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Abstract

A series of biaxial High Cycle Fatigue tests atmomperature is performed to build up an
extensive and well-documented database. The tesfiagmen is a maltese cross thinned in
its centre with non homogeneous strain/stress dielhe experimental protocol uses
exclusively full-field strain measurements. Theasts (cyclic and residual) as well as the
crack initiation detection are obtained by use @jital Image Correlation (DIC) techniques
combined with a multiscale stroboscopic image asitjon in situ set-up. Nine cruciform
specimens made of type 304L austenitic stainless| stre loaded by a multiaxial testing
machine.

Two kinds of loading paths are presented: equiblawith a load ratio of 0.1, non-
proportional with a cyclic load in one directiondam constant load in the other. The
experimental results are given (strain amplitu@ésjdual strain, number of cycles to crack
initiation) for each loading path. The time histasy local strain amplitudes and residual
strains are recorded and plotted. Total strainnusnber of cycles fatigue curves show the
different trends associated with each loading padin.instance, non-proportional loadings are
found very damaging and leading to strong ratahgiffects.

The tested material is briefly introduced, followéy an in-depth description of the
experimental set-up. The fatigue test campaignltesare then presented, with a final
discussion.

Keywords: Biaxial High Cycle Fatigue, crack initiation, Digl Image Correlation,
stroboscopic image acquisition
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1 Introduction

Fatigue loading encountered in real structures raycomplex,i.e. multiaxial and
anisothermal with non-constant amplitude. Fatigesigh tools for such cases are needed, in
order to avoid early fatigue failure which may bardatic.

An illustrating example is the following incidenthweh happened in may 1998 on the
Residual Heat Removal System (RHRS) of the Frengau® 1 nuclear power plant (1400
MWe N4 type Pressurized Water Reactor). This intideas classified as level 2 of the INES
scale that includes 7 levels. It had in fact noactpn the environment (and there was no risk
to people) and a modification of all RHRS circuitss been made since. The role of this pipes
system is to evacuate the heat of the primary sgdiystem and the residual power of the
fuel, and to maintain the primary coolant watelcat temperature. In Civaux 1, a leak of
primary liquid was detected in the RHRS which wdgent in the hot shutdown
conditions (Faidyet al., 2000) and inspections revealed a longitudinallicra@ weld joining
two forged pipe sections in the by-pass pipinghef RHRS heat exchanger. A network of
micro-cracks was also identified. The RHRS ciraonsisting in two redundant paths, the
leak was stopped by isolating one of them.

The investigations for understanding the crackmerhanisms (Cipiere and Goltrant,
2002 ; Molinie, 2002 ; Stephaei al., 2002) pointed out that the inner wall of the gipe
submitted to time temperature fluctuations couphaith spatial fluctuations in fluid mixing
zones. This High Cycle Thermal Fatigue phenomemeours in pipes where flows at different
temperature and different flow rate ratio mix intabulent manner. Local or global
temperature fields resulting from this turbulenkimg lead to mainly biaxial and non periodic
thermal stresses that may cause fatigue damagefr@ipueency of thermal fluctuations is a
random spectrum, leading rapidly to the accumutatiba large number of cycles. To sum
up, such a complex loading combines high frequebiexial stresses fluctuations (with
variable and low level amplitudes) with a biaxiatan stress due to constant pressure and
permanent long range heterogeneity of temperalums. type of loading was already known
as able to induce fatigue damage characterized mtwork of micro-cracks and of deeper
cracks along geometric singularities like weldsidlaet al., 2000), as in the Civaux 1
configuration, where the flow can be locally disied.

A complete analysis of such a complex fatigue daselves expertise in thermal
hydraulics (for the pipe thermal loading induced thg fluid), thermo-mechanics (for the
structure response calculation) and materialstfermultiaxial fatigue strength) (Chapulit
al. 2005; Kimuraet al., 2007; Paffumiet al., 2008). The temperature variations are not
considered next (for design in the anisothermaésasgfer for instance to (Charkaluk and
Constantinescu, 2000; Chellapaetal., 2009; Desmoradt al., 2007; Lemaitrest al., 2009;
Otin et al., 2007; Sermaget al., 2000)). One will focus on the mechanics and nmter
topics.

Many fatigue design laws are based on uniaxial adtarization tests and
transferability factors (Manson and Hirschberg, 4)98\s Low Cycle Fatigue biaxial results
are not numerous and as biaxial High Cycle Fat{#l&F) tests are rare (see (Cognetrdl .,
1997; Itohet al., 1994; McClaren and Terry, 1963; Pascoe and desks) 1967; Wilson and
White, 1971)), multiaxial fatigue design laws or aets taking into account the mean stress
effect (Barbier, 2009; Charkaluk and Constantines200; Crossland, 1956; Dang Van,
1973; Dang Van and Papadopoulos, 1999; Desnwrat., 2007; Doudardet al., 2007;
Fatemi and Yang, 1998; Sines, 1959) miss experaheata to be fully validated.

In order to get results in conditions represengatif/the one encountered in pipes, one
has chosen to take advantage of the LMT-Cachaxidlianachine performance to make a
biaxial High Cycle Fatigue testing campaign on d8IAype 304L steel. This paper presents



two series of tests, namely an equibiaxial loagath with a loading ratio set to 0.1, and a
non-proportional one with a constant load in oneeation and a cyclic load in the
perpendicular direction, also with a loading rat& to 0.1. Another novelty is the use in High
Cycle Fatigue (at 10 or 20 Hz) of Digital Image f&tation (DIC) (Hild and Roux, 2005).
This allows for an accurate measurement of thel Istrains (at the centre of the biaxial
specimen) under cyclic loading, and for thesitu observation of crack initiation thanks to a
stroboscopic and multiscale optical measurementset

2 Material data for type 304L steel

The material used in this study is an AISI type [3@distenitic stainless steels. It has
been provided by Creusot Loire Industries (CLI)aa80 mm thickness rolled sheet. It is
therefore named "304L CLI". Its chemical compositend main mechanical characteristics
presented hereafter fulfil the required conditieighe ASME (USA) and RCCM (France)
design codes for Nuclear Reactors.

2.1 Main characteristics

The chemical composition (wt. %) of the 304L CLIgwen in Table 1. Considering
only the chemical composition, the start temperturder which martensitic transformation
occurs is estimated below the absolute zero (Eichieh and Hull, 1953; Faidst al. 2000),
namely martensitic transformation is not possi®wever, at room temperature, some
martensite can be created with the contributioplagtic deformation, especially in fatigue
loadings (Kaleta and Zietek, 1998; Kurgpal., 2001; Miller-Bollenhagemt al., 2010). As
illustrated later, such a martensite transformatisnconsidered as responsible for the
secondary strain hardening of the material at reemperature (Coliet al., 2010; Kaleta and
Zietek, 1998).

Table 1: Chemical composition of studied type 304L Stainless Steel (% Wt), from (Akamatsu and
Chevallier, 2001).

The grain size has been determined according té-tbech standard NF A 04-102 in
the bulk and near the side of the sheet. The gia®is around 150m in rolling direction,
and 125um in transverse direction. Microstructural heterogey is present and some
lamellar ferrite is observed in the rolling direxcti

Monotonic mechanical properties have been deteiireen tensile tests in rolling and
transverse directions. From the experimental reseported in Table 2, the material can be
considered as isotropic.

