequency
effect on the fatigue response may be due to Bitriparameters (strain rate sensitivity) and egitiparameters
(corrosion). Actually, the trend is to say thaffén materials, where the cyclic flow stress is wegalependent
on strain rate, little effect is expected (Morrigsad Nicholas, 2006), while in bcc materials séresito high
strain rate, the frequency effect could be moreoirignt (Tsutumi et al, 2006; Setowaki et al, 20Hdwever,
recent papers (Engler-Pinto et al, 2007) have stefvaquency effect on fcc Al-Si and Al-Si-Cu alfolgetween
75 Hz and 20 kHz which depends on the strengtheatloys.
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The temperature variation in a specimen during dicyoading may also be used to detect internanges
within the material. Indeed, it depends on the tseairces developed within the material (sourceeciszd
with dissipation of the mechanical energy into hesad sources associated with the coupling phenorfeega
thermoelasticity)). Obviously, the passage frompgerature to heat sources requires the estimateaiflbsses
by diffusion in the specimen and of heat transfi#hthe surroundings by convection and radiationoider to
obtain information on the energy signature of tldodmation mechanisms, it is necessary to deriyearb
inverse method, the associated heat sources fremtetmperature field measurement. Many authors used
temperature measurements during fatigue testsderstand, for example, the effect of the stresslitudp on
the temperature rise (e.g. Luong, 1995; Fargiored,e2002; Cura, 2005). More recently, some resegroups
developed energy approaches based on the dissipggessments (Boulanger et al, 2004; Meneghéti/;2
Chrysochoos et al, 2008; Doudard et al, 2010; Cssoreet al, 2011). Thermal and calorimetric studiese all
carried out in the HCF range but not in the VHCgimree.

3 EXPERIMENTAL PROCEDURE
3.1 Materials and specimens

To understand the mechanisms of interest, oureglyaits to analyse the response of metals and allaysg
“simple” microstructure and deformation mechanidou$ also controlled initial states, with speciaieation
paid to the surfaces (with reduced roughness asidual stress state, labeled as “ideal” state seffa-rom the
existing knowledge of cyclic deformation mechanisme choose to study the role of two intrinsic pdies of
solid crystals: the tendency to wavy or planar alid the lattice friction resistance. In this pobjeve propose to
study two classes of ductile single-phase metals fot and bcc structures. In both classes, we aspehsi pure
metal and alloys in order to change the abilitgttoss slip. Concerning fcc metals, pure copper@m¥n (@-
brass) alloys are good candidates. While pure Gundésvn to deform with wavy slipg-brass Cu-Zn displays
planar slip. Here, we only present results conogrma commercial polycrystalline copper CuOF 99.99%
supplied by Griset Company. Concerning bcc mekays Fe-C were used and here, we present resulisméo
iron. The mean grain size in both materials was@pmately 50 pm.

In order to ease surface observation, a new hagglhaped specimen with flat faces was designg®RjFiThe
specimen dimensions were determined so that appdhts, such as transmission and amplificationgsgeibrate

at a resonance frequency of 20 kHz in tension-cesgion (Phung et al, 2011; Wang et al, 2011). After
mechanical and electrolytic polishing, the specirsarfaces were mirror finish without any residutiesses.
The stress distribution along the specimen axiktated numerically) is presented in Figure 2. Bhress is
concentrated in the middle of the gauge part of gpecimen and reduced toward the specimen ends. Thi
geometry allows to systematically study the matagaponse at all desired stress amplitudes with gingle
specimen.

y — — s ‘1 s
T X T/—J: il .
3 | — =

10
16,5 | 5

19 18 16,5

Figure 2.Ultrasonic fatigue plate specimen and distributidstress along the specimen axis for CuOF 99.99%.
3.2 Fatigue tests

