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Abstract

The fretting-fatigue crack arrest condition is falimed as the condition for which a crack nucleatgisstops propagating and so
the sample never fails. Usually this domain is $emthe fatigue loading greatly promotes the cradpagation. The aim of this
research work is to investigate the crack arrestition for severe plastic condition (maximal pressis 2.5 times greater than
the yield stress) and high fatigue stress ratio (B4&0thus for not much propagating conditions.

A low alloyed industrial steel flat specimen (189tfed against a 35NCD16 steel cylinder pad wadedud order to identify the
crack arrest condition for various fretting loadinghear amplitude). An original experimental moniitg has been implemented
on a fretting-fatigue test device to observe oe-line crack arrest using the potential drop techrocrationalize these results, a
fretting-fatigue map concept which consists to &t crack arrest boundary as a function of théieghpnaximum fatigue stress
and the fretting tangential force amplitude is aap[1].

A 2D plain strain FEM modelling has been implemednte simulate the complex contact stressing indgdihe contact
plasticity. This plastic deformation promotes an#figant extension of the contact and a proportiomauction of contact
pressure and cyclic shear stresses. One consegsehagfor a given contact and fatigue loadihgs plastic accommodation of
the interface tends to reduce the effective sirapssed to the material.

The crack arrest boundary was formalized applyipgiee mode | effective intensity stress range axipration [2]. It is shown
that combining elastic-plastic FEM modelling, weidinction and an adequate estimation of the dffeéhtensity stress range,
it is possible to predict with accuracy the fregtfiatigue crack arrest boundary.
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1. Introduction

Fretting is defined as a small oscillatory movembatween two bodies in contact which induce retativ
displacement between the two surfaces. Combineld evitlic bulk fatigue loading, the so called fregfifatigue
loading can induce catastrophic damages such as erearacking, which critically reduce the enduranaf
assemblies. This study concentrates on crackingadamand is thus restricted to the partial slip domBelow a
threshold fretting fatigue condition, no crack icleated and the system runs under safe crackatisriecondition.
Above this threshold, a crack will nucleate but netessarily propagate. Imposing higher stressittondeads to
crack propagation until failure is reached (Fig. 1a
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Fig. 1. (a) Crack nucleation and propagation ittiftg-fatigue; (b) Fretting fatigue map.

A significant effort has been made during the pistade both to formalize the crack nucleation &edctack
arrest conditions. To rationalize the predictioncodcking risk induced by fretting-fatigue, a fiegf-fatigue map
concept which consists to plot the crack nucleabonndary and the crack arrest boundary as a maf the
applied maximum fatigue stress (x-axis) and thtifrg tangential force amplitude (y-axis) has badroduced [1]
(Fig. 1b). Like for any fatigue problem, the medress level plays a critical role in the damagel&ian. The
mapping description is thus relevant only for @d Ry, the fatigue and fretting stress ratios, and @migontact
configuration.

This work focuses on the crack arrest. The litemtuggests that the crack will arrest if the affecstress
intensity rangeAKq falls below a threshold valugKy, [3,4]. The crack arrest condition allows plottingcrack
arrest boundary which delimits a safe design arespite the presence of cracks. First we will presbe
experimental results and discuss them. Then thekcaarest description will be formalized by compagtithe
evolution of the stress intensity factor below theface taking the plasticity into account. Thea thack arrest is
predicted by means of a threshold value calibrateglain fretting test.

2. Materialsand tests

Table 1. Mechanical properties of the tested meteri

Materials 35NCD16 Industrial steel (IS)
Young’s modulus E (GPa) 210 190

Poisson's ratio 0.3 0.29

Yield stresssy (0.2%) (MPa) 1127 Gy

Ultimate stressyrs (MPa) 1270 ouTs

The fretting-fatigue crack arrest response of a &ilwyed industrial steel (IS) will be investigateding a
cylinder/plane configuration. The cylinder pad detssof a tempered 35NCD16 steel with a cylindetius: of
R=19mm and a lateral width of L=10mm. Their mechahproperties are presented in Table 1. IS prigsedre
confidential but it is considered homogeneous &gl described by a monotonic elastic-plastic latedmined by
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simple tensile test.