Table 2: Monotonic mechanical propertiesfor the studied type 304L stainless stedl, from (Akamatsu and
Chevallier, 2001).

2.2 Uniaxial cyclic behaviour of the type 304L stainless steel

Uniaxial room temperature High Cycle Fatigue tdstge been performed on different
type 304L stainless steels including the one thhthe tested in the biaxial apparatus. Strain
controlled fatigue tests are usually recommendedesign codes such as ASME or RCCM,
but stress controlled tests have also been pertbimerder to check for any controlling
variable effect on lifetime. Some tests have besfiopmed at elevated temperature (Fissolo
et al., 2009), in different environments (Solomenal., 2004), and/or with different strain
rates but these results are not reported here.



At room temperature, the mechanical behaviour petg04L stainless steels in High
Cycle Fatigue evolves during lifetime and for solo&ding conditions, a stabilized state is
never reached. After a limited number of cyclesirpurwhich classical strain hardening
occurs, cyclic softening is observed during sevédralisands of cycles (as shown in Figure 1)
and finally a secondary hardening can take pladé the end of cycling or final failure
depending on the material grade and on the tedirgaconditions.

Figurel: Stressamplitude as a function of the number of cycles. Evolution of the stressamplitude asa
function of the number of cyclesfor two type 304L stainless steels (304L CLI and 304L THY SSEN) at
room temper atur e (see (L e Roux, 2004)).

This particular evolution of cyclic behaviour is s@oved both in strain and stress
controlled tests for a 304L grade for which secopderdening is strong (304L THYSSEN
grade) as reported in (Vincent and Perez, 2005).

The grade studied in this work (304L CLI) shows ecandary hardening less
pronounced than for the 304L THYSSEN. The cyclihdaours of both grades can be
observed in Figure 1 which reports the stress dongdias a function of the number of cycles
for several controlled strain amplitudes (Le Ro2@04). Results corresponding to 304L CLI
and 304L THYSSEN are plotted respectively with efill squares (CLI) and crosses
(THYSSEN).

Preliminary TEM observations suggest that secontlargening at room temperature
may be due to progressive martensite transformati®enault, 2006). This result is in
agreement with the differences in chemical compwsitof both grades as the start
temperature of martensite transformation calculdtech (Eichelmann and Hull, 1953) is
50°C higher for 304L THYSSEN than for 304L CLI. Tlaverage grain size of 304L
THYSSEN is also smaller (~ ffn) than the one of 304L CLI (~ 1@fh) which is in favour
of more martensitic transformation and of a lorigetime for the THYSSEN alloy according
to (Stolarzet al., 2001).

Note that at elevated temperature (T>200°C), seagnidardening also occurs but this
time, its origin is the development of a specifislacation microstructure called corduroy.
This microstructure is observed in materials witv Istacking fault energy which plastically
deform essentially by planar slips in low amplitygteportional fatigue tests (see a complete
study in (Gerlandt al., 1997) concerning type 316L stainless steels).

Uniaxial fatigue curves are available for bothisti@ontrolled tests and stress controlled
tests (Solomoret al., 2004). Secondary hardening increases the fatiguemngih of the
material at least in terms of stress amplitude.aAsatter of fact, after one million cycles
reached with the endurance strain amplitude, thtemahcan resist to cyclic stress amplitudes
much larger than the endurance stress amplitud®%6-higher for 304L THYSSEN at half-
lifetime from Figure 3). Consequently, it is impamt not to use strain (stress) controlled
fatigue tests to identify stress (strain) enduraheets by taking half-lifetime value for
instance, as it might lead to non conservative iptieths. This benefit effect of secondary
hardening on fatigue strength is also observedtype 316L stainless steels at 400°C
(Gerlandet al., 1997).

Let us point out that classical methodologies torese critical stress and strain states
in a structure submitted to fatigue loading useit€iElement computations in which the
plasticity model is rather rough and cannot propddscribe the complete type 304L complex
evolution of material behaviour during the wholadng. Besides, computing all cycles is not
suitable in an engineering design and is still ouhand in structural fatigue. Only a few
cycles are effectively computed, or a “jump in &@/anethod is necessary to take into account



material cyclic behaviour evolution (Chaboche aedrie, 1988; Lemaitre and Doghri, 1994).
Therefore, the choice for the equivalent mecharbedlaviour of the material over these few
cycles is an open question when no stabilized hgsiteloop can be experimentally obtained.

Last, material ratchetting occurs in the preserfce@an stress. This phenomenon has
been intensively investigated both experimentatgt theoretically since the 1980's (Bari and
Hassan, 2000; Chaboche, 1991; Delobetlal., 1995; Ohno and Wang, 1993; Porigeal .,
2000). The nuclear industry has lead many studiethis field and uniaxial experimental
results are available on type 316L stainless ¢&@theret al., 2001; Delobellest al., 1995;
Portieret al., 2000). Concerning fatigue life, in the presenta éimited mean stress of less
than 50 MPa, stress endurance limit is slightly iied (Colin et al., 2010; Vincent and
Perez, 2005). On the contrary, the same mean stichisses a large decrease (~ 30%) of strain
endurance limit (Vincent and Perez, 2005). Unfaatety the study of the influence of a mean
stress on the fatigue curves, uniaxial or biaxiafjuires a large amount of experimental
results. This task still has to be completed fpet04L stainless steel.

3 Experimental set-up for biaxial fatigue

To the authors’ knowledge, the experiments desdrhmrein are original because they
are at the intersection of several previous expamtal investigations. For control simplicity
and cost, most of the multiaxial fatigue testspgdormed using “one-axis testing machines”:
the early bending torsion tests (Lanza, 1886; Mad®@1i7), then the tension-torsion and
tension-internal pressure tests (Marin, 1949) ognewore recent tension-torsion-internal
pressure tests (Andrew and Ellison, 1973; Lefeleviad., 1983). Very few are conducted on
“two axis” (i.e. bitension) machines for they are rare and moreptexnCognard et al., 1997,
Itoh et al., 1994; McClaren and Terry, 1963; Pasawe de Villiers, 1967; Wilson and White,
1971). They however allow a wide range of loadiraghp, without any protocol change
(especially no specimen geometry modification),clihis an important parameter in the case
of a fatigue campaign. For instance, different laiafatigue and creep-fatigue test at high
temperature in non-proportional (and anisotherroafjditions where performed on the same
specimen geometry thanks to the multiaxial machoresented hereafter (Sermageal.,
2000). Moreover, most of the biaxial tests aretiahito the low cycles fatigue regime because
of their duration (some reach nonethelessc@les,e.qg. (Bedkowski, 1994; Bonnanet al.,
2009)). On top of that, materials presenting ptastiains in the High Cycles Fatigue regime,
such as type 304L stainless steel, are hardly ®sted in multiaxial HCF since the local
stresses and/or strains amplitudes are more diffcweontrol during the whole test.