To reach VHCF regime within a reasonable timeasltinic fatigue technique at a testing frequencgbafut 20
kHz has been used at very small stress amplituaee(l than the VHCF fatigue limit). Assuming an éfas
behavior, the strain ratio, (minimum strain overximaum strain) was R = -1. One side of specimen paisted

in black so that the heating change during loadilj be captured by an infrared camera. From these
temperature measurements, the intrinsic dissipat@as determined using a 1D thermal model (see Helbhe
fatigue experiments were periodically interruptéergprescribed numbers of loading so that the libgveent of
plastic slip markings on the other side surface ol@erved by optical and electronic microscopy.
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3.3  Model of heat diffusion

A numerical model was built to estimate the disttibn time course of intrinsic dissipation from feenature
measurement fields during the fatigue test. Wededwn the longitudinal distribution of heat sosraéthin the
specimen gauge part. A 1D calorimetric analysisbeen justified assuming in a first approximationngaxial
tension-compression stress state. From the heatiequ

pC'I.'—kAT:s (1)

where T is the temperatureg the mass density¢ the heat capacityk the thermal conduction coefficient.
s(x,y,z,t) symbolizes the volume of heat sourceldvwdhg Boulanger’s hypotheses (Boulanger et al,80¢the
1D diffusion equation for a non-constant crossieaatan be written as (Doudard et al, 2010):

00(x,t) , (xt) _ k [azﬁ(x,t) L 00(x1) S'(x)j _ s(x.t) @

ot r'®(x) pC ox2 0x  S(x) oC

. . . D . . .
with & T — T° is the temperature changF, is the room temperature arﬁ1 is a time constant term which
characterizes the heat losses through lateralcagfaf the specimen

110 (3 =_PC LS
2He+103)

wheree is the specimen thickned§x) is its width with respect te. We note S(X) = e[l(X) the cross-section

at this point. The mean dissipation over sevemlisand cycles was solely estimated (the thermdieksurces
being not considered here regarding the test frecjae and the adiabatic character of the thermbelas
processes over a complete cycle duration (50 us¥he above equations, the unknown parametereishédat
transfer coefficienh. The method used to identifyis presented in the following section.

®3)

3.4 Heat loss time constant identification

The heat transfer coefficient is determined forhesest, from thermal field measurements when tliguea
loading is stopped and the temperature of specimtnmns to thermal equilibrium. More precisely, ihédial
temperature was considered as the temperature wiehoad was stopped. During the thermal return to
equilibrium, no heat source occurs. Thermal measents&”™® applied to each end of the specimen by Dirichlet
method enabled us to know the boundary conditibhs.unknown heat transfer coefficiénivas well chosen to
satisfy these conditions:

( 00(x1) , B(x1) _ Kk (9°0(x1) , 26(x1) S _ @)
ot r'°(x) pCl ox2 ox  S(x)

S B(xt=0) =% (x,t =0)

-L -L
O(——t) = 87 (—— t
L (2 ) (2 )

As a resulth was found in ranges of 30 — 100 W/K1 This result shows that the heat losses areecays
natural convection and also by an air flow abowedpecimen which aims at cooling the piezoelesygtem.

4  SOME RESULTS

In this section, we present some results illustgatur works. Figure 3 shows the PSBs observed®atytles
on the specimen surface for CUOF 99.99 materialAmaco iron. The stress amplitude was chosen le kit
higher than the PSB stress threshold for both riadgesstimated at £@ycles. It is worth noticing that the PSB
stress threshold depends on the number of cycke®ZlSTschegg and Schénbauer, 2010; Phung et &l)20
This is the reason why we arbitrary chosé dgcles. For both materials, we observed very f&B$on the
surface specimen located in isolated grains. Thtufes of slip markings were founde different. BuOF
99.99%, PSB are straight, lonely, mainly locatedrrtee grain boundaries. For Armco iron, they amead in
the whole grain and seem to be wavier. The formatibPSBs induced a self heating of the specimentdu
intrinsic dissipation. Figures 4a and 4b displag #Hverage temperature over the gauge length aretasev
thousands of cycles and the corresponding intridisisipation for various maximum stress amplitueesus
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the number of cycles for CUOF 99.99%. The tempegaises over cycles and never reaches a consirg.un
other words, the temperature does not stabilizeysty an evolution of the heat balance and consgtyuef the

