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Abstract Most fatigue crack initiations on components atategl to notches. The fatigue strength assessnfient o
notched components is difficult because of stréssrsgradients and macroscopic plastic strainthatnotch
root. In this paper, a non-local energy based amill fatigue criterion is used to assess the diatigtrength of
notched specimens made of 42CrMo4 quenched andetechisteel under tension and rotating bending. The
stabilized stress-strain state is computed by clistic-plastic FEA. A cyclic mechanical behavioambining
both a constant isotropic hardening and a non4lik@@matic hardening is identified from low-cyditigue
tests. The predictions of the non-local approadh wiastic-plastic calculations are significantitter than the
elastic ones and allow the authors to discussekd of both a volumetric approach and elastic-jpl&&A.

1 INTRODUCTION

Fatigue crack initiation on components is usuallising around notches where gradients and high
stress-strain levels are encountered. Two majdicdifies can be identified when dealing with fatgstrength
assessment in such cases: to compute the cyagssitrain state at the notch where macroscopstipktrains
take place and to take into account the stressidistribution (gradients, “supporting effect”)h& following
sections aim to present the approach proposedsrstindy. First, we will present the computatiortité stress
strain distribution and history under various loagtypes in order to state on the elastic shakendomplastic
shake-down processes taking place at the notch 8estondly, the fatigue strength assessment ofhedtc
specimens using a non-local energy based critésiproposed.

2 EXPERIMENTS
2.1 Material
The material is a 42CrMo4 quenched and tempered wt@ich mechanical properties under quasi-static

tension are given Table 1.

Table 1. Basic 42CrMo4 mechanical properties.

Rp0.2 (MPa) 928
Rm (MPa) 1024
E (MPa) 207

v 0.3

2.2 Specimen geometry and fatigue test results

All mechanical testing were performed at CETIM. iffa¢ tests were carried out under load control on a
resonant testing machine (vibrophore). The stoppiitgrion was a decrease of the resonance fregquehich
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corresponds to a crack of a few millimeters. Thpeeinental fatigue limits at 1@ycles (for a probability of
0.5, staircase method) are given in Table 2 in nahstress §,, is the mean stress;, is the amplitude). The

specimen geometries used for rotating bending téstp. tension tests) are illustrated in Figuréreisp.
Figure 2).
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Figure 1: Specimen geometries for rotating benfatigue tests.
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Figure 2: Specimen geometries for tension fatigsést

3 AN ENERGY BASED NON-LOCAL MULTIAXIAL FATIGUE CRIT ERION

Any criteria expressed only as a function of logafiables (such as stress or strain tensors) aira @an
not distinguish load types and predict stress+stgaadient effect because they do not take int@wtcthe
distribution of stresses: non-local effect can Im@ttaken into account. According to the author®adgfatigue
criterion has to consider the stress-strain distidim in a volume related to the microstucture antiie loading
type. Palin-Luc et al. [6], Banvillet et al. [1] dBénabes et al. [2] proposed the concept of voluntheencing
fatigue crack initiation around the critical poimtith regard to fatigue) in order to take into agebsuch non-
local effects. The driving force for damage initiatand growth, up to fatigue crack initiation lbé tmacroscale
(typical fatigue crack size 1 mm) considered herthe strain work density given to each elementaiyme of
material per loading cycl&/ggiven by Eq (1).



WgM)= Y [ (5, (M., (M,)dt (1)

LT

where <a>=aifa>0and <a>=0 &#® and (.) denotes the time derivative.

Table 2. Median fatigue limits at 16ycles of 42CrMo4 specimens.

Loadlng Kt GnEnom (Mpa) O-E,nom (M Pa.)
Tension 1 0 508
Tension 1 400 468
Tension 2 500 252
Tension 3 0 220
Tension 3 500 165
Rotating Bending 1 0 540
Rotating Bending 2 0 267
Rotating Bending 3 0 180
Torsion 1 0 320

This parameter is equal to the integral over ait@adycle of the positive part of the strain powensity;
this is also equal to the positive variation of gadential strain energy density over a loadingquefl]. Wg is
computed from elastic strains after the elastickketlawn of the material which is supposed to ocauhigh
cycle fatigue. Indeed, usually the fatigue limitasv enough to consider that the material remalastie at the
macroscopic scale [4]. As it will be shown in tleldwing section, numerical computations show tinatome
loading cases the elastic shake-down behavioupnigeached but a plastic shake-down (accommodatson)
rather obtained. In that case, in a first approa&hwill only consider the elastic part of the ateoodated cycle
to compute the fatigue damage parameter. The plpatt will be neglected. It has to be noticed vatis not
shape dependent (sinus, triangle, square, etis)istmn agreement with Ref. [9].