3.1 ASTREE triaxial testing machine

The triaxial testing machine ASTREE (Calloch andriyas, 1999) of the LMT-Cachan
laboratory is used. Several tests with cyclic logdihave already been performed on cross
specimens with this machine (Bedkowski, 1994; Dodda al., 2007; Sermage, 1998;
Sermaget al., 2000): they are similar to Low Cycles or High @&gcFatigue tests in terms of
strain amplitudes, nonetheless the applied numbeyates is always below £0

The loading frame of the machine is composed ofeadfbase, four vertical columns and a
mobile crosshead. Among the six available servayldr actuators, the four horizontal ones
are used for the tests. They have a load capact@@kN and a 250 mm stroke range. They
are freely and independently relocated along theicad columns. For protection against
potential side and twist forces applied by othduators, an additional hydraulic bearing is
installed in front of each actuator. The hydraytiower is supplied by stations that can
generate a 660 L/min maximum flow rate.



The testing machine is commanded by a highly viesdigital controller (Instron 8800)
and by its related interface software (Consol &i2db133). This allows for each actuator to
be controlled independently, but also to perfornually any closed-loop control using linear
combinations of the different input signals. In tase of the biaxial tests presented hereatfter,
a special control type inspired by (Shiratori akdgami, 1967) called “modal control” is
used. It is based on a relationship between thefavemsF; andF, of two opposite actuators
along the same load axis (X,Y or Z) to control bttt mean forcdF, +F,)/2 and the force
difference (F, - F,)/2. Consequently the loading is “balanced” betweentto actuators if
the imposed force difference is zero, and the eemitthe specimen is maintained motionless.
The digital controller enforces modal control byngsspecial algorithms to operate the valve
driver of each actuator.

The main reason for force-controlled tests is #itathe beginning of this study, tension-
compression loadings have not been considered bundding may occur,.e. only tests with
a positive loading ratio have been performed. lis ttase, force-controlled tests must be
performed because the cyclic relaxation due totiplas may lead to compressive stress in
displacement-control.

3.2 Thinned maltese cross shaped specimen

The testing specimen has to be designed in ordedléav for crack initiation in biaxial
conditions, i.e. at the centre of a cruciform specimen loaded in REE machine.
Consistently, the design of a maltese cross shapedimen already tested in this machine
(Sermageet al., 2000) has been improved following a two stagesgxuiure:

« first, elastic computations are performed so tihat von Mises stresg,, and the
damage equivalent stregs (Lemaitre, 1992)

2
0" =0, RY? and R, =§(1+ v)+3(1- 2v)£g—H] @)

eq

are higher in the specimen centre than in notclededen arms. The advantage of
consideringo” criterion is that stress triaxiality (biaxialitere) oy /O¢q :%okk /O¢q
Is taken into account in the design;

* second, the theoretical location of the first craukiated is checked from damage
post-processing of the elastic computations (ushg two scale damage model
(Desmoratet al., 2007; Lemaitre and Doghri, 1994; Lemai¢teal., 1999) detailed in
Appendix A, implemented in DAMAGE_2005 thermo-megcital fatigue code
(Desmoratt al., 2006)).

Doing so, one ends up with the optimized geometteggnted in Figure 2. The thickness
at the centre is equal to 1 mm, increasing to 5eoinof the gauge zone. The notches radius
is 12 mm. The ratio between the number of cyclesréak initiation in the notch free edge

NN and in the centreN®®"" is calculated with DAMAGE_2005 for different load

paths. The average ratio is 2i% NF"e< N 55 expected. Such a factor is not large

compared to usual fatigue discrepancy, so thatntitehes angles have been rounded to
prevent microcracks due to machining in these aeasopagate toward the centre (see cross
section BB in Figure 2). The measured roughnesth@mentre of the gauge zone is-RL.1
(R:~ 8.7), which is representative of certain in-seeviomponent areas roughness.

Figure 2 : Optimized testing specimen geometry.



Note that the thinned maltese cross specimen, naflgi designed for positive load
ratios, has proved able to support symmetric biabdaigue loading. This will allow to
complete the present campaign with equibiaxiaktastoad ratidr=-1.

3.3 Additional measurement devices

Because of the not so well known multiaxial cyddehaviour of the material and of the
complex geometry of the specimen, it is almost isgide to calculate accurately the stress
and strain state in the specimen thinned (gaugeg.zti is thus necessary to quantify
experimentally the strain in the centre of this eauring the test. Moreover in the present
study one wants to observe where crack initiaticcucs.

This double goal is achieved through a compounda(led) measurement of the strain
field by Digital Image Correlation (DIC) based dmetcomplementary acquisitions of two
cameras (Figure 3): a high resolution Digital Sengéns Reflex (DSLR) camera is dedicated
to the inspection of the whole gauge zone whilegital high performance camera with a
high magnification lens allows accurate strain rmeament in the specimen centre. The
second is a CCD camera with a telecentric lensh Bo¢ on the same side of the specimen
and share the same optical axis thanks to an bpataip based on a beam-splitter.

Figure 3 : Experimental protocol.
(a) optical set-up ; (b) DSLR frame (therectangle symbolisesthe CCD frame) ; (¢) CCD camera frame.
Thetwo stringsvisible on (b) and (c) are used to target the centre of the gauge zone befor e the test.

Figure 4 : Chronological organisation of atest. Scheme of the chronological organisation of a typical test
using stroboscopic effect. In thisexample,n=8and N =2 (t: time; F : mean load; stars: triggering time
for DSLR camera or CCD camer a).

The controller of ASTREE machine stops the cyabiading periodically (usually after
every series of & 10°, 10x 10° or 20x 10° cycles) to acquire images from the whole gauge
zone at maximum and zero load (Figure 4) with ti$£R camera. Images are recorded on a
dedicated computer. A Digital Image Correlationtwafe (CorreliQ4, (Besnarg al., 2006))
is then used to obtain the strain field in the vehgauge zone. When the DIC is performed
between images at maximum load, it leads to arglmsof the evolution of the cyclic
behaviour of the whole structure (the obtainedrstiiald would be constant if no evolution of
the cyclic behaviour occurs) and to the detectibcracks (see also (Rupat al., 2009), or for
the use of DIC for crack Stress Intensity Factoasueement see for example (Hametral .,
2007; McNeill et al., 1987)). The accurate date and location of crackation are thus
measured for each test. When the DIC is perfornedaiden images at zero load, it measures
the residual strain map in the gauge zone.