The contact is tested in plain fretting and frejtfatigue. Both test principle are sketched in Rigln both case, a
high static normal force P is applied so that sev@astic deformations are induced in the flafop= 2.5 (p
maximum pressure in the flat). The fatigue andifigtstress ratios are kept constant at respegtiRel= 0.94 and
Ro+ = -1. The crack analysis is restricted to the telIsflat specimen. The dimensions chosen allown@&ain
conditions along the central axis of the frettirgars All the fretting scars were analyzed followiagmethod
developed by Proudhon et al. [5]. The main stephisfmethod are explained in the following part.

d measured tangential Cylinder pad 35NCD167 'b <« Samole
displacement & (t) ‘/ amp
/ Frettng
/ FlatIS Displacement |7 Pad
o '
Normal : Nomal Nomnal
, - -
force P » . Force Force
v
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tangential ‘ t Faticue Load
force O(t) / \ )

Fig. 2. (a) Plain fretting test; (b) Fretting-fatiytest.
3. Experimental identification of the crack arrest
3.1.Fretting fatigue crack arrest: destructive analysis

Crack arrest is defined as the condition for whadlrack is nucleated but stop propagating aftena due to the
very sharp decrease of the contact stress influeelmv the interface. For high propagating condgiguch as low
fatigue stress ratios fR= -1 or R = 0.1) the crack arrest condition is easily oladiby destructive test: indeed the
crack propagation is so fast that the failure toaa be considered as the end of the crack arraditmm. However
in this work, a really high fatigue ratio is studidR- = 0.94. Consequently, the crack propagates vewlgland it
would imply too long tests to establish the crakst condition. Alternative strategies are consde

A first option was to stop the same test afterouginumbers of fretting cycles and observe theutienl of the
crack length. As presented in Fig. 3a, the studadple is cut in the middle, then imbed in epoxpédgolished to a
mirror surface state. Next the cracks are obsemwithl an optical microscope. For each experimergat,tthe
maximum projected crack length is considered anttgd as a function of the number of fretting-fagcycles. The
loads applied correspond to a crack arrest comditithe crack stops growing: if it shows a platesua function of
the number of fretting-fatigue cycles as plottedhie example Fig. 3b. However this method is vangtconsuming
as it requires several tests to establish if thelcarrest condition is effectively reached. Funti@re the evaluating
technique is destructive and time consuming tothese different cross sections observations neddast to be
considered to correctly estimate the maximum cteclth generated along the fretting scars. So @nskoption has
been investigated: the potential drop technique.
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Fig. 3. (a) Optical analysis method (b) Experimefredting-fatigue crack arrest condition
3.2.Potential drop technique (PDT): online analysidtud crack propagation

The potential drop technique (PDT) is a well-knatsohnique to observe crack propagation in fatigast. fThe
practice was first introduced in 1957 by Barnettl &roiono [6]. The technique has been widely used tne
calibration procedure is well known [7]. The idehapplying the PDT on a fretting fatigue device wiast
introduced by Kondo et al. [8]. It was first implemed on a fretting-fatigue test in the LTDS by Méx [9]. This
technique relies on the fact that the potentiarithistion in the vicinity of a crack changes wittack growth. Fig. 4
shows photography and a sketch of the set up.
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Fig. 4. (a) Photo of the contact with the measureméres; (b) PDT set up.