3.1 Volume influencing fatigue crack initiation andthreshold stress concepts

To predict the effect on the fatigue limit of th&ress-strain distribution inside the component, ddume
influencing fatigue crack initiation, V*, is congited [1, 2, 3, 6]. Under fully reversed uniaxiakst state, this
volume is defined by the set of points where thmesst amplitude is higher than a material depentteeshold
stresso*. From fully reversed fatigue experiments, Palinelet al. [5] showed that a threshold stregscan be
defined below the usual fatigue limi® (asymptotic value of the S-N curve). At a matepaint, a stress
amplitude lower than this threshold does not itétiabservable damage at the mesoscopic scale (@@-mi
crack). A stress amplitude betweehand c® contributes to meso-damage initiation only (micraek in one or
some grains), which could develop if, either ndas point or in the course of time there is a strasplitude
higher thano*. The streso* is considered as a threshold stress of no danmétigtion at the mesoscopic scale,
whereas the fatigue limd® is seen as a macro-crack initiation (or technicatk) threshold. By reference to an
homogenous fully reversed uniaxial stress statasi@@ on smooth specimen) the threshold valuéMof
corresponding t@* is: Wg* = (0*)2/E, whereE is the Young modulus of the material. The volumiguencing
fatigue crack initiation is then defined by (2) and each critical point Ci (whei/greaches a local maximum).
Over this volume, the damaging parameter is thennvadue of the strain work density given to the eniaf

exceeding the threshoM/g* (3). This damaging strain work density is supposete constant for a material
loaded at its fatigue limit under uniaxial stretes.

V*(Ci) = {points M(x,y,z) around Ci so that Wg(M) Wg*} (2)
@ (C)= —+ [ {w, (M) -w, )av @3)
g\™i V* (Ci ) & g g
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3.2 Multiaxial fatigue criterion

Under uniaxial stress state, the condition for atgtie crack initiation is thus @ (Ci)s wguniax,
where Wy niax 1S the value owg at the fatigue limit for an uniaxial stress st&g.applying this hypothesis

D

Jitens @nd rotating bendings ) yenq ON SMoOtH

with the fatigue limits under fully reversed tensiar

specimens, the threshold stregscan be identified (4) [1, 6]. The value ofwgD

Liniax is identified according to

eg.(5) by assuming that its value is constant figrlaading under uniaxial stress state.

*_ D 2 D 2
o = \/2(0-—1,tens) - (O-—l,rot.bend) (4)
( D 2 D 2
D — o -1, rot .bend - \o -1,tens
w g,uniax E (5)

For a multiaxial stress state at the fatigue @itfwoint, a multiaxial correction is used as pragubs [1,
6, 7]. The triaxiality degree of stresses dT(Myl&fined by the ratio between the strain work dgnaig™" due
to the spherical part of the stress tensor (coomdipg to the hydrostatic stress) and Wg (6). Tai® varies

between 0 (pure distorsion) and 1 (pure equitrlassti@ss state).

dT(M)= %%) ©)

g

The influence of the stress triaxiality is cons@tbby computing the strain work density given te th

material within the volume V* which is equivalenta uniaxial stress state, W@V). In eq. (8)dTuniaxis the
value of dT for a uniaxial stress state; F is arpieical function depending on both dT(M) and a miale
dependent parametBr(see [7, 8] for details). This last parametereigresentative of the material sensitivity to
the stress triaxiality; its identification has te blone by applying equation (9) with the two futlBversed
endurance limits on smooth specimens: in rotatemding and in torsion.