microstructure. Despite a slight raise of the terapge atAo/2 = 45.9 MPa, the intrinsic dissipation increased

very slowly with the number of cycles. It attained0.498 °C/s at T0cycles and reach to 0.505 °C/s af 10
cycles. It means that the heat sources were hitjizer the heat losses and remained active alongytties.

However, no slip bands were observed on speciméacsuup to 1®cycles at this stress range. Av/2 = 51.5
MPa, the intrinsic dissipation increased slowlytad0 cycles. No slip bands were either observed beti€&n

and 10 cycles. At 18 cycles, a clear increase of the intrinsic dissipatvas recorded. In this case, slip markings

were observed on the specimen surface, the intridissipation was 1.322 °C/s. At higher stress #ogs,
Ac/2 = 56.8 MPa, the intrinsic dissipation increaseshvtite number of cycles more rapidly than in presiou

cases. ANO/2 = 72.1 MPa, the intrinsic dissipation rises veagtfwith the number of cycles and reach to 7.477

°C/s at 16 cycles.

Figure 3: Persistent slip bands observed just beh@wPSB stress threshold af t§cles. (a) CUOF 99.99% at
68 MPa- (b) Armco iron at 95 MPa.
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Figure 4. (a) Average temperature and (b) Averatpnsic dissipation during fatigue test at differeonstant
stress amplitude fatigue test for CUOF 99.99%.

In addition to average values, the intrinsic diaBgm distribution can be estimated along the speniaxis (Fig.
5a). The intrinsic dissipation is concentrated e middle of the specimen and decreases towardrilds.
Hence, it is, as expected, related to the disiobubf stress (Fig.2). Optical micrographs revedlet this zone
display the highest quantity of slip markings (Fip). This result confirms that dissipation is teth to
microplasticity.

5 CONCLUSION

The DISFAT project aims at a deeper understandingezhanisms leading to crack initiation in metahsl
alloys in Very High Cycle Fatigue (VHCF). The mahallenge of this project results from the factt ttre
energy and mechanical manifestations as well asnibeostructural “evidences”of the mechanisms déiiest
involve very low signal. As a result the objectiars twofold:

« exploring and developing novel techniques to charae fatigue mechanisms in the VHCF range
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e establishing (1) the impact of intrinsic propertiggrystals such as the tendency to wavy sliplangr slip,
the lattice friction and (2) the role of the sudamn the cyclic plastic strain localization andcéranitiation
in the VHCF range.

The strategy consists in characterizing internaingie of polycrystalline materials by coupling twethods: (1)

observing the specimen surface change during ayciind (2) estimating the intrinsic dissipation from

temperature measurements. A new hourglass speciitierilat faces has been designed to ease fieltysisa

First results show that:

— The PSB stress threshold depend on the numberct#scy

— Slip markings associated with PSBs appear at tleeisen surface in few and isolated grains for both
materials. However, they are straight and locatdtieagrain boundaries for CUOF 99.99% whereas tiney
wavy and spread over the grain for Armco iron.

— Field intrinsic dissipation along the specimen axé&s estimated from thermal 2D measurements adhiewve
the flat hourglass specimen.

— Intrinsic dissipation is related to microplasticiigtivity characterized by slip markings: highesdipation
corresponds to higher quantity of slip markingswideer, CuUOF 99.99% and Armco iron dissipate energy
even at stress amplitudes for which no slip markiwgre observed.

(°Cls)

L/2 0 L/2
position (mm)

(@) (b)
Figure 5. Intrinsic dissipation along the speciraénig/2= 72.1 MPa, 10cycles (a) and a zoom at the middle

of gauge specimen (b)
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