A current is applied through the fatigue test s@npllatinum wires are welded on the sample surdaceach
side of the contact (2 wires per surface) and dh biole of the sample (4 wires in total). On eadtfie€e, a potential
is measured between the two wires with the acdurisisystem. The potential measured depends onaimple
resistance. When a crack nucleates and propaghtesample cross section diminishes and thus thetriglal
resistance increases. With the acquisition sys@naariation of the potential measured is hence robse By
measuring the potential on each side of the samptetaking the mean value of the potential, thesibtes non
homogeneity of the crack propagation in the sarigéecount for. This method allows for direct infation on the
crack propagation, so only one nondestructive itestecessary to know if a loading condition is ackrarrest
condition.

3.3.Experimental application of the PDT
The potential drop technique was applied on thétifigefatigue test. Three different behaviors haeen

observed. On one hand, as shown in Fig. 5a, thealmed potential increases, indicating that a kkrexists and
propagates. Then the potential stabilizes to a kewyslope K<10° which suggests that the crack arrest condition is
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reached. On the other hand, as shown in Fig. &bptiiential ratio may continuously increase alt tesg with a
slope K > 10°. This situation was related to a crack propagatimmdition. Finally there may be failure as shown i
Fig. 5¢c. From these behaviors, a criterion is distaéd: if K.<10°, there is crack arrest, if410°there is no crack
arrest.
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Fig. 5. (a) Crack arrest condition; (b) Crack piggtéon condition; (c) Failure conditiongMotential measured at the test beginning

With this consideration, the potential drop teclweiqgvas systematically applied for all the experitakfretting
fatigue analysis. The tests were all stopped afféfretting-fatigue cycle if the crack arrest conalitior the failure
was not reach before. Fig. 6 plots the experimeartadk arrest fretting-fatigue map obtained with gotential drop
technique. Along each point the crack lengths aethd of the test are given. Far0°, it corresponds to the crack
obtained after 10cycles, but if the test was let running, it woirldrease until failure.
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This analysis suggests that it is possible to rélaeltrack arrest condition even for really longoks. From these
points the crack arrest boundary is plotted asation of the fretting and fatigue loadings (Fiy. 6

4. Prediction of the crack arrest condition
4.1.FEM modeling

Finite element analysis (FE) was carried out ugibgqus 6.9. Two dimensional plane strain modelbhghe
fretting fatigue test has been generated follovthegsketch shown in Fig. 7. The dimensions areayoméd to the
experimental test. The ball bearing is assumedat@ mo impact on the sample stress field theredosgmmetric
condition is used with a significant width. The nebés meshed with linear triangle elements typeE&Bxcept in
the contact zone where linear quadrilateral elesmgmtes CPE4R have been used. In addition, this mmeshed
more densely than the other regions (5 um longrega

YL Ll

Fig. 7. Abaqus model of the test.

A surface to surface discretization with small islifd is adopted for contact accommodation. The Legga
multiplier with the friction coefficient f=0.8 waselected as the contact algorithm. The constrailidplacements
and loads applied reproduce exactly the experirhézga The cylinder is elastic and its propertes given in Tab.
1. The flat is described with a monotonic elastaspic law. As a consequence, the normal force thed the
fretting-fatigue cycles create plasticity in thentact. The amount of plasticity decreases afteh egcle due to the
material hardening but above all to the contactnygtoy plastic accommodation. The evolution of tigiealent
plastic strain at integrations points with the eyaumber is thus observed (Fig. 8). When an asytroptondition is
attained, the elastic shakedown has been reachedmérical analysis shows that the elastic shakadswchieved
after at least 75 loading cycles. When the corgtadtilizes, the stress loadilt) of the last cycle is considered to
compute the stress intensity range thus to formale crack arrest condition.
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4.2.Influence of plasticity

The fretting fatigue experimental crack arrest ¢oonl (6-/64=0.435, Q*/uP=0.294)s computed to observe the
influence of the severe plastic conditions impadsgdhe experimental test conditions. Two computetibypothesis
were considered. The first one assumes a fullielessponse of both plane and cylinder specimemnd,aasecond
one, more representative of the experimental aisalgensiders an elastic response of the cylindérab elastic-
plastic (EP) response of the plane equivalent ¢ontionotonic stress-strain behaviour of the IS stéigl 9a plots
the contact pressure and shear obtained aftetabticeshakedown.
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-1.5 -1 -0.5 0 0.5 1 15