Contrary to DSLR cameras, digital camera. (without mechanical parts) have
virtually no shutter lag, so that acquisition undgclic loadings with continuous lighting is
possible. The digital camera is thuoet triggered synchronously with the DSLR camera
(Figure 4). A sub-sampling stroboscopic methodchissen to use this standard camera instead
of an expensive high speed camera. It fits fatigsts provided it is solely applied to cyclic
phenomenon. To the authors’ knowledge, this metiasl not been used for Digital Image
Correlation until recently (Vanlanduét al., 2009). It consists in acquiring images with a

period 7., longer than the load periad, in such a way that



Taqg =1 (N +1j. 2

n

whereN andn are positive integerd\ is chosen so that,N > 7™, the minimum period

enabled by the acquisition system. The integerthe sampling step and the total number of
recorded images. If equation (2) is satisfied, $eguence of images represents a complete
load cycle. In the present case, the experimemtabgol is however different from the one
proposed in (Vanlandudgt al., 2009). First, the actual frequency of the loadsmgneasured
through the load cell signal before each sequescerding. Second, the period of acquisition
is calculated, and theamera (and not a flash light) is triggered for each imalyp the present
case the integer N is set to 10 and the integir set to 20 to have a reasonably accurate
description of a whole cycle after the realizatodr200 real cycles

The sub-sampling system is in stand-by mode dumust of the test duration. A
sequence oh images is only recorded at the beginning of eveayl sequenca,e. every
5x 10°, 10x 10° or 20x 10° cycles (Figure 4). A dedicated computer and a lea(NI,
1999) routine are used to implement the sub-samqphrethod, triggered by the digital
controller of the testing machine, and triggerihg tamera. Images are directly recorded on
the computer. The Digital Image Correlation is parfed on each sequence. The reference
image is taken at the beginning of the test, befong loading, so that DIC gives for each
sequence the absolute strain. An “optical straigefjdunction is performed on an area of
3x 3 mnf located in the centre of the gauge zone in oml@ompute the spatial average of
the strain value over this area. Last a sine foncs fitted on the strain cycle with the least
square method to measure the strain amplitude agwhrstrain. The mean strain is also
measured on a larger area with the Digital Singéad_Reflex camera after each loading
sequence.

Two different optical devices are placed on theep8ide of the specimen, depending on
the test. No beam-splitter system is needed beaalgeone optical set-up is used at a time.
For some of the tests, a second sub-sampling set-tigged up to measure simultaneously
the strain in the centre of the gauge zone ofdiuis. It is composed of an other set of digital
camera) and a telecentrique lens, triggered simedtasly with the afore-mentioned digital
camera. Data processing is exactly the same @hdmub-sampling on the opposite side. For
the other tests, a microscopy set-up is in pladé@tub-sampling one. The gauge zone is not
covered by a painted speckle to see directly thmillsd surface. It allows for the observation
of crack initiation and propagation and a bettetarstanding of the influence of the striae left
over from the milling process on cracks behavidigure 5 presents an-situ view of this
set-up, composed of a DLSR camera mounted on a Distgnce Microscope. The frame is
about 2x 2 mmz2. An example of the recorded micrograph @ashin the upper left corner of
Figure 5. The very short field depth (< gth) does not allow to acquire pictures at zero and
maximal load (because of small but non-zero oytlafie displacement), nor during the
cyclic loading (small vibration). Only pictureszdro load are shot.

For complementary details on the whole measuresetaip, refer to Appendix B.

Figure5: Microscopy set-up. ([a] Digital Single Lens Reflex or DSLR, [b] L ong Distance Microscope, [C]

Diffuse lighting, [d] cross-specimen, [€] beam-splitter set-up). In the upper left corner, an example of in-

situ micrograph taken by the L ong Distance Microscope (note that the lighting is chosen to enhance the
machining striae visibility).



3.4 Validation of boundary conditions - Strain field measurements

The tests conditions have to be validated prioanyg test. As it will be shown in the
following section 3.4.1, the strains characterss{ioiaxiality and load ratio) in the specimen
centre may differ from the applied forces despiedreat care during the machine adjustment
and the specimen clamping. This feature justifieshe more the need for extensiwesitu
strain measurements, which capacities are assessedtions 3.4.2 and 3.4.3.

3.4.1 Loading

The correct application of the mechanical loadingstvbe checked, from the clamping
of the specimen to the fatigue test itself. A spexi is equipped with a miniature three-
element 60° delta rosette (Vishay, 015YD) on eadef in the centre of the gauge zone.
When the actuators are not correctly positionedpgortant bending strain or rotation may
be observed during the clamping and loading of surols-specimens (Bouvet al., 2002;
Doudardet al., 2007). When an accurate positioning of the aotgas obtained, the strains
due to clamping are of the order oflDe. no plasticity is induced and the corresponding
stress level is about 20 MPa.

Three different equibiaxial loading paths are tipenformed on this specimen: three
with a load ratioR. =F,, /F... =-1 and a maximum forcé, . ={19kN,21kN}, and one

with R =01 and F_,, =28kN. Each of them lasts 1000 cycles at 10 Hz. Thoadity

conditions are chosen to represent typical loadexgd minimize the risk of strain gauge
debonding due to large values of permanent strdine.forces applied by the machine are
measured to assess the quality of the closed-loofat in real conditions. The same features
are revealed by the four measurements, so thattbeltest at 21 kN is presented for the sake
of brevity. Figure 6 shows that the loading ratsoveell as the equibiaxiality are respected in
terms of applied forces. The difference betweerdsron the same load axis is less than
2.5 % of the maximum force. The temperature ofghege zone is also checked by infrared
thermography. It does not exceed 50°C whereasdhatars’ temperature is about 40°C in
regular conditions.

The strain rosettes signals are also recorded gluhaese tests. Once more, only the
results for 21 kN are presented. The variation t¢é Bngle between the directions of
eigenstrains and the specimen coordinate systeragiégible and the test is thus considered
as proportional. The variations of eigenstrainsboth faces of the specimen are shown in
Figure 6b. Despite a good agreement between dtvading path and force loading path at

first sight, several points are worth noting. Fitse local strain loading rati®. =&,/

at the specimen centre is not equal to —1. Depgmaoiinthe considered direction and face of
the specimen, values range from -0.55 to -1.73s féet is not surprising, since the non-zero
mean strains are direct consequences of the clgnspatic bending. Even though these mean
strains do not vanish over cycles, one may supfi@demnean stresses tend to zero because of
a cyclic relaxation phenomenon. Second, a non-giigi difference (< 14 %) of strain
amplitude appears between the two faces and thelitections. It denotes bending in spite of
the careful positioning. These divergences betwaggrlied forces and actual strains in the
centre of the gauge justify all the more the optsteain measurements during cyclic loading.
The validation of these measurements is presentdekifollowing section.



Figure 6 : Forcesand strain gauges measurement for an equibiaxial test (R = 0.1, F_,, = 21kN,

N=1000 cycles). (a) M ean force along loading axis 1 ver sus mean for ce along loading axis 2. (b) First
eigenstrain &, versussecond eigenstrain &, for both faces of the gauge zone.

3.4.2 Optical DIC strain gauge

A loading at low frequency (0.055Hz) is performex that both Digital Single Lens
Reflex and digital camera are able to acquire imagering cycling. The strain is then
calculated on the samex® mnf area for both cameras. The results are presemtédjire 7
(consequently this figure does not represent arp&armed” loading since DSLR could not
be enough accurately triggered for a 10Hz testkid®s allowing for acquisition at high
frequency, the digital camera and its close-up kentdy lower uncertainties. To assess the
measurement uncertainty accurately, twenty imagesslaot in the test conditions, but with
the load amplitude set to zero. The standard dewiatf the computed strain signal is below
2x 10° for each in-plane component,, £,, and £,,. The strain amplitudes obtained by

optical measurement are compared to strain gaugatsefor the four previously presented
loading paths. These results correspond to twerifit specimens (since the strain gauge set-
up disables Digital Image Correlation). Both measuare performed after the same number
of cycles. The difference of amplitude is in anpedelow 5 10°, much lower than the
typical amplitudes of the following fatigue tesabout 10°). The stroboscopic Digital Image
Correlation measurement method is thus validated.