_ F(dTuniaxp)
F(dT(M),8)= ﬁw{l—%ln[H dT(MYexg(8) —1)]} ©)

Then, under multiaxial stress state, or whatever dfress state is, the damage paranmwsigfC) is
computed from eq. (10). It has to be understoothasmean value in the volume influencing fatiguackr
initiation of the damaging strain work density whis equivalent to a uniaxial stress state at thiga point.

@,.(C)= (1 ([ (Wasg(M) -w, Yatv 10)

This quantity depends on the stress state an@ on the distribution of stress-strain insidd®):. That is the
reason why the stress-strain gradient effect isidened. To prevent fatigue crack initiation at thitical point



for any stress states, loadings and stress-streddiemts, the non-local multiaxial fatigue criterias:
a q(Ci)S w? Let us recall, the damage parameter at the fatignit P

Jde guniax * g,uniax

fully reversed fatigue limits on smooth specimeosoading to eq. (5).

is identified from two

4 NUMERICAL SIMULATION

4.1 Finite element analysis conditions

All simulations were performed at the LAMEFIP usitige ZéBuLoN finite element code (CdM, Ecole
des Mines de Paris).

Mesh

For this study, 20 nodes 3D quadratic elements weed for all numerical computation. A mesh example
is given figure 3.

a) Cut in plang(O, X, X,)

c¢) Global vue

Figure3 : Mesh example for tension specimen, Kt=2.
Elastic-plastic mechanical behaviour

The material constitutive behaviour was consideascelastic-plastic using linear isotropic elasfi@nd non
linear kinematic hardening model (Armstrong Frederinodel) assuming the material follows the Von &gis
plastic flaw criterion. Material parameters weresritified from a set of stabilized (half life) stsestrain
hysteresis loops (low-cycle fatigue tests) obtaimadsmooth specimens under strain control fullyersgd

tension (R=-1, ¢é= 4. 107 2<7? ). The following constitutive equations were used:

f(0,X)= o4(0 = X)-R (11)
d:/i(n—éngandx -2ca (12)
2C 3

The optimized behaviour is illustrated Figure 4 188 GPay=0.3, C=41740, D=117.04, R0=502.5 MPa). The
optimized parameters allow to obtain satisfactesutts in the investigated plastic strain amplittatege.
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Figure4 : Experimental and identified (numerical) cyddiehaviour (uniaxial fully reversed tension).

FEA results
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Figure 5: Stress-strain curves (simulation) atrtbéeh root under rotating bending loading (stredsiPa).

Figure 5 shows the local stress strain curvesehtich root for a rotating bending test undershmme
loading condition (rotating bending at the fatidingit), but for two different geometries (Kt=2 akd=3). While
the lowest Kt geometry leads to an elastic shakerdoehaviour at the notch, the Kt=3 geometry shayptastic
shake-down (accommodated) behaviour. Since inpghfger the proposed formulation does not consider th
plastic strain work density in the damaging par@m@iCF regime), in the case of plastic shake-dowly the
elastic part of the stress strain history will b&en into account for fatigue strength assessniemtertheless,
even when elastic shake-down occurs, it has toob@qul out that, due to cyclic plasticity at thetaoroot, the
stabilized local stresses and strains computedastaplasticity are very different than the elastieesses and
strains. Table 2 identifies the different stabitizgates or the different loading types.

RESULTS AND DISCUSSION

5.1 Fatigue strength assessment

Predicted fatigue limits are computed using thevabproposed volumetric method (see section 2). In
order to compare numerical and experimental reguitsparameters are given in Table 2: the usuauiggc
Coefficient (Cs) and the Relative Error of Predintdefined by eq. (13). The calculation methodnighe safety
side when REP > 1 (i.e. Cs > 1). A square rootsisduin Cs definition to have a ratio homogeneoustress

over stress. The damage paramewgy,, is an energy quantity homogeneous to MPaz2,



D,exp D, pred.

g, -0 w

REP= —nom nom and Cs= |22 (13)
D,exp D
nom wg,eq

Table 2 : Comparison of REP and Security coeffigdéhfor purely elastic [14] and elastic-plastiergmutation