Fig. 9. (a) Contact stresses; (b) Distributionhed; residual stress (after the contact opening)§= 0.435, Q*/uP =0.294)

The plastic strain in the contact leads to a rednodf the maximum contact pressygx, and of the maximum
shear stresg.x as the same time as the contact radiugreases. This plastic accommodation highly nmeslithe
subsurface stressing which suggests that an Eséal required to model the crack propagatiorcess.

Besides, the,; residual stresses generated below the surfate atailing contact border (x=-a) are significantla
compressive (Fig. 9b). They diminish and get cldsezero only below 3 mm. The very severe plastioditions
imposed generate large contact plastic accommadatiad strong compressive residual stresses thabmg be
addressed applying an elastic-plastic modelling.

4.3.Prediction methodology

The crack arrest description is formalized by cotimguthe evolution of the stress intensity factetdw the
surface taking the plasticity into account as dbescr before. First the studied condition is comgutsing the
model presented in 4.1, then the normal stresdompahe expected crack path are extracted atdh&act border
for the maximum and minimum loading conditions etsesnatized in Fig. 10.

h
Weight function : K, = jM (0).P(t)dt
0

2
b o fonol)
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Ay =0.250; B, =3.289;C, = 70.044 00 os 10 15 ¥

Kimaxw MPavm

my = Ay + 82r2 + C2r6

Fig. 10. Stress extraction along crack path faetifig fatigue case.

From those stressing, the maximum,k and minimum K, stress intensity factor are calculated using amom
weight function approach (Fig. 10). This functicslaulates the K-factor from the finite element catgul stress
state below the contact. Finally, the effectivesdrintensity rang&Kg« along the crack path is determined using
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the Elber approximation thus to consider the cidokure effect induced by compressive conditiorgétive R):

¢ For R>0; AKe = Kimax4
* For -1<R<0; AKeft = Kimax (4.Rc +4) with Rc = Kjmin/Kimax
e For Re<-1; AKetr = Kimax

The mode Il contribution is neglected [2] and offilg elastic-plastic analysis is considered here.
4.4, Subsurface stresses study

For the above conditiorsf/c4=0.435, Q*/uP=0.294), the principal stress min andoy; maxare extracted at the
contact border and plotted in Fig. 11a as a funatibthe distance to the surface. It shows tharaftgiven depth
(here 2 mm), both stresses join each other medhisglistance is out of the contact influence zone.
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Fig. 11. (a) Principal stress at the contact bor@grStress intensity factors at the contact borde

With the weight function, the maximum and minimuiress intensity factors k. and K., are calculated and
plotted in Fig. 11b. K, is almost always negative in the domain studiemnfthe surface to 2 mm below. So when
the R factor is plotted as a function of the distanceudface in Fig. 12a, there is a large zone whagerdtio is
inferior to 1. Coincidently, looking at the expegmtal crack length studied in Fig. 6, it correspoim the crack
arrest domain. So, in the crack arrest conditiamalns, despite the really high fatigue stres® rsitidied R=0.94,

Rk remains inferior to -1 and thusKe¢ = Kimax This confirms the observations of Nowell and O@j. It was
however chosen to continue using the Elber appratiim for all effective intensity stress range dai@ation to
remain conservative.
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Fig. 12. (a) R stress ratio along the crack path; (b) crack ao@sdition determination.
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The calculated stress ranges are plotted as aidanof the distance to the surface. A stress candits
considered in crack arrest when the computed @ffestress intensity range along the expected grattk crosses a
crack arrest condition. When the effective stresgsnsity range doesn’t cross the crack arrest tiongdithe crack
propagates until failure. The crack arrest conditioreached when the effective stress intensiiofaange reaches
tangentially the crack arrest limit. As the sharhak domain is estimated below 50 pm, the studiegkcarrest
conditions are assumed in the long crack regime. drack arrest condition is therefore related tmastantAKg
value as schematized in Fig. 12b. The discontinoitthe curves comes from the evolution of thesstmatio R
below the interface, leading to different Elber apmation ofAK .