Figure 7 : Measurement of strain cycles. Comparison of the strain cycles measured by the digital single
lensreflex with macro lens (DSL R) and the digital camera with telecentric lens (DC).

3.4.3 Strain field measurement and DIC-based crack initiation
observation

Since the initiation of a crack leads to a brutalréase of the strain, the Digital Image
Correlation software (CorreliQ4 (Besnamt al., 2006)) is used for ara posteriori
determination of the number of cycles to crackiation N; and not to rely on the number of
cycle to failure (which depends on the crack prapag time). This type of analysis is
performed only on the lower side of the specimemntesiit uses the DSLR which is only
available on this side in the present experimesggup. As shown in

Figure 8b for an equibiaxial test, a millimetriack is clearly detectable during a test
when the DIC is performed between a pair of imagfethe Digital Single Lens Reflex at
maximum load (or a pair at zero load), whereaanot be seen with the naked eyes at the
same number of cycles (

Figure 8a). Once the crack initiation locationasirid, the DIC is performed with 18
16 pixels Zone Of Interest (ZOt,a. 0.65 x 0.65 mnd) on the previous images in order to
find the first appearance of the crack. This teghaiallows for detecting cracks as small as
one ZOI size in the best case (in most of the c#sesrack that was undetectable on a
previous image has propagated to a length longer titee ZOI size, for examples see Table 4
and 5). Of course, as one does not have imagedlftire cycles of the test, one only knows
during which series of 5000, 10 000 or 20 000 eydhitiation occurs. Compared to the
typical number of cycles to crack initiation, thiscertainty is considered as negligible.



This method is equivalent to a criterion of an agerrelative strain rate set to 5 % per
10 000 cycles over axd 1 mnf area around the crack (this area is different fioenprevious
3 x 3 mnt area used for cyclic strain measurement in tlsermate of crack). As an example,
Figure 9 presents the average strain of the irgtisdrea as a function of number of cycles for
the test corresponding to

Figure 8. A typical curve is obtained for this &k a first rapid increase of strain (up
to few percents), a stabilisation and last theatidn with the sudden increase of the strain.
The 5 % / 10 000 cycles criterion leads to a nundderycles to crack initiation of 83 000
cycles, which corresponds to the number of cycfes o

Figure 8. One sees in Figure 9 that results obdawi¢h images at zero load (residual
strain) and maximum load (residual strain and tetedin due to applied forces and crack
opening) lead to the same number of cycles to aratétion.

A second interest of this DIC-based crack initiatiobservation is that it allows for
knowing accurately where the crack initiates andseguently whether a test is or is not
validated (.e. if the initiation occurs or not in the centre betgauge zone). If the fracture
area is not damaged during failure, a micrograghicly cana posteriori give this piece of
information (and additional ones) more accuratélpwever the present method has the
advantage of being almost instantaneous. Las¢/pisito understand step-by-step the scenario
of initiation-propagationg.g. to know if a first crack is responsible for thetiation of a
second one or if both cracks were initiated almodépendently. A final macroscopic crack
can be formed by the coalescence of two or mordlesmaacks and this scenario can be
observed easily by Digital Image Correlation.

Figure8: Early crack initiation detection by DIC (equibiaxial test Fmax = 38 kN with Rg=0.1).
(a) gauge zone after 83 000 cycles. (b) : strain field after 83 000 cycles; (c) gauge zone after 93 000 cycles.

Figure9: Evolution of strain in the crack initiation zone. Average strain over a1 x 1 mm? area located at
the crack initiation zone for the sametest asin

Figure 8. The 5% per 10 000 cyclesstrain rate criterion leadsto a number of cyclesto crack initiation
equal to 83 000 for images at zero load aswell asfor images at maximum load.

4 Biaxial fatigue campaign and results

This biaxial fatigue campaign presents severalrésts: two different loading types
were performed until now, on a highly inelastic et&l in the HCF regime, up to 16ycles,
with DIC strains measurements and crack initiatletection. Then situ measurement of the
strains during testing allows for biaxidle—N fatigue curves as well as structure cyclic
behaviour to be plotted. Post-mortem analyses era@ishplementary data.

4.1 Different loadings considered

Table 3 presents the loading types considered fifdteand second groups respectively
correspond to an equibiaxiakR Fnin/Fuax = 0.1 loading path (ETT) and a non-proportional
loading path (NP) with a cyclic loading along diten 1 and a constant loading along
direction 2. All tests are stopped afte” tycles unless failure has occurred before. All the
crack initiations of the presented tests are latatehe centre of the gauge zone.



Table 3: Definition of the loading paths.

4.2 Tests results

The different test results are gathered in Tablemnd 5 depending on the type of
loading. For each test, the main measured loadactaistics are presenteide( maximum
force F™ and load ratio R= Fnin/Fuax fOr each axis), as well as the strain amplitdde at
half-lifetime and the residual straif(/V,) at the number of cycles to crack initiation. One
will see in next section that the variation of aitygle with the number of cycles is low except
during the first 16 cycles, so that for most of the specimens thdénsaenplitude at half-
lifetime is a meaningful characteristic of the penfied test. The shear strain amplitudes are
not presented in the tables because they are it#glliefore crack initiation (their magnitude
is always less than 5 % of the tension strainsimmaost of the case less than 1 % so that their
level is equivalent to the measurement uncertaifitgg number of cycles to crack initiation
N; is given within a range equal to the last seriesyales duration, i.e. initiation is not yet
detected at the lower bound and detected at therupgund. In most of the tests, the duration
of a series is set to 5 000 cycles (in some cdsssegual to 3 000 or 10 000). If the test is
stopped without any crack initiation, the total rinen of cycles applied during the test is
given. Furthermore, a strain field is presenteddach test. This strain field is calculated
using the image at vanishing load\attycles, and the image at vanishing load of theipus
series as the reference image. The presented $ilinis thus equal to the increment of
residual strains between the last two series oftése The crack initiation is more easily
detected with this type of plotting since the straeterogeneity due to the crack is not lost in
the residual strain due to the whole loading cydies the sake of clarity the same scale is
used for every strain field.

Three non-proportional tension-tension tests weréopmed, with constant load ratio in
one direction and constant load in the other dwac{Table 4). Both applied loads and
measured strains are reliable. The only reservagitine accuracy of the number of cycles to
crack initiationN; for NP2 and NP3 tests. Because of the duraticheteries between each
image acquisition for crack initiation detectiodN = 10 000 cycles in the case of NP2 and
NP3 at the time of initiation) and the early inite (N; = 30 000 — 40 000 for NP2 and 45
000 — 55 000 for NP3) the accuracy4sl / N; = 33 % for NP2 and 22 % for NP3. The
substantial residual strains have to be noticedhew opposite signs. The ratio of the strain
amplitude along each axis is about 2 and the smaiftelitude is always along the axis of
constant load. The strain amplitudes given in Tdbéee all positive by definition, but strain
variations along both axes are in phase oppoditiothe three tests.