Test Test Simulation Simulation
elasticity elastic-plastic
Loading Kt[ Smoy Samp Cs REP Cs REP Stabilized state
(MPa)  (MPa) (%) (%)
Tension 1 0 508 Ref. Ref Ref. Ref. -
Tension 1 400 4675 1.64 26 1.44 16.5 elastic skhaken
Tension 2 500 252 2.15 68 1.08 9.5 elastic shakedo
Tension 3 0 220 1.45 16 1.23 9.5 plastic shake-down
Tension 3 500 165 2.34 80 1.32 21 elastic shakeadow
Rotating bending| 1 0 540 Ref.  Rel. Ref. Ref.
Rotating bending| 2 0 267 087 -45% 0.71 -4.5 alagti
Rotating bending| 3 0 180 1.16 5.6 1.01 ~0 pladtake-down
Torsion 1 0 320 Ref. Ref. Ref. Ref.

The results obtained for an elastic-plastic behavare clearly better than for a simple purely tidas
approach independently of the stabilized states €hinfirms that a purely elastic approach can apture the
stress-strain distribution at the notch even iba-tocal fatigue life criterion is used (the averagprocess over
a volume is not sufficient to overcome the elastier stress at the notch). Most of the computedfatlimits
are in good agreement with the experimental resalténg REP values ranging from 0 to 21%. The hsgREP
values (21%) is obtained for the Kt=3 specimen Whicfound to be the specimen having the highestpeded
plastic strain amplitude at the notch. Some lirotabf the constitutive model used in this studyldopartially
explain this result. Futhermore, simulations leaddtigue strength assessments lower than the iexpetal
values (safety side) as shown by the positive R&lBeg in Table 2.

5.2 Discussion

Table 3: Dimensions of V* for the different geoniesrand load cases

Loading Kt  Fatigue limit (tests) Elastic simulations Elastlegtic simulations
grg - UaDnom P L/2 V*/23 P L/2 V*/23
(MPa) (MPa) (mm) (mm) (mm’) (mm) (mm) (mm’)
Tension® 1 400 467.5 3.99 5 213 3.99 6.4 322
Tension 2 500 252 0.12 0.55 1.2 0.78 0.9 11.4
Tension 3 0 220 0.04 0.22 0.16 0.07 0.3 0.335
Tension 3 500 165 0.04 0.22 0.17 0.39 0.4 3.050
Rotating bending 2 0 267 0.05 0.3 0.22 0.03 0.3 0.07
Rotating bending 3 0 180 0.015 0.1 0.022 0.02 0.13 0.02

°in such a case, all the cross section at thehrrotmt is included in V*. P is the depth of V* alpthe specimen
radius (see Figure 6), L is the length of V* at tlwéch surface (curvilinear abscissa).

Table 3 gives the dimensions of the volume V* fack load case. It is clear that due to plasticirstréhe
volume influencing fatigue crack initiation is lamgfor elastic-plastic simulations than for elastites. The
better results obtained by simulations with a yelastic-plastic material behaviour show that sssent of V*
volume using a purely elastic approach is not sdali Furthermore, as seen in table 3, the siz¢*afiotably
varies with the geometry and load type of specim&hss observation which results of the proposeticon
(using a threshold energy Wg*) to define the caitivcolume V* could be discussed in relation witte treal
mechanism of fatigue crack initiation. As propossdother authors [10] in the past, the represamatblume
of fatigue damage process might be constant fafimed microstructure. Other experiments shouldidee to
clarify this important point of non-local approactfatigue.
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Figure 6: illustration of V* for the notched spe@mKt=2 under tension at the fatigue limit
o> =500 MPa ang® =252 MPa (elastic-plastic simulation).

m,nom a,nom

CONCLUSION AND PROSPECTS

It has been shown that elastic-plastic finite eletmeomputation are needed for fatigue strength

assessment of notched components. Even with a edficnapproach to consider the gradient effectfsrting
effect”), elastic-plastic cyclic calculations hawebe performed to evaluate the shake-down staieieMer, the
cyclic plastic constitutive model identified frommiaxial test on smooth specimens may not be reptathes of
the real material behaviour at the notch root (bgthtic stress, gradient,...). Further experimentakws in
progress in order to identify the local stressistlteehaviour for highly notched specimens and titelbédentify
cyclic-plastic behaviour laws of the materials.
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