5. Reverseidentification of AKy from plain fretting cracking analysis

The given crack arrest prediction strategy requkmswing the long crack threshold vala&,. Unfortunately
this value was not established for the studiedlts.aTherefore, an original reverse strategy wagliad. It consists
in estimating theAKq value by modelling the crack arrest conditionsted to plain fretting cracking conditions.
Indeed, in plain fretting, because no externagfatistressing is imposed, the crack arrest condiisystematically
reached after fycles.

An additional plain fretting cracking analysis hiasen performed for similar contact geometry andmabr
loading but for varying applied tangential forceitude. This is to estimate the evolution of theximum crack
length reached at the crack arrest condition aflépartial slip cycles (Fig. 13a).
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Fig. 13. (a) Plain fretting experimental results); Crack arrest condition identification on plaietfing conditions (P, fycles, 12 Hz)

The tests were simulated and their effective stiesisity ranges are calculated along their exquectack path as
explained before. The crack tip effective stressngity range are extracted and plotted in Fig. 48k function of
the crack tip depths. A constant evolution is obsérwhich allows extrapolating the long crack thadd value
AKAK,=0.275. The theoretical crack arrest boundary @efiftom the monotonic elastic-plastic law can nawv b
computed. For a constant tangential load, sevatigue stressing are computed. The crack arreditomm is
reached when the effective intensity stress rapgehes tangentially the crack arrest limit as desdrbefore. Fig.
14 plots the obtained crack arrest boundary. Thapeted fretting fatigue crack arrest limit is varpse to the
experimental results and moreover provides a $jiglinservative estimation of the crack arrest dama

This confirms the stability of the proposed metHodg where the fretting fatigue crack arrest caoditcan be
predicted applying an elastic-plastic analysishef tontact stress field, coupled with an adequstienation of the
stress intensity factor range and where the thidski§, crack arrest value is established from a revenséysis of
well-established plain fretting crack arrest coiodis.

Besides, in addition to estimate th&, parameter, the plain fretting crack analysis aflays to estimate a second
crack nucleation condition when no external fatigtressing is imposed so that the fretting fatig@ek nucleation
boundary can be approximated (Fig. 14).
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6. Conclusion

The crack arrest in steel/steel contact was obdeimeseverely plastic conditions and a high fagicairess ratio.
The low crack propagation induced by the high fatigatio has been resolved experimentally by uaifagst online
method: the potential drop technique. In addition experimental crack arrest criterion has beennddfi for
K.<10° there is no crack propagation but fop>K0°® the crack propagates. Using this fast methodolibgy
experimental fretting fatigue crack arrest boundaag defined (Fig. 6).

This boundary has been successfully predicted bgnm@f an innovative decoupled approach: the costaess
state is obtained by elastic-plastic FEM modellittten the stress intensity factors are calculatéd & weight
function and finally the Elber approximation is d€e obtain the effective stress intensity rangm@lthe crack.

To determine thaK, parameter required by the model, an original isgemalysis of well-established plain fretting
crack arrest conditions was applied. This appratisplayed very stable and conveniently conservgireglictions.
Beside we demonstrated that most of the cracktacogslitions were achieved for crack lengths whbeeR; ratio
is always inferior to -1 so that the commb = Ko @pproximation is justified [2].

Future work needs now to better define the tramsifrom crack arrest to crack nucleation boundary aeeds
coupling a more representative cyclic plastic law.
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