Six equibiaxial tests at load rafi¢ = 0.1 were performed (Table 5). They were the first
to be conducted, and several technical problemg&ptea complete characterization of some
of them (ETT2(1), ETT3(1)). These tests were thegeated later on (ETT2(2), ETT3(0),
ETT3(2)) and the new strain amplitude measuressapposed to be similar to the previous
ones, so that they are given in place of the nygsgalues of previous tests (see comments in
Table 5). In spite of the relatively good balant¢he applied load, the strains (especially the
residual strains) are not exactly equal becaughepreviously mentioned minor clamping
and bending asymmetry. The influence of the surfatiseh seems low since micrographs
show no clear link between crack orientation an@hmang striae. Last, the measurement of
the number of cycles to crack initiatibf are considered as accurate: the wider range of the
numbers of cycles to crack initiatidd is less than 10 % of the valueNf(ETT3(0)).

To gather the different loading paths on a samguatcurve, one proposes to present
these results as total strain vs. number of cyaleges.




Table 4: Non-Proportional Tension-Tension with constant load tests results.
Thestrain field showstheincrement of residual strain during thelast series of cycles, in the meniscus of
the gauge zone. Depending on the crack orientation, & or €, isplotted to better visualization. Thecircle
standsfor the gauge zone limit. The strain scaleisthe samefor every test and the gauge diameter (black
circle) is 30mm.

Table 5: Equibiaxial Tension-Tension (ETT) testsresults.

4.3 Biaxial Fatigue curves

A scalar (therefore equivalent) strain amplituds t@be chosen to plot&e-N graph
that gathers all the tests performed with differemiltiaxial loading types. One simply
chooses next the “maximum principal strain ampégtuolver a cycle calculated as follows:

A€, = MaXQE,;, AE,,, Ay;). 3)

where As=max(€)—-min(¢) is the variation of the quantitig. twice its amplitude.

The actual material behaviour stands between dypel&stic one and a purely plastic
one, so that the value of the equivalent strainlénge is included in these bounds. the
case of pure elasticity and plane stressA@g,, =0), one has

V E
Eqs :—E(011+022) and o, +0,, =E(511"‘522)- )

wherev andE are the Poisson ratio and the elasticity modulbe strain along the out-of-
plane direction is thus given by

Vv
€33 = _(511 \y gzz)ﬁ : (5)

and thus the maximum strain reads:

vV
Emax = max(gnagzz’_(gn + 522)—) ) (6)

In the fully plastic case, one has directly
Emax = max@n’gzz’_(gll + 522)) (7)

because of the incompressibility assumption. Lastdalculations of strain amplitudes from
equations (6) and (7) are trivial sinea and &2 strains are in phase for all the tests. Non-
proportional tests with a constant lateral load @aoé stricto sensu in phase but in phase

opposition, however amplitudes are also directltamted provided that one takes care of the

opposed sign betweesi: and &2 strains. The maximum strain variation is in theeyal case

*

Agmax = ma{A£11’A£22’|A£11 +XA‘922|1I_/7} (8)
where y=sign(i.£22) and wherev*=v for elasticity and*=05 for plasticity. The amount of
plastic deformation has thus a tremendous influ@mcéhe maximum equivalent strain value
for equibiaxial loading, which ranges from2ma><(A£11,A£22 ,O.42€(A£11+)(A£22)) (pure
elasticity case withy = 03) to 1/2maxAs,;,Ac,,,(Ag,, + ¥As,,)) (pure plasticity). In the

latter case, the value is nearly twice the in-plasteins (exactly twice for perfect
equibiaxiality).



The values corresponding to the pure elasticityuragsion correspond to the
maximum of the in-plane strain amplitudes for baquibiaxial and non-proportional
loadings. Consequently the experimental resultdgadn this way (considering lower bounds
only) are similar to the “raw” results,e. simply using the in-plane amplitudes given in
Table 4 and 5.

The total strain vs. number of cycles curves aottgd in Figure 10. The range of the
equivalent strain amplitude value is symbolizegtting the lower and upper bounds linked
by a solid line for each test (similar to a diseneqy line). The plotted equivalent strain
amplitude corresponds to cyclic behaviour at hédtime.

Figure 10: Fatigue curves. Total strain vs. number of cyclesto crack initiation curves plotted with
maximum equivalent strain amplitudes. The solid line curve standsfor the uniaxial fatigue curve.

Previous uniaxial results (Le Roux, 2004) are atwmmntioned in these figures. They
correspond to strain controlled tests with a loatiorequal to —1. These uniaxial tests are
plotted to remind us of the “standard” uniaxiaidae curve of type 304L steel. The accurate
positions of the biaxial results with respect te gresented uniaxial ones cannot be discussed
here since the uniaxial tests were performed onaional tensile specimens with an area of
the gauge zone different from the one of biaxigcamens. To compensate for this difference
of gauge zone area on the mean fatigue resultshas¢o take into account the probabilistic
aspect of fatigue phenomenon, especially in thaiamte domain. However in the present
case one has too little information to accuratelyrect this effect, so that uniaxial results are
plotted as such. A rough estimation of the coroectactor performed as in (Weibull, 1951),
based on a Weibull distribution of strain valuegmdurance, leads to multiply uniaxial strain
amplitudes by about 1.2 in order to be compardteqgresent biaxial results.

It is worth noting that the numbers of cycles taadbrinitiation given for uniaxial tests
correspond to the detection of a 25 % final de@edshe stabilised stress range. This means
that both criteria are based on a change in thiecdyehaviour, but uniaxial criterion is global
contrary to the present biaxial one that is locaidflen evolution of the strain at the crack
initiation point). However, typical crack sizesiaitiation in uniaxial tests are comparable to
the ones obtained in the present study.

Note last that the general trend observed in Figdrslightly depends on the chosen
expression for the equivalent strain. For instatiee same trend +e. position of biaxial
points compared to uniaxial ones - is observedii Wises equivalent strain is used (with
slightly smaller strain amplitudes in case of egailal loadings, and with slightly larger ones
in case of uniaxial and non-proportional loadings).

4.4 Cyclic and hysteretic behaviour

Because of the evolution of the behaviour undelicy@adings, a sole fatigue curve is a
partial report of the performed tests. To complitis description, let us exploit the data
collected by the sub-sampling set-up. The evolstiof the strain amplitude and of the
residual strain at the centre of the gauge zone3nnt area) are presented in this section.

Figure 11 presents the same evolutions for the diapial Tension-Tension tests at
positive load ratidR= = 0.1. Contrary to the others tests, the residual striontest ETT3(1)
and ETT3(2) turn out to be noticeably not alikepiesthe same load amplitude. Moreover
the strains along directions 1 and 2 are differ€hese tests were the first ones of the whole
campaign, and the experimental protocol was notcgetpletely stabilised. Some clamping
problems have appeared that were solved in thewolly tests (explaining the distinction



between the strains in the two directions at thg beginning of these two tests). Timesitu
measurements however allow to know the real loadmdjto take it into account in eventual
computations. Significant residual strains valldagyre 11a) are reached for ETT2 and ETT3
tests (about 4 to 8 % before initiation). The ilase of residual strains is in good agreement
with the number of cycles to failure for all thest® The strain amplitude (Figure 11b) is
nearly constant after an increase(+20 %) during the first & 10° cycles for ETT2 (2) test.

Figure1l: (a) : Evolution of the strainsduring the equibiaxial Rr=0.1 tests. (a) evolution of theresidual
strainswith the number of cycles; (b) evolution of the strain amplitude with the number of cyclesfor
ETT2(2) test.

Figure 12 shows the strains evolution for the NoopBrtional tests. The magnitude of
the residual strains (Figure 12a) is importanti{uné. 17 %). The residual strains evolution
is very different for each of the three tests. NB¥o constant lateral load) is characterized by
a non-negligible positive ratchetting effect in theclic load direction and a negative one in
the other direction, whose level is twice smallP2 (constant lateral load equal to half the
maximum cyclic load) has a positive ratchettingeeffin the cyclic load direction three times
smaller than for NP1, and virtually none in theestllirection. Last, NP3 (constant lateral
load equal to maximum cyclic load) presents a pasitatchetting effect in the direction of
the constant load and no residual strains in therotNP2 and NP3 have nearly the same
number of cycles to crack initiation (respx8.0* and 6x 10%) despite important differences
of residual strains evolution. Figure 12b showsdhelution of the strain amplitudes with the
number of cycles. The amplitudes are nearly con$tarNP1 test, with strain levels in good
agreement with incompressibility and uniaxial stretate assumptiongg, the amplitude in
the cyclic load direction is twice the amplitude asered in the direction of zero constant
load). The two other tests present higher amplguddooth directions.

Figure 12 : Evolution of the strains during the non-proportional tests. (a) evolution of theresidual strains
with the number of cycles; (b) evolution of the strain amplitude with the number of cycles.

5 Discussion on fatigue results

There is usually a major difficulty in the interpggon of non homogeneous field tests.
Moreover, the present biaxial testing specimens streictures made of a material
characterized by a complex cyclic behaviour evolutiThese tests are force-controlled, so
that they cannot be interpreted in terms of stoesgrolled nor strain-controlled tests (any test
reveals variations of the strain amplitude, seaifeéid.1b and Figure 12b). One has to keep in
mind this feature while comparing them with morewentional (uniaxial) fatigue tests.

The tests performed until now only allow for comipgr proportional and non-
proportional loadings with the same loading raie=0.1).

As expected, biaxial ratchetting takes place fothboading types withR-=0.1 and
leads to important residual strains in the centrth® gauge zone. Due to structural effects, an
explanation could have been that a cyclic relaxatiocurs in this region and that the main
part of the mean stresses is then be redistributettie surrounding elastic region. This
explanation turns out to be wrong to some extemtesithe ratchetting effect longs up to
failure. It is also worth noting that the Non-Propmnal tests present even more important



residual strains due to ratchetting effect by comspa with the proportional test ETT3 which
has the same force amplitude (17.1 kN).

An apparent detrimental effect of the non-propordidy is observed on fatigue life.
Non-Proportional tests NP2 and NP3 (with a non-zeomstant lateral load) have an
equivalent strain amplitude smaller or equal td tfe&ETT3 tests depending on the elastic or
plastic behavior assumption. Even though the rahles in these ranges are not known, the
number of cycles to failure of NP2 and NP3 teses mspectively 5« 10* and 6x 10°
compared to 10for ETT3. NP1 equivalent strain amplitude is sarlij roughly equal to
ETT1 and ETT2 ones, but its lifetime is once mdrerter.

The potential link between the significant residpkstic strain and the early failure of
the corresponding specimens is still under invasbg. First post-mortem fracture
observations suggest that the fatigue crack leatirigilure may be not initiated by the usual
fatigue mechanisms. For example, multiple fatigreeks initiateperpendicular to the cyclic
load for the test with low constant load (NP2), as sedrigure 13a. On the contrary multiple
ductile cracks opeperpendicular to the constant load during the test at maximum constant
load (NP3) as shown in Figure 13b. In this last, sinique fatigue crack propagates through
the gauge zone in mode |, normal to the cyclic ilogdstarting from one of these ductile and
orthogonal multiple cracks (the history of crackiation is easily deduced from the fact that
some of the small cracks are “cut” by the main oh®te the tremendous residual strain in
the case of the NP3 test (the scale is the sant®ftbrpictures).

Figure 13 : Post-mortem micrograph of specimens submitted to non-proportional loadings. The cyclic
load isvertical. Central area of the gauge zone for (a) NP2 test and (b) NP3 test. (Optical microscop x100).

Concerning NP1 test, the uniaxial cyclic loadinghwdero mean load in the transverse
direction together with a ratio of strain amplitsdequal to 0.5 between the transverse
direction and the cyclic direction could tend tsiaslate this test to a uniaxial fatigue test,
provided a completely plastic behavior is assunwedltie material. The smaller number of
cycles to crack initiation obtained with NP1 congzhito the uniaxial fatigue curve could
partially be explained by a scale effect previouslypcated between effective surface of
different specimen geometries. With such a hypashéke comparison between results of
NP1 test and ETT1 or ETT2 tests suggest that thedlity effect is rather weak. However,
one must keep in mind that in fact, despite a zeanl applied along the second axis, the
stress and strain states in the centre of the gawge are nadtricto sensu uniaxial because of
structural effects. For a quantitative conclusiontloe biaxiality effect one needs more data
and a dedicated experimental campaign.

6 Conclusion

The goal of the present experimental study was dterchine the biaxial fatigue
behaviour of 304L austenitic stainless steel andaltow for fatigue predictions under
multiaxial loading conditions. Such austenitic &deehave plastically even in High Cycle
Fatigue. This feature has been recovered for Hidaading cases. Detailed biaxial HCF
results have been presented for type 304L stesk$hip modern measurements, for instance
using Digital Image Correlation combined with a tiadale stroboscopic image acquisition
set-up. One has focused first on the experimentabpol. The results presented then have
been obtained for two different loading paths (Beaxial Tension-Tension and Non-
Proportional with a constant lateral load).

The experiments concern a maltese cross specinzialyy loaded by the versatile
LMT-Cachan ASTREE testing machine. Except for tloecé signal, the test data are



measured from full-field measurements. During testa first camera focuses on the whole
specimen when CorreliQ4 Digital Image CorrelatiiQ) software is used to detect crack
initiation. The variations of the strains duringchy loading are measured thanks to an
“optical strain gauge” that relies on three maimnp First, a dedicated camera and a beam
splitter set-up is used to acquire high resolugmtures of a small area of the same side of the
specimen, in the centre of the gauge. Secondriggered during cyclic loading according to
a sub-sampling (stroboscopic) method. Last theinstrare calculated thanks to the DIC
software. On the other side of the specimen, tviferdint devices are used. In some cases a
similar “optical strain gauge” set-up is put in ¢g@ato detect dynamic bending phenomenon.
In other cases amn-situ microscopy set-up is used to record the crackation and
propagation among the machine striae. The “opstain gauge” protocol is validated by
comparison with standard strain gauge measureméhts.loading and clamping are also
validated by strain gauge measurement. From a glepeint of view, the major advantage of
this experimental protocol is that it allows forethknowledge of the real and local testing
conditions.

Nine biaxial fatigue tests have been performedtad® cycles. A general trend is
clearly noticeable for the studied type 304L stdéle non-proportional tests with a cyclic
load applied in one direction and a constant laleed in the other direction turn out to be
particularly damaging. The important residual sisailue to ratchetting partially explain the
early fatigue crack initiation encountered in slmddings. Several specimens have still to be
tested with a loading ratio equal to -1 in orderirteestigate in a quantitative manner the
biaxiality effect (comparison with uniaxial datajcathe mean stress effect under biaxial
loading (comparison with present ETT results). $h@d specimens should also be tested to
study a possible surface finish effect.

Appendix A: Two scale damage model
The two scale damage model is an incremental damagdel (Desmoragt al., 2007;
Lemaitre and Doghri, 1994) which consists in:
* a mesoscopic elastic behaviai(t), €(t) at the Representative Volume Element (RVE)
scale (below the yield stress)), i.e. at structure Gauss points,

» a scale transition law mesoscale (RVE) microscale (the defects scale), of Eshelby-
Kroner type,
« plasticity (von Mises type) with linear kinematiardening X" coupled with damage
DM =D (Lemaitre type) constitutive equations at micrésda", "¢, e"P are the total,
elastic and plastic strains at microscale).
The associated set of constitutive equations is
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where superscriptg stand for “value at microscale”, with, v, a and3 the elasticity and
Eshelby parameters
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The vyield criterion only considers linear kinematardeningX" (of plastic modulus  and
uses the fatigue limio?’ as yield stress at microscale
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Damage is governed by the accumulated plastimsatamnicroscale th The driving force for
damage introduces a micro-defects closure parameR acting on negative stresses only,

I O N T Y A 0 B

2E| (-D) @-hp)* | 2E/@-D)* ~ @-hD)

A.5)

The damage parameters are the damage stré&hghie damage exponestand the critical
damage at crack initiatioD..

Appendix B: Detailed measurement set-up

The Digital Single Lens Reflex (DSLR) camera ise@S 350D (Canon, 3456 x 2304
pixels) with a macro prime lens (SIGMA 105 mm F B8 Macro EX). The shutter release
lag of a DSLR camera is scattered over severalegsthfie difference between minimum and
maximum values of the shutter lag for the EOS 4@Bbout 15 ms (DOC-DIY, 2010)), so



that acquisitions with this camera during a loadad0 Hz are not possible with continuous
lighting.

The CCD camera is a Pixelfly (1360 x 1024 pixel,hlts, 12 fps) with a telecentric
lens (1X in-line illumination telecentric lens, Edmd Optics).

The optical set-up is composed of a beam-splitEEEGHSPEC® standard cube
beamsplitter 50 mm, Edmund Optics) and a prism (IEREC® high-tolerance right angle
prisms, 50 mm, Edmund Optics). The lighting seisupomposed of two continuous tungsten
lightning spots (DEDOLIGHT 400W) and two LED spdtsixeon 3x3W).

Concerning the sub-sampling method, the transfiee meeded by the camera between
two images in external trigger mode is about Ioghat integeN is set to 10. The value of
has to be a compromise between a fine enough snphsg and the risk of artefacts due to a
change of the cyclic behaviour of the material nigiihe recording of the images. Integen
is set to 20, so that the total recording timegaiealent to 200 cycles. Last, the integration
time is set to 2.5 ms, much less than the loadgesi 100 ms, to prevent the blurring by
motion.

The other set of digital camera and telecentrics lesed on the upper side of the
specimen is composed of a DALSA camera (PanteraO1NIB24x 1024 pixels, 12 bits, 30
fps) and a Edmunds Optics lens (1.0X Gold Seridscéatric Lens (2/3" Series)).

The microscopy set-up is composed of an EOS 40Decan(Canon, 3 8882 592
pixels) mounted on a Long Distance Microscope (LOMestar QM100, abouxt 00 in the
present conditions).
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Table 1: Chemical composition of studied type 304L Stainless Steel (% Wt), from (Akamatsu and
Chevallier, 2001).

C (Mn| S P S Cr Ni | Mo | Cu| N> Fe
0,029|1,86|0,37|0,029(0,004 | 18,00| 10,00(0,04|0,02|0,056| Ba




Table 1: Monotonic mechanical propertiesfor the studied type 304L stainless stedl, from (Akamatsu and

Chevallier, 2001).

direction Yield stress Ultimate tensile Rupture Reduction in area
(MPa) strength (MPa) | eongation (%) (%)
Rolling 190 577 80 81
transverse 192 578 78 77




Table 1: Definition of the loading paths.

I:lmx (kN) FZmax (kN) Re1 Rr2

Equibiaxial ETT1 28 28 0.1 0.1
Tension-Tension ETT2 31 31 0.1 0.1

(ETT) ETT3 38 38 0.1 0.1
Non-Proportional NP1 38 0 01 1
tension-tension with constant load | NP3 38 19 0.1 1
(NP) NP3 38 38 0.1 1




Table 1: Non-Proportional Tension-Tension with constant load testsresults.

Thestrain field showstheincrement of residual strain during thelast series of cycles, in the meniscus of

the gauge zone. Depending on the crack orientation, &, or &, isplotted to better visualization. Thecircle
stands for the gauge zone limit. The strain scaleisthe same for every test and the gauge diameter (black

circle) is30mm.

Strainfield at N;

: e Nel2 | ge(N) _
TEST | Axis | g | Re | (o | Sl N,
x | 380 | 01 | 0145 | 9.706
[275 000
NP1 280 000]
y | 00 | 10 | 0072 | -5603
x | 380 | 01 | 0178 | 3630
[30000;
NP2 40 000]
y | 193 | 097 | 0085 | -0222
x | 386 | 014 | 0205 | -0220
[45 000 ;
NP3 55 000]
y | 395 | 097 | 0125 | 17.430




Table 1: Equibiaxial Tension-Tension (ETT) testsresults.

e Strain field at N;

. Ag/2 €res(N,) _
TEST AXIS (kN) R (%) (%) N;

1

X 274 | 0.15 | 0.070* | 0.760
no initiation
y 28.6 | 0.13 | 0.093* | 1.330 after
- : : 1.510°
€/2 unavailable at half-life |
(technical problem). cycles
Values are given after 1000 cycles.

ETT1

X 31.0 | 0.07 | 0.077 1.700 | noinitiation

ETT2(2) after
10° cycles

y 31.0 | 0.08 | 0.075 1.566

X 38.0 | 0.10 | 0.100 6.145

[105000 ;

ETT3(0) 115000]
*

y 38.0 | 0.10 | 0.099 5.021

* performed on ETT2(2) specimen

0.02 0.01 0 -0.0
x | 3000080077 | 1.330 Sy
y | 302|006 |0075% | 2061 | [480000;
ETT2(1) 490000]
[JAe/2 unavailable (technical problem).
Given values come from ETT2(2).
8yy
¢
Tc?yy o 7 . |

X 375 | 011 | 0.100* | 3.582

y |381|011|0099 | 5329 | [120000; g }
ETT3(1) 125000] s
OAe/2 unavailable (technical problem). RETRA

Given values come from ETT3(0). F

X 37.7 | 011 | 0.091 5.613

[80000 ;
83000]

ETT3(2)
y |369|011| 0086 | 8750
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